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5,6,7,8-Tetrafluoro-31402,1,2,4-benzothiaselenadiazine (1) is prepared by the intramolecular nucleophilic cyclization
of CsFsSeN=S=NSiMe; (2) mediated by CsF. According to an X-ray diffraction analysis, the heterocycle of 1 is
bent along the Se(1)---N(4) line by 6.0(2)° in the crystal. Despite the obvious similarities between 1 and its 1,3-
dithia analogue (7) with respect to molecular composition and shape, the crystal packing of 1 is substantially
different from that of 7. An interesting consequence of this is the inclusion of atmospheric N, in the crystal lattice
of the selenium derivative 1. The molecular structure and bonding of 1 have been investigated using quantum-
chemical calculations at the DFT/B3LYP/6-311+G* level of theory, and the results have been compared to those
of 5,6,7,8-tetrafluoro-1,34%02,2,4-henzodithiadiazine (7) and their hydrocarbon analogues (5 and 8).

1. Introduction
The chemistry of chalcogemitrogen compounds has

received much attention in recent years because of its

fundamental and practical significantel,31402,2,4-Ben-

tetrafluoro derivative, 66 bicyclic systems, can be easily
transformed into differently fused polysulfanitrogen 5-5—

6, 5-6—7, and 5-6—6—6 polycyclic systems that were
previously unknowr? Thus, many useful new compounds

zodithiadiazine and its derivatives (Figure 1) have been of (4) Zibarev, A. V.; Gatilov, Yu. V.; Miller, A. O.Polyhedron1992 11,

particular interest because they can be seen as combinations(

of an organic and an inorganic ring into asit2lectron

1137-1141.
5) Zibarev, A. V.; Gatilov, Yu. V.; Bagryanskaya, |. Yu.; Maksimov, A.
M.; Miller, A. O. J. Chem. Soc., Chen@ommun 1993 298-299.

system. The reactivity of the heteroatomic fragment is high (6) Petrachenko, N. E.; Gatilov, Yu. V.; Zibarev, A. \J. Electron

and quite varied; consequently, a large number of unusual
reactions have been identified, and several novel structures

have been observed among the reaction produétsin
particular, 1,3%)?,2,4-benzodithiadiazine and its 5,6,7,8-
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Figure 1. Representative structure of 1#32,2,4-benzodithiadiazine and
its derivatives.

can be prepared from 1,8)2,2,4-benzodithiadiazines, which
are not easily, if at all, accessible via other synthetic
pathways.".¢-11.16.1819Additionally, from a structural chem-
istry point of view, 1,342 2,4-benzodithiadiazine and its
derivatives have very different properties when compared
with their hydrocarbon analogues. When, for example,
naphthalene is compared with 148?,2,4-benzodithiadiazine
[its analogue containing an (SNnit], we see that upon
changing the-C=C—C=C-— fragment into an-N=S=N—

S— fragment the number of double bonds is retained, but
one lone pair from the S(Il) atom is added to theystem.
While the latter is considerably delocalized in naphthalene,
it is localized in the two SN bonds of the heterocycle in
1,3146%,2,4-benzodithiadiazine. This causes the latter to
become a 12-electron antiaromatic system, while naphtha-
lene is a 1@-electron aromatic compound. These effects of
electronic (de)localization combined with promising mag-
netic and electronic properties that result from the peculiar

electronic structure make these new compounds very inter-

esting systems for further theoretical and experimental
investigations.

Makarov et al.

results are compared with those obtained for its 1,3-dithia
analogue, 5,6,7,8-tetrafluoro-182,2,4-benzodithiadiazine

(7), and the influence of the selenium atom in the 1 position
is discussed. It appears that, even though the properties of
the isolated molecules are quite comparable, those of the
compounds in a crystal environment are not. The effects of
the fluorine substitution are investigated by comparison with
the structure and properties of the hydrocarbon analogues
31402,1,2,4-benzothiaselenadiazir® &nd8 determined by

the same experimental and computational methods.

2. Experimental Section

1H, 13C, 15N, 2°Si, and”’Se NMR spectra were recorded on a
Bruker DRX-500 spectrometer at frequencies of 500.13, 125.76,
50.68, 99.36, and 95.38 MHz, respectively, with tetramethylsilane
(TMS), NHs(liquid), and (CH),Se as standard¥F NMR spectra
were recorded with a Bruker AC-200 spectrometer at a frequency
of 188.28 MHz with GFs as the standard. High-resolution mass
spectra [electron impact (El), 70 eV] were recorded on a Finnigan
MAT MS-8200 instrument, and the UWis spectra were recorded
on a HP 8453 spectrophotometer. IR spectra in KBr were measured
on a Bruker Vector 22 spectrometer. Raman spectra were recorded
on a Bruker IFS 66 spectrometer equipped with Nd:YAG laser with
an excitation line of 1064 nm.

