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ABSTRACT

Organo-selenium compounds are of a broad spectfymtential technical applications. To
date, many efforts have been devoted to develop themistry. In this context, two
benzo[c][1,2,5]selenadiazole compounds have beetthesized and characterized by
NMR, 2*C NMR, **F NMR, MS and UV-Vis spectroscopic techniques. Bstiiuctures were
confirmed using single-crystal X-ray diffraction aysis. Each compound crystallizes in
monoclinic systems, space grol2;/c forming dimeric units due to the intermolecular
Se---N interactions. The dimmers are further linkgdweak -« stacking interactions
between 1,2,5-selenadiazole and the six-memberedhagic rings. The electrochemical
behavior of the compounds has been investigatedyblyjc voltammetry. Additionally, the
structural geometrical parameters, vibrationalctetaic transition, Fukui analysis and redox
properties of the molecules have been rationalizgdDFT and TD-DFT methods using
B3LYP level of theory in conjunction with 6-311Ggl basis set implemented in Gaussian 09
program. As a result, an excellent correlation leetw the electronic transitions and the

electrochemical behavior was found.
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1. Introduction

Over the last few years, there has been an inagasierest in organo-selenium
compounds chemistry [1-4], mainly due to their im@oce as reagents and intermediates in
organic synthesis and asymmetric transformatiogge@ally as excellent selective reagents
for the allylic oxidation [5,6]. Apart from this,rgano-selenium compounds have fascinating
pharmacological activities; they act as antioxidaantitumor, anti-inflammatory, antifungal,
antibacterial and antiviral agent [6—11]. Furthereyaelenium is a micro nutriment naturally
present in several redox active enzymes includingathione peroxidase [12]. In addition,
selenium compounds are used in xerography and esisttof conducting materials and

semiconductors [13,14].

In chemistry, selenium is known to easily take pantedox reactions involving one or
two electron transitions. It should be noticed thi@anoselenides are considered as toxic and
malodorous compounds [15]. Nevertheless, selenaitytdes are weakly volatile and their
toxicity is low [16]. Besides, it has been reportbdt several selenoxides are used as an
effective catalyst for the bromination of organibstrates in presence of sodium bromide and
hydrogen peroxide [17]. Also, organoselenides gatalthe allylic halogenation of alkenes
and a-halogenation of ketones in presence of N-haloisunwdes [18]. Moreover,
electrochemical procedure has been employed aBeative and convenient method because
of its high selectivity in organic chemistry suchthe synthesis of-bromo alkyl aryl ketones
[19]. Recently, we have been performed the cycbtammetry to investigate the redox
behavior of a metal complex [20]. Herein, we stuthg chemistry of organoselenium

compounds as important substructures in a broagerahnatural and designed products.

Therefore, in view to prepare organic compoundd ttwuld be valuable for the
oxidation of natural molecules, we have used thelicyvoltammetry (CV) [21] as
inexpensive, selective and sensitive electrochdmazhnique in order to investigate the
redox behavior of these compounds. In the curresrkywe report the results of our study
dedicated to two organo-selenium derivatives: Shyldienzo[c][1,2,5]selenadiazole&t)
[22] and 5-fluoro-benzo|c][1,2,5]selenadiazof@2). The general procedure of the synthetic
path is shown irScheme 1 Moreover, structural parameters of the titled poonds were
computed by theoretical studies using density fonel theory (DFT) and time dependent

density functional theory (TD-DFT) methods. Finalbptical and electrochemical properties



using CV technique of both samples were investijate order to confirm the chemical

stability as well.

NH
? DMF, 24h /N\
+ SeO, >
T.A /Se

R NH, R N

1:R=CH;
2:R=F

Scheme lsynthesis of benzo|c][1,2,5]selenadiazole demesi

2. Experimental

2.1. Material and methods

4-methyl-o-phenylenediaminel)( 4-fluoro-o-phenylenediamine2) selenium dioxide
(Se®) and N,N-dimethylformamide were purchased fromm&gAldrich. Melting point was
measured with Kofler heating bench. NMR spectra vea®rded in CDGlusing a Bruker
Avance 300 MHz spectrometer. Chemical shifts angressed in ppm relative to external
TMS. GC parameters for capillary columns TG-5MS (B0x 0.25 mm): injector 230 °C;
detector
200 °C; oven 40 °C for 2 min then 40 °C fhiantil 280 °C for 12 min; column pressure 42.9
kPa. Gas flow 20 mL mih For MS detection, the ionization was performedaoniSQ LT
single quadruple mass spectrometer in positive &en using a mass scan range of 50 to 400
Da.

2.2.  Synthesis and crystallization
2.2.1 5-methyl--benzo[c][1,2,5]Selenadiazolgl).

5-methyl-benzo[c][1,2,5]Selenadiazole has been gvezp by the condensation of 4-
methyl-o-phenylenediamine and selenium dioxide iN-Wimethylformamide as described
earlier in our previous work [22].

C;HeN2Se colorless. m/z =197.8[M]+Fig. S4. Mp=78 °C (from CHGJ). '"H NMR
(300 MHz, CDC}, ppm): 2.4 (3H, s), 7.2 (1H, m), 7.5 (1H, m), 7(€H, m)."*C{*H} NMR



(75 MHz, CDC4, ppm): 25.9 (CH), 126.3 (CH), 127.6 (CH), 137.7 (CH), 145.1 (Ctp4.8
(Cq), 166.0 (Cq) (sekig. S2.

