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The synthetically useful SNSSbFg is prepared, in good yield, from the reactions of S3N,Cl, or SsNsCls with
stoichiometric amounts of AgSbFs and Sg in liquid SO,. SNSShFg crystallizes monoclinic in space group C2/m
(a=9.7402) A, b = 6.644(2) A, ¢ = 5.334(1) A, B = 90.58(2)°, Z = 2). The crystal structure was determined
by standard methods and refined to R* = 0.019 and wR?> = 0.048. The structure consists of discrete linear
centrosymmetric SNS* cations [S-N = 1.4871(10) A] and almost octahedral SbFs~ anions, with weak cation—
anion interactions. The lattice energy of SNSShFs was determined from the volume-based method as 525 + 32 KJ
mol~* and the heat of formation of SNSShFs() has been estimated as —1566 + 24 KJ mol~*. The FT-IR, Raman,
and **N NMR spectra are reported, as well as an in situ study of the reaction of S3N,Cl, with AsFs in SO, solution.

Introduction Critical to the efficient exploration of the chemistry of
SNS' is the availability of a salt which is soluble in a solvent
(e.g., SQ), in which it undergoes the quantitative cycload-
dition reactions described above. The SbCAICI,~, FeCl™,
and CRS(Q;~ salts of SNS have been synthesized from
readily available starting materidl$§,but they are of low
solubility in SQ and do not undergo clean cycloaddition

The simple SNScation is of interest as a linear 16 valence
electron triatomic species (cf. OCO, ONCNNN-, NNO,
SCS), and as a unique reagent in sulfur nitrogen chendistry.
Of particular note is its extensive quantitative, general,
symmetry allowed cycloaddition reactions with unsaturated
centers (cf. nitriles, alkynes, olefins, thiazyl halides, phos-

phaacetyline, and quinones) to give SN&ntaining het- (2) () MacLean, G. K.; Passmore, J.; Rao, M. N. S.; Schriver, M. J.;
erocvclic cations. e 32 White, P. S.; Bethell, D.; Pilkington, R. S.; Sutcliffe, L. H.. Chem.

Y .9, 1 Soc., Dalton Trans1985 1405-1416. (b) Parsons, S.; Passmore, J.;
Sun, X.; Regitz, M.Can. J. Chem.1995 73, 1312-1320 and

SO, references therein. (c) Parsons, S.; Passmore, J.; Schriver, M. J.; White,
SNSMFg + RC =——=E ——— RCSNSE'MF, 1] P. J Chem. Soc., Chem. Commu91, 369-371. (d) Parsons, S.;
Passmore, J.; Schriver, M. J.; Sun,lXorg. Chem1991, 30, 3342~
M = As, Sb E=RC,N,P 3348. (e) Brooks, W. V. F.; Brownridge, S.; Passmore, J.; Schriver,

M. J.; Sun, X.J. Chem. Soc., Dalton Trand996 1997-2009.
(f) Burford, N.; Johnson, J. P.; Passmore, J.; Schriver, M. J.; White,
1 . . . P. J.J. Chem. Soc., Chem. Commad®896 966-968. (g) Passmore,
The 6t RCSNSE cations shown in eq 1 are of special J.; Mailman, A.; Decken, APhosphorus, Sulfur, Silicon Relat. Elem.
interest because they can be reduced to the corresponding 2004 179 977-978. (h) Decken, A; Mailman, A.; Mattar, S. M.;
. ac3 . . Passmore, JI. Chem. Soc. Chem. Comm@005 in press.
7 radicals?® *3 many of which have novel physical proper- (3) (a) Burford, N.; Passmore, J.; Schriver, MJJ.Chem. Soc., Chem.
ties? A large number of cycloadducts of SN&nd corre- Commun. 1986 1;1CH42- (b) Bro?l;fs, W. V.hF.: Burford,hN.;
; ; ; Passmore, J.; Schriver, M. J.; Sutcliffe, L. 8.Chem. Soc., Chem.
sponding radicals can be envisaged. Commun1987, 69-71. (c) Brownridge, S.; Du, H.: Fairhurst, S. A.;
Haddon, R. C.; Oberhammer, H.; Parsons, S.; Passmore, J.; Schriver,

