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a b s t r a c t

In the search for molecules with potential antiangiogenic activity we found that several imidoselenocarba-
mate derivatives, which have pro-apoptotic and antiproliferative activities, under hypoxic conditions
release methylselenol, a volatile and highly reactive gas that was considered to be responsible for the
observed biological activity. The kinetic for the liberation of methylselenol is highly dependent on the nat-
ure of the overall structure and correlate with their proven pro-apoptotic activity in lung cancer cell line
H157. The preliminary structure–activity relationships allow us to select as the basic structural element
a scaffold constructed with an imidoselenocarbamate fragment decorated with a methyl residue on the
Se central atom and two heteroaromatic lateral rings. These imidoselenocarbamate derivatives may be of
interest both for their antitumoral activities and because they have a structure that can be considered as
a template for the design of new derivatives with apoptotic activity. This activity is related to the controlled
delivery of methylselenol and makes this an interesting approach to develop new antitumoral agents.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Selenium (Se) is an essential micronutrient that is preferably
incorporated within a protein type known as the selenoproteins,
some of which have antioxidant properties that can prevent cellu-
lar damage caused by, for example, some products of oxygen
metabolism.1,2 The expected beneficial effect of selenium, particu-
larly the anticancer properties associated with supranutritional
doses of Se,3 has resulted in the increased popularity of Se as a die-
tary supplement. However, in recent years these effects have be-
come the subject of great debate due to the fact that the
different studies carried out have not allowed definitive conclu-
sions to be drawn.4–7 These discrepancies can be explained, at least
to some extent, by the form of the selenium (i.e. either organic or
inorganic) used in the different trials. In fact, in recent years it has
been demonstrated that the form of Se is crucial in demonstrating
possible beneficial effects since different forms of Se follow differ-
ent metabolic pathways and it is generally accepted that Se metab-
olites are responsible for the biological activities of dietary Se
supplements.8,9 As an example, selenite is an inorganic form of
selenium that has a cytotoxic effect against several human cancer
cell lines and one or more selenite metabolites are considered to be
responsible for this toxicity.10–14
ll rights reserved.

: +34 948 425 649.
The most widely studied Se derivatives are organic and these
include some selenoaminoacids15–17 such as selenomethionine
(SeMet) or methylselenocysteine (MeSeCys), two Se forms that
are processed in some human cancer cells. The data obtained show
that MeSeCys killed more lung cancer cells than SeMet and lung
cancer cells treated with MeSeCys processed the selenium differ-
ently than cells treated with SeMet.18 MeSeCys is generally more
toxic than SeMet, presumably due to its metabolism to methylsel-
enol (MeSeH; at pH 7.4 probably present as methylselenide), an
antitumorigenic compound and putative superoxide generator,
whereas SeMet is adventitiously incorporated into selenoproteins
in place of methionine.19–22

It has been hypothesized that MeSeH is a critical selenium
metabolite for anticancer activity in vivo, and differential chemo-
preventive effects of MeSeH on cancerous and noncancerous cells
may play an important role.23–25 Other Se metabolites, such as
hydrogen selenide or seleno-diglutathione, can be anti-carcino-
genic by inhibiting cell proliferation, stimulating cell death by
apoptosis, and inhibiting neoangiogenesis.

Bearing the above information in mind, a novel approach for
cancer therapy could be based on the toxic pro-oxidant property
of MeSeH, a compound that can be released from some Se-organic
derivatives. These compounds could thus act as pro-drugs and this
approach is similar to the strategies developed in the early 2000s
related to the activity of seleno-L-methionine in cancer therapy.26

Indeed, previous work on mono-methyl selenium compounds that
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are putative precursors of MeSeH has strongly implicated this
metabolite in the induction of caspase-mediated apoptosis of hu-
man prostate carcinoma and leukemia cells and G1 arrest in hu-
man vascular endothelial and cancer epithelial cells.27 Induction
of apoptosis and inhibition of cell proliferation are considered to
be important cellular events that can account for the cancer pre-
ventive effects of selenium.28

