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Abstract The fusion and thermal decomposition of thirty-
three diselenide compounds with a urea, thiourea or sele-
nourea group linked with different aliphatic or aromatic
substituents have been studied by thermogravimetry, dif-
ferential scanning calorimetry and mass spectrometry in
order to perform comparative thermal stability studies
among analogs. A relationship has been found between
stability and a series of effects which occur in the com-
pound structures. Analysis of the thermal data indicated
that: (a) in general, compounds with a urea or selenourea
group are more stable than those with a thiourea group;
(b) no difference in stability exists when an aromatic or
aliphatic group is linked to the thiourea group but when
linked to the urea or selenourea groups, stability does
differ; (c) selenourea compounds with aliphatic chain are
the most unstable; and (d) the nature of the substituent
located on the benzyl ring has no effects on thermal sta-
bility. Therefore, criteria for the selection of substituents
can be established in order to improve the stability of these
drugs. In addition, the mass spectral fragmentation in
comparison with thermal analytical data helps in confirm-
ing the thermal behavior of the compounds.
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Introduction

Thermal analysis refers to the study of the changes that a
physical property of a sample undergoes in terms of time
and/or temperature, while the substance is subjected to
temperature programing, and it involves a number of
techniques [1]. Thermogravimetry (TG) and differential
scanning calorimetry (DSC) are very important analytical
and quantitative methods for the study of pharmaceutical
compounds thermal behavior [2, 3]. There are numerous
reviews and studies reporting the use of thermal analysis, in
association with other techniques for drug characterization
[4, 5], storage and stability of drugs [6]. A number of
investigations have been carried out regarding the appli-
cation of thermal techniques in the study of thermal
decomposition, thermal stability [7-10], polymorphism
[11-13], solid-state reactions, drug formulations [14—18],
purity and other properties of solid compounds used in the
pharmaceutical industry [19, 20].

The very useful tools which allow determination of the
thermal degradation characteristics of substances during
decomposition are TG and DSC analyses. In addition,
coupling of the TG or DSC apparatus with a mass spec-
trometer makes it possible to analyze types of gases
released into the atmosphere [21-23]. In addition, a cor-
relation between mass spectral fragmentation and TA
degradation of the compounds can helpful when selecting
the correct pathway of the fragmentation that can con-
tribute to understanding the properties of the compounds at
a molecular level, thereby providing tools for developing
novel drug formulations and for determining the active
sites of the drugs that are responsible for the chemical,
biological and medical reactivity in vivo systems [24-27].

Selenium is an essential trace element for human
physiology [28]. Several studies have linked selenium
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deficiency to increased risk of various diseases such as
cancer [29]. Due to its pharmacological potential, the
development of novel organoselenium compounds has
intensified over the last several years. Among the multiple
structures identified, diphenyl diselenides (DPDS) have
emerged as new promising candidates for the treatment of a
wide range of diseases [30]. In addition, our research team
has investigated and developed a large number of diphenyl
diselenide derivatives that exert potent cytotoxic effects
against different tumor cell lines [31, 32], such as against
leishmania parasites [33, 34].

In order to improve the therapeutic potential of these
compounds, we have extended these promising findings by
synthesizing a panel of novel diphenyl diselenide deriva-
tives that incorporate urea, thiourea and selenourea moi-
eties in order to adjust polarity, solubility and the ability of
interaction and the formation of hydrogen bonds. The urea
scaffold has been extensively used in the design of new
anticancer drugs as an important fragment that generally
forms two hydrogen bonds with the kinase ATP binding
site [35]. Inspired by the potential inhibitory ability of
these compounds, we envisaged the modulation of a urea
group by other scaffolds containing thiourea or selenourea
entities. Tenovin-1, which contains thiourea template,
induces apoptosis by p-53 activation [36]. Related to the
structural motif, selenourea has been explored in spite of
the fact that there are no studies relating them as biological
agents. However, these compounds were prepared in order
to study the importance of the increase in the amount of
selenium in the biological activity and to determine if this
factor acts in tandem with the basic molecular scaffold of
the structure. It is not common to find thermochemical
studies regarding organoselenium compounds in the solid
state [37, 38].

