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Introduction

It is well known that sertraline ((1-S,cis)-4-(3,4-dichloro-
phenyl)-1,2,3,4-tetrahydro-N-methyl-1-naphthalene amine), the
active ingredient in the antidepressant drug, is a selective seroto-
nin re-uptake inhibitor that structurally differs from classic tricy-
clic antidepressants (TCAs). Sertraline has minimal side effects
(insomnia, nervousness, nausea, diarrhea, etc.) contrasting with
troublesome side effects associated to TCA [1-3]. For this reason,
this medication became in last years in an excellent alternative
medicine for treatment of depression having great commercial va-
lue. With the aim to produce other active forms used as antide-
pressant in humans, diverse crystals like polymorphs, solvates,
hydrates and amorphous phases have been prepared, characterized
and patented. High-throughput (HT) salt screening methodologies
have been performed in order to prepare crystalline salt forms
including acetic, citric, benzoic maleic, ethanesulfonic, malonic
among others intending to improve sertraline activity. As an exam-
ple, the sertraline hydrobromide contains four molecules of the salt
in the unit in the noncentrosymmetric orthorhombic space group
P2:2,2 being similar to that presented by sertraline hydrochloride
(SerH*Cl™) salt but in opposition to chloride, bromide ion produces
side effects like sedation and dermatological problems so limiting
their therapeutic use [4]. lodosertraline hydroiodide (I-SerH'I~)
has been also prepared and characterized by mass spectrometry,
thermal analyses and MO-calculations [5] but the information
about its infrared spectrum was very scarce. One of the aims of this
work is to obtain more complete details about vibrational charac-
terization. Therefore, density functional theory calculations have
been carried out in order to assign characteristic vibrational
modes, especially those related to the presence of iodine in the
structure.

We have also compared with the experimental FTIR spectrum of
the sertraline hydrochloride, for the reason that this theoretical
method has not been used when its vibrational spectrum was ana-
lyzed [6].

Other important objective of this investigation is to study the
potential antidepressant effect for the iodine product; conse-
quently, we used the forced swim test to investigate the antide-
pressant-like effect and measured its hydrochloride related
compound in the same experimental conditions for comparative
purposes. Another remarkable aspect of our interest is based on
the fact that a variety of antidepressants has been recently
proven to exhibit anti-thyroid activity due to the presence of elec-
tron-donating groups in their molecules. Previous studies have
demonstrated that strong electron donor agents could produce
the pharmacological activity via complexation of the molecular io-
dine in the thyroid gland or acting as inhibitor of thyroid peroxi-
dase (TPO). In order to assess potential activity of sertraline
hydrochloride towards the thyroid gland and also considering the
viability of the formation of the iodine product, the chemical reac-
tivity of this antidepressant compound with molecular iodine was
investigated and the formation constant of its charge transfer com-
plex was determined [7].

Materials and methods
Materials

Sertraline hydrochloride (SerH*Cl™) was obtained from Sigma
Chemical Company (St. Louis, MO) and used as supplied. lodosertr-
aline hydroiodide (sertraline-iodine product, I-SerH'I™) salt was
prepared and purified according to reported method by Zayed
et al. [5]. All the solvent used was from analytical grade and pur-
chased from Sigma.

FTIR spectra of powdered samples were measured with a Bruker
IFS 66 FTIR-spectrophotometer from 4000 to 400 cm™! in the form
of pressed KBr pellets.

Electronic absorption spectra were recorded with a Hewlett-
Packard 8453 diode-array spectrophotometer, using 1 cm quartz
cells in the range (200-800 nm).

Computational details

The conformational space of the molecules was investigated
using molecular dynamics simulations within an NVT ensemble.
The AM1 semiempirical method [8] as implemented in the MOPAC
program [9] was used as the force field in which nuclei move.
Molecules were first heated from 0 to 600 K in 0.1 ps. The system
temperature was then kept constant by coupling the system to a
Berendsen thermostat [10] with a relaxation time of 0.5 ps. After
an equilibration period of 20 ps, a 500-ps-long simulation was car-
ried out saving the molecular coordinates every 25 ps. The time
step for the simulations was 0.5 fs. The resulting geometries were
then optimized using the AM1 method.

The geometry of the 20 conformers obtained according to the
above methodology was further optimized using tools from the
density functional theory [11-13] as implemented in the GA-
MESS-US program [14]. Calculations were accomplished using
Zhao and Truhlar’s hybrid meta-GGA functional M06-2X [15,16].
The 6-311G(d,p) basis set was used for all atoms. Numerical inte-
gration of exchange-correlation functional was performed on a grid
containing 96 radial points and 590 angular points around each
atom. That grid provided nuclear gradients that are accurate to
about 0.00001 atomic units. The matrix of second derivatives of
the energy with respect to the nuclear coordinates was calculated
at the same level of theory. Then, the Hessian matrix was diagonal-
ized and its eigenvalues were used to verify whether the optimized
geometries were local minima or saddle points on the potential en-
ergy surface of the molecules.

All those conformers above the lowest-energy conformer up to
2 kcal mol ! are included in the calculation of reported properties
through a Maxwell-Boltzmann statistical average at 298.15K
according to

A =>"A exp(—Ef/RT)/Z exp(—Ei/RT)

where E; is the relative energy of the ith conformer and A4; is the gi-
ven property. The arbitrary threshold of 2 kcal mol~! assures that
only those conformers contributing more than about 3% to every
property are considered.

All figures were produced with the aid of the Gabedit program
[17].