In this research area we have developed a number of selenium
derivatives with interesting biological profiles as antitumoral
agents.29–32 For example, in the search for molecules with potential
antiangiogenic activity we found that several imidoselenocarba-
mate derivatives (see Table 1) effectively suppress the expression
of vascular endothelial growth factor (VEGF) induced by hypoxia
in NCI-H157 tumour cells. These compounds did not affect the
classical pathways that regulate HIF-1alpha expression, but inhib-
ited STAT3 phosphorylation triggered by hypoxia, thus blocking
the synthesis of VEGF. Moreover, these compounds showed inter-
esting antiproliferative and apoptotic activities.33,34

In our investigations into the action mechanism of these imido-
selenocarbamate derivatives we demonstrated that under hypoxic
conditions several of them release MeSeH. The kinetics of this lib-
eration were found to be highly dependent on the nature of the
substituent radicals and correlated with their proven pro-apoptotic
activity in lung cancer cell line H157 (Fig. 1 and Table 2, previously
reported data33,34). The kinetics for the release of free alkylselenols
were determined by Ellman’s Test.35

Our data support the initial proposal that MeSeH is responsible
for the biological activity of several of these compounds. The imi-
doselenocarbamate derivatives described here may be of interest
both for their antitumoral activities and because they provide a
structure that can be considered as a template for the design of
Table 1
Structure of analyzed imidoselenocarbamate and imidothiocarbamate derivativesa

Compd X R R0 R00 Y

1a Se CH3 H H C
1b S CH3 H H C
1c Se C2H5 H H C
1d Se CH(CH3)2 H H C
1e Se CH3 CH3O CH3O C
1f Se CH(CH3)2 CH3O CH3O C
1g Se CH3 Cl H C
1h Se CH(CH3)2 Cl H C
1i Se CH3 NO2 H C
1j Se CH3 CF3 H C
1k Se CH3 CN H C
1l Se CH3 C(CH3)3 H C
1m Se CH3 CH3 H C
1nb Se CH3 –CH3–
1o S CH3 C(CH3)3 H C
1p S CH3 Cl H C
1q S CH3 H H N
1r Se CH3 H H N
1s S CH3 H Cl N
1t Se CH3 H Cl N

a Previously reported.31

b Aromatic rings replaced by a methyl fragment.
new derivatives with apoptotic activity related to the controlled
delivery of methylselenol.

We subsequently carried out a molecular modelling study in an
effort to gain new insights into the structure–activity relationships
for these compounds.

The first objective of the molecular modelling approaches that
were applied in the study was to obtain descriptors that would al-
low us to relate the molecular structural variations to the possibil-
ity of the MeSeH release, on the hypothesis that this metabolite is
the active agent and the whole imidoselenocarbamate derivative
acts as a pro-drug.

On the basis of this hypothesis, we planned to study a number
of quantum parameters related to the possible hydrolysis of the
C1–X bond (See Fig. 2), that is, location, orbital atomic contribution
and energy for HOMO and LUMO, net atomic charge at C1 and X
and bond order for the C1–X bond. Secondly, a conformational
analysis was carried out in order to obtain some insights into the
possible influence that the conformational behaviour has on the
accessibility of the hydrolysis point, C1.

The calculations were performed on a Dell Precision 380 work-
station, provided with the software package Discovery Studio
v2.536 and on an SGI Virtu VS100 workstation, provided with MO-
PAC200937 and Mercury38 software packages.

In order to facilitate the understanding of the results concerning
the effect of the structural modifications on the target activity, the
previously reported activity data and a description of the biological
methods are included as Supplementary data.
2. Results and discussion

The compounds under investigation correspond to a general
structure that incorporates a common scaffold, which is con-
structed by two planar pi rings located at the ends of an imidosel-
enocarbamate or imidothiocarbamate fragment. This scaffold is
decorated by alkyl chains with different lengths and volumes (from
methyl to 2-propyl) located at the central Se/S atom. The lateral
aromatic (phenyl) or heteroaromatic (pyridine) rings bear different
substituents with electron-donating or electron-withdrawing ef-
fects, preferably at position 4, and these modify the electronic con-
tribution and the volume in the host rings. As a reference structure,
and in an attempt to establish the smallest effective compound, we
prepared a derivative in which the lateral rings are replaced by a
methyl group.

Bearing in mind the high degree of conformational freedom
estimated for the analyzed structures, we proposed three different
starting conformations for the conformational analysis (Fig. 3A–C).
The analysis was carried out, having first selected the rotatable
bonds (Fig. 3D), by applying the Diverse Conformation Generation
protocol implemented in the DS 2.5v suite. A set of 25–30 repre-
sentative low energy conformations for each analyzed compound
was selected (the energy differences between the different confor-
mations analyzed for each trajectory were in the range 2–5 kcal;
data not shown for the sake of brevity).

