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The reaction of bicyclic sulfur—nitrogen heterocyles RCNsS; (R = F3C, Ph, MesN, 2-FCgHs, 2,6-FoCeHs) with
[Ho(SOy)s]{AsFg]. in liquid SO, yielded the corresponding trithiatetrazocinium-hexafluoroarsenates [RCN,S;][AsF¢] as yellow
solids and a red-brown insoluble byproduct with the approximate composition HgsN,. Single crystal structure determinations
of the salts and theoretical calculations on the trithiatetrazocine cations [RCN,S3]™ revealed the cations to be planar
eight-membered heterocycles. The [RCN,Ss]" cations are the missing link in the series of known valence isoelectronic
eight-membered 107z azocines, that is, [SsNs?" and RC(NSN),CR. In contrast to neutral trithiatetrazocines and
dithiatetrazocines RC(NSN).CR carrying donor substituents, which have a folded butterfly structure with a transannular
S—S bond, the positive charge on the [RCN4Ss]* cations always stabilizes the planar structure independent of the
nature of the substituent. Experimentally obtained structures and theoretical calculations (geometries, frequencies, charges,
nucleus-independent chemical shifts (NICS)) are in agreement with the description of [RCN,S;]* as planar eight-membered
107 Hiickel aromatic. The single crystal structure determinations of some 3,5-R-1,2,4,6-thiatriazinyl hexafluoroarsenates

(R = Ph, 2-FC¢Hs, 4-FCgHs), which were isolated from the above reaction as well, are also included.

Introduction

The chemistry of sulfur—nitrogen heterocycles has been
extensively investigated over the last decades.' Because of
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their interesting physical properties and bonding situations
they still represent a modern research field of high interest."
In 1972 Banister introduced simple electron counting rules
to predict the Hiickel aromaticity and planarity of electron-
rich sulfur—nitrogen heterocycles.” Classical representatives
of the class of electron-rich sulfur—nitrogen heterocycles are
the valence isoelectronic eight-membered azocines with 10z
electrons (Scheme 1). Formally they are obtained by suc-
cessive isolobal replacement of St by R-C. The dication of
sulfur nitride, [SsN4]**> (A) and the neutral dithiatetrazocines,
RC(NSN),CR*? (C) have been known for many years and
are well investigated. Indeed [S4N,4]** is planar in agreement
with a 107z Hiickel aromatic system.” For RC(NSN),CR a
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planar and a folded butterfly structure with a transannular
S—S bond have been found experimentally* and correlated
theoretically to the electronic nature of the substituent R.”
The missing link in this series of valence isoelectronic
heterocycles is the trithiatetrazocine cation, [RCN4S;]™ (B).
A series of neutral trithiatetrazocines RC(NSN),SR’” (R =
Cl, NPPhs;, NAsPh;) have been prepared and structurally
characterized, but they all possess a folded butterfly structure
(D) with a transannular S—S bond (Scheme 1).%7 So far the
planar cation [F3CCN,S;]", which has been prepared as its
[S3N304]~ salt from F3CCN and (NSCl); in liquid SO, in
4% yield8 and has been isolated as its [AsFs]~ salt from the
reaction of F3CCNsS; and AsFs as side-product (Scheme 2),’
represents the only known example of this class of compounds.

In our investigations of structures and reactions of bicyclic
sulfur—nitrogen heterocycles RCNsS;”*'%!! we have shown
their ability to act as donor ligands toward “naked” transition
metal centers'® and their potential as precursor for the
formation of sulfur—nitrogen radicals.'’ Surprisingly, the
reaction of RCN;sS; (1) with Hg?" in liquid SO, yielded
[RCN.4S;][AsFg] as yellow solids containing trithiatetrazocine
cations [RCN4S;]*. Herein we will present the generation
of [RCN4S;5][AsFs] (R = CeHs (2b), 2,6-F,CsH3 (2¢), MeoN
(2d), 2-FCsH4 (2e)), a crystallographic investigation of their
structures, and a short discussion of the bonding situation
within the cationic heterocycles.

2. Experimental Section

General Remarks. Solid reagents and crystals were manipulated
in vacuum or using a drybox and an atmosphere of dry nitrogen.
The reactions were carried out in glass vessels with Teflon valves
and an incorporated frit. The solvent liquid sulfur dioxide was dried

(5) (a) Gleiter, R.; Bartetzko, R.; Cremer, D. J. Am. Chem. Soc. 1984,
106, 3437-3442. (b) Boutique, J. P.; Riga, J.; Verbist, J. J.; Delhalle,
J.; Fripiat, J. G.; Haddon, R. C.; Kaplan, M. L. J. Am. Chem. Soc.
1984, 106, 312-318. (c¢) Millefiori, S.; Millefiori, A.; Granozzi, G.
Inorg. Chim. Acta 1984, 90, 1L55-1.58. (d) Burford, N.; Chivers, T.;
Codding, P. W.; Oakley, R. T. Inorg. Chem. 1982, 21, 982-986.