* Authors to whom correspondence should be addressed. Problem M. J.; Sutcliffe, L. H.; Westwood, N. P. Cl. Chem. Soc., Dalton
conception and chemistry (J.P, e-mail passmore@unb.ca); crystallography Trans.200Q 3365-3382. (d) Awere, E. G.; Burford, N.; Mailer, C.;
(T.S.C. e-mail stanley.cameron@dal.ca). Passmore, J.; Schriver, M. J.; White, P. S.; Banister, A. J.; Oberham-

T University of New Brunswick. mer, H.; Sutcliffe, L. H.J. Chem. Soc., Chem. Commud87, 66—

* Dalhousie University. 69. (e) Schriver, M. J., Ph.D. Thesis, University of New Brunswick,
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Preparation of Salt of the Dithianitronium Cation, SNSShf

reactions. SNSShkHhas previously been prepared on a small frit and closed by Teflon in glass valves (Rotoflo HP 6K), using

scale (-0.25 g, 75% yield) by the reduction of CISNSCISbF techniques that have been previously descriBedl in situ NMR

with SnCh and characterized by IR and nitrogen analysis. Studies were performed in Pyrex 10-mm o.d. NMR tubes equipped
We have developed a large scale (25 g) synthesis of thewith J.Young O-ringette valves. Solid reagents and crystals

. : . ipulated in Vacuum Atmospheres Dri-Labs. T
synthetically useful SNSAsFin ca. 85% yield, according ~ Wo'e Manipuiaiec,
to eq 27 However, this requires the use of potentially (28.091 MHz) and®As (68.481 MHz) spectra were recorded on a

. . Varian XL-400 spectrometer at regular intervals and referenced to
8 11b
explosive SN, ® and the very toxic and costly AsF neat nitromethane"{N) and DO/LiAsFs ("®As) at 298 K (details

are given in the Supporting Information). The abbreviations for
the NMR peaks are s for singlet, br for broad, t for triplet, and p
for pentet. FT-IR spectra of Nujol mulls between Csl plates were
recorded on a Thermo Nicolet FT IR 470 spectrometer (32 scans,
resolution 2.0 cmt). FT-Raman spectra were recorded at 172 K
on a Bruker IFS 66 FT-IR equipped with a Bruker FRA106 FT-
Raman accessory using a Nd:YAG laser (emission wavelength,
1064 nm; maximum laser power, 173 mW; 10 000 scans and
resolution 2 cm?). Samples were sealed in melting point capillaries,
and data were collected in the backscattering mode°(&86ita-
tion). Chemical analysis was carried out by the Laboratory of Micro-
analysis, Novosibirsk Institute of Organic Chemistry, Russia. Actual
spectra and supporting information for additional reactions can be
found in the Supporting Information

Theoretical Calculations. The geometry of SNSwas opti-
mized, using the Gaussian98W suite of prografasat the

Materials. AgSbFs (SynQuest Labs, Inc., 99%) was additionally  \pwW1PW912b and B3LYP2¢ levels of theory employing the
purified by dissolving it in liquid S@and filtering through a fine 6-311+G (2df) and 6-313G (d) basis sets, respectively. For
frit in the absence of light, so that the reagent was snow-white. comparison, analogous calculations were obtained for SCS and the
Sulfur (BDH Inc., precipitated) was vacuum-dried before use. resyits are compiled in Table 3. The optimized geometries were
SeN2Clz (with traces of gNsCls, IR) and SN3Cl; were prepared  minima as indicated by the absence of imaginary frequencies in
according to the published proceddfe&0, (Liquid Air, 99.999%) the vibrational analysis. NBO charges were calculated (MPW1PW91/

S0,
Y, S, + SN, + 6 AsF,— 4 SNS Ask + 2 AsF, (2)

We report below convenient preparations and full char-
acterization of SNSSkFrom S$N,Cl, and SNsCl; according
to egs 3 and 4.

S
SN,Cl, + Yy S, + 2 AgSDF, —= 2 SNSSbE + 2 AgCl,

S
SN,Cl + %y S, + 3 AgSDF, — 3 SNSSbE + 3 AgCEI4 )

Experimental Section

was stored over CaHor at least 24 h and freshly distilled prior to
use.