Forced swim test experiments

Animals

Experiments were carried out on male Wistar rats weighing
200-386g. Rats were maintained on 8.64 x 10*s light
(2.88 x 10°-7.20 x 10°5)-8.64 x 10° s dark cycle with free access
to food and water except during testing. Animals were employed
only once in each test. All studies described were conducted in
accordance with the Guide for Care and Use of Laboratory Animals
provided by the National Institutes of Health, USA.

Drugs and treatment

Sertraline hydrochloride and sertraline-iodine product were
administered intraperitoneally (i.p.) in a volume equivalent to
1 cm3/kg. Rats were treated with either sertraline (as hydrochlo-
ride or iodine product) or saline (control rats) once a day. All of
the control rats received injections of saline solution (0.9% NacCl).
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In order to make valid comparisons with previously published
data, the selected dose for both compounds were 10 mg/kg be-
cause it was proved that sertraline produced the most robust effect
in the FST under similar experimental conditions [18]. Alterna-
tively, doses of 5 mg/kg were used.

Forced swimming test (FST)

The procedure used was very similar to that described by Por-
solt et al. [19], except that the water was 30 cm deep and pre-tests
were performed 16 days before the test session. Porsolt et al. [19]
noted that effects of pre-test sessions remained effective for as
long as 2 weeks which was in agreement with our observations.
The rats were randomly divided into three groups and conducted
the following treatments: Group 1: saline (control group), Group
2: sertraline hydrochloride, and Group 3: sertraline-iodine prod-
uct. Swimming sessions were conducted by placing rats in individ-
ual Plexiglas cylinders (46 cm tall x 20 cm in diameter) that had
previously been filled with water (23-25 °C) up to 30 cm from bot-
tom. All swimming sessions were carried out between 4.32 x 10°%s
and 6.48 x 10°s,

In vitro anti-thyroid activity

Iodine was obtained from Merck. It was bisublimed and was kept
in dark in a desiccator containing P,0s. Spectroscopic grade solvent
dichloroethane was used. Solutions of iodine and sertraline hydro-
chloride were prepared just before the beginning of experimenta-
tion by diluting gravimetrically prepared stock solutions in
C,H,4Cl; (dichloroethane). lodine concentration was kept constant
(4 x 107*mol L), though the concentration of sertraline hydro-
chloride was varied between 1 x 107*mol L™! and 1 x 10~ mol
L. The reaction was carried out directly in the spectrophotometric
cell by mixing 1.5 mL solutions each of sertraline hydrochloride (do-
nor) and iodine (acceptor). Spectra were recorded immediately on
double beam UV-Vis spectrophotometer. The temperature of the
solutions was kept at 25° £ 1 °C during the measurements. Three
independent replicates of each solution were measured. Formation
constant (K.) and the molar extinction coefficient were determined
using Lang’s method [20]. This method has been used to determine
the formation constants of 1:1 stoichiometric complexes at the
wavelength under analysis using:

[Ao][Do]/dc = ([Ao] + [Do] — dc/&c)/ec + 1/Kc&c 1)

In which, d. is the absorbance and &, is the molar extinction coeffi-

cient and K. is the formation constant of the complex. Parameters

were adjusted by using a program designed by our research group.
Eq. (1) can be re-written in the form:

Y=(1/e)X +1/Kcec (2)

where Y = [Ao][Do]/d. and X = [A¢] + [Do] — d¢/&. this equation giving
a straight line with slope 1/¢; and Y-intercept 1/(K.&.).

Iteration and linear regression method were used to solve Eq.
(2). A suggested initial value of ¢. was dispensed and an X value
was calculated. From the slope of the line, a new ¢, was determined
and the process was successively repeated several times until the
&c as well as K. converged to particular values.

Results and discussion

Molecular geometries, analysis of the Infrared experimental spectra
and theoretical spectrum simulations

No lower-energy conformers within 2 kcal mol~! were found
for sertraline hydrochloride (SerH'Cl™) or for iodosertraline

hydroiodide (I-SerH'I™). Thus, all discussions are referred to the
lowest-energy conformations of every species. Molecular schemes
of SerH"Cl™ and I-SerH'I~ are shown in Fig. 1. The lowest-energy,
optimized structures with the corresponding atom labels are also
shown in the figure, whereas their geometric parameters are listed
in Table 1. It is seen from the table that both bond distances bond
angles were not much affected by the addition of iodine to C6. The
(C5—C6—C13—C14) torsion angle, on the other hand, exhibited an
important decrease of more than 50°.

The examined molecules have only one NH; group and conse-
quently one symmetric and one asymmetric N—H stretching vibra-
tion, are predicted. As expected, the asymmetric stretching for the
NH; group is located at a higher wavenumber than the symmetric
stretching [21]. Usually, the ranges in which the frequencies re-
lated to these vibrational modes appear are 3420-3500cm™!
(asymmetric NH; stretching) and 3340-3420 cm~! (symmetric
NH; stretching), respectively [22]. Calculated harmonic frequen-
cies for those modes are located at 3477 cm™! and 3361 cm™! in
SerH*Cl, and at 3485 cm™~' and 3436 cm™! in I-SerH'I~, see Table
2. As stated above, these modes were assigned to the asymmetric
N—H stretching (higher frequency) and the symmetric N—H
stretching (lower frequency) of the NHJ group, in agreement to
the expected value in the absence of H-bonding formation.