This study describes the thermal stability, decomposi-
tion and transformation of some new analogous diselenide
compounds with urea, thiourea or selenourea groups
between the central diselenide core and a variety of sub-
stituents, between room temperature and 400 °C. TG, DTG
and DSC are used in order to broaden the physicochemical
information of these compounds for future use in synthesis
or as chemopreventive agents. The results allowed us to
gain knowledge concerning these compounds in the solid
state, including their thermal stability and thermal
decomposition.

Experimental
Materials

Structures of these 33 newly synthesized compounds are
unique, and they had a symmetrical distribution around a
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central diselenide core. We introduced a urea, thiourea or
selenourea group in order to perform comparative studies
between analogous (Table 1). Linked to this group, we
included different aliphatic or aromatic substituents. The
compounds were synthesized by our research group from
the reaction between 4,4’-diaminodiphenyldiselenide,
obtained in good yield and purity as previously described
by us [33], with the corresponding isocyanate, isothio-
cyanate and isoselenocyanate in dioxane. Isocyanates and
isothiocyanates were commercially available, but the cor-
responding isoselenocyanates were prepared in two steps
by formylation of amines followed by the treatment with
phosgene and selenium powder in the presence of triethy-
lamine under reflux according to the literature [39]
(Scheme 1, results unpublished). 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 infrared spec-
troscopy, '"H-NMR and "*C-NMR spectroscopy, elemental
analysis and mass spectrometry.

Methodology

The thermogravimetric studies were carried out with a
PerkinElmer TGA-7, and the calorimetric studies were
carried out with a PerkinElmer DSC Diamond. The ther-
mobalance was calibrated with alumel and nickel at
10 °C min~". The calibration of the oven temperatures was
carried 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 PerkinElmer 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 performed under
nitrogen atmosphere with a gas flow of 40 mL min~' at
10 °C min~"', using a sample of approximately 3 mg. The
Tinitials Tonset and Tax, as well as any associated mass loss,
were calculated. All of the experiments were performed at
least three times, and the values mean and standard devi-
ation were calculated.

Calorimetric analyses were performed in aluminum
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 Tyneer, Tmax and the enthalpy of fusion AH;.
All of the experiments were performed at least three times,
and the values mean and standard deviation were
calculated.

The calorimetric analysis starts with the study of the
thermal behavior of the compounds before beginning the
process of degradation in order to evidence the possible
polymorphism of these compounds. For this preliminary
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Table 1 Urea (X=0), thiourea (X=S) and selenourea (X=Se) diselenide derivatives

H H
N_ _N
e
R

SNTON

H H
R X=0 X=8 X=Se
Py 01 S1 Se1
N 02 S2 Se2
{> 03 s3 Se3
\_Q_ ocH, 05 S5 Se5
@ 06 S6 Seb
@— CHg o7 s7 Se7
—O— OCH, 08 S8 Se8
O cl 09 S9 Se9
O— CN 010 S10 Se10
@— NO, 011 S11 Sel1

study, samples of all the compounds are exposed to suc-
cessive cycles of heating—cooling. All samples were heated
until temperatures 15-20 °C below T, of degradation
process, in order to asses that compounds were not
degraded (Table 2). After melting the samples and cooling
at room temperature, they were left at room temperature
enough time to be able to hypothesize that the compounds
recrystallized before successive thermal processes. Addi-
tional cycles of heating—cooling are performed if poly-
morphism is detected.

Mass spectral measurements and instrument: The mass
spectra (MS-DIP) have been carried out using a mass

spectrometer Agilent 5973A with electron impact ioniza-
tion at 70 eV. The samples were introduced by means of
direct insert probe (DIP). The instrument was calibrated
using perfluorotributylamine as standard material.

Results and discussion
Thermal stability in the decomposition
Table 2 shows the degradation temperatures (as 7ynser) for

all the compounds studied, classified as urea, thiourea or
selenourea series.
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X
H2N@s? + N=C=X  Dioxane R HNOS\G >_N‘H
Se NH, R —  HN—< Se NH R
X

X = 0; Compounds O1-011
X =S; Compounds S1-S11

X = Se; Compounds Se1-Se11

R = Pentyl, Hentyl, Cyclohexyl, Benzyl,
4-methoxybenzyl, Phenyl,
4-methylphenyl, 4-methoxyphenyl
4-chlorophenyl, 4-cyanophenyl,
4-nitrophenyl