The low energy conformers were superimposed as appropriate
onto the central scaffold, with the Se, C1, N2, N20, C3 and C30 taken
as tethers (Fig. 3D). The effectiveness of the superimposed models
was evaluated in terms of the root mean square (rms) values
obtained.

The mechano-quantic analysis of the conformations obtained in
the previous step was carried out with the package Mopac2009. The
atomic orbital contribution, distribution and energy of the HOMO
and LUMO orbitals, the net atomic charges for X (Se or S), C1, N2,
N20, C3 and C30 atoms (Coulson type charges), and the bond order
for the C1–X bond were obtained for each of the selected conforma-
tions, with its optimized geometries using an eigenvector-following



Figure 1. Induction of apoptosis by evaluated derivatives in lung cancer cell line H157. Cells were treated with 10 lM of the indicated compounds for 5 hours in serum-free
medium. (A) Representative flow cytogram of annexin V binding (abscissa) versus propidium iodide uptake (ordinate). The numbers in the upper left quadrant, upper right
quadrant, lower left quadrant, and lower right quadrant represent the percentage of damaged (annexin V�/PI+), necrotic (annexin V+/PI+), live (annexin V�/PI�) and
apoptotic cells (annexin V+/PI�), respectively. (B) Percentage of apoptotic cells (annexin V-positive) after treatment with vehicle (0.5% DMSO), actinomycin D (positive
control) and selected imidoselenocarbamate derivatives. (Black bars: compounds with fast MeSeH release; Striped bars: compounds with slow or zero MeSeH release).

Table 2
Methylselenol release kinetics for selected imidoseleno and imidothiocarbamate
derivativesa

Compd Phosphate buffer b RPMI mediumc

k (h–1) R2 t1/2 (h) k (h–1) R2 t1/2

(h)

1n 0.075 ± 0.001 0.998 9.2 0.84 ± 0.07 0.973 0.82
1r 0.026 ± 0.001 0.996 26 0.24 ± 0.01 0.999 2.9
1t 0.017 ± 0.001 0.998 40 0.15 ± 0.01 0.992 4.7
1s 0.00075 ± 0.00004 0.962 917 0.023 ± 0.001 0.996 31
1q 0.00052 ± 0.00003 0.940 1333 0.033 ± 0.001 0.981 24

a Table shows the first order rate constants for the release of methylselenol for
tested derivatives, as determined by Ellmańs method according to previously
reported methods; Reactions were performed in normoxia at room temperature. k
represents the first order rate constant of the reaction; t1/2, the half life of the
reaction and R2 the goodness of fit.

b 100 mM Na2PO4, 1 mM EDTA and 100 lM DTNB (pH 8).
c Phenol-red-free RPMI 1640 medium containing 100 lM DTNB (BioWhittaker)
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algorithm (PM3 semi-empirical approach).39 The data (see Table 3)
corresponding to the mean value of the representative low energy
R

O

R

N

HN

O
CH3

X

O
H H

R

O

R

N

HN

O
H
O

+
H

-XCH3
-XCH3

1

X = S, Se

Figure 2. Proposed mechanism for
conformations, selected from the conformational trajectory for
each compound, were used to establish the preliminary struc-
ture–activity relationships (SAR).

Two different approaches were used to establish this prelimin-
ary SAR. Firstly, we considered the structures of compounds with a
global form, valuing the influence of the proposed structural mod-
ifications progressively along with the conformational behaviour.
Secondly, and according to our initial hypothesis that relates the
compound activities to their capacity to release methylselenol,
we analyzed the possible influence that structural variations car-
ried out for the imidoselenocarbamate derivatives have on the
kinetics of the release.