In contrast, salt formation (solid state) produced a considerable
weakening of the normal NH stretching band. Hydrogen bonding
originating in the N"H—X-group disturbs NH stretching frequencies
by removing electron density from the N—H bond, causing a shift to
lower frequencies. Apparently this effect may be more marked in
aromatic compounds in which several bands have been observed
in 2800-2000 cm ™! range. This is a well-known behavior for amine
salts. Several authors have studied the nature of hydrogen bonds
being controversial in the vibrational assignments of the NH;
stretching frequencies. Among others, Chenon and Sandorfy [23],
Heacok and Marion [24], Balwin [25], Amourin da Costa et al. [26]
and Giffin et al. [27] described that the stretching bands of proton-
ated amino groups can be found between 2800 and 2400 cm~! and
some of them concluded that the hydrogen bonds of the amino
hydrogen atoms (N*"H—X") caused a regular shift to lower wave-
numbers with increasing anion size. On the basis of the theoretical
data and taking into account the comparison with previous reported
results, the experimental spectral bands at 2470 cm~! and 2375 cm
—1 for SerH'Cl~ and the doublet at 2451 cm™! and 2434 cm™!
(higher frequency side) (Fig. 2A) and 2348 cm™! (lower frequency
side) for I-SerH'I~ (Fig. 2B) could be assigned to the asymmetric
and symmetric stretching modes of the NH; group (data not
shown in Table 2). On this basis, a shift to lower frequencies when
the anion size increases from Cl~ to I can be observed (Fig. 2). The
vibrational induced dipole of the NH; group induces a dipole in the
anion which extent is proportional to the polarizability of the an-
ion that increased with the electronic density from chlorine to io-
dine. The vibrational induced dipole of iodine then couples with
the vibrational induced dipole of the NH; unit, shifting the stretch-
ing mode to lower frequency. Since the magnitude of the coupling
is proportional to the polarizability of the anion, the frequency
shift is lower for the iodine-containing amine salt than for the chlo-
rine salt [28].

The vibrational NH; scissoring deformation appears in the
1650-1580 cm™! region possibly coupled with the aromatic ring
C=cC stretching modes [7,28]. In fact, the calculated harmonic fre-
quencies appeared at ca. 1636 and 1647 cm~! while in the exper-
imental spectrum they were observed at 1640 and 1645 cm™! for
SerH*Cl™ and for I-SerH'I ™, respectively (Fig. 2). It can be observed
that this band undergoes a shift to higher frequency in the
sertraline iodine product. This behavior is in concordance with
the expected one assuming that these movements are due to the
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SerH*
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Fig. 1. Molecular schemes of the sertraline hydrochloride (SerH*Cl~) and sertraline-iodine product (lodosertraline hydroiodide, I-SerH'I) (left) and theoretical equilibrium

geometries found for (a) (SerH"Cl™) and (b) I-SerH'I with atom numbering (right).

Table 1

Calculated geometrical parameters for SerH'Cl™ and I-SerH'I". Equilibrium bond
distances are indicated in A. Selected bond angles and torsion angles are indicated
in °. Numbers correspond to those in the figures.

SerH*Cl~ I-SerH'1~
Bond distances (A)
C1—N2 1.49 1.49
N2—C3 1.54 1.54
C3—C4 1.54 1.52
C4—C5 1.54 1.52
C5—C6 1.54 1.54
c6—C7 1.51 1.52
C7—C8 1.40 1.40
c8—C9 1.39 1.40
C9—C10 1.39 1.38
C10—C11 1.39 1.39
C11—-C12 1.39 1.38
C12—C7 1.39 1.40
C6—C13 1.53 1.52
C13—C14 1.40 1.39
C14—C15 1.39 1.39
C15—C16 1.40 1.39
c16—C17 1.39 1.39
C17—C18 1.39 1.38
C18—C13 1.40 1.39
C6—I21 - 2.23
C—Haverage 1.09 1.09
N—H.verage 1.03 1.02
C—Claverage 1.72 1.73
Selected bond angles (°)
C1—N2—C3 115.63 116.17
C4—C3—C8 114.86 113.09
C8—C9—C10 120.22 120.85
C7—C6—C13 112.07 113.63
C7—C6—I21 - 104.32
C14—C15—C16 119.96 120.03
C14—C15—Cl19 118.88 118.71
Selected torsion angles (°)
C1—N2—C3—C4 71.47 67.36
C5—C6—C13—C14 149.74 93.48
C12—C7—C6—I121 - 73.71

increment in the p character in the lengthened of the XH bond
which makes easier the stretching but more difficult the bending
mode of this bond [22].

Additionally, at lower frequencies NH twisting and wagging
vibrations of the NHJ group in conjunction with other vibrational
modes can be observed, having a good relationship between exper-
imental and calculated frequencies (Table 2).

The identification of the C—N stretching vibrational mode is al-
ways problematic due to the possible overlapping with other
bands in this region. Calculated frequencies for the C—N mode
were obtained at ca. 1036 and 1024 cm™!, allowing to assign the
experimental stretching C—N bands at 1025 and 1028 cm™! for
SerH*Cl™ and I-SerH'I™, respectively.

It is well known that several vibrational modes are expected for
the methyl group. This group gives rise to two C—H different
modes, the symmetric and asymmetric stretches that typically fall
in 2800-3000 cm™! range and the asymmetric mode is expected to
appear at higher frequency than the symmetric one. Calculated
frequencies for asymmetric and symmetric C—H stretching modes
fall in the range and expected order (3211 and 3108 cm™! for
SerH'Cl~ and 3202 cm™! and 3109 for I-SerH'I~, respectively). In
the experimental spectra only the asymmetric stretching mode
could be observed as a shoulder in a sertraline iodine product (Ta-
ble 2).

