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dithiolato Complexes of Antimony-(i1) and -(v)t
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Anaerobic treatment of SbCl, with 1,2-(LiS),C;H, provided a reliable route to [Sb(1.2-S,C H,),]
which in turn produced [Sb(1,2-S,C.H,),]” on reaction with 1,2-(HS),C,H, and O, in very good yields
(INEt,]* salt, ca. 82%). Tetraalkylammonium salts of [Sb(1,2-S,C.H,),]” were isolated after metathesis
with either [NEt,]Br ([NEt,]* salt, ca. 72%) or [NBu",]I ([NBu",]* salt, ca. 90%). Slowly cooling hot
MeCN solutions of [NEt,]{Sb(1.2-S,C,H,).] gave yellow single crystals. This compound is the first
structurally characterized anionic thiolate complex of Sb™. In its structure the stereochemical influence
of the lone pair of electrons leads to a distorted ¥-trigonal-bipyramidal environment [S,-Sb-S,,
168.95(3), S,,~-Sb-S,, 105.08(3)°], however, the degree of distortion is less severe than expected for
a complex with a normalized bite (b) of 1.31. Dark purple single crystals of [NEt,][Sb(1,2-S,C,H,),]
were obtained by slowly cooling hot MeCN-MeOH solutions. The co-ordination geometry about Sb
is slightly distorted from octahedral with a twist angle of 49.22(3)° and most structural parameters are

within 10% of octahedral values.

Complexes of Sb containing sulfur-donor ligands have been
known for many years, and have been used in applications
ranging from pharmacological activity to technical uses in
catalytic processes.! Even though several homoleptic thiolate
complexes of Sb have been structurally characterized, the
number of complexes containing four-co-ordinated Sb™ or six-
co-ordinated Sb" is very limited.

Interest in homoleptic thiolate complexes of Sb™ is directed
towards gaining insights into the stereochemical influence of
the lone pair of electrons on the co-ordination geometry.
Neutral tris(1,1-dithiolene) complexes, where 1,1-dithiolene is
S,CNR,, S,COR, S,PR, or S,P(OR), and R denotes alkyl or
aryl groups, dominate structural studies on thiolate complexes
of Sb™M.2 Generally, a co-ordination number of at least six is
observed which is often increased by intermolecular Sb..-S
or Sb - - « Sb interactions. With some variation, three different
descriptions for the SbSy core have been used for these
complexes: (1) monomeric pentagonal pyramidal, with an
apicial lone pair of electrons; (2) dimer of two pentagonal
pyramids, wherein cofacial pentagonal planes are joined by
Sb..-S contacts trans to the apical position; and (3) as a
distorted icosahedron in which a Sb, unit is imbedded ina S, ,
shell. Two prominent features of these complexes are the steric
requirements of an antimony lone pair of electrons, leading to
pentagonal-pyramidal co-ordination, and the tendency of Sb
to expand its co-ordination via intermolecular interactions.
Thiolate complexes with a four-co-ordinated Sb™ are lacking
which would allow further study of the stereochemical influence
on a less-constricted environment. To the best of our knowledge
only one such antimony(in) complex has been reported,3
[Sb(S,CNBu,),]".

To our knowledge [PPh,][Sb(3,4-S,C,H;Me),] is the only
fully described* thiolate complex of six-co-ordinated SbY; in
addition [AsPh,][Sb(1,2-S,C¢H,);] has been briefly men-
tioned ° with only the twist angle of 48.2° being reported. In
[PPh,][Sb(3.4-S,CcH;Me),] the SbS, core is slightly dis-
torted away from octahedral: cis-S-Sb-S angles, 83.8(10)-
97.3(9); trans-S-Sb-S angles, 166.6(12)-172.3(11); twist angle,
48.4°. Structural data for main group [M(dithiolene);] com-
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plexes are limited, however, the co-ordination geometry of
each example so far examined being close to the octahedral
limit.*® The data are in accord with Kepert’s potential-energy
calculations, ca. 49° twist angle for a normalized bite of
ca. 1.30,7 suggesting steric considerations are important in
determining the co-ordination geometry of these complexes. In
contrast, most transition-metal [M(dithiolene);] complexes
have a geometry closer to the trigonal-prismatic limit where
twist angles are between 18 to 0°,7 although at least one
example is unusually close to octahedral.® For such complexes
electronic factors are considered to determine the structure.