2.1. SynthesesAll syntheses were performed under argon in
dry solvents with stirring. The reagents were added dropwise, and
the solvents were distilled off under reduced pressure. CsF was
calcinated and Seglwas prepared directly before use. The
authenticity of SeGlwas determined by’Se NMR in a tetrahy-
drofuran (THF) solutio¥! Compounds3 and4 are known?223but

The analogues of these heterocyclic compounds with aere prepared by modified procedures.

selenium atom in the 1 position are as yet unknown. The

2,2,3,3,4,4,5,5,6,6-Decafluorodiphenyl Diselenide (4).At

present contribution deals with the synthesis and structural —gg °c, 13.43 g (0.17 mol) of finely powdered Se was added in

characterization of 5,6,7,8-tetrafluord#3?1,2,4-benzothia-
selenadiazinel), the tetrafluorinated 1-selena analogue of
1,31%02,2,4-benzodithiadiazine 8. This new selenium-
containing compound should be seen as the first of a series

small portions to a solution of 29.58 g (0.17 mol) ofFeLi
(prepared at the same temperature frogfs8 and BulLi) in 250
mL of EttO and 100 mL of hexane. After 1 h, the reaction mixture
was warmed to 20C and an excess o0f Was added. The reaction

of new systems that are themselves useful starting materialgnixture was washed with aqueous8z0; and dried with CaGl

for numerous interesting preparaticfisFurthermore, the
general reactivity and structure and bonding of systems suc
as1 are of considerable fundamental importance.

In this paper, we report the molecular and crystal structure
of compoundL as determined by quantum-chemical calcula-
tions at the DFT/B3LYP/6-31tG* level of theory and
single-crystal X-ray diffraction (XRD), respectively. The
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and the solvent was distilled off. The residue was chromatographed

Hon a silica column (heptane). After recrystallization from EtOH,

compound4 was obtained as orange-yellow crystals in a yield of
35.97 g (86%). Mp: 5556 °C. MS m/z. 493.8172 [M, calcd
(8°Se) for GoF10Se 493.8170]. NMR (CDGJ) 6: 19 36.84, 13.23,
2.53;7’Se 369.8.
(2,3,4,5,6-Pentafluorophenyl)selenenyl Chloride (37 mixture
of 4.92 g (0.01 mol) o4 and 5.50 g (0.04 mol) of S&I, was
refluxed for 1 h. The excess of the solvent (8B) was distilled
off, and the residue was distilled under reduced pressure. Compound
3 was obtained as a red oil in a yield of 5.07 g (90%). Bp:-72
°C/7 mmHg. NMR (CDC}) 8: °F 39.81, 16.76, 3.197Se 799.1.
1-(2,3,4,5,6-Pentafluorophenyl)-4-(trimethylsilyl)-2,4-diaza-1-
selena-3-thia-2,3-butadiene (2)At —30 °C, a solution of 2.25 g
(0.008 mol) of3 in 10 mL of hexane was addedrfb h to asolution
of 2.01 g (0.01 mol) of (MgSiN=),S**in 10 mL of hexane. After

(21) Maaninen, A.; Chivers, T.; Parvez, M.; Pietikainen, J.; Laitinen, R.
Inorg. Chem.1999 38, 4093-4097.

(22) Furin, G. G.; Terentieva, T. V.; Yakobson, G.I&:. Sib. Otd. Akad.
Nauk SSSR, Ser. Khim. NaL872 6, 78—88 (in Russian).

(23) Klapoetke, T.; Krumm, B.; Polborn, Keur. J. Inorg. Chem1999
1359-1366.

(24) Bagryanskaya, I. Yu.; Gatilov, Yu. V.; Miller, A. O.; Shakirov, M.
M.; Zibarev, A. V. Heteroatom Chenl994 5, 561-565.



34%02,1,2,4-Benzothiaselenadiazines

an additional 1 h, the reaction mixture was warmed td@Gand
the solvent was distilled off. The residue was distilled under reduced
pressure. Compour2iwas obtained as an orange oil in a yield of
2.06 g (68%). Bp: 143145°C/6 mmHg. MSm/zz 379.9345 [M,
calcd €°Se) for GHgFsN,SSeSi 379.9341]. NMR (CDg)l6: H
0.38;1°N 320.4, 302.81% 36.55, 11.41, 1.52°Si 4.6;7'Se 812.3.