2.2.2 5-fluoro-benzolc][1,2,5]Selenadiazol€R).

0.09 g (0.71 mmol) of 4-fluoro-o-phenylenediamimel ®.079 g (0.71 mmol) $e
were dissolved in 5 mL of N,N-dimethylformamide. té&f stirring for 24 h at room
temperature. The reaction mixture was diluted B@hmL of water and extracted 3 times with
20 mL of ethyl acetate. The organic phases wereddover MgSQ@ and evaporated under
reduced pressure. Pure product was isolated byneokthromatography on silica gel using
hexane/ethyl acetate (90/10) as eluent (yield: 84¥&)Jlowish crystals were obtained by

crystallization from chloroform.

CsHsFN,Se color yellowish. m/z = 201.06 [M-FfFig. S4. 'H NMR (300 MHz.
CDCls, ppm) 7.3 (1H, m), 7.4 (1H, Dd, J= 9.3, 2.4 HzB [LH, Dd, J=9.6, 5.7 HZ}’C{ H}
NMR (75 MHz, CDC}, ppm): 105.8 (CH, #Jc..=22.5 Hz), 122.0 (CH, dJ.=30.0 Hz),
124.1 (CH, d3Jc+=11 Hz), 158.0 (& S) , 162.2 (& d, Jcqr= 14 Hz), 164.0 (g d, "Jo.r==
254 Hz) .*°F (282 MHz, CDCJ, ppm) : -110.16 ( Td, J= 14.2, 5.5 HE)d. S3.

2.3. X-ray crystallography o5-fluoro-benzojc][2,1,3]selenadiazol€Z)

A yellowish crystal of (GH3FN.Se) Fig. 1) was mounted on a Bruker APEX-II CCD
duo diffractometer using graphite monochromated Kto radiation {= 0.71073A). The
structure was solved by direct method SHELXS-97 waithed by full-matrix least-squares
procedures on ¥[23,24]. XP (Bruker AXS) and Mercury were used fgraphical

representations [25].

CCDC 18968452) contains the supplementary crystallographic datahis paper.
These data are provided free of charge by The AdgeCrystallographic Data Centre. The

details of refinement parameters are givemable 1

Table 1
Crystallographic and structure refinement paramnsdtar[GHsFN,Se].

Chemical formula 6HsFN.Se
Formula weight 201.06
Crystal system monoclinic

Space group P 2,/c




Crystal color yellowish

Radiation type Mo k&

a(R) 13.2549(6)

b (A) 3.8667(2)

c(A) 13.0731(6)

B 109.309(2)

V (A% 632.34(5)

Z 4

T (K) 150 (2)

Rint 0.0241

Final R indices [F20(1)] 0.0200,wR; 0.0517
R indices (all data) 0.022%/R,0.0532

Computer programs: APEX2 (Bruker, 2014), SAINT KBru 2013), SAINT, SHELXS97 (Sheldrick, 2008),
SHELXL2014/7(Sheldrick,2015), Mercury (Macrae et 2006), pubICIF (Westrip, 2010)

Pri1A

Fig. 1. The molecular structure &2 with displacement ellipsoids drawn at the 30%
probability level

2.4. Computational studies

All theoretical calculations presented in this papere performed using the Gaussian
09 program package [26]. The full geometrieCafandC2 were optimized employing DFT
method in a vacuum and in 1,4-dioxane as solvemgu83LYP level of theory in

conjunction with 6-311G(d.p) basis set, which wesigned for all atoms [27].

Vibrational frequency calculations were computearder to ensure that the optimized
geometries are the most stable (only positive wiuere obtained). Electronic transitions in
the UV absorption spectra based on the optimizexngéries were carried out employing
TD-DFT approach [28] in 1,4-dioxane as solvent witie conductor like polarizable
continuum model (C-PCM) [29]. Gaussum program [3@k used to delineate with the rate



contributions of each group to a particular molacwrbital (MO) by means of Natural Bond
Orbital (NBO). Thereafter, the Fukui functions were calculatech@siBO analysis [31] at
DFT/B3LYP level in order to understand the transfecharges or conjugative interactions in

a molecular system.

2.5.  Electrochemical study

The cyclic voltammetry (CV) measurements were pearéd using a potentiostat PGZ100
with a three-electrode configuration. A platinumreviworking electrode, a platinum mesh
auxiliary electrode and Ag/AgCl (Saturated KCl)ence electrode. All references reported
in this manuscript are versus the reference eléetrohe CV measurements were achieved in
sodium sulfate solution (N&O, = 1 M) /1,4-dioxane (90/10: v/v) as the supporting
electrolyte (pH=4.53) at 298+1 Kvith a scanning rate of 50 mV/s. The solutions were
deoxygenated with bubbling nitrogen ) at least 10 min during the electrochemical

measurements.

3. Results and discussion

3.1. Description of the crystal structure 6R

The titled compound was prepared in DMF by reactrgluoro-o-phenylenediamine
with selenium dioxide at room temperature as shoawScheme 1. Th&H NMR spectrum
shows only three peacks at 7.3, 7.4 and 7.8 ppmesmonding to the aromatic protons.
Furthermore, the single crystal x-ray diffractiamabysis of C2 confirmed the assignments of
the structure from spectroscopic data. The cryséaking of GH3FN,Se shows that the

molecules are arranged in rods along b akable 2 and Fig. 3.

Table 2
Hydrogen-bond geometry (A, °) f@2.