The C—H bonds can undergo bending vibrations and in this
investigation these bands appeared in 1520-1400 cm™' region.
Taking into account the nature of the element to which the methyl
group is joined, it is to be expected [22] that the methyl symmetric
deformation mode for amine hydrochlorides appeared approxi-
mately at 1470 + 5 cm~". This correlates very well with our assign-
ments at 1467 and 1466 cm™! (experimental) versus 1465 and
1462 cm™! (theoretical) in the spectra of both SerH'Cl~ and
I-SerH'I™, in which the two bands presented strong intensity. The
CH, vibrational mode also contributed to this band in a minor pro-
portion. At higher frequencies, bending vibrations of methyl and
methylene groups are overlapped while at lower frequencies rock-
ing vibrational mode for methyl group was also observed.

The C—H in-plane bending frequencies are typically located at
ca. 1000-1300 cm™! and the C—H out-of-plane bending vibrations
at ca. 750-1000 cm~! in the aromatic compounds. In our studies
the in-plane bending vibrations were located between 1310 and
1050 cm ™! and the out-of-plane bending vibrations between 870
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Experimental and calculated vibrational wavenumbers (in cm ') of the infrared spectra of sertraline hydrochloride (SerH*Cl~) and sertraline-iodine product (I-SerH*I"). Tentative
assignments are also given. Abbreviations: s, strong; m, medium; w, weak; sh, shoulder; vw, very weak.

SerH*Cl~ observed SerH*Cl~ Relative Tentative assignment  I-SerH'I™ observed [-SerH'T~ Relative Tentative assignment
fundamentals (cm™!) calculated intensity fundamentals (cm™') calculated intensity
frequencies frequencies (cm™")
(cm™1)
3477.588 1.645988  v,s (NH3) 3485.630 1.637130  v,,NH (NH3)
3361.036 6.474864 v, (NH3) 3436.370 0.752450  y,NH (NH;)?
3240 w 3235.060 0.022832 vCH (Ph—Cl) 3239.000 0.042490 vCH (PhCl)
3220.853 0.024961  v,;CH (PhCl) 3222.680 0.015490 vasCH (PhCl)
3210.703 0.003422 v, (CH3) 3201 sh 3202.240 0.004790 vas (CHs)
3178 w 3189.295 0.062451 vCH (Ph) 3174 sh 3172.980 0.121640 vCH (Ph—Cl)
3154 w 3148.56 0.249631  v,sCH (CH;), vCH
(cycle)
3134.931 0.079452  v,sCH (CH;) 3126 sh 3136.180 0.188960 vasCH (CH,),
3076 w 3080.120 0.096218 vCH (cycle) 3113.540 0.147920 vCH (cycle)
3107.867 0.084723 v (CHs) 3108.760 0.008290 vs (CHs)
1680.576 0.170565 vC=C (Ph) 1676 m 1676.840 0.053340 vC=C (Ph)
1659.382 0.038256  vC=C (Ph, PhCl) 1662.100 0.088130 vC=C (Ph, PhCl)
1640 m 1636.625 0.593778 NHj; scissors 1645 m 1647.280 0.887930 NH, scissors
1626 m 1619.768 0.245849 vC=C (PhCl) 1650.800 0.072340 vC=C (Phql),
1583 m 1539.496 0.291458 vC=C (Ph) 1599 m 1522.360 2.438240 vC=C (PhCl)
1515w 1521.819 1.622319 vC=C (PhCl), CH, 1517 m 1517.570 0.311450 vC=C (PhCl), CH,
scissors scissors
CH3 asymmetric CH3 asymmetric
bend, bend,
1488sh 1509.426 0.229882 CH3 asymmetric 1489 m 1504.830 0.728590 CHs5 asymmetric
bend, bend,
1467 vw 1464.830 0.162601 CH, wagging, CH; 1466 s 1461.810 0.093670 CH, wagging, CH;
symmetric bend symmetric bend
1433 m 1439.840 1.046371 NH, wagging, CH 1447 s 1427.470 0.622850 NH, wagging, CH
(cycle) bend (cycle) bend
CH; symmetric bend, CH5 symmetric bend,
CH, wagging CH, wagging
1423 m 1427.702 0.636848 CH;3 symmetric bend, 1416 sh 1425.520 1.619480 CH; symmetric bend,
SCCH ip (PhCl) SCCH ip (PhCl)
893 m 890.7757 0.15424  5CCH op (PhCl, Ph), 896 m 896.060 0.423680 6CCH op (PhCl, Ph),
breath (Ph, PhCl) breath (Ph, PhCl)
CHjs rocking, CH, CHj5 rocking, CH,
rocking, NH, rocking rocking, NH; rocking
845 vw 858.5498 0.607433  6CCH op (PhCl, Ph), 876 sh 871.190 0.33260  S6CCH op (PhCl, Ph),
SCH cycle CHj3 rocking
CHj5 rocking CH, rocking, NH,
rocking
826 m 824.7017 0.077872  Breath (Ph), sCH 820s 827.640 0.019180 Breath (Ph), 6CH
cycle, CHs rocking cycle, CHs rocking
CH; rocking CH, rocking, NH,
rocking
796 sh 814.479 0.079348 Breath (Ph), sCH 804 m 811.910 0.280820 Breath (Ph), 6CH
cycle, CHs rocking cycle, CHs rocking
CH,; rocking CH, rocking, NH,
rocking
785 m 796.1824 0.808563 5CCH op (PhCl, Ph), 777 s 784.260 0.177090 Breath (Ph), CH;
CHj5 rocking rocking,
CH, rocking CH, rocking, NH,
rocking
769 m 760.3515 0.542095 5CCH op (Ph, PhCl), 760 m 762.100 1.018710 SCCH op (Ph, PhCl),
CHs rocking breath (Ph), CHs
rocking
CH; rocking CH; rocking, NH,
rocking
743 w 742.8886 0.072814  5CCH op (Ph, PhCl), 743 m 731.770 0.175640 5CCH op (Ph, PhCl),
CHj5 rocking breath (PhCl)
CH; rocking
702 m 708.3854 0.076838 Breath (Ph, PhCl), CH; 729 m 715.960 0.578870 5CCH op (Ph, PhCl),
rocking CHj5 rocking
CH; rocking CH, rocking, NH,
rocking
673 m 697.7009 0.32969  Breath (Ph), CH, 673 m 699.090 0.367260 Breath (PhCl)
rocking
643 w 663.4005 0.166804 Breath (Ph), CHs 634 w 633.010 0.297930 Breath (Ph), CH,
rocking rocking
CH; rocking
620 m 634.8886 0.052174 Breath (Ph), CH,