We demonstrated previously33,34 that the presence of Se is
essential for all of the evaluated biological activities, since substi-
tution of Se by S led to complete loss of activity. Thus, comparison
of the activity data obtained for the pairs of analogous skeletal
derivatives (1a vs 1b, 1r vs 1q and 1t vs 1s) showed that, while
the selenium derivatives show the target activity [IC50 = 2.4 lM
in the inhibition of hypoxia-induced VEGF expression, a
LD50 = 4.0 lM and 5.8 lM in the cell viability assay (hypoxic and
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Table 3
Quantum parameters for the analyzed compoundsa

Compd X R R0 R00 Y C1 X N2 C3 N20 C30 b.o.b EHOMO
c ELUMO

c DEL-H
c Vold LogSe S logPf Dipoleg

1a Se CH3 H H C �0.090 0.242 0.084 0.292 �0.203 0.315 0.89005 �9.1559 �1.2097 7.9462 871.26 �4.1123 2.3651 3.0003
1b S CH3 H H C �0.047 0.096 0.008 0.350 �0.196 0.372 0.98138 �9.4783 �0.9065 8.5718 885.98 �5.2161 2.9758 4.7116
1c Se CH2 CH3 H H C �0.104 0.236 0.087 0.291 �0.205 0.314 0.89085 �9.1006 �1.1682 7.9324 921.39 �4.4395 2.7552 2.8478
1d Se CH(CH3)2 H H C �0.099 0.226 0.069 0.296 �0.204 0.312 0.89171 �8.8771 �1.1807 7.6964 964.03 �4.7668 3.1453 2.6877
1e Se CH3 CH3O CH3O C �0.111 0.264 0.111 0.740 �0.219 0.313 0.98345 �9.0184 �1.2675 7.7509 1174.46 �4.3139 2.3995 4.2059
1f Se CH(CH3)2 CH3O CH3O C �0.097 0.221 0.072 0.287 �0.200 0.308 0.94939 �9.0092 ��1.3002 7.7090 1267.21 �4.2319 2.9743 2.1271
1g Se CH3 H Cl C �0.088 0.244 0.083 0.292 �0.205 0.314 0.93450 �9.0689 �1.1915 7.8774 966.97 �4.3139 2.3995 2.6939
1h Se CH(CH3)2 H Cl C �0.097 0.232 0.074 0.292 �0.205 0.312 0.91413 �8.8455 �1.1475 7.6980 1016.00 �4.9683 3.1797 2.3806
1i Se CH3 H NO2 C �0.095 0.267 0.093 0.279 �0.206 0.299 0.96612 �9.1900 �1.3190 7.8710 1005.58 �5.5809 3.6719 2.9085
1j Se CH3 H CF3 C �0.090 0.250 0.086 0.283 �0.200 0.306 0.93941 �8.9409 �1.2939 7.6470 1037.49 �6.2353 4.4521 2.7428
1k Se CH3 H CN C �0.106 0.265 0.104 0.283 �0.221 0.312 0.93821 �9.7837 �2.0753 7.7084 996.91 �5.6928 2.1815 4.1104
1l Se CH3 H C(CH3)2 C �0.085 0.236 0.084 0.292 �0.204 0.317 0.98360 �9.5763 �1.6434 7.9329 1245.57 �6.2254 5.0257 3.2122
1m Se CH3 H CH3 C �0.093 0.246 0.083 0.295 �0.206 0.317 0.93185 �9.5988 �1.7352 7.8636 985.14 �4.8142 2.1085 1.2438
1n Se CH3 CH3 �0.092 0.244 0.084 �0.214 0.266 0.239 0.90952 �9.0741 �1.1534 7.9207 553.07 �8.1515 4.9601 3.1611
1o S CH3 H C(CH3)2 C �0.055 0.106 0.016 0.303 �0.195 0.368 0.98393 �9.0667 �1.1594 7.9073 1251.79 �5.0602 2.9819 3.1262
1p S CH3 H Cl C �0.042 0.100 �0.021 0.311 �0.191 0.371 0.94694 �9.2831 �1.2753 8.0078 967.98 �6.6847 4.2826 2.6848
1q S CH3 H H N �0.094 0.076 �0.031 0.317 �0.096 0.364 0.92871 �9.4152 �0.8389 8.5763 840.28 �9.2553 5.5708 4.9661
1r Se CH3 H H N �0.093 0.255 0.086 0.296 �0.205 0.318 0.89537 �9.3797 �0.9612 8.4185 847.96 �6.6847 4.2826 5.1790
1s S CH3 Cl H N �0.074 0.080 �0.042 0.311 �0.132 0.362 0.98162 �9.5898 �0.8861 8.7037 928.33 �2.6999 1.7658 5.6481
1t Se CH3 Cl H N �0.091 0.253 0.082 0.296 �0.203 0.315 0.83827 �9.3796 �1.4132 7.9664 914.92 �1.5961 1.1551 4,2385

a PM3 semiempirical calculation, mean values from the lower energy conformations.
b b.o. = X–C1 bond order.
c eV.
d Å3.
e Log of the aqueous solubility (mol/L).
f Log of the octanol/water partition coefficient.
g Debyes