Scheme 1 Mode of synthesis of urea, thiourea and selenourea diselenide derivatives from 4,4’-diaminodiphenyldiselenide

Depending on the different aliphatic or aromatic sub-
stituents linked to urea, thiourea or selenourea group, the
following effects can be observed:

e In general, the degradation temperature values presented
by the compounds containing an aromatic group bonded
to urea and selenourea groups are relatively high
(Fig. 1), and therefore, these compounds are more
stable than thiourea ones (O4-11 ~ Sed4—11 > S4-11).

e A methylene group separating this aromatic substituent
has contradictory effects: It confers stability to the thiourea
compounds, but there is no evidence of this occurring with
urea and selenourea compounds (04-5, S4-5 and Se4-5
in comparison with O6-8, S6-8 and Se6-8).

e Compounds with an aromatic substituent without a
methylene group have the highest stability and do not
depend on the substituent on the aromatic ring (O6-11,
S6-11 and Se6-11).

e Urea and selenourea compounds containing aliphatic
substituents are less stable than those with aromatic
groups. A minor effect can be observed in thiourea
compounds. Selenourea compounds with aliphatic
chain (Sel and Se2) are the most unstable.

e The selenourea compounds showed very different
thermal behavior according the substituent, aliphatic
or aromatic, linked to selenourea group:

(a) The curve of the selenourea derivatives containing
aromatic substituent (e.g., compound SelO, Fig. 2)
showed a one-step degradation process. The rate
value corresponding to loss of mass of
woo = 41.0 % was Viax = 14.28 % min~ .

(b) However, the curve of selenourea compounds con-
taining an aliphatic substituent showed a multi-step
degradation (e.g., compound Sel, Fig. 3). The first
degradative step occurs, slowly and gradually, with a
mass loss of woo = 49 % and a value of rate of mass
1088, Vimaxs Of 2.56 % min~' that occurs in a wide
thermal interval.
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In all the cases, the first step of degradation could be
related to the loss of the two R groups bonded to the
nitrogen atoms of selenourea groups.

With regard to the type of aliphatic chain bonded to
urea, thiourea and selenourea groups, we have observed
that those with either a butyl or hexyl group showed
diminished thermal stability; the group with a cyclohexyl
chain remained thermally very stable.

Thermal stability considerations

In general, and with regard to the functional groups that are
present in the molecule, it has been observed that thermal
stability depends on the different intensities of the inter-
molecular bonds and tautomeric balances that the com-
pounds are able to establish. The tautomerism reinforces
the electronic delocalization of the structure of the mole-
cule and gives stability to the compounds as well as to the
hydrogen intermolecular interactions.

Due to this stabilization, the values corresponding to
degradation temperature are comparatively higher in the
series in which the urea or selenourea group is present.
Compounds O1-11/Sel-11 and S1-11 (oxygen/selenium
and sulfur compounds, respectively) showed very dif-
ferent thermal stability due to the type of extremely
reinforceable intermolecular attraction that the hydrogen
bond between N-H and oxygen or selenium atoms
provides.

With respect to groups present in the substituent,
thermal stabilization is induced by the presence of an
aromatic group, possibly due to the potent electronic
delocalization which permits coplanarity of the aro-
matic ring and the urea and selenourea groups. The
degradation processes of these molecules are slow, and
they will take longer to degrade than the aliphatic
compounds.

The thermal behavior observed with compounds Sel and
Se2 (aliphatic substituted selenium compounds) was
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Table 2 Degradation process of diselenide compounds

N
H H
Degradation Process
R X=0 Tonset/°C X=S Tonset!°C X=Se Tonset!°C
N o1 204.64 S1 162.92 Se1 136.20
SN 02 212.89 S2 161.95 Se2 124.37
@ 03 22417 S3 188.07 Se3 254.01
\—</_\> 04 225.06 S4 176.85 Se4 180.73
\~®4 OCH, 05 232.54 S5 178.79 Se5 -
—@ 06 236.09 S6 141.24 Se6 -
/N CH,4 07 250.95 S7 150.19 Se7 234.77
@ - OCH, 08 228.05 S8 148.30 Se8 236.78
©~ Cl 09 250.56 S9 172.70 Se9 240.71
*O* CN 010 243.70 S10 159.54 Se10 237.51
¥©4 NO, o1 238.80 S11 169.27 Sel1 -

— product not available

very different than with aromatic substituted compounds
or with any of the urea and thiourea compounds (Fig. 4).
With regard to the length of the aliphatic chain bonded
to the urea, thiourea or selenourea group, we have
observed that butyl and hexyl groups diminished thermal
stability of compounds (O1-2, S1-2 and Sel-2). The
explanation to this could be that when we substituted
with less rigid groups, the compound was less packable
and sterically hindered. These factors diminished ther-
mal stability of the compounds.