rocking

(continued on next page)



276

Table 2 (continued)

G.E. Escudero et al./Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 104 (2013) 271-279

SerH*Cl~ observed SerH*Cl~ Relative Tentative assignment [-SerH'I™ observed [-SerH'T~ Relative Tentative assignment

fundamentals (cm™") calculated intensity fundamentals (cm™") calculated intensity

frequencies frequencies (cm™")
(em™)

589 m 590.0904 0.059073 Torsion and 617 m 616.220 0.161890 Torsion and
Breathing (Ph, PhCl, breathing (Ph, PhCl,
cycle) cycle)

563 w 579.0513 0.051966 558 w 564.980 0.018160

534 w 544.8443 0.167831 526 w 526.300 0.369390

514 m 511.9304 0.069119 Torsion and 511w 509.720 0.200080 Torsion and
breathing (Ph, PhCl, breathing (Ph, PhCl,
cycle) cycle) vC—Cl

495 m 475.4928 0.016656 Torsion and 487 m 474.370 0.011340 Torsion and
breathing (Ph, PhCl, breathing (Ph, PhCl,
cycle) vC—Cl cycle) vC—Cl

476 m 468.410 0.062460 Torsion and
Breathing ring and Ph

445 w 455.8562 0.166197 Torsion and 442 m 446.280 0.081480 Torsion and
breathing (Ph, PhCl, Breathing (Ph, PhCl,
cycle) cycle) vC—I

426 w 423.2416 0.010425 Torsion and 426 w 418.490 0.013730 Torsion and
breathing (Ph, PhCl, Breathing (Ph, PhCl,
cycle) cycle)

1403 s 1396.279 0.142119 CH; symmetric bend, 1400 s 1397.530 1.797810 CH;3 symmetric bend,
S6CH cycle S6CH cycle

1387 s 1374.040 0.134550 CHs5 symmetric bend,
SCH cycle

1360 w 1366.360 0.172970 CH; symmetric bend,
S6CH cycle NH,
wagging

1339 m 1343.336 0.083625 CHjs rocking, NH, 1343 m 1345.620 0.274160 CHjs rocking, NH,
twisting, 6CH cycle twisting, 6CH cycle
CH, twisting CH, twisting

1310 m 1297.727 0.228282  5CCH ip (PhCl, Ph), 1285 m 1300.550 0.101220 SCCH ip (PhCl, Ph),
CH, twisting, CH, twisting,

1270 m 1274.131 0.212599 5CCH cycle 1267 m 1272.790 0.524880 SCCH cycle

1250 m 1258.731 0.107284 1251 m 1250.260 0.782840

1248 w 1235.853 0.142985 1237 w 1233.280 0.341330

1214 m 1217.275 0.220375 5CCH ip (PhCl, Ph), 1215m 1224.860 0.149560 SCCH ip (PhCl, Ph),
JdCCH cycle JCCH cycle
CH; twisting, vCNC CH, twisting, vCNC

1202 m 1204.060 0.027430 5CCH ip (PhCl, Ph),
S6CCH cycle
CH, twisting
1171w 1180.560 0.842210 SCCH ip (PhCl, Ph)

1136 s 1138.180 0.087837  5CCH ip (PhCl, Ph), 1132 s 1134.070 0.163340 SCCH ip (PhCl, Ph),

JCCH cycle, S6CCH cycle,
CH, twisting, NH, CH, twisting, NH,
twisting twisting
1107 m 1106.700 0.160850 6CCH ip (PhCl, Ph),
SCCH cycle
CH, twisting

1081 w 1073.615 0.014896 5CCH ip (PhCl, Ph), 1076 m 1075.450 0.041480 6CCH ip (PhCl, Ph),
SCCH cycle SCCH cycle,

1057 m 1058.431 0.875498 5CCH ip (PhCl, Ph), 1052 m 1052.590 0.336240 5CCH ip (PhCl, Ph),
SCCH cycle S6CCH cycle

1025 m 1036.345 0.365318 v (C—N) 1028 s 1024.100 0.223770 v (C—N)

1012 sh 1019.900 0.190899 CCH ip (Ph), 6CCC

1002 sh 998.3846 0.008651 5CCH op (PhCl, Ph) 997 m 997.580 0.006180 5CCH op (PhCl, Ph)

956 m 950.550 0.207630 SCCH op (PhCI, Ph),
CHj3 rocking
CH, rocking, NH,
twisting

924 m 917.160 0.05180  SCCH op (PhCl, Ph),
CHj; rocking, CH,
rocking

914 sh 913.260 0.030380 SCCH op (PhCl, Ph)
CH, rocking

and 960 cm™!, respectively, as expected. In general, the calculated
C—H vibrations (stretching, in-plane and out-of-plane bending) are
in good agreement with the experimentally accepted values (Table
2 and Fig. 3). As it has been stated, these bands are not appreciably
affected by the nature of the substituent and for this reason the
ones of the two phenyl groups of the molecule (one of them with
chloride) are indistinguishable [29].