Complexes containing Sb and S,C¢H, derivatives have
received little attention. Some of the early work ® employed 3,4-
(HS),CH;Me for the qualitative analysis of antimony cations,
which took advantage of the difference in colour for the com-
plex anions '° of Sb™ {yellow, [Sb(3,4-S,CcH;Me),] } and Sb¥
{red, [Sb(3,4-S,Cc,H;Me);]}. Both these complexes were
prepared from aqueous solutions of SbCl; and 3,4-(HS),C¢H 5-
Me-NaOH, however Kisenyi et al.* later report their inability
to isolate [Sb(3,4-S,C¢H;Me),]". Other derivatives of [Sb-
(dithiolene),]”, where dithiolene is 1,2-S,C,H,, 1,2-S,CcH,-
Bu',-3,5 or 1,2-S,C,(CN),, were prepared in non-aqueous
media and structural assignments of either square pyramidal or
Y-trigonal bipyramidal were made based on NMR and IR
data.ld'll'lz

In this paper we report syntheses, molecular structures,
electrochemical behaviour and spectroscopic data for [NEt,]-
[Sb(1,2-S,C¢H,),] and [NEt,][Sb(1,2-S,CcH,);].

Experimental

Chemicals and Instrumentation.—All reagents were newly
obtained from commercial sources and used without further
purification except where noted. Ferrocene, [NBu", J[PF¢], 1.6
mol dm=3 LiBu" in C¢H, ,, Na and CaH, were obtained from
Aldrich, SbCl; from Strem Chemicals and P,O5 and Ph,CO
from Baker Chemical. The compound 1,2-(HS),C H, was
prepared by literature methods.!® All solvents were procured
from Fisher and distilled: Et,O and tetrahydrofuran (thf) from
sodium-benzophenone; dimethylformamide (dmf), CH,CI,
and CHCI, from P,0,; MeOH and EtOH from Na; and MeCN
from CaH,; dmf was deoxygenated by vacuum distillation. The
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salt [NBu",J[PF¢] was recrystallized from hot EtOH. Proton,
13C, and '3C attached proton test NMR spectra were obtained
using a Varian VXR-400 FT-NMR spectrometer, UV/VIS
spectra on a Varian Cary 5 UV/VIS/NIR spectrophotometer.
Cyclic voltammograms were obtained on a BAS CV 1B cyclic
voltammograph and thin-layer electrochemical studies em-
ployed a BAS CV-27 instrument. Elemental analyses were
carried out with a Perkin-Elmer CHN elemental analyzer 2400.
All experimental work was done under an inert atmosphere,
except where noted.