Methods. Reactions were performed in Pyrex two-bulb vessels

(50 mL, unless otherwise stated) incorporating a fine sintered glass

(4) For example see: (a) Du, H.; Haddon, R. C.; Krossing, I.; Rawson, J.
M.; Schriver, M. J.J. Chem. Soc., Chem. Comm&@02 1836-
1837. (b) Fujita, W.; Awaga, K.Sciencel999 286, 261-262.

(c) McManus, G. D.; Rawson, J. M.; Feeder, N.; van Duijn, J.;
Mclnnes, E. J. L.; Novoa, J. J.; Burriel, R.; Palacio, F.; Oliete].P.
Mater. Chem2001, 11, 1992-2003. (d) Barclay, T. M.; Cordes, A.
W.; George, N. A.; Haddon, R. C.; Itkis, M. E.; Mashuta, M. S.;
Oakley, R. T.; Patenaude, G. W.; Reed, R. W.; Richardson, J. F;
Zhang, H.J. Am. Chem. Sod998 120, 352-360. (e) Fujita, W.;
Awaga, K.; Nakazawa, Y.; Saito, K.; Sorai, @hem. Phys. Let2002

352 348-352. (f) Banister, A. J.; Bricklebank, N.; Lavender, I;
Rawson, J. M.; Gregory, C. |.; Tanner, B. K.; Clegg, W.; Elsegood,
M. R. J.; Palacio, FAngew. Chem., Int. Ed. Endl996 35, 2533~
2534; Angew. Chem1996 108 2648-2650.

Ayres, B.; Banister, A. J.; Coates, P. D.; Hansford, M. I.; Rawson, J.
M.; Rickard, C. E. F.; Hursthouse, M. B.; Malik, K. M. A.; Motevalli,

M. J. Chem. Soc., Dalton Tran£992 3097-3103.

(6) Banister, A. J.; Kendrick, A. GJ. Chem. Soc., Dalton Tran§987,
1565-1567.

(7) Antorena, G.; Brownridge, S.; Cameron, T. S.; Palacio, F.; Parsons,
S.; Passmore, J.; Thompson, L. K.; ZarlaidaCan. J. Chem2002
80, 1568-1583 and Supporting Information. (b) Awere, E.; Passmore,
J. J. Chem. Soc. Dalton Trand992 1343-1350 and references
therein.

(8) (a) Villena-Blanco, M.; Jolly, W. Linorg. Synth.1967, 9, 98—102.

(b) Banister, A. Jlnorg. Synth.1977, 17, 197—198.

(9) Commercial Askcosts for 2003: $10,200/1000 g (City chemical LLC)
or $3,202/50 g (ICN Pharma), and a 13-g (90% yield) preparation of
SNSAsk requires~15 g of Asks, given in ref 7b. Commercial AgAsF
costs for 2004: $204.65/5 g (Aldrich). Commercial Agglidr 2004:
$275/100 g (SynQuest).

(10) (a) Jolly, W. L.; Maguire, K. DInorg. Synth 1967, 9, 102-109.
(b) Jolly, W. L.; Maguire, K. D.Inorg. Synth.1967, 9, 109-111.

(11) (a) Desjardins, D.; Passmore,JJ.Fluorine Chem1975 6, 379—
388. (b) Murchie, M. P.; Kapoor, R. Passmore, J.; Schattén&g.
Synth.1996 31, 102-111.

®)

6-31G(d)) from the optimized geometry at the MPW1PW91/
6-3114+-G (2df) level of theory.

Oxidation of S3N,Cl, with AsFs. AsFs (1.899 g, 11.17 mmol)
and SQ (6.90 g) were condensed ontogNgCl, (0.301 g,
1.54 mmol) in bulb 1 of a two-bulb vessel incorporating a 10-mm
NMR tube. After stirring for 15 min at-70 °C, the green-yellow
solution was warmed to r.t. and stirred for a further 12 h. The
solution was cooled te-70 °C and the more soluble fraction was
filtered to bulb 2, leaving~0.3 g of a white insoluble material in
bulb 1. Approximately 5 mL of the solution was poured into an
NMR tube and“N and”®As NMR spectra were acquiredN NMR
(SO, rt) 6 197 [br, SN, 53.9%], 13 [br, (SCHN™, 19.8%],—92
[s, SNS, 26.3%]; all’™N NMR chemical shifts have previously
been determined; see ref 23°As NMR (SO, rt), & 442

(12) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J.
A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.3; Gaussian, Inc.:
Pittsburgh, PA, 1998. (b) Adamo, C.; Barone, VChem. Physl998
108 664—675. (c) Becke, A. DPhys. Re. A 1998 38, 3098-3100.