5,6,7,8-Tetrafluoro-31492,1,2,4-benzothiaselenadiazine (1A
solution of 0.76 g (0.002 mol) d in 20 mL of MeCN was added
for 1 h to arefluxed suspension of 0.30 g (0.002 mol) of CsF in 50
mL of MeCN. After an additional 1 h, the reaction mixture was
cooled to 20°C and filtered, and the solvent was distilled off.
According to'%F NMR, the residue was a mixture of the target
compoundi, 4,5,6,7-tetrafluoro-2,1,3-benzothiadiaz8lend com-
pound4. Compoundl was isolated and purified by three cycles of
a vacuum sublimation followed by a recrystallization from hexane.
It was obtained as black crystals in a yield of 0.04 g (7%). Mp:
46—47 °C. MS m/z 287.8882 [M, calcd €°Se) for GF4N,SSe
287.8883]. NMR (CDGJ): see Table 2. UVvis (heptaneWmax
(nm) (loge): 584 (2.49), 359 (3.36), 270 (4.09). IRcm™1): 1626
m, 1609 m, 1591 m, 1495 vs, 1467 vs, 1372 w, 1281 w, 1178 s,
1109 s, 1089 m, 1002 s, 977 m, 877 m, 776 m, 636 w, 558 w, 412
w. Ramanv (cm™1): 1611 m, 1371 vs, 1284 m, 1255 m, 1185 s,
1052 m, 1003 s, 892 m, 480 m, 409 m, 367 m, 268 s.

2.2. X-ray Structure Determination. Crystal structure data for
1 were collected at 188 K on a Bruker P4 diffractometer using Mo
Ko radiation ¢ = 0.710 73 A) with a graphite monochromator.
The structure was solved by direct methods and refined by full-
matrix least-squares methods on &l? in the anisotropic ap-
proximation using th&&HELX-97program?® The obtained crystal
structure was analyzed for short contacts between nonbonded atom
using thePLATONprogran?’:28

Crystal structure data for 1: CgFsN,SSe+ 0.11N,, M =
290.21, rhombohedral = b = 32.832(3) A,c = 4.0616(6) A,
y =120, V = 3791.5(8) &, space groujR3, Z = 18,D. = 2.288
g-cm 3, u(Mo Ka)) = 4.727 mntl, F(000) = 2476, crystal size
0.8 x 0.14x 0.1 mm, Dna= 29.98, 2167 reflections measured,
1872 unique reflectionsR,; = 0.0513) measured, integration
method transmission 0.52 and 0.64, 131 paramd®d,502F, >
20(F)] = 0.0388,wR, = 0.1074,S = 1.027 for all data, residual
electron density peaks 6f0.678 and—0.607 eA~3. The difference

SeCl Se-N=S=N-SiMe3
(Me;SiN=),S
-Me;SiCl
3 2
Se
\N
(CsF)
-Me;SiF |l
=
N
1

Figure 2. Synthesis ofl.

shifts of the hydrogen and carbon atoms were obtained by
subtracting the chemical-shielding value of these atoms from the
ones calculated for TMS, which are 32.2509 and 183.9810 ppm,
respectively. Chemical shifts for the nitrogen atoms were obtained
by subtracting the chemical-shielding values of the two atoms from
that calculated for ammonia (NJJ which is 258.7582 ppm. The
chemical shift for the selenium atom was obtained by subtracting
the chemical-shielding value of this atom from the one calculated
for dimethyl selenide, which is 1623.1484 ppi@,{ symmetry;
anti,anti conformer). Chemical shifts for the fluorine atoms were
obtained by subtracting the chemical-shielding values of these atoms
from the one calculated for hexafluorobenzengR; which is
336.2740 ppm. Nucleus-independent chemical shifts (NRC&&re
calculated in the geometrical center of the ring [NICS(0)] and at a
distance 61 A perpendicularly above [NICS(1)] and below [NICS-
(—1)] the ring cente?! Bond orders (or rather overlap populations;

see ref 32) were calculated according to the Hirshfeld sctiéme.
s
3. Results and Discussion

3.1. SynthesesPreviously, polyfluorinated 1/362,2,4-
benzodithiadiazines were prepared by the nucleophilic ring-
closure reaction of ASN=S=NSiMe; precursors in MeCN
under the action of CsF, with [ABNSN] anions as the key
intermediate4:'> The same methodology was used in this
work, leading tol (Figure 2) in four steps starting from
pentafluorobenzene. The low isolated yield (7%) of com-
pound 1 can be explained based on the numerous side

electron density peaks in the lattice cavities are interpreted as partiakreactions that have been described for the intermediate

space filling by disordered Nmolecules. Alternative interpretation
of these peaks as,@r CO consistently led to higher values of the
R factors. Tables listing detailed crystallographic data, atomic

positional parameters, and bond lengths and angles are available

as CCDC 282739 from the Cambridge Crystallographic Data
Centre.