Syntheses.—(NEt,][Sb(1,2-S,C¢H,),]- A solution of LiBu®
(2.5 cm3, 4.0 mmol, 1.6 mol dm™ in C¢H,,) was added
dropwise to a solution of 1,2-(HS),CsH, (0.30 g, 2.1 mmol) in
degassed MeOH (10 cm?), which was cooled to —78°C in
an EtOH-solid CO, bath. After slowly warming to room
temperature a solution of SbCl; (0.23 g, 1.0 mmol) dissolved in
MeOH (10 cm?®) was added dropwise. The resultant yellow-
orange mixture was stirred for 24 h and then treated with
[NEt,]Br (0.24 g, 1.2 mmol) dissolved in MeOH (10 cm?). A
yellow solid precipitated which was filtered off and dried in
vacuo. Recrystallization from hot MeCN provided pale yellow
single crystals (0.385 g, 0.72 mmol, 72%, based on SbCl;), m.p.
158-159 °C (from MeCN) (Found: C, 45.3; H, 5.5; N, 2.9.
C,oH,3NS, Sbrequires C, 45.1; H, 5.3; N, 2.6%). A,,,,/nm (0.08
mmol dm™3, in MeCN): 246, 308 (8800) and 384 (g/dm* mol™
cm™ 1600). v,,,.(KBr) 3037, 2981, 1543, 1481, 1437, 1435, 1412,
1393, 1261, 1238, 1173, 1097, 999, 787, 752, 652, 470 and 432
cm™. §,,(400 MHz, CD,CN, 21 °C) 7.18 (4 H, m, S,C-H,), 6.71
(4 H,m, S,CcH,), 3.12(8 H, q, NCH,CH;) and 1.17 (12 H, tt,
NCH,CH;). §c{'H}(101 MHz, CD,CN, 21°C) 144.61
(S,CqH,), 130.18 (S,C¢H,), 123.31 (S,C¢H,), 52.98 (NCH,-
CH;) and 7.64 (NCH,CH,;).

[NBu" J[Sb(1,2-S,CcH,),]. The synthetic procedure was
identical to that described above except that in the metathesis
step [NBu", ]I (0.44 g, 1.2 mmol) was used. The product was
recrystallized from hot MeCN to give yellow crystals in ca. 909,
isolated yield, m.p. 126-128 °C (from MeCN) (Found: C, 51.1;
H, 6.9; N, 2.2. C,gH,,NS,Sb requires C, 52.2; H, 6.9; N, 2.2%().
84(200 MHz, CDCl;,, 21 °C) 7.22 (4 H, m, S,CH,), 6.67 (4 H,
m, S,C¢H,), 2.97 (8 H, t, NCH,CH,CH,CH,;), 1.32 (16 H, m,
NCH,CH,CH,CH,) and 0.90 (12 H, m, NCH,CH,CH,CH);
(CD,Cl,) 7.22 (4 H, m, S,CcH,), 6.72 (4 H, m, S,C,H,), 2.98
(8 H, t, NCH,CH,CH,CH,), 1.40 (16 H, m, NCH,CH,-
CH,CH,3) and 1.00 (12 H, m, NCH,CH,CH,CH,); (400 MHz,
CD;CN) 7.18 (4 H, m, S,C¢H,), 6.71 (4 H, m, S,C¢H,), 3.04
(8 H, t, NCH,CH,CH,CH,), 1.54 (8 H, m, NCH,CH,-
CH,CH,), 1.32 (8 H, m, NCH,CH,CH,CH,;) and 0.94
(12 H, m, NCH,CH,CH,CH,). §.{'H}(50 MHz, CD,Cl,,
21 °C) 143.69 (S,CcH,), 129.74 (S,C¢H,), 122.88 (S,C¢H.),
59.13 (NCH,CH,CH,CH,), 24.29 (NCH,CH,CH,CH,),
20.09 (NCH,CH,CH,CH,3) and 13.84 (NCH,CH,CH,CH,);
(101 MHz, CD;CN) 144.57 (S,C¢H,), 130.14 (S,C¢H,), 123.27
(S,C¢H,), 59.20 (NCH,CH,CH,CH;), 24.25 (NCH,CH,-
CH,CH,3), 20.25 (NCH,CH,CH,CH;) and 13.78 (NCH,-
CH,CH,CH,).

[NEt,][Sb(1,2-S,CcH,);]. (@) 2:1 Ratio of 1,2-(HS),CsH,
to SbCly in air. In a typical experiment, 1,2-(HS),C¢H, (0.27 g,
1.9 mmol) dissolved in MeOH (10 cm?®) was added dropwise to
a solution of NaOMe (20 c¢cm?, 11 mmol, 0.53 mol dm™ in
MeOH). Afterwards SbCl; (0.23 g, 1.0 mmol) dissolved in
MeOH (10 cm?®) was added dropwise. The colourless solution
turned yellow, then orange and finally became a deep red to
purple. The reaction mixture was stirred overnight and then
treated with [NEt,]Br (0.36 g, 1.8 mmol) dissolved in MeOH
(10 cm?). The slowly formed fine precipitate was filtered off and
dried in vacuo. The filtrate was cooled to —20°C for 24 h
whereupon purple single crystals deposited in low yields (10—
209, based on SbCl,).