(13) Gerken, M.; Kolb, P.; Wegner, A.; Mercier, H. P. A.; Borrmann, H.;
Dixon, D. A.; Schrobilgen, G. dJnorg. Chem200Q 39, 2813-2824.

(14) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compoundsith ed.; John Wiley & Sons: New York, 1986.

(15) Sheldrick, G. MSHELX-97 Programs for Crystal Structure Analysis
Release 97-2; Institut ftAnorganische Chemie, Univerditadttingen,
1997.
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[br, AsCl;].13 After four weeks: N NMR (SO, rt), 6 199
[br, SN, 45.7%], 17 [br, (SCPN*, 35.7%] and—95 [s, SNS,
18.6%).

In situ “N NMR Studies of the Reaction of $N,Cl, + AgSbFs
in 1:2 Ratio. A 5—6 mL portion of SQ was condensed onto
SNCl, (0.097 g, 0.50 mmol) and AgSkK0.344 g, 1.00 mmol)
in a NMR tube. The mixture was rigorously shaken to give a brown
solution over a white precipitaté®™N NMR (SO, rt), 6 200
[br, SN*, 4.5%], 11 [br, (SCHNT, 2.1%], —95 [s, SNS, 4.5%)],
—45 [br, SNCI*, 44.9%)],—177 [br, SN,CI*, 44.0%)].

In situ *N NMR Studies of the Reaction of SN,Cl, + 2
AgSbFs + 1/8 . A 5—6 mL portion of SQ was condensed onto
SN.Cl, (0.097 g, 0.50 mmol) and AgSbF0.344 g, 1.00 mmol)
and S (0.016 g, 0.06 mmol) at-78 °C giving a brown-orange
solution. After 0.5 h,“N NMR (SO,, —60 °C) 6 —45 [br,
SNLCI, 4.2%],—95 [s, SNS, 92%)], —178 [br, SN,CI*, 3.8%)];
after 2 h,—95 [s, SNS, 100%]; and after 17 h;-95 [s, SNS,
100%], and minor signals due to hydrolysis producés:—154
[t, =NH], —366 [p, NH,].

Synthesis of SNSSbhgfrom S3N,Cl, + 2 AgSbR + 1/8 S.
The reaction was carried out in a two-bulb vessel incorporating
two 100-mL bulbs and 20-mm o.d. fine frit. $@28.71 g) was
condensed onto a mixture okMCl, (5.99 g, 30.7 mmol) and
AgSbF; (23.04 g, 67.0 mmol) ands%2.46 g, 9.6 mmol) contained
in bulb 1 at—196°C. A red solution formed on warming to ambient
temperature, over a large amount of white precipitate (AgClI). The
mixture was stirred for 48 h, stirring was stopped, and AgCI and
unreacted Swere allowed to aggregate for 12 h. The dark brown

Passmore et al.

(v3 SNS"), 660vs, br 3 SbRs™),14374 s {» SNS"). Raman, cm?,
(assignment): 791w (2, 32SNP*ST), 699s ¢; SNSM), 692w

(v1 3°SN¥S"), 647s ¢1 SbR™), 572w (, SbR™), 287w, 278w

(vs SbR™). Assignments for SNSwere made by comparison with
literature value® and with vibrations of SCS (see footnote b, Table
3). Actual spectra have been deposited in the Supporting Informa-
tion.

Synthesis of SNSSbgfrom S3N3Cl; + 3 AgSbR; + 3/8 S.
SO, (22.53 g) was condensed onto a mixture eN§&l; (1.18 g,
4.8 mmol), AgSbk(4.98 g, 14.5 mmol), ands%0.50 g, 1.9 mmol)
in bulb 1 (100 mL) at—78 °C. A green solution over a white
precipitate was immediately given at r.t. A large amount of a white
precipitate under a yellow-orange solution was observed after
stirring for 48 h. The volume of SQwas reduced to one-half and
the AgCl and unreactedsSvere allowed to aggregate (no stirring).
The soluble fraction was filtered into bulb 2 (100 mL) and the
insoluble product in bulb 1 was washed five times. The crude
SNSSbk in bulb 2 was purified by cooling te-78 °C and filtering
the more soluble impurities to bulb 1. Further purification was
performed according to published procedlyéelding 2.68 g (60%
yield based on $3Cl3) of pure SNSSbE