D-H-A D-H H--A DA D-H-A
C(3) -H(3)-N(1) 0.95 2.55 3.490(3) 169
C(6) -H(6)--F(1A)' 0.95 2.50 3.446(3) 174

Symmetry codes: (i) x,1/2-y,1/2+z; (ii) X,3/2-y,24z



Fig. 2. Part of the packing diagram 62, showing Se-N contacts and---n stacking interactions as
dotted lines. Displacement ellipsoids are drawth@t30% probability level. For clarity lower

occupancy sites are omitted.

The formation of dimeric units by intermolecular -3¢ interactions (SeN2 = 2.853(2)
A) is observed as found for 4,5,6,7-tetramethyl@Henzoselenadiazole and their cocrystals
[32]. Additionally, n---m stacking interactions are found between the 1s2|énadiazole and

the six-membered aromatic ring [centroid—centragdathce = 3.596(2) A and ring slippage =

1A].
3.2. Vibration spectra

The theoretical FT-IR spectra of the titled compdsivere calculated at the B3LYP/6-
311G(d,p) level of theory. The scaled vibration m®dre obtained at the same level of theory
and scaled with a factor of 0.9619 [33]. It is abed that the stretching vibration modes of
C=N bond forC1 andC2 are respectively located at 1493.07 camd 1492.77 cth(Fig. SJ),
which are closer to their corresponding scaled and€76.36 cm and 1472.45 cih For the
N-Se bond, it is observed that the vibrational tiemries at 745.13 ¢hand 750.13 cih for
C1 andC2 are in good agreement with the calculated valwdwreas the corresponding



scaled ones were found at 720.30cand 719.86 cif respectively. The main observed

vibrational modes and their corresponding compatetiscaled ones are givenTiable 3.

Table 3
Experimental, theoretical and scaled vibrationalvevaimbers (ci) of the titled

compounds at B3LYP/6-311G(d,p) level and theirgrssients.

Assignments Experimental values Theoretical scaled values
v(C=C) 1623.01 1603.78
C1 v(C=N) 1493.07 1476.36
v(N-Se) 745.13 720.30
v(C=C) 1621.76 1601.38
c2 v(C=N) 1492.77 1472.45
v(N-Se) 750.13 719.86

3.3.  Computational investigations and DFT modeling

DFT modeling is a powerful and a widely used toot flealing with the stability,
reactivity and selectivity of inorganic and orgamolecules. To gain a better understanding
of the electronic structure of the titled compourttie optimization o€1 andC2 was carried
out in the single ground by DFT method at B3LYPeleuf theory. The experimental and
computed geometrical parametersGif andC2 are listed inTable 4. For both compounds,

all computed bond lengths and bond angles are od gmreement with the experimental

findings.

Table 4
Experimental and theoretical selected geometryrpeters (value A and degree) 0l and

C2 compounds.

gl C2
Calculated , Calculated )

Gas Solvent Experimental Cas Solvent Experimental
Bond (A) Bond (A)
Se-N1 1.807 1.808 1.792 (17) Se-N1 1.795 1.795 1.794 (19)
Se-N2 1.808 1.808 1.790 (18) Se-N2 1.794 1.794 1.795 (18)
C1-C6 1.464 1.464 1.453 (3) Ci1-Cc2 1.453 1.453 1.453 (3)
C4-C7 1.507 1.506 1.505 (3) C4-F 1.345 1.344 1.360 (3)
N1-C1 1.323 1.324 1.332 (3) N1-C1 1.322 1.322 1.330 (3)
N2-C6 1.324 1.325 1.331 (2) N2-C2 1.331 1.330 1.322 (3)
Angles (°) Angles (°)
N1-Se-N2 94.242 94.086 94.54 (8) N1-Se-N2 93.968 93.968 93.9 (8)
Se-N1-C1 106.231 106.388 106.37 (13) Se-N1-C1 106.885 106.885 106.7 (14)

Se-N2-C6 106.334 106.488 106.57 (13) Se-N2-C2 106.732  106.732 106.8 (14)



C7-C4-C3 118.449 118.436 118.44 (17) F-C4-C5 122.557  122.557 117.4 (2)
C7-C4-C5 121.709 121.733 121.81 (18) F-C4-C3 116.768 116.768 118.4 (2)

Additionally, contour plot for some selected moleciorbitals (MOs) are presented in
Fig. 3. The corresponding energies of these MOs as wdthe percent composition of each
element for the titled compounds are summaripedable 5 The higher energy occupied
molecular orbital (HOMO) to the low-lying virtualrlmtal (LUMO) band gap energies are
3.99 eV and 4.01 eV fa€1 andC2, respectively.

LUMO+1 LUMO+2

9

HOMO HOMO -1 HOMO -2

Fig. 3 Isodensity surface plots of the frontier molecwlebitals forC1 andC2.



Table 5
Energy and composition of some selected moleculatats (MOs) forC1 andC2.