Figure 3. A, B and C, starting conformations for the conformational analysis carried out. D: solid line, selected rotatable bonds and central scaffold atoms taken as tethers.
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normoxic culture conditions, respectively) and GI50 = 2.1 lM for
1a, as a representative example], the analogous thio derivatives
are inactive (IC50, LD50 and GI50 >20 lM for 1b, as an example).

With regard to the methylselenol release (Table 2), compounds
1n, 1r and 1t quickly release MeSeH, whereas 1a and 1m release it
slowly and compounds 1e and 1j release low levels that are unde-
tected in the screening assay. As can be see in Figure 1, with the
exception of 1l, molecules that quickly release MeSeH show higher
amounts of apoptotic cells than those that release MeSeH slowly.
The correlation between the rate of MeSeH release and the induc-
tion of early apoptosis by imidoselenocarbamates suggests that
this compound is responsible for their pro-apoptotic activity.
Moreover, the rate of MeSeH generation is markedly influenced
by the structural variations carried out.

The accurate quantitative determination of the kinetics of the
MeSeH release in compounds 1a and 1m, with proven slow-release
activity, is difficult since the methylselenol in the presence of oxy-
gen is oxidized to dimethyldiselenide (CH3-Se-Se-CH3).
In a preliminary analysis, and according to the descriptors col-
lected in Table 3, the asymmetry in the charge distribution around
C1 is remarkable, with the region formed by atoms N2 and C3 hav-
ing a practically positive value, whereas N20 has a strong negative
charge and C30 is positive. On the other hand, a wide range for the
global volume values is observed for active compounds.

On considering compounds 1a (with a moderate pro-apoptotic
activity) and 1b (inactive) as representative examples, one can
highlight the marked difference in the positive charge value for
Se compared with the charge value for S (0.242 for Se in 1a deriv-
ative and 0.096 for S in 1b). The Se/S replacement is accompanied
by a notable increase in the value of the C1–X bond order (b.o.) in
the S derivatives (0.98138 for 1b vs 0.89005 for 1a). The replace-
ment also brings about a considerable reduction in the water solu-
bility (logS = �4.1123 for 1a and �5.2161 for 1b) accompanied by
a significant increase in the dipole value.

In the imidoselenocarbamate derivatives the distance between
the Se and the carbonyl oxygen of C3 (mean values calculated over



Figure 4. Overlay of representative imidoselenocarbamate 1a (black) and imi-
dothiocarbamate 1b (grey), taking atoms C1, N2, N20 , C3 and C30 as tethers.
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the lowest energy conformations) is considerably smaller than the
value calculated for the thio derivatives (see Fig. 4).

With respect to the alkyl chains located on the central Se atom,
the methyl chain is present in all of the active compounds and its
replacement by longer chains (ethyl) and/or more voluminous
ones (2-propyl) leads to a diminution in the pro-apoptotic activ-
ity—with the exception for compound 1l. As can be observed, the
ethyl and 2-propyl chains lead to an increase in the negative
Figure 5. Left: representative lowest energy conformations for active imidoselenocarbam
bond) and inactive imidoselenocarbamate 1g and imidothiocarbamate 1q. Centre: HOM
charge over the C1 atom along with a corresponding increase in
the C1–X b.o. The presence of this longer and/or voluminous chain
causes an increase in the Se–O bond distance in a similar way to
that observed for S derivatives (data not shown for the sake of
brevity) and this also lowers the solubility (see 1a, 1c and 1d, or
1g and 1h, Table 3, for representative examples). In addition, the
significant decrease in the activity can be related to the progressive
increase in the volume of the central section of the scaffold.

The structural simplification carried out on the initial scaffold,
that is, the replacement of the lateral rings by a methyl substituent
(1a vs 1n), retains the target activity but the theoretical solubility
is modified significantly. The C1–X b.o. for compound 1n is similar
to that calculated for compound 1a, although the pro-apoptotic
activity of 1n is higher and is accompanied by a fast MeSeH release.
The smaller volume of the residue around the central scaffold ele-
ment probably facilitates access to the theoretical hydrolysis point.