(b) 3:1 Ratio of 1,2-(HS),CcH, to SbCl; in air. In a typical
experiment, 1,2-(HS),C¢H, (0.43 g, 3.0 mmol) dissolved in
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MeOH (10 cm3) was added portionwise to a solution of
NaOMe (6.0 cm3, 3.2 mmol, 0.53 mol dm™3 in MeOH) and
then stirred for 0.5 h. Upon adding SbCl; (0.23 g, 1.0 mmol)
dissolved in MeOH (10 cm?), the former colourless solution
turned yellow to orange, then purple and finally a fine
precipitation was formed. After stirring for 24 h the precipitate
could be redissolved by adding 0.53 mol dm—3 NaOMe-MeOH
solution (ca. 1.5 cm?). Dropwise addition of [NEt,]Br (0.22 g,
1.1 mmol) in MeOH (10 cm?®) was accompanied by the
formation of a purple solid. After stirring overnight the purple
precipitate was filtered off and dried in vacuo. This procedure
led to the crude product (0.56 g, 0.83 mmol). Recrystallization
from MeCN-MeOH (1:1) gave almost black platelets suitable
for X-ray crystallography (0.20 g, 0.30 mmol, 30% based on
SbCly), m.p. 175-176 °C [from MeCN-MeOH (1:1)] (Found:
C,46.5; H, 4.8; N, 2.1. C,4H,,NS,Sb requires C, 46.4; H, 4.8,
N, 2.1%). Apa/nm (0.23 mmol dm™ in MeCN): 252 (17 900),
312 (5000) and 488 (¢/dm> mol™* cm™ 2700). v,,,,(KBr) 3040,
2971, 1547, 1481, 1439, 1393, 1258, 1242, 1169, 1096, 1038, 999,
941, 783, 752, 741, 656, 470 and 432 cm™. §,(400 MHz,
CD;CN, 21 °C) 7.31(6 H, m, S,CcH,), 6.89 (6 H, m, S,C¢H,),
3.12 (8 H, q, NCH,CH,) and 1.18 (12 H, tt, NCH,CH,).
dc{'H}(101 MHz, CD;CN, 21 °C) 141.32 (S,C¢H,), 128.54
(S,C¢H,), 124.52 (S,C¢H,), 52.93 (NCH,CH,) and 7.57
(NCH,CH,).

(¢) 1:1 Ratio of 1,2-(HS),C¢H, to [NEt,][Sb(1,2-S,CcH,),]
excluding moisture. In a typical experiment, 1,2-(HS),C¢sH,
(0.058 g, 0.41 mmol) and [NEt,][Sb(1,2-S,CcH,),] (0.18 g,
0.34 mmol) were dissolved in degassed MeCN (15 cm?). A slow
stream of O, was passed through the pale yellow solution which
turned purple within 3 h and finally after 24 h became almost
black. The reaction mixture was stored at —20 °C for 24 h and
the deep purple microcrystalline solid filtered off and dried in
vacuo {0.19 g, 0.28 mmol, 82% based on [NEt,][Sb(1,2-
S,CeHy), 1}, m.p. 175-177 °C (from MeCN).

Crystallography.—Crystal data. [NEt J[Sb(1,2-S,CcH,),],
C,oH,sNS,Sb, M, = 532.46, monoclinic, space group P2,/c,
a = 10.600(2), b = 14.222(2), ¢ = 15.913(3) A, B = 106.35(1)°,
U = 2302(1) A3 D, = 1.50 g cm™, F(000) = 1080, Z = 4,
D, =15gem3,pu=156cm™.