% of composition irC1 % of composition irC2
MOs Energy (eV) Se CHs; L Energy (eV) Se F L
LUMO+3 0.12 2 5 93 0.09 2 2 96
LUMO+2 -0.01 2 2 96 -0.27 2 0 98
LUMO+1 -0.77 81 0 19 -0.90 80 0 19
LUMO -2.58 20 1 79 -2.80 21 1 78
HOMO -6.57 3 3 95 -6.81 5 4 90
HOMO-1 -6.97 46 2 53 -7.20 43 1 56
HOMO-2 -8.08 7 0 93 -8.33 6 0 94
HOMO-3 -8.40 18 1 81 -8.72 19 0 80

3.4. TD-DFT calculations and electronic spectrum

For both compound€1l and C2 along with the used reagenisand 2, the UV
absorption spectra have been performed using byade as solvent in the range of 200-900
nm. The experimental spectra fG1 and C2 are shown inFig. 4 and the corresponding
spectra ofl and2 are given in supporting informatidiig. S95. For the compounds and2,
we observed similar absorption bands at 245 nm3&adnm with a slight difference in their
intensity. This difference is due to the auxochrogffect caused by the fluorine atoman
Whereas, in the UV region fa€l and C2, all absorption bands are slightly superimposed
until the wavelength 335 nm, whe@®2 above slightlyC1 in terms of absorption band and
wavelength. These results indicate the hyperchrogffect exhibited by the fluorine
auxochrome inC2 which leads to an increase of absorption maximealme of the m-
conjugation. Moreover, from 200 nm to 266 nm weehaoticed thabe(, C1 andC2 show
the same band shape. These compounds exhibitrie lsand at 244 nm and differ in terms
of intensity. While, there is no significant absioop in the visible region (400-800).

Therefore, to study the nature of the excitationthe UV spectra, the absorption bands
of C1 and C2 were carried out by TD-DFT method using 1,4-diaxas solvent. The
experimental bands with the computed excitationrgias, absorption bands, oscillator
strengths and MOs transition configurations arersanezed inTable 6. As can be seen from
this table, the electronic transitions shown at 854 (f = 0.0458) and 350 nm (f = 0.0577)
correspond to HOMG- LUMO transitions (97% foC1 and 96% forC2), with ligand to

selenium charge transfer characte8¢CT) for C1 andC2, respectively.
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Fig. 4. Experimental UV-vis spectrum f&@eQ,, C1 andC2 in 1,4-dioxane.

Table 6
Experimental and calculated electronic transitiond DDFT/C-PCM method fo€1 andC2 in 1.4-
dioxane.

(Ef/) )(“re]ﬁ; (xn) Streaz(tzﬁ 0 Key transitions Character
3.504802 335 354 0.0458 HOMO LUMO (97%)  LSeCT, Pr (L) — Pr (Se)
4.041402 - 307 0.3364 H-2 LUMO (94%) SeLCT, Pr (Se)— Pr (L)

Cl  4.263602 - 291 0.0000 H—2 LUMO (99%) LSeCT, Pr (L) — Pr (Se)
4.905303 - 252 0.0009 HOMO L+1 (92%) LSeCT, Pr (L) — Pr (Se)
5.069803 244 244 0.0002 H—2 L+1 (93%) LSeCT, Pr (L) — Pr (Se)
3.541302 332 350 0.0577 HOMO LUMO (96%) LSeCT, Pr (L) — Pr (Se)
4.070402 - 305 0.3125 H-1> LUMO (93%) SelCT, Pr (Se)— Pr (L)

C2  4.234502 - 293 0.0000 H—2 LUMO (99%) LSeCT, Pr (L) — Pr (Se)
4.943403 - 250 0.0005 HOMO L+1 (89%) LSeCT, Pr (L) — Pr (Se)
5.172503 243 240 0.0004 H—2 L+1 (91%) LSeCT, Pr (L) — Pr (Se)

3.5. Fukui functions

Fukui function, the most commonly applied localateaty parameter, is defined as the
derivative of electron density with respect to tdiarge in the number of electrons density
keeping the positions of the nuclei remaining wrali [34,35]. Fukui indices give

information about electrophilic/nucleophilic powarsuch atomic site in a molecular system.



In order to quantify the tendency of each atom imalecule with a numerical value to
indicate its ability to serve as a reactive sitmdensed Fukui functions are investigated. The
condensed Fukui functions on the Kth atom siteg@peesented as:

f "= O (N+1) -Gk (N) 1)
f '« = Ok (N) - Ok (N-1) (2)
Af(r) =f*-f « (3)

Where,f " for nucleophilic attack anfi  for electrophilic attack. In these equatiogg,

is the atomic charge at the kth atomic site inrtbatral (N), anionic (N+1) or cationic (N-1)
chemical species. In the present study, the vabfigsukui function were calculated from
NBO charges. Morrel et al. [36] have proposed a daal descriptoA f(r) for the calculation

of nucleophilicity and electrophilicity and is de#id as the difference between the
nucleophilic and electrophilic Fukui function. Af f(r) > 0, the site is prone for nucleophilic
attack, while the site is apt to electrophilic ektavhenA f(r) < 0. The condensed Fukui
functions { *y), (f "x) and dual descriptak f(r) are given inTable 7. In the present work, we
found that Se atom i€1 is prone to nucleophilic attack as it ha$(r) > 0 whereas Se G2

is prone for electrophilic attack as it hasf(r) < 0. The such result could be related to the
nature of the substituent.

Table 7
Fukui indices for nucleophilic and electrophilices on atoms computed form natural bond
orbital analysis at DFT/6-311G(d.p) in 1,4-dioxane.