The ring stretching vibrations are representative of the aromatic
ring. As usual, in substituted benzenes, the bands observed in the
region 1400-1650 cm ™' are characteristic of the typical skeletal
stretching modes of C=C bonds. In this work, the assigned skeletal
vibrations for both the experimental spectra and theoretical har-
monic frequencies were located in the 1500-1680 cm™! region.
Among the contribution of other vibrational modes, the theoreti-
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Fig. 2. Left side: Experimental FTIR spectra for sertraline hydrochloride (SerH*Cl™) (A) and sertraline-iodine product, I-SerH'I (B). Right side: expanded region (2500-
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Fig. 3. Left side: Experimental (A) and theoretical (B) FTIR spectra for sertraline hydrochloride (SerH*CI™). Right side: Experimental (C) and theoretical (D) FTIR spectra of

sertraline-iodine product (I-SerH'I).
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Fig. 4. Solution electronic absorption spectra in 200-450 nm region (dichloro-

methane): (A) sertraline hydrochloride (SerH*Cl~) and (B) sertraline-iodine product
(I-SerH'1).

cally calculated asymmetric stretching (CNC group) has been found
to be consistent with the experimental value (Table 2).

One of the most relevant features of the computational analysis
was the identification of C-halogen stretching vibration modes (Ta-
ble 2). The values of the frequencies for the C—I bond stretching
mode appears at lower frequencies than those of C—Cl bond as ex-
pected. This trend is in accordance with the higher atomic radii of
iodine in comparison with chlorine that form a longer C—X bond
and hence the band due to the stretching mode appeared at lower
frequency.

It is worth to mention that in contrast to ab initio and density
functional computations performed by Sagdinc et al. [6] for sertra-
line hydrochloride, in our results, a better concordance between
experimental and theoretical data could be achieved (Table 2,
Fig. 3). On the other hand, Zayed et al. [5] performed a vague anal-
ysis of the FTIR spectrum for sertraline iodine product in which the
vibrational ranges for the main characteristic bands were given.

UV-Vis spectroscopy

Sertraline hydrochloride has a typical electronic absorption
spectrum assumed for aryl halogen compounds and displays a
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Fig. 5. Effect of sertraline hydrochloride (SerH*Cl™) and sertraline-iodine product
(I-SerH'I) on body weight of rats. Animals treated with sertraline-iodine product
induced a body weight loss lower than that induced by sertraline [P<0.01].
“*P<0.01, 7-12 rats per group (Dose: 5 mg/kg). Data were analyzed with one-way
ANOVA, followed by Tukey’s test for multiple comparisons.

band at 290 nm in CH,(Cl; as a solvent (Fig. 4A). This band is known
as secondary absorption band and shows a bathochromic shift with
respect to benzene, as expected [30]. For sertraline iodine product,
this band is located at 294 nm with a slight shift to the red in com-
parison with sertraline hydrochloride (Fig. 4B). Strikingly the io-
dine compound displays a new band at 360 nm probably arising
from the presence of iodine in the molecule.

Forced swimming test (FST)

After performing the pre-test of FST, treatments were initiated
in the three experimental groups. Between the 1st and 2nd day
of treatment, the animals of Group 3 (sertraline-iodine) showed
a clear central nervous system depression (decreased motor activ-
ity and loss of reflexes) including markedly body weight loss, lead-
ing to animal deterioration and death. All animals (n=>5) died
between day 1 and day 2 of treatment, and the animals did not
complete the planned treatment. Due to apparent toxicity of treat-
ment, a lower dose (5 mg/kg) was employed. In this case all ani-
mals (n=5) died between the 3rd and 4th day of treatment. This
short-term treatment with sertraline-iodine induced a body weight
loss lower than that induced by sertraline (Fig. 5). Our results dem-
onstrate that sertraline-iodine produced dose-dependent toxicity.
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Treatments could not be completed, and therefore, the antide-
pressant effect could not be evaluated in the FST test due to the
manifestation of severe toxic effects by the sertraline-iodine com-
pound at the doses tested (10 and 5 mg/kg). One possible explana-
tion for the toxic effects may be the consequence of having used a
dose of iodine-compound near the lethal dose 50 (LD50). LD50 val-
ues reported in the literature: (i) Oral rat LD50: 14 mg/kg (iodine
crystals) [31], (ii) Oral rat LD50: 14 mg/kg (iodine tincture) [32],
and (iii) Oral rat LD50: 4340 mg/kg (sodium iodide) [33].

In vitro anti-thyroid activity of sertraline hydrochloride

Anti-thyroid drugs are used to normalize thyroid function. A
method able to determine if a substance has anti-thyroid activity
was previously performed using sertraline hydrochloride in bulk
powder and in pharmaceutical formulations by spectrophotomet-
ric determinations [34]. Furthermore, as previously reported data
showed that nitrogen containing heterocyclic compounds were
able to form charge transfer complexes with iodine [20], these
compounds can be used to test the in vitro anti-thyroid activity.