[NEt,[Sb(1,2-S,C¢H,)3], C,6H3,NSSb, M, = 672.69,
monoclinic, space group P2,/c, a = 12.363(2), b = 11.332(1),
c=207723) A, B = 92.18(1)°, U = 2908(1) A3, D, = 1.48 ¢
cm3, F(000) = 1368,Z = 4, D, = 1.54gcm™>,p = 13.8cm 1.

Single crystals of [NEt,][Sb(1,2-S,C¢H,),] ([NEt,][Sb(1,2-
S,C¢H,);]) selected for data collection were mounted with
‘super glue’ on a glass fibre. X-Ray diffraction data were
collected with an Enraf-Nonius CAD-4 diffractometer
[graphite monochromated, A(Mo-K«) = 0.71073 A] in the
®—-20 mode, to a maximum 20 of 52°. The unit-cell dimensions
and their standard deviations were derived from a least-squares
fit of the setting angles of 25 centred reflections in the range
11 <0 < 14° (9 < 6 < 14°). The intensities of three standard
reflections were measured every 50 (42) min, indicating a total
loss of intensity of 1.3 (1.9%). Anisotropic decay corrections
were applied with correction factors on I ranging from 0.993 to
1.041 (0.968 to 1.038). The raw intensity data were corrected for
Lorentz and polarization effects. An empirical absorption
correction (y scan) was applied to the data set. A total of 4971
(6290) reflections were measured, of which 3682 (4558) with
F.2 > 3.00(F,)* were used in the calculations.

Solution and refinement. All calculations were performed on
a VAX 3100 computer using MolEN.'* In each case the
observed systematic absences were consistent with the
monoclinic space group P2, /c. Starting models for both
structures were provided by the heavy-atom method (Patterson
function). In both cases they were further developed to final
structure models with anisotropic thermal parameters for the
non-hydrogen atoms and isotropic thermal parameters for
hydrogen atoms. Refinement included a secondary extinction
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coefficient, 5 x 1077 (2 x 1077). The final full-matrix least-
squares refinement cycles included 348 (436) variable par-
ameters and converged with R = EJ|F0| — |F/ZIF, =
0.024 (0.024) and R = [Zw(F,| — |F.))*/Zw|F,*]* = 0.03]
(0.035). The function minimized during refinement was Tw-
(IF,] — |F.)? w = 4F,*/o*(F,)%. Atomic scattering factors for
spherical neutral free (non-H atoms) or bonded (H) atoms as
well as anomalous scattering contributions were taken from ref.
15. Tables | and 2 show the final positional parameters and
selected bond distances and angles for [NEt,][Sb(1,2-
S,C¢H,),]. Tables 3 and 4 for [NEt,][Sb(1,2-S,CcH,);]-
Additional material available from the Cambridge Crystal-
lographic Data Centre comprises H-atom coordinates, thermal
parameters and remaining bond lengths and angles.

Cyclic Voltammerry.—The cyclic voltammetry apparatus
consisted of a potentiostat with potential-scan capability, a
voltameter and an electrochemical cell. A three-electrode
system was used!® comprising a platinum disc working
electrode, platinum wire auxiliary electrode, Ag-AgCl reference
electrode, and 1.0 mol dm™ solutions of [NBu",][PF] as
electrolyte in MeCN or dmf. The electrochemical cell was
constructed in a dry-box. In a typical experiment: 14 mg (18 mg)
of [NEt,][Sb(1,2-S,C¢H,),] ([NEtJ[Sb(1,2-S,C¢H,);]) was
dissolved in electrolyte solution (25 cm?®) providing a sample
concentration of 1073 mol dm™3. Test solutions (10 cm?) were
transferred to the electrochemical cell and a slow constant
stream of argon was blown above the solution during the
measurement. Scans started at + 1.0 (+0.3 V) with a scan rate
of 50 (50 mV s') to —1.5 (—1.3 V). Background scans with
electrolyte were carried out in these regions.