Cl C2

Atom f f i Af(r) Atom f f i Af(r)

C 0.0512 -0.0262 0.0773 C 0.0447 -0.0172 0.0619
C 0.0235 -0.0301 0.0535 C 0.0116 -0.0329 0.0445
C -0.1945 -0.0721 -0.1224 C -0.1737 -0.0768 -0.0969
H -0.0269 -0.0317 0.0048 H -0.0280 -0.0324 0.0044
C 0.0035 -0.0764 0.0799 C 0.0065 -0.0931 0.0995
H -0.0354 -0.0286 -0.0068 H -0.0367 -0.0289 -0.0078
C -0.1112 -0.0666 -0.0446 C -0.1046 -0.0474 -0.0573
C -0.2094 -0.0649 -0.1444 C -0.2024 -0.0725 -0.1299
H -0.0276 -0.0308 0.0032 H -0.0292 -0.0315 0.0023
N -0.1055 -0.1022 -0.0033 N 1.6273 -0.0988 1.7261
N -0.1100 -0.1043 -0.0057 N -0.0956 -0.1039 0.0082
Se -0.1793 -0.3139 0.1346 Se -25.5706 -0.3217 -25.2488
C 0.0253 0.0119 0.0134 F 23.5509 -0.0428 23.5937
H -0.0398 -0.0234 -0.0165

H -0.0440 -0.0172 -0.0269



H -0.0199 -0.0238 0.0039

3.6. Electrochemical studies

Electrochemical analysis focuses in phenomenatnegutom combined electrical and
chemical effects. In our study, we used CV as afulisechnique to investigate the
electrochemical behavior such as redox procesbjligtaof reaction products, adsorption
processes and the presence of intermediates irx nexdations of considered compounds.
[37]. The influence of different groups (R = gHF) on the redox potential was assessed using
CV. Fig. 5 shows the investigation ofeQ, C1 and C2 in NaSQO, (1M)/1,4-dioxane
electrolyte solution within potential range of -1M0to 1.5 V at 50 mV/s scan rate. The

electrochemical parameters are gathererhinle 8.

0.2 a) SeO, S
——b)C1
] c)C2
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Fig. 5. Cyclic voltammograms dbeQ,, C1 andC2 in NaSQy/1,4-dioxane (90/10) (v/v).

Table 8
Electrochemical parameters obtained$eQ, C1 andC2 at 50 mV s scan rate.

Epe (V) Epc (V)
1.012 0.296
SeG
0.149 -0.652
1.012 -0.161
C1
0.315 -0.870
1.06 -0.196
Cc2

0.317 -0.863




The comparison of the electrochemical behaviorashltompounds witlseQ, shows
that they exhibit the same anodic behavigr)(Eor the redox potential. Whereas, the cathodic
behavior (k) for C1 andC2 shifts to negative values of the potential conmgato the one
associated t&eG; curve. The peaks at the potential 0.296 V, -0.1610\M 96V andat -0.652
V, -0.870 V, -0.863 Vrespectively forSeQ, C1 andC2 are due to the reduction of Se(IV)
[38]. The pH value of the solution was 4.53 and &% is in the form of selenious acid
(HSeQ) [39]. As described in the literature, the reattinechanism that seems be occur was
the reduction of Se(IV) to Se(s) followed by thduetion of Se(s) to ke [40-42]:

HSeO; +5HT +4e” 5 Se,, + 3H,0 (4)

Sers + 2H™ + 2e” = H,Se (5)

Below -1.0 V, hydrogen evolution begins. The resgowf the peaks occurring at 0.149,
0.315, 0.317 V and at 1.012, 1.012, 1.06 V respelgtifor SeQ, C1 andC2 results from the
oxidation of the compounds [41]. Under these olet@yus, it is clear that the electrochemical
oxidation of the compound€{d andC2) have become well separated comparing to the peak
of Sey (Table §) [43].

Furthermore, based on cyclic voltammograms curfag. (5), we have noticed that the
intensity in current density @2 is lower and inhibited than the one®1. This result could
be explained by the electronic effect of the Flomeriatom inC2. Also, this behavior is
observed from the computed Fukui indicad(f) of 23.59for F atom) compared t€1 with a
methyl moiety

(A f(r) of 0.01for CH3 group). In addition, fo€2, Fluorine atom as the most electronegative
element, its effect on selenium is clearly obsernvettrms of reactivity. For this reason, this
behavior is shown in the redox process ©f (see Fig. 5. The obtained cyclic

voltammograms show clearly that both moleculeslakhn irreversible redox process.

3.7. Optical and electrochemical properties

The UV-visible absorption spectra and CV curve tafieed compounds were recorded
in order to study the optical proprieties and molacorbital energy levels as shownFiy. 4

andFig. 5. The maximal absorption wavelength.{) and onset wavelengthoj values and



oxidation/reduction potentials determined from treset of the cyclic voltammograms are

reported inTable 9.

Difference of energy levels gEbetween the LUMO and HOMO were determined using

the onset wavelength [44,45]:
Eg=— (6)

h is Planks constant (h= 6.626 x T0J-s); c is the speed of light (3x &n/s); and\, is the

onset wavelength (nm).

The LUMO energy level values of the acceptorsSef), and the studied compounds

(C1 and C2) relative to ferrocene/ferroceniurrE;(ct,ch) as an internal standard, were

estimated using the oxidation potential onset:

Eymo = —e (ESE™ + Eres; ) = —e (EZS™ +4.85) )

Whereas the values of HOMO energy level were catedlusing the following equation:

Enomo = [Ew,wa - Eg) (8)

Table 9
Optical and electrochemical properti®s(, C1 andC2.