2.3. Calculations.Theoretical calculations were performed on
isolated molecules usingaussian 0% applying standard gradient
techniques at the DFT/B3LYP level of theory using the 6-BGF

basis set on all atoms; the basis set was used as it is implemented

in the program. Force-field calculations were used to ascertain
whether the resulting structures were energy minima. All subsequent
calculations of molecular properties were performed at the B3LYP/
6-311+G* geometries. Chemical-shielding factors were calculated
at all atomic positions at the DFT/B3LYP/6-3tG* level of theory
using the GIAO method implemented@aussian 03The chemical
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Table 1. Selected Data Comparing Solid-State (XRD) and Calculated Gas-Phase (BR) Y3&ometries fol (X = Se),5 (X = Se), 7 (X=19),
and 8 (X= Sy

1 5 7 8
XRD B3LYP B3LYP XRDP B3LYP XRD* B3LYP

X(1)-N(2) 1.844(4) 1.876 1.862 1.651(4) 1.699 1.693(3) 1.717
N(2)-S(3) 1.541(3) 1.566 1.561 1.553(4) 1.565 1.547(4) 1.570
S(3)-N(4) 1.538(3) 1.564 1.562 1.513(3) 1.564 1.544(4) 1.566
N(4)—C(4a) 1.408(5) 1.408 1.397 1.432(4) 1.402 1.423(5) 1.411
C(4a)-C(8a) 1.401(5) 1.408 1.412 1.400(5) 1.414 1.394(5) 1.409
C(8a)-X(1) 1.941(4) 1.955 1.965 1.781(5) 1.825 1.796(4) 1.814
X(1)-N(2)—-S(3) 123.5(2) 119.7 123.4 125.1(2) 125.0 122.7(2) 120.9
N(2)—S(3)-N(4) 121.1(2) 120.2 1203 118.9(2) 1183 119.9(2) 118.1
S(3)-N(4)—C(4a) 123.9(3) 124.8 125.4 121.7(2) 122.8 122.5(3) 122.1
N(4)—C(4a)-C(8a) 126.8(3) 125.4 126.3 125.1(3) 125.6 124.6(3) 124.5
C(4a)-C(8a)-X(1) 123.9(3) 121.8 124.2 124.1(3) 124.4 124.3(3) 122.1
C(8a)-X(1)—N(2) 100.4(2) 100.5 100.4 104.8(2) 104.0 105.8(2) 103.7

aBond lengths are in angstroms, and bond angles are in degrees. For atomic numbering, see Figeerdf. 4° See ref 2.

[AreSNSN] aniong?1524Additionally, the formation of long-  well reproduced. On the other hand, in the gas phase the
lived [1,2,5]thiadiazolo[3,4][1,2,5]thiadiazolidyl radical four S=N bonds are virtually identical in length for the two
anions has been observed as the products of the unexpectedompounds, as are the two N{AE(4a) bonds. Because
reaction between [ArXNSN] anions (> S and Se) and the  compoundd. and7 are planar in the gas phase, the calculated
solvent MeCN, even at low temperatuf@dn this work, values of the valence angles, which are much more sensitive
4,5,6,7-tetrafluoro-2,1,3-benzothiadiazole and the decafluo-to the conformation of the heterocycle than the bond lengths,
rodiphenyl diselenidd were identified as byproducts from do not compare as well with the solid-state values. On the
the nucleophilic ring-closure reaction (Figure 2), but this is other hand, the decrease in the value of the C{&&))—
typical of these types of cyclizatioA3?* N(2) angle by about4and the increase in the values of the
3.2. Molecular Structure. Selected experimental and N(2)—S(3)-N(4) and S(3)-N(4)—C(4a) angles are repro-
calculated geometrical data for the four compounds under duced by the calculations.
investigation are given in Table 1; the atomic numbering is  Becaus& is not experimentally accessible, a comparison
shown in Figure 1. In the crystall is bent along the  between it an@® must be based on the calculated geometries;
Se(1)--N(4) line by 6.0(2), and this is very close to the in contrast tol and 7, the parent compounds and 8 are
value of 5.5(1) that was observed fof.* A comparison of nonplanar in the gas phasg8 and a number of its non-
the solid-state data for these two compounds shows thefluorinated substituted derivatives are synthesized by the 1:1
expected elongation of the X@N(2) and C(8a)X(1) condensation of Ar-S=NSiMe; (6) and SC} followed by
bonds due to the introduction of the selenium atom=>$ the electrophilic ortho cyclization of the resulting [A#N
and Se); the C(4&)C(8a) bond in the heterocycle seems to S=NSCI] intermediated.101518The attempt to extend this
be insensitive to this change. There is a considerable approach td6 and SeGl failed. Only unidentified acyclic
difference between the bond lengths of the two shefNS  products could be observed in the reaction products using
bonds, N(2)-S(3) and S(3)N(4), in 7 (about 0.040 A), 14 and 13C NMR; neither the targeb nor any selenium
which has been reduced to a mere 0.003 A;ithe latter is analogues of the Herz saftswhich are typical byproducts
equal to the difference I8 and most of its fluorinated in the synthesis of 1/3622,4-benzodithiadiaziné8, '8 could
derivatives'> The large difference for the=8N bonds in7 be detected. At ambient temperature, a solution of 1.50 g
is mainly due to the unexpectedly low value for the S{3)  (0.01 mol) of SeGl (prepared from Se and SOI,)?* and
N(4) bond length. In contrast, the N(L(4a) bond is one of 2.10 g (0.01 mol) 06,3 each in 30 mL of THF,
considerably longer i@ than in1. Substitution of sulfur by  were added fol h to 300 mL ofTHF. After an additional
selenium changes the valence angles in the heterocycle only3 h, the dark precipitate was filtered off and the filtrate was
moderately; the largest difference is found for the C{8a) evaporated under reduced pressure, yielding a tarry residue.
X(1)—N(2) angle, as expected, which decreases by aboutThe elongation of the X(HN(2) and C(8a)X(1) bonds
4° upon going froni to 1. As a result, both the N(2)S(3)— and the insensitivity of the C(4&a)C(8a) bond to the change
N(4) and S(3)-N(4)—C(4a) angles become slightly larger of X(1) are again clearly visible. The four=IN bonds are
in 1 than in 7. These experimental values can then be again virtually identical in length for the two compounds
compared to the ones calculated for the isolated molecules but, in contrast, there is a larger difference of about 0.01 A
which, in contrast to the situation in the crystal, display a for the N(4)-C(4a) bond. Regarding the valence angles in
coplanar arrangement of the two rings. The elongation of the heterocycle, trends similar to those for the tetrafluorinated