(6) (a) Chivers, T.; Richardson, J. F.; Smith, N. R. M. Inorg. Chem. 1986,
26, 272-275. (b) Boeré, R. T.; Oakley, R. T.; Cordes, A. W. Acta
Crystallogr. 1985, C41, 1686-1687. (c) Boeré, R. T.; Ferguson, G.;
Oakley, R. T. Acta Crystallogr. 1986, C42, 900-902. (d) Boeré, R. T.;
Cordes, A. W.; Craig, S. L.; Graham, J. B.; Oakley, R. T.; Privett,
J. A. 1. J. Chem. Soc., Chem. Commun. 1986, 807-808. (¢) Boeré,
R. T.; Cordes, A. W.; Oakley, R. T. J. Am. Chem. Soc. 1987, 109,
7781-7785.

(7) Knapp, C.; Lork, E.; Maggiulli, R.; Watson, P. G.; Mews, R.;
Borrmann, T.; Stohrer, W. D.; Behrens, U. Z. Anorg. Allg. Chem. 2004,
630, 1235-1244.

(8) Hofs, H. U.; Hartmann, G.; Mews, R.; Sheldrick, G. M. Angew. Chem.
1984, 95, 1001-1002; Angew. Chem., Int. Ed. Engl. 1984, 23,
988—989.

(9) (a) Knapp, C.; Lork, E.; Borrmann, T.; Stohrer, W. D.; Mews, R. Eur.
J. Inorg. Chem. 2003, 3211-3220. (b) Knapp, C.; Borrmann, T.; Lork,
E.; Watson, P. G.; Stohrer, W. D.; Mews, R. Phosphorus, Sulfur Silicon
Relat. Elem. 2004, 179, 887-890. (c) Knapp, C.; Lork, E.; Mews, R.;
Zibarev, A. V. Eur. J. Inorg. Chem. 2004, 2446-2451. (d) Knapp, C.;
Lork, E.; Borrmann, T.; Stohrer, W. D.; Mews, R. Z. Anorg. Allg.
Chem. 2005, 631, 1885-1892. (e) Maggiulli, R.; Mews, R.; Stohrer,
W. D.; Noltemeyer, M.; Sheldrick, G. M. Chem. Ber. 1988, 121, 1881—
1889.

(10) (a) Maggiulli, R.; Mews, R.; Stohrer, W. D.; Noltemeyer, M. Chem.
Ber. 1990, 123, 29-34. (b) Knapp, C.; Mews, R. Eur. J. Inorg. Chem.
2005, 3536-3542.

(11) Gritsan, N. P.; Shuvaev, K. V.; Kim, S. N.; Knapp, C.; Mews, R.;
Bagryansky, V. A.; Zibarev, A. V. Mendeleev Commun. 2007, 17,
204-206.

over P40y and distilled prior to use. The starting materials RCN5S;
(R = Ph,'? 2-FC¢H.”* 2,6-F,C¢Hs,”* Me,N®*) were prepared
according to published procedures. [Hg(SO,),(AsFe),] was obtained
from HgF, (prepared from HgCl, and F,)'? and a small excess of
AsFs'* in liquid sulfur dioxide.' IR spectra were recorded on a
Perkin-Elmer Paragon 500 FT-IR spectrometer using Nujol and
Kel-F mulls, 'H and '°F NMR spectra in 5 mm NMR tubes on a
Bruker DPX 200 spectrometer (chemical shifts are given with
respect to TMS and CFCls), and *N NMR spectra in 5 mm NMR
tubes on a Varian 400 spectrometer (chemical shifts are given with
respect to MeNO,), and melting/decomposition points on a Gal-
lenkamp Melting Point Apparatus in sealed melting point capillaries.
Elemental analyses were carried out by Mikroanalytisches Labor
Beller, Gottingen, Germany.

2.1. Generation and Characterization of Materials
Containing the [RCN,S;]™ Cations. General Procedure. A 10
mL portion of SO, was condensed onto a mixture of RCN;sSs (0.6
mmol) and [Hg(SO,),][AsFe]> (0.3 mmol) at —196 °C via a vacuum
line. A red-brown precipitate formed during slow warming to room
temperature. After stirring at room temperature for 2 h the red-
brown insoluble precipitate was removed by filtration from the
yellow solution and washed with SO, several times. Slow removal
of the solvent using a temperature gradient by cooling one side of
the reaction vessel with water yielded a partly crystalline yellow
to orange material containing crystals suitable for X-ray diffraction.
Single crystals of 2d were prepared by dissolving 2d in CH,Cl,
and slow removal of the solvent. The crystalline bulk materials
(crystals were partly hand sorted) of the soluble fraction were
characterized by decomposition point, '"H and '"F NMR, and IR
spectroscopy.

Phenyl-trithiatetrazocinium-hexafluoroarsenate (2b[AsFg]).
Mp. 130—140 °C (dec.); 'H NMR (200 MHz, CD;CN, 20 °C):
= 7.7 (m); IR (KBr, 1700—600 cm™"): 1675 m, 1650 sh, 1595 m,
1455 s, 1410 s, 1340 s, 1295 w, 1240 w, 1180 m, 1150 m, 1075 w,
1060 w, 1025 sh, 1005 m, 925 w, 785 m, 700 vs (v3 [AsFs] ™), 670
sh; red insoluble side product: Found: Hg, 94.95, N, 4.89%.