With regard to substituents on the aromatic ring, we
cannot establish relationships between electron-with-
drawing or electron-donating groups and thermal stabil-
ity of the compounds for any one of the series.

Thermal stability of fusion process

None of the compounds studied showed polymorphic behavior.
During the first thermal scan of each case, one of two things
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happened: Either there was only an endothermic process, typ-
ical of a melting process, or a degradation exotherm occurred,
corresponding to the joint process of fusion and degradation of
the compound. After a first heating—cooling scan of the sample,
the compounds solidify into an amorphous form.

Analysis of calorimetric data displayed for these com-
pounds showed that compounds containing aliphatic sub-
stituents present lower values than those with aromatic’s
ones, as occurs in the degradation process; this was true for

@ Springer

all the series tested. The T, and enthalpy of fusion
values for compounds of urea, thiourea and selenourea
series are shown in Table 3.

The fusion temperature values presented by the com-
pounds which present a urea or selenourea group between
the principal chain and the substituent are relatively high
and, therefore, these series of compounds generally have
greater thermal stability during the fusion than the com-
pounds with a thiourea group.
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Fig. 3 TG/DTG curves for a
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Fig. 4 TG curves for aliphatic
derivatives with groups: (a) urea
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The functional group present in the substituent is not a
determining factor for the urea and thiourea compounds, and
no significant differences are observed among the compounds.

However, when we substituted a butyl or hexyl group in
compounds with a selenourea group, the T, diminished
with respect to a cyclohexyl group or aromatic substitution
(Sel-2 and Se3-11) due to the fact that the order is not as
rigid and also because the packaging presents other
possibilities.

200 250
Temperature/°C

300 350 400 448

Thermal stability considerations

When the molecules are structurally analyzed, it is
observed that the urea, thiourea or selenourea groups can
establish hydrogen bonds that are a determining factor in
the stability; stronger hydrogen intermolecular interactions
give more stability to the crystal.

The selenourea and urea compounds have higher values
of Topser than their analogous sulfur compounds. In some
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Table 3 Fusion process of diselenide compounds

H H
N_ _N
Zryee
R
<&,
H H
Fusion
R X=0 T/PC  HMg' X=S T/C  Hlg'  X=Se T/°C HilJg™
I~ 01  197.92 54.24 S1 139.22 2279 Set 111.32  13.63
N | 02 180.01 S2 137.48  6.20 Se2 12253  8.21
@ 03 19875 24.63 S3 12833  24.71 Se3 17712 3256
/_?

/ > 04 21963  41.05 S4 14148  39.62 Se4 14142  25.33
\ </ \> OCH, | O5 216.46  57.60 S5 17559  65.22 Se5 - -
<© 06 22879 33.79 S6 13501  56.92 Se6 20842 22.78
/N CH, 07 25627 71.72 S7 14792 3553 Se7  218.39  1.33
/' \ - OCH,| 08 219.88* 10593 | S8  137.75 31.62 Se8  201.15 12.89
7</ \>7 cl 09 24877* 31.92 S9  174.46* 12129 | Se9 - -
@ CN 010 188.16  49.03 | S10 - - Sel0  166.28 58.23
*</ \>* NO, | O11  236.10 S11 17054  68.11 Sel1 - -

* Fusion with decomposition

— Product not available

compounds, the hydrogen bonds were so strong that the
decomposition occurred without previous fusion.

An increase in physical stability is observed with aro-
maticity, due to the electronic delocalization in the =«
orbitals of the aromatic ring that causes and additional
intermolecular interaction.

Mass spectrometry

The mass spectral fragmentation in comparison with ther-
mal decomposition can be used to confirm and to elucidate
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the general and thermal behavior of the compounds ana-
lyzed [40].