the X(1)-N(2) and C(8a)-X(1) bonds and the insensitivity  derivatives can be seen. The effect of the fluorine atoms is
of the C(4a)-C(8a) bond to the change of X(1) are quite

(34) Akulin, Yu. I.; Gelmont, M. M.; Strelets, B. K.; Efros, L. &him.

(33) Makarov, A. Yu.; Irtegova, |. G.; Vasilieva, N. V.; Bagryanskaya, . Geterotsikl. Soedinl978 912-916 (in Russian).
Yu.; Borrmann, T.; Gatilov, Yu. V.; Lork, E.; Mews, R.; Stohrer, W.-  (35) Zibarev, A. V.; Miller, A. O.; Gatilov, Yu. V.; Furin, G. GHeteroatom
D.; Zibarev, A. V.Inorg. Chem 2005 44, 7194-7199. Chem.199Q 1, 443-453.

2224 Inorganic Chemistry, Vol. 45, No. 5, 2006



34402,1,2,4-Benzothiaselenadiazines

Table 2. Calculated and Experiment&iC, 15N, 1°F, and’’Se NMR
Chemical Shifts (ppm) for Compounds(Y = F),5 (Y = H), 7

(Y = F), and8 (Y = H) Referenced to TMS, Liquid N§i CsFs, and
(CHs)2Se, Respectively

numerical agreement obtained here is not unusual. Fadda et
al. recently suggested that density functional theory tends
to perform quite poorly for azine¥;this, in combination
with the sensitive solvent dependence of nitrogen chemical

1 5 7 8 . S ) ) . )

shifts, makes predicting nitrogen chemical-shift values dif-
exptl  calcd calcd exptl  calcd exptl calcd ficult

Se(l) 752.9 8185 7927 R - -

N@) 2431 3345 3670 2555 3323 2692 3809 Thelgllfferences between the chemical shlfts_ of the bands

N(4) 2409 291.0 3432 2331 2750 2631 337.9 Inthe®™N NMR spectra ofl and7 may, at least in part, be

Cda) 1213 1322 1525 1220 1318 1385 1530 Aattributed to the a_boye-m_entioned differe_nces in the (_anergies

C(5) 1397 1488 1282 1395 1477 1230 1277  of electronic excitation via th&E factor in the chemical-

C(6) 1417 1515 1356 1413 1518 1305 1359  ghjft equatiorf®the 52°N values at 255.5 and 233.1 ppm for

C(7) 1425 1529 140.2 1430 1535 1332 1404 15 .

C(8) 1413 1506 1308 1404 1505 1240 1286 [ decrease to 243.1 and 240.9 ppm fpand this can be

C(8a) 91.9 103.2 1221 989 1038 1153 1223 related to the lowednax value for 1.