2,6-Difluorophenyl-trithiatetrazocinium-hexafluoroarsenate (2c-
[AsFg]). Mp. 190—200 °C (dec.); 'H NMR (200 MHz, SO,/C¢Ds,
20 °C): 6 = 6.92—7.05 (m, 2H, m-C¢F;H3), 7.28—7.52 (m, 1H,
p-CeFoH3); °F NMR (188 MHz, SO,/C¢Ds, 20 °C): 6 = —61.3
(qa, Jras = 914 Hz, 6F, AsFs™), —114.9 (dd, 3Jrg = 7.8 Hz, “Jrn
= 6.2 Hz, 2F); IR (KBr, 1700—450 cm™!): 1699 sh, 1686 w, 1625 s,
1583 w, 1560 w, 1542 w, 1508 w, 1470 s, 1426 s, 1362 s, 1302 w,
1243 m, 1175 sh, 1148 m, 1122 sh, 1016 s, 977 w, 935 w, 928 m,
797 s, 768 w, 720 sh, 708 sh, 693 vs (v3 [AsF¢] ™), 680 sh, 584 w,
553 m, 525 sh, 516 s, 478 w.

Dimethylamino-trithiatetrazocinium-hexafluoroarsenate (2d[As-
Fe]). Mp. 128 °C (dec.); 'H NMR (200 MHz, CD;CN, 20 °C): 6 =
3,49 (s, 6H, Me,N)); F NMR (188 MHz, CD;CN, 20 °C): ¢ =

(12) (a) Boeré, R. T.; Cordes, A. W.; Oakley, R. T. J. Chem. Soc., Chem.
Commun. 1985, 929-930. (b) Boeré, R. T.; Cordes, A. W.; Oakley,
R. T. Acta Crystallogr. 1985, C41, 1833-1834.

(13) Brauer, G. Handbuch der Priparativen Anorganischen Chemie; F.
Enke Verlag: Stuttgart, 1978; Vol. 1.

(14) AsFs has been prepared from As,O3 and F; following Mitra, G. J. Am.
Chem. Soc. 1958, 50, 5639-5640; The As,Os was doped with
elemental arsenic to catalyze the reaction.

(15) (a) Hoppenheit, R. Doctoral thesis, Universitit Gottingen, Gottingen,
Germany, 1984. (b) Dean, P. A. W. J. Fluorine Chem. 1975, 6, 499—
507.
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—67.0 (qa, 'Jras = 931 Hz, 6F, AsF¢); IR (KBr, 3000—650 cm™):
2950 w, 1650 w, 1585 s, 1550's, 1410 s, 1365 m, 1270 w, 1205 w,
1160 w, 1130 w, 1025 m, 975 m, 900 m, 700 vs (v3 [AsFg¢]™).

2-Fluorophenyl-trithiatetrazocinium-hexafluoroarsenate (2e[As-
Fg¢]). An NMR scale reaction of 2-FCcH4CNsS; with
[Hg(S0,),](AsFg), in 2:1 ratio yielded among other products one
yellow single crystal of [2-FCsH4CN4S3][AsF¢] after several weeks.
Attempts to repeat the reaction on a preparative scale to obtain
pure material for analysis were unsuccessful. “N NMR (28.9 MHz,
SO,;, 20 °C) of a dissolved yellow single crystal of
[2—FC6H4CN4S3][ASF6] in 11qu1d SO2Z o=-77 (S, Vip = 850 HZ),
—133 (S, Vip — 1000 HZ)

2.2. Crystal Structure Determinations. Single-crystal X-ray
structure determinations were carried out on a Siemens P4 diffrac-
tometer (2b,c,d and 3b,e,f) or a Bruker AXS P4/SMART 1000
diffractometer (2e) using Mo-K, (0.71073 A) radiation with a
graphite monochromator. The crystals were mounted onto a thin
glass fiber using Kel-F or Paratone-N oil and frozen in the cold
nitrogen stream of the goniometer. Details of the data collection
and refinement are given in Table 1. The structures were solved
by direct methods (SHELXS)."'® Subsequent least-squares refine-
ment on F? (SHELXL 97—2) located the positions of the remaining
atoms in the electron density maps.'® All atoms were refined
anisotropically. Hydrogen atoms were placed in calculated positions
using a riding model. The data were corrected for absorption.'’
Graphical representations of the structures were prepared with the
program DIAMOND.'®

The asymmetric unit of the crystal structure of 2d contains, beside
a well defined [Me,NCN,S3]" cation, two [AsFg]~ anions and an
incorporated disordered CH,Cl, solvent molecule, a disordered flat

(16) Sheldrick, G. M. SHELX-97 Programs for Crystal Structure Analysis,
release 97—2; Institut fiir Anorganische Chemie der Universitit
Gottingen: Gottingen, Germany, 1997.

(17) Walker, N.; Stuart, D. Acta Crystallogr. 1983, A39, 158-166.