X-ray Crystal Structure Determination. Light-yellow single
crystals were grown from liquid S{by slow evaporation of the
solvent with a temperature gradient ofG (+5° — 0 °C). A crystal
of SNSSbk having approximate dimensions 0.30 0.33 x
0.10 mm was mounted on a glass fiber. All measurements were
made on a Rigaku AFC5R diffractometer with graphite monochro-
mated Mo ko radiation (0.71069 A). In total 576 reflections were

1 were washed several times and filtered into bulb 2. The amount py girect method$ and expanded using Fourier technigifesll

of SO, was reduced to 5 g, d? g of CRCI (Freon-11) was added.
A dark brown solution (mainly $*, x = 16—22)’° formed over a
yellow solid upon cooling te-78 °C. The cold solution, containing
the more soluble impurities, was carefully filtered back to bulb 1.
Washing was continued until the solid was yellow and the more
soluble impurities filtered to bulb 1. A total of 9.38 g (29.9 mmol,
48% vyield based on $8I,Cl;) of SNSSbk was collected. In a
separate vessel, an additional 5.77 g (18.4 mmol) of purified
SNSSbk was extracte# from the crude material (most soluble
impurities, unreactedg®and AgCl) increasing the overall yield to
78% (see Supporting Information).

Elemental analysis for SNSSgebsd (calcd): S 19.96 (20.43),
N 4.48 (4.46), F 36.38 (36.32). IR, ciy (assignment): 1498s

(16) Beursken, P. T.; Admiraal, G.; Beursken, G.; Bosman, W. P.; de
Gelder, R.; Israel, R.; Smits, J. M. Mlhe DIRDIF-94 Program
SystemTechnical Report of the Crystallography Laboratory, Univer-
sity of Nijmegen, The Netherlands, 1994.

(17) teXsan for Windowsersion 1.06: Crystal Structure Analysis Package
Molecular Structure Corporation: The Woodlands, TX, 1997

(18) (a) Brooks, W. V. F.; Cameron, T. S.; Grein, F.; Parsons, S.; Pasmore,

J.; Schriver, M. JJ. Chem. Soc., Chem. Comma@91, 1079-1081.

(b) Brooks, W. V. F.; Cameron, T. S.; Parsons, S.; Passmore, J.;

Schriver, M. J.norg. Chem.1994 33, 6230-6241.

(19) (a) Kolditz, L.Z. Anorg. Allg. Chenmil 955 280, 313—320. (b) Murchie,

M. P.; Passmore, J.; Sutherland, G. W.; KapoorJRChem. Soc.,
Dalton Trans.1992 503-508.

(20) zalkin, A.; Hopkins, T. E.; Templeton, D. Hnorg. Chem.1966 5,
1767-1770.

(21) (a) Padma, D. K.; Mews, RZ. Naturforsch.1987 42h 699-701.

(b) Isenberg, W.; Homsy, N. K.; Anhaus, J.; Roesky, H. W.; Sheldrick,
G. M. Z. Naturforsch.1983 38h, 808-810.

(22) Furthur washing of the most soluble fraction from the crude mixture
and AgCI precipitate, followed by purification (see experimental)
increases the yields. Alternative purification methods include continu-
ous extraction with CbCl, in a sealed extractor or thermolysis for
high purity (ref 7).

(23) Passmore, J.; Schriver, M.ldorg. Chem.1988 27, 2749-2751.
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atoms were refined anisotropically. Full-matrix least-squares refine-
ment onF? gaveR! = 0.019 andwR2 = 0.048. All calculations
were performed using the teXsan crystallographic software pack-
agel” except for refinement, which was performed using
SHELXL-97. Crystal data are given in Table 1.

(24) (a) Boyle, P. D.; Cameron, T. S.; Passmore, J.; Schatte, G.; Sutherland,

G. W. J. Fluorine Chem1995 71, 217-218. (b) Brownridge, S.;

Cameron, T. S.; Passmore, J.; Schatte, G.; Way, T. Chem. Soc.,

Dalton Trans.1996 2553-2570.