E E onset E donset ELUMO EHOMO AE
Compound  A(absha/nm ~ A/nm 3 =) ™) (V) (V)  Theoretical(ev)
SeO 245 272 457 0.759 -0.380 -4.470 -9.320 --
C1 334 378 3,29 0.796 -0.723 -4.127 -8.977 3.99
Cc2 332 369 3,37 0.730 -0.767 -4.083 -8.933 4.01

Table 9 summarizes the oxidation and the reduction of dhset potentials for the
studied products. It is clear that the onset otlaton process for the compourds andC2
is almost closer (0.796 V and 0.730 V) to each mthikbe same observation was observed for



the onset of reduction (-0.723 V and -0.767 V). HOMnergy level ofC1 (-8.977 eV) is
slightly lower than the one @2 (-8.933 eV). Hence, a functional methgroup of theC1
compared to a Fluorine atom G2 showed exceedingly a reduction of the bandgapegadu
3.29 and 3.37 eV, respectively. This observation is confirmed by tet¢ical finding AE
Theoretica). AS a result, this reduction is due to the etatilonating of Fluorine atom which
increase the conjugation and delocalization inabmpound [46]. These results indicate the
chemical stability of the titled compounds.

4. Conclusion

This research focuses on the synthesis, compughtaord electrochemical behavior of
two benzo|c][1,2,5]selenadiazole organoseleniumvdgves. The structures of the studied
products C1 andC2) were fully characterized by FT-IRH NMR, **C NMR **F NMR UV
visible and Ms-El. The single crystal analysis shothat each product crystallizes in
monoclinic system with P2/c space group. The opethi geometrical parameters (bond
lengths, bond angles) were theoretically calculdtgdFT method and compared with the
experimental values showing a good agreement fdh lmmmponents. The electronic
transitions are also estimated by employing TD-D#iEory and compared with the
experimental UV-Vis spectra. Fukui indicdsk, f-k) and dual descriptak f(r) for Selenium
atom present in both molecules indicated thatdtosn inC1 is prone to nucleophilic attack,
whereas Se atom @2 is prone to electrophilic attack. Furthermore,dasen CV curves, it
has been shown that both molecules exhibit a gawdb#ity and reactivity with an
irreversible electrochemical behavior. From CV ahiV/-Vis curves, the acquired
experimental HOMO and LUMO energy level values glonith the bandgap energy was
found in good agreement with the theoretical figgdinvhich confirm the chemical stability of
the titled compounds. These results are very piogi®r investigating the semiconducting

properties of the studied products in the phot@aoltievices.
Acknowledgement

The authors are grateful to Ms Anke Spannenbetheateibniz-Institut fir Katalyse for her
help in obtaining the X-ray analysis.



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

A. Pop, A. Silvestru, Organoselenium compounggh N,C,N pincer groups.
Synthesis, structure and reactivity, Polyhedron. 018.
doi:10.1016/j.poly.2018.12.041.

M. Karthika, L. Senthilkumar, R. Kanakaraju, thpgen-bond interactions in hydrated
6-selenoguanine tautomers: a theoretical studycBtiChem. 25 (2014) 197-213.
doi:10.1007/s11224-013-0239-8.

S. Panda, A. Panda, S.S. Zade, Organoselenampaunds as fluorescent probes,
Coord. Chem. Rev. 300 (2015) 86—100. doi:10.10C&R.2015.04.006.

D. Plano, E. Ibafez, J.A. Palop, C. Sanmar8gnthesis, characterization, crystal
structure and cytotoxicity of 2,4-bis(selenometyipazoline, Struct. Chem. 22
(2011) 1233-1240. d0i:10.1007/s11224-011-9816-X.

A. Breder, S. Ortgies, Recent developmentaiifus- and selenium-catalyzed oxidative
and isohypsic functionalization reactions of alkenketrahedron Lett. 56 (2015) 2843—
2852. doi:10.1016/j.tetlet.2015.04.045.

G. Mugesh, H.B. Singh, Synthetic organoseleni@ampounds as antioxidants:
glutathione peroxidase activity, Chem. Soc. Rev. Z9000) 347-357.
doi:10.1039/a908114c.

L. Engman, I. Cotgreave, M. Angulo, C.W. Tayl@.D. Paine-Murrieta, G. Powis,
Diaryl chalcogenides as selective inhibitors ofothdoxin reductase and potential
antitumor agents., Anticancer Res. 17 (1997) 4508--6

C.W. Nogueira, E.B. Quinhones, E.A.C. Jung, &eni, J.B.T. Rocha, Anti-
inflammatory and antinociceptive activity of diplyérdiselenide, Inflamm. Res. 52
(2003) 56-63. d0i:10.1007/s000110300001.

M. Bien, B. Btaszczyk, K. Kalinowska, J. Mtochowski, A.Ihglot, Antifungal activity
of 2-(4-chlorophenyl)-1,2-benzisoselenazol-3(2Hgothe analog of Ebselen., Arch.
Immunol. Ther. Exp. (Warsz). 47 (1999) 185-93.

E. V. Ratushnaya, Y.l. Kirova, M.A. Suchkov,|BDrevko, V.B. Borodulin, Synthesis
and Antibacterial Activity of Organoselenium Compds, Pharm. Chem. J. 36 (2002)
652—-653. doi:10.1023/A:1023405611793.

H. Wojtowicz, K. Kloc, |. Maliszewska, J. Mibowski, M. Pétka, E. Piasecki,
Azaanalogues of ebselen as antimicrobial and aakiggents: synthesis and properties,
Farm. 59 (2004) 863—-868. doi:10.1016/j.farmac.2004003.