(18) Diamond-Visual Crystal Structure Information System; Crystal Impact:
Bonn, Germany.
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species (a figure of the unit cell is included with the Supporting
Information). This species has to be a cation for electrical neutrality
reasons and is believed to be a second [Me,NCN,4S;]™ cation. The
disorder of this second [Me,NCN,S3]™ cation could not be resolved.
Therefore discussion has been restricted to the nondisordered and
well refined [Me,NCN,4S3]™ cation in the asymmetric unit. Several
attempts to obtain better crystals of 2d were unsuccessful. A figure
of the molecular structures, selected bond length and angles, and
details of the data collection and refinement for the 3,5-R-1,2,4,6-
thiatriazinyl hexafluoroarsenats 3b[AsF¢], 3e[AsFs], and 3f[AsF¢]
are given in the Supporting Information.

2.3. Quantum Chemical Calculations. All calculations have
been carried out using the PBEQ DFT hybrid functional'® with a
6—3114+G** basis set as implemented in Gaussian 03.?° Calculated
structures and orbitals were visualized using ChemCraft.>' Nucleus-
Independent Chemical Shifts (NICS) were calculated according to
the known procedure.?”> All calculated species represent minima
on the respective hypersurface as shown by frequency analyses.

3. Results and Discussion

3.1. Generation and Characterization of Salts
Containing the RCN,S;™ Cation. A few years ago, we
reported the reactions of the bicyclic sulfur nitrogen hetero-
cycle F;CCN;S; with HY and naked metal cations Ag*, Co>",
Ni**, Zn?*, and Cd*" in liquid sulfur dioxide, which resulted
in the formation of the respective complexes.”'® The bicyclic
sulfur—nitrogen heterocycle exhibited a very versatile co-
ordination chemistry acting as terminal ligand via the
nitrogen atom N1 or N5 or as bridging ligand via nitrogen
atoms N1 and N5 (Scheme 3). All attempts to introduce
heterocycles with substituents other than trifluoromethyl into
metal complexes failed and resulted in complete or partial
decomposition. This confirms the exceptional stability of
F3CCN;sS; compared to other bicycles of this type, which
has been noted and discussed before.”-**>*

Surprisingly, the reaction of FsCCNsS3 and other deriva-
tives (R = Ph, 2,6-F,C¢H3, 2-FC¢H,, Me,N) with naked Hg2+
(as in [Hg(S0O,):2][AsF¢]») in liquid SO; as a solvent lead to
the isolation of yellow to orange solids containing the
hexafluoroarsenate salts of the cationic eight-membered
sulfur—nitrogen heterocycles [RCN4S3]" in a reproducible

(19) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77,
3865-3868.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A, Jr.; Vreven, T.; Kudin,
K. N., Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene,
M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
0O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala,
P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
0O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y ;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, Revision
B.05; Gaussian, Inc: Wallingford, CT, 2004.

(21) ChemCraft, Version 1.5; http://www.chemcraftprog.com.

(22) Chen, Z.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.; von Ragué
Schleyer, P. Chem. Rev. 2005, 105, 3842-3888.

(23) Boeré, R. T.; Fait, J.; Larsen, K.; Yip, J. Inorg. Chem. 1992, 31, 1417—
1423.
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Table 1. Crystal Data and Structure Refinement for 2b, 2¢, 2d, and 2e“

[PhCN4S3][AsFg] [2,6-F2CcH3CN4S3] [MeaNCN4S3) [2-FCcH4CN4S3]
(2b[AsFs]) [AsFe] (2c[AsFe]) [AsF¢l(2d[AsFe]) [AsF¢l(2e[AsFe])
empirical formula C7H5ASF5N4S} C7H3ASF8N4S3 C23H40AS7C14F42N35521 C7H4ASF7N4S3
formula weight 430.25 466.23 2944.40 448.24
crystal size (mm) 0.70 x 0.50 x 0.30 0.60 x 0.40 x 0.40 0.70 x 0.30 x 0.30 0.33 x 0.25 x 0.10
temperature 173(2) K 173(2) K 173(2) K 173(1) K
crystal color Yellow Yellow Red Yellow
space group Pbca P1 P3 P1
a (A) 824.2(2) 665.69(8) 1869.0(1) 652.40(5)
b (A) 1185.8(2) 797.82(7) 1839.0(1) 791.84(7)
c(A) 2753.0(4) 1432.71(10) 776.6(1) 1437.98(12)
a (deg) 90 85.892(7) 90 83.467(1)
p (deg) 90 83.377(9) 90 84.680(1)
y (deg) 90 66.603(9) 120 66.607(1)
volume (A3) 2690.6(9) 693.41(11) 2349.3(4) 676.45(10)
V4 8 2 1 2
Dearea (g cm™) 2.124 2.233 2.081 2.201
u 30.59 cm™! 29.96 cm™! 31.74 cm™! 30.57 cm™!
20 max (deg) 27.50 27.50 27.51 27.49
reflections collected 3267 6418 12407 4743
independent reflections 2417 [Rine = 0.0212] 3190 [Rine = 0.0304] 3609 [Rin = 0.0415] 2952 [Rine = 0.0151]
final R indices R1, wR2 ” 0.0350, 0.0830 0.0255, 0.0690 0.0615, 0.1723 0.0313, 0.0898
goodness-of-fit 1.052 1.063 1.021 1.085