Y(5) 13.9 184 591 185 16.0 5.90 5.59 3.4. Bonding and Aromaticity. One of the most com-

Y(6) 66 59 665 69 63 663 646  plicated and debated issues in the field of chemistry is

Y(7) 98 111 6.81 9.9 105 6.78 6.64 ticity. It is k that ticity invol i

Y(8) 238 204 572 122 148 579 54g  aromaticity. It is known that aromaticity involves cyclic

electron delocalization coupled with an energetic stabiliza-
tion, but the underlying physical nature of this aromatic
stabilization is not known. An extensive set of criteria, which
can be grouped into structural, energetic, and magnetic
criteria, can be found in the literature (see, for example, refs
41 and 42), but it is believed that not one of them alone can
lead to the unambiguous definition of aromaticity. We
selenium and sulfur atoms can be considered as Ioseudo_recently showed that the combination of a set of these criteria
isotopes in the empirical identification of the molecular &/OWs one to formulate a multidimensional description of
vibrations, which contain large contributions from the cx the trends in the aromaticity of planar five-membered NSNS
and/or XN bonds (X= S and Se) by means of the ring systemé_‘.3 We will now apply Fhls_method to the six-
“selenation” method® Indeed, a comparison of the IR and Membered rings under investigation in this paper, and we
Raman spectra of and 712 reveals a decrease in a number will focus on structural (geometrical parameter; an_d bond
of vibrational frequencies upon introduction of the selenium ©rders) and magnetic (values of the NICS) criteria. The
atom. For the IR spectrum &t these are the bands at 1635 9eometrical parameters are listed in Table 1, and the
(9), 1053 (76), 892 (15), 799 (23), 660 (24), 625 (67), and calcul_ated bond orders haye been given in Tab_le 3. Table 4
428 (12) cmit, and for the Raman spectrum Bfthese are compiles the NICS values in the center of the rings, NICS-
the bands at 1381 (10), 905 (13), 505 (25), and 283 (15) (0), and those above and below the planes of the rings, NICS-
cm%; for both spectra, the shifts of the frequencies have (1) and NICS€-1). o

been given in parentheses. Apart from these differences, the 1he €lectron and bond-length distribution in the XNSN
spectra ofL and 7 are virtually identical. A comparison of ~ regment (X=S and Se) is most pertinent to the discussion
the UV—vis spectra ofL. and 74 shows that substitution of of (anti)aromaticity, and the latter will be based on the

sulfur by selenium leads to a hypsochromic shift of the calculated geom'etries. As mentioned in section 3.2, com-
value for the long-wave absorption from 615 nnvito 584 ~ Pounds7 and8 display two short &N bonds, N(2)-S(3)

nm in 1. This is in accordance with the conclusion that the and S(3)-N(4), with bond 'e”chS of about 1.57 A, and one
lowest-energy electronic excitation in 1732,2,4-benzodi- Ion_g SN b_ond, S(l)—N(Z_), with a_Iength of about 1.71 A,
thiadiazines is localized on the heteroatomic fragrignt. 11is trend is also found in the Hirshfeld bond orders: the
Table 2 compiles the multinuclear experimental and calcu- Short SN bonds have values of about 1.8 and are virtually

lated NMR data of the four compounds under consideration. double, while the long one has a value of about 1.2 and is
Chemical shifts that could not be unambiguously assigned
based on the experimental data alone have now been linke
to a specific atom via the calculated chemical shifts, based
on the trends in the calculated data rather than on the absolutd®

most clearly seen in the-fluoro effect!? which increases
the symmetry of the isolated molecules frata for the
nonfluorinated derivativeS and8 to Cs for the tetrafluoro
derivativesl and 7; this will be discussed in greater detall
in section 3.4.

3.3. Spectral Properties.For compoundsl and 7, the

37) Tersago, K.; Van Droogenbroeck, J.; Van Alsenoy, C.; Herrebout,
W. A.; van der Veken, B. J.; Aucott, S. M.; Woollins, J. D.; Blockhuys,
F. Phys. Chem. Chem. PhyZ004 6, 5140-5144.

8) Van Droogenbroeck, J.; Van Alsenoy, C.; Aucott, S. M.; Woollins, J.
D.; Hunter, A. D.; Blockhuys, FOrganometallics2005 24, 1001—

values. As can be seen in Table 2, the correlation of the 1011. _
values between theory and experiment is far less satisfactory®%) fadda £ Casida, M. £ Salahub, DJRPhys. Chem. 2003 107

for the nitrogen atoms than for the others. Yet, when these (40) Mason, JChem. Re. 1981, 81, 205-221.

i i i i (41) Minkin, V. I.; Glukhovsev, M. N.; Simkin, B. Y Aromaticity and
datéz ?re compargd .Wlt.h prewous Stu,dles on 7SUbStItUted Antiaromaticity John Wiley & Sons: New York, 1994.
1,31%02,2,4-benzodithiadiaziné8,Roesky’s ketoné? and a

et ALl ] (42) (a) Wiberg, K. BChem. Re. 2001, 101, 1317-1332. (b) Geuenich,
metalladithiadiazolé® it is clear that the unsatisfactory D.; Hess, K.; Koehler, F.; Herges, Rhem. Re. 2005 105 3758~

3772 (and other articles of these special issues dedicated to aroma-
ticity).