The first step in thyroid hormone synthesis includes generation
of an oxidized enzyme promoted by endogenously produced
hydrogen peroxide. The oxidized enzyme reacts with iodide to
form an “iodinating intermediate” (charge transfer complex). In
the absence of an anti-thyroid drug, the intermediate reacts with
specific tyrosine residues in thyroglobulin (Tg) to form mono-iodo-
tyrosine (MIT) and di-iodotyrosine (DIT). In a subsequent intramo-
lecular coupling of MIT and DIT, tri-iodothyronine (Ts) is produced,
and the coupling of two DIT molecules forms thyroxine (T4). An
anti-thyroid drug can act as an alternative substrate for the iodin-
ating intermediate, competing with thyroglobulin-linked tyrosine
residue or interfering with thyroid peroxidase (TPO) enzyme by
blocking its active Fe3* [35]. In the past, several compounds have
been tested with the aim to find a new class of anti-thyroid agents
with minor cost and undesirable side effects including a series of
antidepressants which have demonstrated in vitro anti-thyroid
activity [36]. With the purpose of testing the potential anti-thyroid
activity of sertraline hydrochloride, the iodine method was
applied. Sertraline hydrochloride displayed no bands in the 245-
600 nm range. When a solution of iodine was added to the
antidepressant in the same solvent, the formation of complex led
to the appearance of a new CT band located at 257 nm. As it is pos-
sible to observe in Fig. 6 (left side), the intensity of this band in-

0.0004

0.0006 0.0008 0.0010

X=[Ip]+[Ser]-dc/eg

0.0012

Fig. 6. Lang’s method. Left side: electronic absorption spectra in the 240-300 nm region (25 °C, dichloroethane, C;H4Cl, 1 cm of optical path length). The CT band appears
around 257 nm, when increasing sertraline hydrochloride concentration from 1 x 10~*mol L™ to 1 x 10~> mol L™". In all cases the iodine concentration was constant at
4 x 10~*mol L. The reaction was carried out directly in the spectrophotometric cell by mixing 1.5 mL solutions each of sertraline hydrochloride (donor) and iodine
(acceptor). Right side: Relationship between [I,][Ser]/d. and [I;] + [Ser] — d,/¢. for sertraline-iodine complex under the same experimental conditions.
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creased when increasing sertraline concentrations while the iodine
concentration was constant any time in the experiment. The absor-
bance value for the band located at 257 nm was recorded for differ-
ent concentrations of sertraline hydrochloride and constant
concentration of iodine. For the sake of quantification a validate
procedure was applied: the solution of the pure donor at the same
concentration was located in the reference beam, and then spectra
were obtained by subtraction of the iodine absorption. Data analy-
sis was performed according to Lang’s method (experimental, Sec-
tion 4.4).

In Fig. 6 (right side), Eq. (3) was plotted. From this, the forma-
tion constant K. value is 3277.48 L mol~! being the molar coeffi-
cient of & =5358.39 L mol ' cm~!. Anti-thyroid activity can be
expected from compounds whose formation constant of the iodin-
ated complex K. was larger than 100 L mol~! [7]. For this reason, it
is possible to assume a strong anti-thyroid action for sertraline.
Anti-thyroid activities for other antidepressants were previously
performed in dichloromethane and carbon tetrachloride as sol-
vents. Although measurements were carried out in dichlorometh-
ane for sertraline, they seem to have an effect in the same order
of magnitude than imipramine, desipramine as well as clomipra-
mine [7].

Conclusions

In this work, we measured the experimental FTIR spectrum of
sertraline hydrochloride and its iodine-product. The conforma-
tional space of the molecules was investigated using molecular
dynamics simulations within an NVT ensemble. Their geometrical,
electronic and vibrational properties were further calculated with-
in the density functional theory.

A comparison of experimental and theoretical results provided a
full description of the geometrical and vibrational properties of the
iodine compound. One of the most relevant results was the assign-
ment of the C-halogen stretching and the symmetric and asymmet-
ric vibrational N—H modes of the NHJ group in both compounds.
Our results show a better concordance with the experimental FTIR
of sertraline hydrochloride than the previously reported data. In
addition, potential in vitro anti-thyroid activity was proved for ser-
traline hydrochloride demonstrating an effect in the same order of
magnitude than imipramine, desipramine as well as clomipramine.
Attempts to determine the antidepressant activity of the sertraline-
iodine product failed because of the toxic effect that exerts this
compound on the male Wistar rats.

Acknowledgements

This work was supported by grants from UNLP, UNLaR, CONI-
CET (PIP 112-200801-01125), ANPCYT-PICT-2008-2218, CICPBA.
Authors gratefully acknowledge to the authorities of the National
University of La Rioja and the CONICET (Resolution No. 2890, 10-
03-2011), for their support to publish this article. V.F.C. is a fellow
of CONICET. EGF and RPD are members of the Scientific Research

Career of CONICET. PAMW is a member of the Scientific Research
Career of CICPBA, Argentina.

References

[1] K.M. Kim, B.H. Jung, M.H. Choi, J.S. Woo, K.-]. Paeng, B.C. Chunga, ]. Chromatogr.
B 769 (2002) 333-339.

[2] K. Hashimoto, Cent. Ner. Syst. Agents Med. Chem. 9 (2009) 197-204.

[3] Patent Information on Forms of Sertraline Hydrochloride was Collected from
the Following Documents: (a) Pfizer. U.S. Patent 5;248;699; (b) Torcan. EP 0
928 784 A1; (c) Teva. WO 00/32551 A1; (d) CIBA Specialty Chemicals Holding
Inc. WO 01/32601 A1; (e) Teva. WO 01/45692 Al.

[4] J.F. Remenar, J.M. MacPhee, B.K. Larson, V.A. Tyagi, J.H. Ho, D.A. Mcllroy, M.B.
Hickey, S.P.B. haw, O. Almarsson, Org. Process Res. Dev. 7 (2003) 990-996.