“ Structural data for [F3CCN4S3][AsFs] has been included in ref 9d. ” R1 =

Scheme 3. Coordination Modes for F3CCN5S3

N4+=S+N2 N S1—N2
W\ \
F5C N5 So FsC N5 82
¢ / ¢ AN
N+S1-N2 “ N+S1-N2
X = AsF5, Co?*, Ni?*, Cu?*, Zn?*, Ag*, Cd®* X X =H*

F NESHN2 SN2
N
F—C /‘Ns‘sz FsC @ N5 'S2
F Nt=St+ “‘2\‘ N1+ 81— F?S\
l / X /
X X
X = Cd?* X = Ag*
Scheme 4
N—S—N
2 R—<Q N s + [Hg(SOo),](ASFe)y —222 5 2 R—<. s® AsFg
N—S—N
R=FsC (2a)
Ph (2b)
2,6-F206H3 (20)
MeN  (2d)
2FCeHs  (2e)

straightforward way (Scheme 4). Bicycles with electron-
donating substituents reacted faster than bicycles with
electron-withdrawing groups. It may be assumed that coor-
dination of the bridging nitrogen atom N5 to Hg>" is the
first step based on structures found in the solid state for
F3CCNsS; coordinated to a metal cation via the bridging
nitrogen atom N5 (Scheme 3).'° However, detailed NMR
studies have shown that RCNsS; bicycles are fluxional in
CHCI; solution and undergo a pseudodegenerate rearrange-
ment,”* which could also be the starting point for the
observed reaction. Formally, oxidation of the sulfur—nitrogen
heterocycle by Hg?" might be expected, which should give
elemental mercury and nitrogen as byproduct. However,

2|IFo| = |Fll/ZIFo|, wR2 = (Z[w(Fo* — FAVZIwF, )",

elemental mercury has not been observed. Alternatively,
nitride extrusion catalyzed by Hg>" may be considered as
possible reaction mechanism.

The reactions, although straightforward and reproducible,
did not yield very pure products. Crystallization from the
yellow solutions gave partly crystalline yellow to orange
materials, from which the crystalline material was separated
for further characterization. The soluble fraction usually
contained (all components identified by X-ray diffraction)
[RCN4S3][AsFs] and in some cases unreacted RCNsS; and
1,2,4,6-thiatriaziny] cations (3) (see below). Characterization
of the crystalline bulk material by 'H NMR spectroscopy
showed the characteristic signals for the corresponding
organic substituents and '°’F NMR showed the typical quartet
for [AsFs] ™. The IR spectra are dominated by the very strong
As—F vibration at 700 cm™~!. A strong vibration at about
1410 cm™! can be assigned to the symmetric C—N stretch
(see Supporting Information for an analysis of the vibrations
of the parent compound [HCN,S;] ).

In all reactions an insoluble red to brown solid formed,
which turned black immediately on contact to air. The color
and the amount of this insoluble byproduct differed from
reaction to reaction. An elemental analysis of this insoluble
byproduct showed a composition of 94.95% mercury and
4.89% nitrogen (which add up to 99.84%), which formally
corresponds to mercury nitride “HgzN,”. HgsN, has been
described as chocolate-colored metastable very explosive
substance, but has not been structurally characterized as a
pure compound yet.>> Thus, it is more likely that the
insoluble byproduct is a mixture consisting of different yet
unidentified compounds.

Attempts to follow the reaction by '“N NMR showed (see
Supporting Information for actual spectra and further details)
that the characteristic peaks for the bicycle (e.g., for 1e: —55

(24) Bestari, K. T.; Boere, R. T.; Oakley, R. T. J. Am. Chem. Soc. 1989,
111, 1579-1584.

(25) (a) Fischer, F.; Schroter, F. Ber. Dtsch. Chem. Ges. 1910, 43, 1465—
1479. (b) Gumiiiski, C. J. Phase Equilib. Diffus. 1997, 18, 101-103.
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ppm (NS5), —196 ppm (N1/N4), —327 ppm (N2/N3))*°
disappeared while the reaction proceeded and two new main
signals at about —80 and —135 ppm appeared, which may
be assigned to the two pairs of equivalent nitrogen atoms in
the cation 2e. It is also evident from these investigations that
the reactions produce a mixture with [RCN4S;]* being one
of the major components.