(43) Van Droogenbroeck, J.; Van Alsenoy, C.; Blockhuys].iRhys. Chem.
A 2005 109 4847-4851.

(36) Zibarev, A. V.; Beregovaya, |. \Rev. Heteroatom Chenl992 7,
171-190.
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Table 3. Hirshfeld Bond Orders Calculated for Compourids and 12.31 ppm, respectively, also confirm the antiaromaticity
& = g??YY:H'?' 5(X=Se;Y=H), 7(X =5, Y=F), and8 of the heterocycle. All of the corresponding values for the
: carbocycles are negative, and this suggests aromaticity.

! ° ! 8 The combination of geometrical and magnetic criteria
ﬁg)):g((g)) o e L0 119 unequivocally leads to the conclusion that the heterocycles
S(3)-N(4) 1.81 181 1.80 1.79 of the four compounds under investigation are antiaromatic
N(4)—C(4a) 133 1.28 131 1.27 while the carbocycles are aromatic. The distortion of the
gggg)r_g((f;t) o Y v oy heterocycle o8 from Cs to C; symmetry, observed in the
Clday-C(5) 144 145 146 146 gas phase, reflect; the tendgncy of the mqlecule 'Fo minimize
C(5)-C(6) 145 151 144 150 the thermodynamic destabilization associated with antiaro-
C(6)-C(7) 1.52 1.53 1.54 1.55 maticity by means of a pseudo-Jatifeller effect!? The
gggigggg) 1 11-23 11-23(; 11-‘;83 planar geometry o was thought to be due to a conflict

' ' ’ ' between the pseudo-Jahmeller effect and ther-fluoro

Table 4. NICS Values (in ppm) in the Plane of the Molecule at the effect, caused by the presence of a fluorine atom in the 8
Ring Center [NICS(0)] andtal A above [NICS(1)] ad 1 A below position, resolved in favor of the latté&17 It is clear that
E’;\“CS-(_D]- the Ring Centers of the Four Compounds under the planarity ofl and the nonplanarity & in the gas phase
onsideration ) ]
heterocycle carbocycle strengthen these ideas and suggest that the influence of the
selenium atom on these effects is very small.
NICS(O) NICS() NICS(1) NICS(O) NICS() NICSt1) 3.5. Crystal Structures. Despite the close similarity
é ﬁ%g 1;.;13 172.'33 :Z:ig :g:ig :2:5(1) betweenl and 7 with respect to molecular composition,
7 1971 15.95 1595 -5.60 —2.82 -2.82 shape, and volume, their crystal packings are very different.
8 1448 9.99 1231 -165 —362  -595 In 7,4 the S(1):+F(8) short contacts of 3.172(3) A lead to

] centrosymmetric dimers, which are themselves combined into
clearly closer to single. In the selena analogli@ds, a  |ayers by the S(3)-F(6) short contacts of 3.152(3) A (the
similar situation can be found because there are also tWogym of the van der Waals radii is 3.20 )The interlayer
short $=N bonds with bond lengths of about 1.56 A. The ' separations of the sulfur atoms, which are 3.571(2) and

values of the bond orders confirm that these are quite similar3 gp1(2) A, are close to their normal contact value of 3.68
to the corresponding bonds tand8 because these values A 45 The |ayers featurer interactions of the type €F-+

are also about 1.8. The nature of the SeN bonds, with a bonda_ with a F--Cg(Are) distance of 3.385(3) A and the-G
length qf about 1.87 A, is more difficuIF to ascerta_in, but by pond inclined at 36.0(2)[Cg(Ar) designates the centroid
comparison of the bond lengths with those in related of the Ar ring]. In contrast, the crystal structure of the parent
system# and considering the values of the bond orders, g gisplaysz stacks with a uniform interplanar separation of
which are very close to 1, we conclude that both SeN bonds 3 g A2

are single. This leads to the general conslusion that the four In the crystal structure o, which is represented in Figure
considered compounds display a *8=N fragment, which 3, the Se--Se contacts of é.6124(8) A (the sum of the van

ISI charactefrliedhby the I(l)cgllzatgi& zf f(l)aLl” Sf tge. shtx der Waals radii is 3.80 A§ combine molecules into spirals
electrons of the heterocycle in tw ouble bonds; this 504 thes; screw axes. In addition, the molecules in the

is typical for anti_aromaticity. In contrast, fqr all four spirals are connected by S¢S contacts of 3.568(1) A (the
compounds, the six carbercarbon bonds making up the sum of the van der Waals radii is 3.70 &)S-*F contacts

c?rbo.cy(/jc_le 'j"" hav\t/e lbond o(rjdtlars cl)f ar.ound 3'5’ whic.h. is a of 3.169(3) A, andr interactions of the type €F-++Arg with
clear indication ofr-electron delocalization and aromaticity. F---Cg(Ars) distances of 3.430(4) and 3.375(4) A and