(25) (a) Mews, R.; Wagner, D. L.; Glemser, 2.Anorg. Allg. Chem1975
412 148-154. (b) Isenberg, W.; Mews, . Naturforsch1982 37h,
1388-1392.

(26) If SNS' is treated as spherical then the radius can be determined from
the formula unit volume of e.g. SNSShEV = 0.3452 nrd, Z = 2),
given thatV(SbR)3? = 0.121 nni. Thereforer = 0.231 nm and
r~ = 0.307 nm, hence*/r~ = 0.752. Similarly, SNSAsE(V =
0.3341 nm, Z = 2)*® and V(AsFs )32 = 0.110 nni thereforert =
0.239 nm and~ = 0.297 nm, tham*/r~ = 0.805, and therefore see:
Huheey, J. H. Inlnorganic Chemistry (Principles of Structure and
Reactvity), 2nd ed.; Harper & Row: New York, 1978.

(27) (a) Guenther, A. H.; Wiggins, T. A; Rank, D. Bl.Chem. Physl958
28, 682-686. (b) The uncorrected values @ K were 1.490
(MPW1PW91/6-311G- (2df)) and 1.505 A (B3LYP/6-311-+G(dp)).
These were empirically corrected by multiplying by the ratio of SCS
(experimental)/SCS (calculated).

(28) Nyburg, S. C.; Faerman, C. lActa Crystallogr 1985 B41, 274~
279.

(29) The bond valence v.u. (in valence units) has been defined asv.u.
exp (R, — R)/Bin which Ris the observed distandg; is the covalent
bond distance (bond order 1) of the bond, and is an empirical
parameter. For SF, B = 0.37,R, = 1.60 A. See: (a) Brown, I. D.
In Structure and Bonding in Crystals. Vol. @'Keefe, M., Navrotsky,
A., Eds.; Academic Press: London, 1981; and (b) Brown, ITbe
Chemical Bond in Inorganic Chemistry (The Bond Valence Model)
Oxford University Press: Oxford, 2002.

(30) Johnson, J. J.; Passmore, J.; White, P. S.; Banister, A. J.; Kendrick,
A. G.; Acta Crystallogr.1987, C43 1651-1653.

(31) Faggiani, R.; Gillespie, R. J.; Lock, C. J. L.; Tyrer, Jlilorg. Chem.
1978 17, 2975-2978.



Preparation of Salt of the Dithianitronium Cation, SNSShf

Table 1. Crystallographic Data for SNSbR~

empirical formula SNSShf
formula weight 313.87
a(A) 9.740(2)
b (A) 6.644(2)
c(A) 5.334(1)
p (deg) 90.58(2)
V (A3) 345.2(1)
z 2

space group C2/m(No. 12)
T (°C) —-90.0
1A 0.71069
Dcalc (g/cn?) 3.019

u (Mo Ka) (cm™3) 46.36

R! 0.01%
WR2 0.04&

ARL =3 [|Fo| — [Fll/Y |Fol PWRE = [T (W(Fo2 — FcA)A/Y W(Fe?)?] V2

Results and Discussion

This work was initiated by an attempt to prepare a solution
of SNSAsk and SNAsE (S3N2(AsFs), in the solid state) by
reaction of SN,Cl, with an excess of AsFin liquid SO,

(cf. synthesis of N (AsFs), from SN,FAsSK and Ask)*®
according to eq 5.

S
SIN,Cl, + 3 ASF, ——> 2 SN,(ASFy), + 1/2 ASCLASF, (5)

The reaction proceeded as predicted; however the'SNS
in solution was slowly chlorinated to CISNSClby
AsCl,AsFs which is in equilibrium with Ask and Ch
(SOLCI in SG; solution)®

We therefore attempted the removal of all chlorine by
reaction of N,Cl, (SN.CITCI7)?° with greater than two
equivalents of AgSbf however, only the more anionic
chloride was removed as AgCl (eq 6}.

S;NLCl, + AgSbF; -t S;NLCISbR; +AgCl (6)
Reaction of gN.Cl, with a slight excess ~10%) of
elemental sulfur and AgShkRccording to eq 3 removed both
chlorine and led to pure SNSShk recovered yield@ of
~80% on a 15-g scale. ThEN NMR yields are almost
quantitative.