In some cases beside the main products (2) 1,2,4,6-
thiatriazinyl cations (3) were identified by X-ray crystal-
lography as well. 3e and 3f were isolated from the reaction
of the respective bicycles with [Hg(S0O,),](AsFs),). Recently,
we published electron spin resonance (ESR) spectroscopic
investigations of the thermal and photochemical decomposi-
tion of several bicycles 1."" Besides the corresponding 4-R-
1,2,3,5-dithiadiazolyl radicals as the main product 3,5-R-
1,2,4,6-thiatriazinyl radicals were always observed as a minor
byproduct. An impurity of dithiatetrazocines (C) was sug-
gested as the most likely source for the formation of the 3,5-
R-1,2,4,6-thiatriazinyl radicals. A similar explanation could
hold for the formation of the corresponding 3,5-R-1,2,4,6-
thiatriazinyl cations under oxidizing conditions in this case
(Scheme 5). The obtained structures are not significantly
different from the known structure of [(PhCN),SN][PF].*’
Figures, bond lengths and angles, and details of the crystal
structure determination of 3e and 3f (together with the data
of 3b, which was isolated from the reaction of PhnCN;sS; with
[Co(S0,)4](AsFs),), are included with the Supporting Infor-
mation.

3.2. Structures of [RCN4S3;]" Cations in the Solid
State. The trithiatetrazocine cations 2a,b,c,e are crystallo-
graphically found to be almost planar, while 2d is signifi-
cantly bent (Figure 1, Table 2). The bending is illustrated
best by defining a plane through the four nitrogen atoms in
the heterocycle. Then the carbon atom C1 and the sulfur atom
S2 are located above the plane, the sulfur atoms S1 and S3
are located below the plane. Deviation from planarity in
2a,b,c,e is small (distances from the plane of C1, S1, S2,
and S3 are about 1—8 pm). The situation is different for the

(26) Assigned by comparison with Boeré, R. T.; Oakley, R. T.; Shevalier,
M. J. Chem. Soc., Chem. Commun. 1987, 110-112.

(27) Boeré, R. T.; Cordes, A. W.; Hayes, P. J.; Oakley, R. T.; Reed, R. W_;
Pennington, W. T. Inorg. Chem. 1986, 25, 2445-2450.
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dimethylamino substituted compound 2d, which is signifi-
cantly bent. C1 (35.8 pm) and S2 (21.3 pm) are located above
the plane through the four nitrogen atoms, while the sulfur
atoms S1 and S3 are located about 21 pm below the plane
(Figure 1). The transannular S—S distances in the [RCN4S3]*
cations (393 pm (2d) — 400 pm (2¢))* are about 20 pm
longer than in the neutral planar dithiatetrazocines (ca. 380
pm)* reflecting the positive charge on the heterocycle. Folded
structures with transannular S—S bonds (typically about
240—245 pm) have been found in the neutral dithiatetrazo-
cine Me,NC(NSN),CNMe,* and in neutral trithiatetrazocines
RCN,S:X (R = MesN, #-Bu, X = CI; R = Ph, F3C, Me)N,
X = NZPh; Z = P, As).>” All S—N bond distances
(153.2—158.8 pm) are in the range for aromatic S—N bonds
and similar to those in [S;N,]** (154—156 pm)> (Table 2).
The C—N bond distances (130.6—134.0 pm) are comparable
with the bond distance in s-triazine (131.9(5)).?® Substituting
the acceptor for a donor substituent has only a minor
influence on the bond distances within the heterocycle. The
C1—NI1/C1—N4 (130.6 pm (2a) versus 134.0 pm (2d) and
the N2—S2/N3-S2 bonds (155.0 pm (2a) versus 158.8 pm
(2d) elongate slightly, while the N1—S1/N4—S3 (155.0 (2a)
versus 153.2 (2d)) and the S1—N2/S3/N3 (156.6 (2a) versus
153.8 (2d)) contract slightly. The experimentally found
geometries are in agreement with planar delocalized 107
aromatics.

3.3. Theoretical Considerations. The [RCN,S;]* cations
carry a positive charge of +1, which is mainly located on
the sulfur atoms (Table 3). Electron donating substituents
reduce the positive charge on the heterocyclic part of the
cation as shown by calculated Mulliken charges for
[F;CCN,S5]™ (+1.03) and [MeoNCN4S;]T (+0.57). The
positive charge located on the heterocycle stabilizes the
planar structure over a folded butterfly structure with a
transannular S—S bond found for neutral trithiatetrazocines.
This is also demonstrated by a comparison of calculated
relative energies for folded butterfly and planar structures
(Table 3). Our calculations are in good agreement with
recently published calculated comparative energies for a
series of neutral and negatively charged dithiatetrazocines.?'
Only neutral trithiatetrazocines and the neutral dithiatetra-
zocine carrying Me,N donor groups distort from planarity
under formation of a transannular S—S bond, while for all
positively charged species the planar structure is preferred.
This distortion has been explained by a second-order
Jahn—Teller effect, and the delicate balance between planar
and folded structures has been extensively investigated by
theory for neutral dithiatetrazocines.’

DFT calculations reveal the free [RCN4S;]™ cations to be
planar or almost planar in the gas phase. Depending on the
substituent a planar or slightly puckered structure has been
found as the total minimum. For 2d a bent structure in
agreement with the experimentally found structure is the total
minimum, the planar structure is a transition state (Figure
2). However, it has to be noted that energy differences are
very small (0.13 kJ/mol for 2d between planar and bent

(28) Wheatley, P. J. Acta Crystallogr. 1955, 8, 224-226.
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Figure 1. Crystal structures of 2a-e. The left column shows a top view and the right column a side view of the [RCN4S3]" cations. Thermal ellipsoids are
shown at the 50% probability level.