Regarding the magnetic criterion, the results of the oninclined G-F bonds. The overall three-dimensional
calculat_lc?n of the NICS(0) values are given in Table 4: these g hitecture of the crystal results from S{3)N(4) interac-
are positive for the heterocycles of the four compounds, and jons of 3.221(3) A (the sum of the van der Waals radii is

this points to antiaromaticity for these rings. It was pointed 3 57 AYs and F-+F interactions of 2.894(4) and 2.849(4) A

out by von RagueSchleyer et af' that there are some (yhe sum of the van der Waals radii is 2.94%etween the
artifacts in the NICS(0) values, calculated in the plane of spirals.

the molecule, due to the framework of the molecule. To As a result, the crystal structure affeatures channel-

circumvent this, they proposfed to calculate so-called N.I C.S' like cavities along th€; axes, with a radius varying between
(1) values &1 A above the ring center because aromaticity about 2.47 and 2.79 A and a volume of about 306pAr

involves the delocalization of the electrons; for nonplanar . . - ) .

. ) unit cell. The inner walls of the cavities are lined with
systems, this concept can be extended to include a NICS- , . . B .

. fluorine atoms, and one might consider them as “fluorine

(—1) value calculated below the ring center. For the planar
compoundd and?, .NlCS(l) V?.ll:IeS 0f 12.45 and 15.95 ppm (44) Zzefirov, Yu. V.; Porai-Koshitz, M. AZh. Strukt. Khim.198Q 21,
are found, respectively, and it is clear that the heterocycles 150-155 (in Russian).
in these two compounds are indeed antiaromatic. For the(45) Zefirov, Yu. V.; Zorky, P. M.Zh. Strukt. Khim1976 17, 994-998
nonplanar analogues and 8, the NICS(1) values of 8.98 (in Russian).

) (46) Vargas-Baca, |.; Chivers, Phosphorus, Sulfur, Silicon Relat. Elem.
and 9.99 ppm, respectively, and the NIE&] values of 7.93 200Q 164, 207-227.

2226 Inorganic Chemistry, Vol. 45, No. 5, 2006



34402,1,2,4-Benzothiaselenadiazines

Figure 3. Crystal packing of compountt (a) overview of the packing in which dashed lines indicate short contacts between nonbonded atoms and dotted
lines in the lattice channels indicate the disorderedmdlecules; (b) detailed view of the channels.

nanotubes”. In the crystal that was used to obtain the datain the solid state: e.g., the crystal structure of 5,6,8-trifluoro-
presented in this paper, the cavities contained diffuse residualdi*0?,1,2,4-benzothiaselenadiazine, one of the closest ana-
electron density. The latter was modeled as disordered N logues of 1, reveals a completely different pattern, not
molecules, and this led to better refinement. The space filling featuring any channef.
is only partial, and MNis assumed to be adsorbed from the
atmosphere during the lower-temperature XRD measure- . _ o
ments. In the recent past, inclusion structures containing Even though the differences betwekand its 1,3-dithia
small molecules such as,NCO,, SO, and Ar have been  analogue7 are small from a molecular point of view, the
observed for fluoro-substituted 1,2,3,5-dithiadiazofyls. substitution of a sulfur atom i by a selenium atom id

In the context of these fluorine nanotubes, we note that has considerable repercussions on the supramolecular struc-
there is increasing interest in the use of secondary bondingture, i.e., the crystal packing. As a result of an increased
interactions, in particular those involving (heavier) chalcogen humber of intermolecular short contactgjisplays channel-
atoms?648-50 sypramolecular chemistry, and the engineering like cavities, which can be described as “fluorine nanotubes”
of crystals toward advanced materials applications. However,and which contain atmospheric,N
it is clear that these interactions cannot easily be controlled (49) (a) Cozzolino, A. F.; Vargas-Baca, I.; Mansour, S.: Mahmoudkhani,
A. H. J. Am. Chem. SoQ005 127, 3184-3190. (b) Cozzolino, A.

4. Conclusions

(47) Clarke, C. S.; Haynes, D. A.; Rawson, J. M.; Bond, A.@hem. F.; Britten, J. F.; Vargas-Baca, Cryst. Growth Des2006 6, 181—
Commun2003 2774-2775. 186.

(48) Zhou, A. J.; Zheng, S. L.; Fang, Y.; Tong, M. Inorg. Chem2005 (50) Gleiter, R.; Werz, D. B.; Rausch, B.Qhem—Eur. J.2003 9, 2676~
44, 4457-4459. 2683.
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