A.S. Hodage, C. Parashiva Prabhu, P.P. Phaédnl/adawale, K.l. Priyadarsini, V.K.
Jain, Synthesis, characterization, structures aPx @imicking activity of pyridyl and

pyrimidyl based organoselenium compounds, J. Ong&boChem. 720 (2012) 19-25.
doi:10.1016/j.jorganchem.2012.08.035.



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

J.M. HARKIN, A. DONG, G. CHESTERS, Elevatiorf eelenium levels in air by
xerography, Nature. 259 (1976) 204—205. doi:10.12Z8804b0.

A. Sahu, L. Qi, M.S. Kang, D. Deng, D.J. NerriFacile Synthesis of Silver
Chalcogenide (Ag 2 E; E = Se, S, Te) Semicondugtrocrystals, J. Am. Chem. Soc.
133 (2011) 6509-6512. d0i:10.1021/ja200012e.

C.W. Nogueira, G. Zeni, J.B.T. Rocha, Orgatesem and Organotellurium
Compounds: Toxicology and Pharmacology, Chem. Ré&4 (2004) 6255-6286.
doi:10.1021/cr0406559.

J. Mochowski, Developments in the chemistryselenaheterocyclic compounds of
practical importance, Phosphorus, Sulfur SilicolaReElem. 183 (2008) 931-938.
doi:10.1080/10426500801898408.

M.A. Goodman, M.R. Detty, Selenoxides as Gatsl for the Activation of Hydrogen
Peroxide. Bromination of Organic Substrates withdiBm Bromide and Hydrogen
Peroxide, Organometallics. 23 (2004) 3016—302010di021/0m049908e.

S.R. Mellegaard-Waetzig, C. Wang, J.A. Tundeelenium-catalyzed oxidative
halogenation, Tetrahedron. 62 (2006) 7191-719810di016/j.tet.2005.12.072.

R.S. Kumar, K. Kulangiappar, M.A. Kulandainathh Convenient Electrochemical
Method for the Synthesis afBromo Alkyl Aryl Ketones, Synth. Commun. 40 (2010)
1736-1742. doi:10.1080/00397910903161710.

A. Hasnaoui, I. Hdoufane, R. Idouhli, B. Themn, M. Ait Ali, L. El Firdoussi, Crystal
structure of {N-(2-hydroxyethylamino) ethylsalicidaninato]-palladium(ll) chloride}:
Synthesis, X-ray structure, electrochemistry, Dl aDDFT studies, J. Mol. Struct.
1176 (2019) 703-710. doi:10.1016/j.molstruc.2013.08.

Y. Wang, Y. Bai, M. Liang, W. Zheng, Differaat Pulse Voltammetric Determination
of Selenocystine and Selenomethionine Using SAMoB8an 0 /Vc/SeCys-Film
Modified Au Electrode, Electroanalysis. 21 (2009) 143-2152.
doi:10.1002/elan.200804649.

H. Ouahine, M. Ait Ali, L. El Firdoussi, A. $mnenberg, 5-Methylbenzo[ d
][2,1,3]selenadiazole, IUCrData. 2 (2017) x170226i:10.1107/S2414314617002267.

G.M. Sheldrick, Crystal structure refinementmwSHELXL, Acta Crystallogr. Sect. C
Struct. Chem. 71 (2015) 3-8. do0i:10.1107/S205322084218.

G.M. Sheldrick, A short history of SHELX, Act&rystallogr. Sect. A Found.
Crystallogr. 64 (2008) 112-122. do0i:10.1107/S010805043930.

C.F. Macrae, P.R. Edgington, P. McCabe, Ecé&i, G.P. Shields, R. Taylor, M.
Towler, J. Van De Streek, Mercury: Visualizatiordaanalysis of crystal structures, J.
Appl. Crystallogr. 39 (2006) 453-457. doi:10.110X3188980600731X.

M.J. Frisch, G.W. Trucks, H.B. Schlegel, G&useria, M.A. Robb, J.R. Cheeseman,



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

G. Scalmani, V. Barone, B. Mennucci, G.A. Petersddn Nakatsuji, M. Caricato,
H.P.H. X. Li, A.F. Izmaylov, J. Bloino, G. Zheng,LJ Sonnenberg, M. Hada, M.
Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. IshidaNakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, J.A.M. Jr., J.E. Peaale. Ogliaro, M. Bearpark, J.J. Heyd,
E. Brothers, K.N. Kudin, V.N. Staroverov, R. Kobakg Normand, J.R. Rendell,
K.A.J.C. Burant, S.S. lyengar, J. Tomasi, M. CoBsiRega, J.M. Millam, M. Klene,
J.E. Knox, J.B. Cross, V. Bakken, C. Adamo, J. idla, R. Gomperts, R.E.
Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. BlbimJ.W. Ochterski, R.L.
Martin, K. Morokuma, V.G. Zakrzewski, G.A. Voth, Balvador, J.J. Dannenberg, S.
Dapprich, A.D.D.O. Farkas, J.B. Foresman, J.V. Drtl. Cioslowski, D.J. Fox,
Gaussian 09, Wallingford CT, (2009). http://gaussiam/.