Table 2. Experimental and Calculated (PBE0/6-311+G**) Averaged Bond Length for [RCN4S;]" Cations 2a-e

av. (C1—NI1, av. (N1-S1, av. (S1—N2, av. (N2—S2, N1—-Cl1— point
R—Cl1 C1—N4) N4—-S3) S3—N3) N3—-S2) C2—C3 torsion angle group
[F:CCN4S5]T (2a) exp. 152.3(13) 130.6 155.0 156.6 155.0
calc. 154.9 131.1 155.1 158.1 157.1 C;
[PhCN4S3]* (2b) exp. 148.7 (3) 132.3 153.7 156.4 156.0 9.6
calc. 146.2 133.3 1544 157.6 158.1 1.1 C;
[2,6-F2C6H3CN4S5]™ (2¢) exp. 148.0 (5) 133.1 153.2 156.0 156.5 44.0
calc. 146.6 132.7 154.4 158.1 157.7 39.5 C
[MeaNCNLS3]T (2d) exp. 132.8(7) 134.0 153.2 153.8 158.8
calc. 133.5 134.2 154.4 156.0 159.3 C
[2-FC¢H4CN4S;]™ (2¢) exp. 148.0(4) 132.6 153.8 156.5 156.5 29.3
calc. 146.2 133.1 154.4 157.7 158.0 19.2 C
structure) and all calculated structures show a very low- the basis of calculations, no definitive statement can be made
energy bending mode. The calculated minimum structure can about whether the gas phase structure is totally planar or
be expected to be method and basis set dependent. Thus, on bent. Therefore, experimentally found deviations from
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Table 3. Calculated (PBE0/6-311+G**) Energy Differences (kJ/mol) between Planar and Folded Transannular-Bonded Structures and Mulliken
Charges and Nucleus-Independent Chemical Shifts (NICS) for the Planar Structures

N4 S3. N3 N B Calculated Mulliken charge
A B A\ Q’B A/N—S ,/ NICS(0)* NICS(1)
NigN2 ‘N—é’ A NI/N4 S1/S3 N2/N3 B
s S 0 o 082 032 08 032 082 -17.0 -14.5
F3C-C s* 0 - 022 012 078 037 067 -17.2 -14.3
H-C s 0 - 021 -022 061 -033 064 -16.7 -14.1
H,N-C s 0 +81 011 -028 069 -040 058 -122 -10.1
Me;N-C s 0 +68 009 029 075 042 058 -10.4 8.2
H-C S-F +15° 0 - - - - - - -
F3C-C C-CF; 0 +62 041 019 067 019 041  -164 -13.9
H-C C-H 0 +49 014 021 039 021 014  -159 -13.4
HN-C C-NH, +33° 0 010 028 050 028 010  -13.0 -10.7

“The planar minimum structure is slightly bent, the planar structure corresponds to a transition state (see Figure 2). ” The calculated structure is slightly
folded, but does not show a transannular S—S contact. © The folded butterfly structure with a transannular S—S bond does not correspond to a minimum on
the hypersurface. ¢ Nucleus-independent shifts (NICS), NICS(0) at the ring center, NICS(1) 100 pm above the ring center. ¢ A value of 34.3 kJ/mol has been

previously calculated (B3LYP/6—31G(d) for Me;NC(NSN),CNMe,.*'!

‘_.&;‘-.
planar, . \-\\ /"
transition state bent e —
- -~ ' +68
otmiw® gl » (70 cm)
013 o folded
M, =1
Gy (31cm)

Figure 2. Calculated (PBE0/6—311+G**) geometries (left: planar, middle:
bent, right: folded with transannular S—S bond) for [Me:NCN4S3]* with
relative energies in kJ/mol and frequency of the bending vibration.

planarity for the cations result from cation—anion interactions
and packing effects (see below) rather than electronic reasons.

In recent years the aromatic character of sulfur—nitrogen
heterocycles has received some theoretical attention with the
development of new aromaticity criteria.”® Ring currents are
a probe for aromaticity in inorganic hetreocycles, and
nucleus-independent chemical shifts (NICS)** are an easily
accessible quantitative measure for diatropic ring currents.
Calculated NICS values for [RCN,4S3]* cations (Table 3) are
in good agreement with those calculated previously for other
107t sulfur—nitrogen heterocycles (e.g., NICS(0) [SsN4]**
—20.6, [S4N3]* —12.1)*** indicating the aromatic character.
[RCN,S;5]" cations carrying electron donating groups show
reduced NICS values and thus reduced aromaticity (cf.
NICS(0) for [F3CCN4S3]t is —17.2 and for [Me,NCN,S3]*
is —10.4).