The compounds studied present a urea, thiourea or sele-
nourea groups, and they must fragment in o position (ni-
trogen—carbon fragmentation) with high relative abundance
in MS of resulting fragments. The pattern of fragmentation
has been established by mass spectrometry (Fig. 5).

In addition, only thiourea compounds fragment in 3
position; then, a double Mc Lafferty rearrangement is
observed (Fig. 6) reporting, for all these compounds, a
fragment with a m/z 340 (fragment F). The fragment at m/z
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Fig. 5 Pattern of fragmentation of the derivatives from urea, thiourea and selenourea series (X: O, S or Se, respectively)
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Fig. 6 Double Mc. Lafferty rearrangement (F: m/z 340)

428 (and isotope distribution corresponding of two Se
atoms), fragment G (C4H;(N,Se,S,)+-, corresponds to a
double fragmentation in o position with elimination of two
(R-NH-) radical groups.

The occurrence of the most important fragments in
the mass spectrum of each compound is shown in
Table 4. From the aforementioned data, it can be con-
cluded that, in the mass spectrum of urea and sele-
nourea compounds, almost no fragmentation occurs and
low abundance (total ions of each fragment generated)
values are detected (Fig. 7). This fact reveals that these
urea and selenourea compounds, probably due to their

structural and thermal stability, may have difficulty to
suffer fragmentation.

However, in the mass spectrum of thiourea compounds,
that are less thermal stable compounds, an increase in the
number and abundance, in terms of total ions, of the most
important fragments which are characteristic of their pat-
tern of fragmentation is detected (Fig. 8).

The compounds show different mass spectral behaviors.
It can be suggested that there is a possible correlation
between thermal stability and difficulties that the urea and
selenourea compounds show during their fragmentation
process.
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Table 4 Mass spectra with occurrence of most important fragments of compounds

R A C E* A C F* E* G* A c* E*
X (RNH)+ (RNHCO)+ m/z368 X (RNH)+ (RNHCS)+ m/z340 m/z384 m/z428 X RNH RNHCX m/z430
o~ o1 @ st @ +) &) ) @ | set | @ &) &)
SN 02 s2 (+) (+) (+) Se2 (+) (+)
{> 03 | s ®  ® @ ses )
L@ 04 ) @ | s4 @ *) ) ® | sea | )

LQOCHJ 05 ss | ) o) @ | ses | - - -
@ 06 @ | ss | @ @ W ® | ses

CH, o7 (+) () S7 () (+) () (+) (+) Se7 (+) ()

O OCH, 08 (+) (+) S8 (+) (+) (+) Se8 (+) (+)

O cl 09 S9 Se9
@ o oo +) sto| @ ) ) ) @ | seto | @ ) )
O o, | ot @ | s @ W@ sett| - - -

E (R-Ci3H,oN>SexX)++; F (CioH oNaSer)++5 G (CraH N2Ser Xo)+
* Isotopic distribution (Se atoms)
— Product not available

Abundance
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Fig. 7 Representative mass spectrum of urea/selenourea compounds. Mass spectrum of O, compound
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Fig. 8 Representative mass Abundanc

spectrum of thiourea
compounds. Mass spectrum of
S, compound
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Conclusions

A relationship is found among thermal analytical data and
structure of the different series of urea, thiourea and sele-
nourea diselenide compounds.

Analysis of the thermal data indicated that, in general,
compounds with a urea and selenourea group are more
stable than those with a thiourea group. In most cases, there
are no significant differences between urea and selenourea
compounds.

No difference in stability exists when an aromatic or
aliphatic group is linked to the thiourea group but when
linked to the urea or selenourea groups, stability does
differ.

The thermal behavior observed for aliphatic selenourea
derivatives is very different to the rest of the analyzed
compounds. These selenourea structures are the most
unstable.

The nature of the substituent located on the benzyl ring
has no effects on thermal stability. It has not been possible
to establish relationships between electron-withdrawing or
electron-donating groups and thermal stability of the
compounds for any one of the series.

Therefore, in order to improve the stability of com-
pounds, criteria for the selection of substituents can be
established.

A possible correlation between thermal stability and the
difficulties that the urea and selenourea compounds showed
during their fragmentation process can confirm their ther-
mal behavior.
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