[5] M.A. Zayed, M.F. Hawash, M.A. Fahmey, A.A. El-Habeeb, Spectrochim. Acta Part
A 68 (2007) 970-978.

[6] S. Sagdinc, F. Kandemirli, S.H. Bayari, Spectrochim. Acta Part A 66 (2007) 405-
412.

[7] A. Rousseau, F. Comby, ]. Buxeraud, C. Raby, Biol. Pharm. Bull. 19 (1996) 726-
728.

[8] M.J.S. Dewar, E.G. Zoebisch, E.F. Healy, J.J.P. Stewart, J. Am. Chem. Soc. 107
(1985) 3902-3909.

[9] MOPAC2009, ]J.P. Stewart, Stewart Computational Chemistry, Colorado
Springs, CO, USA, 2008. Available from: <http://OpenMOPAC.net>.

[10] H.J.C. Berendsen, J.P.M. Postma, W.F. van Gunsteren, A. DiNola, J.R. Haak, J.
Chem. Phys. 81 (1984) 3684-3690.

[11] P. Hohenberg, W. Kohn, Phys. Rev. 136 (1964) B864-B871.

[12] W. Kohn, LJ. Sham, Phys. Rev. 140 (1965) A1133-A1138.

[13] R.G. Parr, W. Yang, Density Functional Theory of Atoms and Molecules,
University Press, Oxford, 1989.

[14] M.W. Schmidt, K.K. Baldridge, J.A. Boatz, S.T. Elbert, M.S. Gordon, J.H. Jensen, S.
Koseki, N. Matsunaga, K.A. Nguyen, S. Su, T.L. Windus, M. Dupuis, J.A.
Montgomery, J. Comput. Chem. 14 (1993) 1347-1363.

[15] Y. Zhao, D.G. Truhlar, Theor. Chem. Acc. 120 (2008) 215-241.

[16] Y. Zhao, D.G. Truhlar, Acc. Chem. Res. 41 (2008) 157-167.

[17] AR. Allouche, J. Comput. Chem. 32 (2011) 174-182.

[18] S. Bilge, A. Bozkurt, D.B. Bas, E. Aksoz, E. Savli, F. Ilkaya, Y. Kesim, Pharmacol.
Rep. 60 (2008) 872-879.

[19] R.D. Porsolt, G. Anton, N. Blavet, M. Jalfre, Eur. ]J. Pharmacol. 47 (1978) 379-
391.

[20] R.P. Lang, ]. Am. Chem. Soc. 84 (1962) 1185-1192.

[21] D. Lin-Vien, N.B. Colthup, G. Fateley, ].G. Grasselli, The Handbook of Infrared
and Raman Characteristic Frequencies of Organic Molecules, Academic Press,
Boston, MA, 1991.

[22] LJ. Bellamy, The Infrared Spectra of Complex Molecules, vol. 2, Chapman and
Hall, London, 1980.

[23] B. Chenon, C. Sandorfy, Can. J. Chem. 36 (1958) 1181-1209.

[24] R.A. Heacock, L. Marion, Can. J. Chem. 34 (1956) 1782-1795.

[25] M.E. Baldwin, Spectrochim. Acta 18 (1962) 1455-1461.

[26] A.M. Amorim da Costa, M.P.M. Marques, L.A.E. Batista de Carvalho, J. Raman
Spectrosc. 34 (2003) 357-366.

[27] G.A. Giffin, S. Boesch, D.N. Bopege, D.R. Powell, R.A. Wheeler, R]. Frech, ]. Phys.
Chem. B 113 (2009) 15914-15920.

[28] B. Smith, Infrared Spectral Interpretation; A systematic Approach, CRC Press,
Boca Raton, LLC, 1999.

[29] N. Sundaraganesan, Saleem, S. Mohan, Spectrochim. Acta Part A 59 (2003)
2511-2517.

[30] L. Doub, .M. Vandenbelt, ]. Am. Chem. Soc. 69 (1947) 2714-2723.

[31] RJ. Lewis, Sax’s Dangerous Properties of Industrial Materials, vols. 1-3, nineth
ed., Van Nostrand Reinhold, New York, 1996.

[32] National Institute for Occupational Safety and Health (NIOSH), Immediately
Dangerous to Life and Health (IDLH), Van Nostrand Reinhold, New York, 1998.

[33] W.J. Ward, N. Mathieu, Environmental Assessment Program, State Department
of Ecology, Washington, 2011.

[34] M. Espinosa Bosch, A.J. Ruiz Sanchez, F. Rojas, C. Bosch Ojeda, ]. Pharm. Biom.
Anal. 48 (2008) 1290-1302.

[35] S. David, M.D. Cooper, N. Engl, ]. Med. 352 (2005) 905-917.

[36] ].F. Lagorce, F. Comby, A. Rouseau, J. Buxeraud, C. Raby, Chem. Pharm. Bull. 41
(1993) 1258-1260.


http://OpenMOPAC.net

	Sertraline and its iodine product: Experimental and theoretical vibrational studies
	Introduction
	Materials and methods
	Materials
	Computational details
	Forced swim test experiments
	Animals
	Drugs and treatment
	Forced swimming test (FST)

	In vitro anti-thyroid activity

	Results and discussion
	Molecular geometries, analysis of the Infrared experimental spectra and theoretical spectrum simulations
	UV–Vis spectroscopy
	Forced swimming test (FST)
	In vitro anti-thyroid activity of sertraline hydrochloride

	Conclusions
	Acknowledgements
	References