The reaction of $\3Cl; with an excess of AgME(M =
As, Sb) in liquid SQ leads to a complex mixture that likely
contains sulfur-nitrogen—chlorine cations, and not SNME
However, with the addition of sulfur the reaction proceeds
almost quantitatively'N NMR) according to eq 4 (2.68 g,
60% isolated yield§.

Elemental sulfur adds across the-Gl bond in SC§*
(MFs~ salts) to give CISSSet quantitatively* and similar
results were observed with$:Cl; (see Supporting Informa-
tion). It is likely that the reactions (eqs 3 and 4) also proceed
by addition of sulfur to the SCI bond of the gener-
ated sulfur-nitrogen-chlorine cation (eg., $I,.CIt or
S:N3ClL1).25 S5NLCl, is easily prepared in sufficient quantities
and purity, and it affords the more efficient route to SNSSbF
with greater overall yield.

X-ray Crystal Structure. SNSSbk is isomorphous to
SNSAsk. Both have ions packed in a CsCl type array
(Figure 1), consistent with the relative size of the iéhghe

Figure 1. Unit cell of SNSSbE.

Figure 2. S—F contact distances (in A) between SN&nd Sbi .

Table 2. Compilation of the SF Contacts and Corresponding Valence
Units

contact value, A v.u. (ref 29) NS—F angle
S(A)-F(1p 3.030(21) 0.078 153.8
S(1)-F(2) 3.011(28) 0.080 120.5
S(1)-F(1P 3.489(5) 0.046 104.3
S(1)-F(2) 3.380(1) 0.052 89.1
S(1)-F(1F 3.210(5) 0.063 67.3
S(1)-F(1y 3.432(19) 0.049 59.6

Symmetry operatorsa = x, y, z b =05—-x 05+ vy, —z c =
05-x05+y,1-2zd=05+x05-y,ze=05+x05+y,z

Sbk~ anion is almost octahedral (S 4 x 1.871(17) and

2 x 1.866(2) A, F-Sb—F, 89.52(13)90.48(13}) consistent
with the vibrational spectrum which shows an octahedral
SbR~. The centrosymmetric SNShas an SN bond
distance of 1.4871(10) A at 183 K similar to previously
determined values. Correction for vibrational motion will
increase the bond length. Consequently, the experimental
bond length of the SN bond 1.49 A, compared in Table 3,
for the simple binary SNS [MF¢~, M=As, Sb] is a
reasonable bench mark for a sulfumitrogen double bond
and bond-order of 2. The calculated (gas phase) distances
are in good agreement with those found in the solid state,
when empirically corrected, giving values of 1.491
(MPW1PW91/6-3116 (2df)) and 1.495 A (B3LYP/
6-311H-+G (dp))?” The vibrational frequencies for different
salts are also very similar, implying that the expected greater
donation of electron density into the SNEUMO by more
basic anions has no observable effect on the 'Sj®metry.
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Table 3. S—N Bond Distances and Fundamental Vibrational Frequencies of Varioug Sk and the Calculated Gas Phase Values

S-N
T distance 1 Vo V3
salt (K) A (Raman) (IR) (IR)
SNSAsk 130 193 1.480(3) 696 374 1494
SNSSbR? 183 1.4874(10) 698 374 1498
SNSSbCy3t 296 1.463(4) 688 374 1498
SNSShC§ 692 375 1498
SNSAICL32 192 1.472(5) 380 1494
SNSF (MPW1PW91/6-3116-(2df))° 0 1.498 711 401 1509
SNS' (B3LYP/6-31H-G(d)y 0 1.495% 712 388 1500

aThis work.? The experimental vibrational frequencies for carbon disulfide (3G8¢v 1 (R) 657 (SCS)y 1 (R) 648 £2S C4S),v 1 (IR) 397 ¢2S C4S),
2v 5 (R) 796 £2S C¥S) andv 3 (IR) 1523 (SCS)¢ The reported calculated vibrational frequencies equal calculated value multiplied by C8Section
factor 0.98.¢ Previously calculated values 1.482 (HF/STO-3&*),.474 (HF/6-31G*J%2and 1.478 (HF/3-21G*§2b

Each sulfur atom makes 11 weak contacts with the surround-

ing fluorine atoms, illustrated in Figure 2 and compiled in
Table 2. The shorter contacts are along the SK8s, while
the longer contacts are perpendicular to this axis. This is
consistent with Nyberg® anisotropic van der Waals radius
of the sulfur atom in &S groups: 2.03 A at 90to the
C=S axis, and 1.60 A along the axis.