Regarding the lateral rings that compose the scaffold, a clear
relationship could not be established between the electron-with-
drawing or electron-donating character of the substituents and
the evaluated pro-apoptotic activity. However, it was possible to
establish that the presence of any substituent on the lateral phenyl
rings makes the liberation of MeSeH difficult. This fact could be re-
lated to the higher C1–X b.o. values calculated for the substituted
phenyl imidoselenocarbamates (Table 3).

The replacement of the phenyl rings by pyridine seems to have
a favourable effect on the activity (1r vs 1a) with an insignificant
increase in the b.o. value, whereas a significant increase in the
ate derivatives 1n and 1r (dotted line, noncovalent interaction; solid line: hydrogen
O 0 distribution. Right: LUMO 0 distribution.
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dipolar moment can be observed (see 1a vs 1r, Table 3). When a
Cl atom is introduced into the pyridine ring in the 2 position, the
pro-apoptotic activity is maintained (1r vs 1t). As can be ob-
served, the C1–X b.o. for pyridine derivative 1t is the lowest ob-
tained for the analyzed compounds. Both pyridine derivatives
show fast MeSeH release and this is accompanied by a significant
increase in the theoretical solubility (logS = �6.6847 for 1r vs
�1.5961 for 1t). Also in this case, the slower release of the active
agent, observed for 1t, could be related to the greater difficulty in
accessing the hydrolysis point due to the presence of more volu-
minous structural elements (Fig. 1, Table 2).

With regard to the conformational behaviour it should be
emphasized that an interaction is detected between Se and O3
(Fig. 5). In this noncovalent interaction40,41 oxygen acts as a nucle-
ophile that approaches Se in a directional manner. Se is an atom
with moderate electronegativity and this normally is not expected
to interact with electron-donors. The aforementioned interaction is
present in 52–63% of the lowest energy conformations analyzed for
the imidoselenocarbamates 1a, 1n, 1r and 1t. In 75% of these se-
lected conformations, this interaction is accompanied by a hydro-
gen bond formed between the hydrogen of N2 (HN2) and O30

(Fig. 5). The most common conformational family for these deriv-
atives corresponds to the initial conformation type A (Fig. 3). This
interaction pattern is modified when the alkyl chain on the Se is
ethyl or 2-propyl, in which case only 23–35% of conformations
for ethyl derivatives and 18–25% for 2-propyl show the aforemen-
tioned interactions. None of the conformations correspond to ini-
tial conformation B and only 2–5% of the analyzed conformations
correspond to the type C starting conformation.

A similar type of conformational/interactional behaviour is de-
tected for the derivatives with substituents located in the 4-position
of the lateral rings. In these cases only a small percentage of the ana-
lyzed conformations (close to 15%) display this interaction pattern.

The most pro-apoptotic compounds (related to a faster release
of the active agent) demonstrate a clear preference for the con-
formers in which the double interaction Se–O3 and HN2–O30 is ob-
served, and this could indicate that this interactional schedule
may, to some extent, facilitate the hydrolysis and/or the accessibil-
ity of the reactive point.

With respect to the analyzed imidothiocarbamates, the most
numerous conformational family corresponds to the initial confor-
mation type B (Fig. 3), which has an HN2–S hydrogen bond and a
noncovalent interaction between N2 and O3. None of the confor-
mations correspond with initial conformation C. Within the con-
formational type A family, the noncovalent interaction between S
and O3 appears in 20–35% of the conformations accompanied by
almost 78% with the HN2–O30 hydrogen bond.

As far as the molecular orbitals are concerned, it can be ob-
served in Figure 5 that in the active imidoselenocarbamate deriva-
tives the HOMO orbital is located in the central scaffold region,
especially on the Se atom with a significant contribution of N2,
N20, C3, O3, O30 and the methyl chain. In the derivatives with sub-
stituents located in the 4-position of the lateral rings, the Se contri-
bution to the HOMO orbital is smaller and a small contribution of
the ring is observed (see 1g in Fig. 5 for a representative example).
In the thio derivatives the HOMO orbital is located on the S, N20

and O30 atoms (see 1q in Fig. 5 for a representative example).
The location and contribution to the LUMO orbital are more homo-
geneous for all of the studied compounds (Fig. 5).