In conclusion theoretical calculations are in agreement with
the description of [RCN,S;]" as planar 107 aromatics. 7
donor substituents (e.g., Me,N) decrease the positive charge
on the heterocyclic part of the cation, reduce the aromatic

(29) (a) De Proft, F.; Fowler, P. W.; Havenith, R. W. A_; von Ragué
Schleyer, P.; Van Lier, G.; Geerlings, P. Chem.—Eur. J. 2004, 10,
940-950. (b) Fowler, P. W.; Rees, C. W.; Socini, A. J. Am. Chem.
Soc. 2004, 126, 11202-11212. (c¢) Van Droogenbroeck, J.; Van
Alsenoy, C.; Blockhuys, F. J. Phys. Chem. A 2005, 109, 4847-4851.
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character (NICS), and thus favor the cation to distort slightly
because of the occurrence of a weak second-order Jahn—Teller
effect.

3.4. Crystal Packing of [RCN4S;][AsFe]. Exemplarily,
the crystal packing of 2e[AsFs] is shown in Figure 3.
Previously, we investigated the crystal packing of the parent
bicycles 1 and their respective co-crystals with CFs.”* In
all cases the packing of the sulfur—nitrogen heterocycles was
strongly influenced by interactions between the corresponding
substituents. The phenyl group lead to a herringbone structure
with a perpendicular arrangement of the phenyl groups, the
partly fluorinated derivatives formed sr-type stacks. A similar
behavior is observed for [AsFg]™ salts of the [RCN,S3]™
cations. For instance for (2e) (Figure 3) s-stacking of the
substituents significantly contributes to the structure, resulting
in two different domains, one for the organic substituent and
one for the sulfur—nitrogen part of the cation and the [AsF¢]~
anion. Figure 4 shows the coordination sphere around the
[2-FC¢H4CN,4S5]™ cation (2e). The cation is surrounded by
five [AsF¢]™ anions, two of which are located above and
below the center of the cation and three anions are ap-
proximately lying in the plane. There are in total nine
contacts between the anion and the partially positively
charged sulfur atoms (303.4—325.6 pm) and one contact to
the carbon atom (312.6 pm) shorter than the sum of the van
der Waals radii (S—F 330 pm, C—F 320 pm).** The two
anions above and below the cation form three and four
contacts respectively to the cation, while the three anions in
plane only form one S—F contact each. Different solid state
packing for each [RCN4S;][AsF¢] salt depending on the
substituent (see Supporting Information for figures) results
in different surroundings around the [RCN,S;]* cations and

(30) Bondi, A. J. Phys. Chem. 1964, 68, 441-451.
(31) Boeré, R. T.; Bond, A. M.; Chivers, T.; Feldberg, S. W.; Roemmele,
T. L. Inorg. Chem. 2007, 46, 5596-5607.



Planar Sulfur—Nitrogen 10z Aromatics

Figure 3. 1 x 2 x 2 cell of [2-FCsH4CN4S3][AsFe] (2e[AsFg)).

‘%, 312.3
-

{ 13116 ; NV

., S0

1

Y 008
ﬂ%\" 313.4 303%/3032\V

A 4

Figure 4. Coordination sphere of [2-FCeH4sCN4Ss3]* (2e) showing
cation—anion contacts [pm]. All S—F (sum of the van der Waals radii 330
pm)** and C—F (320 pm)*® contacts below the sum of the van der Waals
radii are given.

thus contributes to the experimentally found distortions from
planarity.

Conclusion

Trithiatetrazocine cations [RCN4S3]* (B), the missing link
between the long known valence isoelectronic 1077 eight-
membered heterocycles [SyN4]*t (A) and dithiatetrazocines
RC(NSN),CR (B), were prepared as their [AsFg] ™ salts from
the reaction of bicyclic sulfur—nitrogen heterocycles RCN;sS;
and [Hg(SO,)][AsFg], in liquid SO5. In contrast to previously
published syntheses, which were limited to the trifluoro-
methyl substituted F;CCNsS;, the reaction of bicyclic
RCN;sS; with [Hg(SO,)][AsFe]a can be applied to generate
various [RCN4S;]* cations with both electron-donating (e.g.,
Me;N) and electron-withdrawing (e.g., F3C) substituents.
Crystal structure determinations and theoretical calculations
revealed the [RCN4S;]" cations to be planar or almost planar
10z Hiickel aromatics. In contrast to neutral dithiatetrazo-

cines they remain planar even when carrying the electron-
donating Me,;N group and do not fold to a butterfly like
structure with a transannular S—S bond. Nevertheless, in the
solid state all cations slightly deviate from ideal planarity
because of solid state effects. According to theoretical
calculations the planar [RCN4S;]" cations possess a low-
energy bending mode, with a very small energy difference
between totally planar and slightly bent structures. Electron
donating groups reduce the positive charge on the sulfur—nitrogen
heterocycle, reduce the aromatic character as shown by NICS
calculations, and introduce a small second-order Jahn—Teller
effect. For [Me,NCN,S;5][AsFs] a slightly bent structure is
found by calculations and experimental structure determi-
nation. Recently the 11 radical anions of some dithiatet-
razocines (C) have been generated electrochemically and,
despite half-lives of a few seconds, characterized by ESR
spectroscopy.’! Thus, the corresponding neutral 1177 trithi-
atetrazocine radicals represent a worthwhile target for future
investigations.
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