A.D. Becke, Densityunctional thermochemistry. 1ll. The role of exaotchange, J.
Chem. Phys. 98 (1993) 5648-5652. d0i:10.1063/1.4849

R.E. Stratmann, G.E. Scuseria, M.J. Frisch, &ficient implementation of time-
dependent density-functional theory for the calafaof excitation energies of large
molecules, J. Chem. Phys. 109 (1998) 8218-82241@14D63/1.477483.

M. Cossi, N. Rega, G. Scalmani, V. Barone, rigies, structures, and electronic
properties of molecules in solution with the C-PQdlvation model, J. Comput.
Chem. 24 (2003) 669—681. doi:10.1002/jcc.10189.

N.M. O’boyle, A.L. Tenderholt, K.M. Langner,clib: A library for package-
independent computational chemistry algorithmsCdmput. Chem. 29 (2008) 839-
845. doi:10.1002/jcc.20823.

A.E. Reed, L.A. Curtiss, F. Weinhold, Interraollar interactions from a natural bond
orbital, donor-acceptor viewpoint, Chem. Rev. 88 98@) 899-926.
doi:10.1021/cr00088a005.

K. Eichstaedt, A. Wasilewska, B. Wicher, M. &uec, T. Potaski, Supramolecular
Synthesis Based on a Combination of-8k Secondary Bonding Interactions with
Hydrogen and Halogen Bonds, Cryst. Growth Des. D®16¢) 1282-1293.
doi:10.1021/acs.cgd.5b01356.

M.P. Andersson, P. Uvdal, New Scale FactorsHarmonic Vibrational Frequencies
Using the B3LYP Density Functional Method with tHe&iple-{ Basis Set 6-
311+G(d,p), J. Phys. Chem. A. 109 (2005) 2937-2841110.1021/jp045733a.

W. Yang, W.J. Mortier, The use of global aratdl molecular parameters for the
analysis of the gas-phase basicity of amines, J. 8hem. Soc. 108 (1986) 5708
5711. doi:10.1021/ja00279a008.

P.W. Ayers, R.G. Parr, Variational Principlies Describing Chemical Reactions: The
Fukui Function and Chemical Hardness RevisitedAr. Chem. Soc. 122 (2000)
2010-2018. do0i:10.1021/ja9924039.

C. Morell, A. Grand, A. Toro-Labbé, Theoreticapport for using thaf(r) descriptor,
Chem. Phys. Lett. 425 (2006) 342—346. doi:10.104ji4tt.2006.05.003.



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

J. David K. Gosser, Cyclic Voltammetry; Simtidea and Analysis of Reaction
Mechanisms, 1994. doi:10.1080/00945719408001398.

S. Zein El Abedin, AY. Saad, H.K. Farag, NorBenko, Q.X. Liu, F. Endres,
Electrodeposition of selenium, indium and copperam air- and water-stable ionic
liquid at variable temperatures, Electrochim. Act&2 (2007) 2746-2754.
doi:10.1016/j.electacta.2006.08.064.

M. Bouroushian, Electrochemistry of the Chagens, in: 2010: pp. 57-75.
doi:10.1007/978-3-642-03967-6_2.

M.F. Cabral, V.A. Pedrosa, S.A.S. Machado, @sfon of selenium thin layers on
gold surfaces from sulphuric acid media: Studieagugslectrochemical quartz crystal
microbalance, cyclic voltammetry and AFM, ElectrimehActa. 55 (2010) 1184-1192.
doi:10.1016/j.electacta.2009.10.008.

R. Chen, D. Xu, G. Guo, Y. Tang, Electrodefiosi of silver selenide thin films from
agueous solutions, J. Mater. Chem. 12 (2002) 148%%+1d0i:10.1039/b107177qg.

M.C. Santos, S.A.S. Machado, Microgravimetriatating ring-disc and voltammetric
studies of the underpotential deposition of sel@nian polycrystalline platinum

electrodes, J. Electroanal. Chem. 567 (2004) 203-21
doi:10.1016/j.jelechem.2003.12.026.

G. Jarzabek, Z. Kublik, Determination of tracef selenium(1V) by cathodic stripping
voltammetry at the hanging mercury drop electroflieal. Chim. Acta. 143 (1982)
121-130. doi:10.1016/S0003-2670(01)95492-3.

Y.-F. Zhang, C.-Z. Zhang, Experimental and otle¢ical study on spontaneous
intermolecular charge transfer features and amtiatwities of unusual bisazo
compounds with antiaromatic cores, J. Mol. Struétt89 (2019) 225-232.
doi:10.1016/j.molstruc.2019.04.044.

Y. Zhang, F. Wu, Synthesis of a new W-typefafctional polymer for improving
intermolecular charge transfer processes at darwmpdor interfaces, High Perform.
Polym. 31 (2019) 521-527. doi:10.1177/0954008310887

C.-Z. Zhang, D. Shen, Y. Yuan, S.-J. Li, H.dcC&yntheses and Optoelectronic
Properties of Planar Compounds 3,7-diaryl-1,5,284dthiotetrazocine, J. Heterocycl.
Chem. 53 (2016) 1813-1819. doi:10.1002/jhet.2491.



Highlight

-Two benzo[ 1,2,5] sel enadiazol es have been synthesized and characterized by different
spectroscopic techniques.

-The structures of both components have been confirmed by single crystal X-ray anaysis

-The geometrical parameters, electronic transitions, fukui indices and redox properties the
molecules have been interpreted by DFT and TDDFT calculations.

-Cyclic voltammograms show that the both compounds exhibit an irreversible redox process.