The sum of the valence units (0.66 v.u.) of theFS

from the experimental volume (Table 1). The heat of
formation of SNS g is —1023+ 39 KJ mol?, derived from
the heat of formation of SNSAsf, (—1414+ 2 KJ mol?),%
lattice potential (530 32 KJ mol?), and heat of formation
of AsFs™ (g (—1907 &+ 22 KJ molt). Therefore, given the
heat of formation of Sbf ) (—2070+ 6 KJ mol )3 we
can estimate the heat of formation of SNS§hFas
—1566 + 24 kJ/mol. This value will aid in predicting the

contacts to each of the sulfur atoms is consistent with the feasibility of future reactions of SNSShF

calculated (MPW1PW91/6-31G(d)) NBO charge of 0.86 on

the sulfur atoms. There are no contacts with nitrogen less

than the sums of the major anisotropic van der Waals radii
of N and F (2.98 A, respectivelp consistent with the
calculated NBO charge of0.72 on nitrogen. We note that
the calculated charge is contradictory to the full positive
charge given by the simple valence bond structure for'SNS
A complete description of the total electron charge density
and bonding in the simple SNSvarrants further investiga-
tion.

Estimated Lattice Potential and Standard Heats of
Formation for SNSSbks). The high quality structure of
SNSSbk allows us to derive valuable thermodynamic
estimates for the prediction of the energetics of further
reactions, using simple BorrFajan—-Haber cycles and the
relationship between lattice potential and molecular volume
according to the equation

Upot= D M (V"3 + ) KI mol ™

wherea and g for 1:1 salts are 117.3 KJ mdl nm and

51.9 KJ moft?, respectively,ng is the number of ions of
chargez in the formula unit, and/ (nn?) is the molecular
(formula unit) volume of the saft. This leads to the lattice
potential of SNSShig) (525+ 32 KJ mol?) as determined

(32) Thewalt, V. U.; Berhalter, K.; Mier, P.Acta Crystallogr.1982 B38
1280-1282.

(33) (a) Gimarc, B. M.; Warren, D. $norg. Chem1991, 30, 3276-3280.
(b) Grein, F.Can. J. Chem1993 71, 335-340.

(34) (a) Jenkins, H. D. B.; Roobottom, H. K.; Passmore, J.; Glasser, L.
Inorg. Chem.1999 38, 3609-3620.
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Conclusion

We have shown that SNS as its synthetically useful
SbhR~ salt, can be prepared on a 15-g scale, in good yield,
by a simple route from $8I,Cl,, 2 AgSbF, and $ according
to eq 3, replacing the previous method that required the use
of toxic and not readily available AsFand potentially
explosive 3N4. Thus, this preparative route makes the very
versatile reagent SNSaccessible to a much wider group of
researchers than hitherto, and lays the foundation for an
expanded exploration of its chemistry.

Acknowledgment. We are grateful to the Natural Science
and Engineering Research Council of Canada (NSERC) for
financial support. We acknowledge Prof. A. V. Zibarev for
assisting with elemental analysis, and Laboratory of Micro-
analysis, Novosibirsk Institute of Organic Chemistry, Russia
for carrying out the actual analyses. We also thank Dr. N.
Burford and H. Phillips of Dalhousie University for
FT-Raman spectra and Dr. Carsten Knapp for helpful
discussion.

Supporting Information Available: Experimental details,
additional results, and NMR data (pdf), and crystallographic
information (cif). This material is available free of charge via the
Internet at http://pubs.acs.org.

1C0483139

(35) O'Hare, P. A. G.; Awere, E. G.; Parsons, S.; Passmor&, Ghem.
Thermodyn1989 21, 153-158.

(36) (a) Jenkins, H. D. B.; Roobottom, H. K.; Passmordndrg. Chem.
2003 42, 2886-2893. (b) Jenkins, H. D. B.; Krossing, I.; Passmore,
J. J. Fluorine Chem2004 125, 1585-1592.