In order to obtain complementary data, we also evaluated the
possible capacity of the ethyl- and 2-propyl-substituted deriva-
tives to liberate ethylselenol and 2-propylselenol, respectively, by
applying the Ellman method. The data obtained (not included) con-
firm the release of these alkylselenols, with similar behaviour to
that obtained for the methyl analogues. The corresponding libera-
tion of alkylthiols was also observed when the same protocol was
applied to the analyzed imidothiocarbamates 1s and 1q, but in
those cases the rate of hydrolysis was very slow.

The remarkable increase in reactivity of the Se derivatives ver-
sus the corresponding S derivatives confirms the differences in the
chemistry of Se and S.42 In fact, these results again demonstrate the
weaker nature of the C–Se bond as compared with the C–S bond.43

3. Conclusions

In the search for new selenium derivatives with antitumoral
activity, we have developed a series of imidoselenocarbamates
with pro-apoptotic activity related to the ability to release MeSeH.
These structures can be considered as a departure point for the
subsequent development of new agents that can exert their antitu-
moral activity through the controlled liberation of MeSeH. The pre-
liminary structure–activity relationships allow us to establish the
basic structural requirements for activity, that is, a scaffold con-
structed with an imidoselenocarbamate fragment carrying a
methyl residue on the Se central atom and preferably with two al-
kyl or heteroaromatic lateral rings, selected such that the C1–X
bond order values are always below 0.9, and a theoretical aqueous
solubility (evaluated by logS) below an approximate value of �3.0.

Despite the interesting activity shown by the compound 1n, this
one becomes slightly unstable, making it difficult to use in the bio-
logical trials. Now, we are developing a new alkyl derivatives ser-
ies, in which the proposed structural modulations are intended
to improve the stability of the alkyl imidoselenocarbamate deriva-
tives and to achieve, this way, a good antitumoral profile, favoring
the controlled MeSeH release.

With these data, a new cycle of design and synthesis of new het-
eroaryl and alkyl imidoselenocarbamate derivatives and the preli-
minary evaluation of its biological profile has been carried out.30,44

The initial data obtained for the new synthesized series confirms
our starting design hypothesis.
4. Molecular modelling methods

The initial computational work was performed on a Dell Preci-
sion 380 workstation provided with the software package Discov-
ery Studio 2.5v (DS 2.5v) and with the MOPAC2009 package.

The three-dimensional models of the studied compounds were
constructed, in the vacuum phase, using atoms and structural frag-
ments from the Viewer module (DS 2.5v) and using the Dreiding
force field.45 Once the starting models had been constructed, a pre-
liminary conformational analysis was carried out. The applied pro-
tocol (Diverse Conformational Generation integrated DS 2.5v
protocol) can be summed up as follows: (a) Initial construction
of the model and first minimization by application of the Dreiding
minimize protocol (steepest descent algorithm with a convergence
criterion of 10e�6). (b) Application of the routine for conformation
generation (first: conjugate-gradient minimization in torsion
space; second: conjugate-gradient minimization in Cartesian
space; third: Quasi-Newton minimization in Cartesian space). (c)
Elimination of those conformations whose relative energy is great-
er than 5 kcal/mol at a global minimum. (d) Analysis of conforma-
tional trajectory and selection of representative lowest energy
conformations. Root mean square (rms) deviations of the struc-
tures were monitored. The energy differences between the differ-
ent conformations analyzed for each trajectory were around 5 kcal.

For each of the compounds, 25–30 lowest energy conformations
were selected and a new minimization cycle was applied. The vol-
umes of the whole molecule were also calculated.

The mechano-quantic analysis of the conformations obtained in
the previous step was carried out with the package Mopac2009,
using the PM3 semi-empirical approach, with the geometry opti-
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mized using an eigenvector following algorithm. The atomic orbital
contribution, the energy and distribution of the HOMO and LUMO
orbitals, the atomic charges (net atomic Coulson type charges), and
the bond order was calculated.

As complementary data, the log of the aqueous solubility (mol/
L), logS,46 the log of the octanol/water partition coefficient, S logP47

and Dipole values were obtained for the analyzed derivatives.
The data corresponding to the mean value of the representative

low energy conformations, selected from the conformational tra-
jectory for each compound, were used to establish the preliminary
structure–activity relationships.
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