Results and Discussion

Synthesis and General Consideration.—Antimony(im) chlor-
ide reacts with solutions of 1,2-(MS),C¢H, to afford M[Sb(1,2-
S,C¢H,). ] (x = 2 or 3; M = Li or Na). The outcome of these
reactions (see Scheme 1) 1s strongly influenced by the presence
of moisture and oxygen. When reaction of 1,2-(MS),C¢H,
(M = Li or Na) and SbCl,, in either a 1:2 or 1:3 ratio, is
conducted aerobically [Sb(1,2-S,C¢H,);]" is the only isolated
product. Even under optimum conditions the isolated yield is
under 30%,. In addition, sparging the reaction mixture with air,
to maintain a higher oxygen concentration, proved to be
detrimental because the isolated yield dropped to 10%.
Furthermore, aerobic purification is hampered by the presence
of several impurities, most notably an insoluble amorphous
orange material. This orange material is probably Sb,S,
which, in addition to Sb,0,, has been suggested as a
decomposition product for thiolate complexes of Sb, 2¢:17:18

Under anaerobic conditions, the reaction of SbCl; with 2
molar equivalents of 1,2-(LiS),C¢H, followed by metathesis
with either [NEt,]Br or [NBu",]I yields a yellow precipitate
of [NEt,J[Sb(1,2-S,C¢H,),] (ca. 72% yield) or [NBu",]-
[Sb(1,2-S,CcH,),] (ca. 90%, yield), respectively. These tetra-
alkylammonium salts are soluble in dmf and MeCN,
exhibit modest solubility in CHCl; and Me,CO, and are
insoluble in water, MeOH, Et,O and thf. While solid samples of
[NR,I[Sb(1,2-S,C¢H,),] (R = Et or Bu™) are stable to air,
solutions are modestly air sensitive. When heated to ca. 156 °C
crystals of [NEt,][Sb(l,2-S,C¢H,),] change from yellow to
red. As this occurs very close to the melting point (158-159 °C)
we have not been able to determine whether it is caused by a
phase change, a decomposition or is just a melting feature. The
[NBu",]" salt exhibits the same behaviour at its melting point
of 126-128 °C. The UV/VIS spectrum of [Sb(1,2-S,C¢H,),]
(MeCN) showed three maxima at 246, 308 and 384 nm due to
charge-transfer interactions between Sb and sulfur. The
analogous red complex [Bi(1,2-S,C¢H,),]” exhibits similar
maxima at 246, 314, 366 and 448 nm.'® Cyclic voltametry on
[NEt,J[Sb(1,2-S,C¢H,),] (MeCN) revealed an irreversible
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Scheme 1 (i) 1,2-(LiS),C¢H,, anaerobic, yield 72-90%; (if) 1,2-
(LiS),CgHy,, aerobic, <30%; (iii) 1,2-(HS),CcH,. O,, 82%

oxidation wave with a peak potential of ca. 0.45 V (uvs.
Ag-AgCl). Two reduction waves of much lower intensity could
be observed at ca. —1.0 and ca. —0.65 V, which are coupled to
the former oxidation wave. Changing the solvent from MeCN
to dmf provided an oxidation wave at a peak potential of ca.
0.47 V coupled to a single reduction wave at ca. —0.69 V of
almost the same intensity.

With the synthesis of [Sb(1,2-S,C¢H,),] improved we
redirected our attention to improving the preparation of
[Sb(1,2-S,C¢H,)3]". Bearing in mind that in the presence of
traces of air a solution of the former slowly converts into a
solution of the latter, we examined the reaction of [Sb(1,2-
S,C¢H,),]" and 1,2-(HS),C¢H, in the presence of dry O,.
Using this procedure a dark purple precipitate of [NEt,]-
[Sb(1,2-S,CH,);] can be isolated in 82%; yield. The physical
properties of [NR,]J[Sb(1,2-S,C¢H,);] are very similar to
those of [NR,]J[Sb(1,2-S,C¢H,),]. The electronic spectrum
(MeCN) contains maxima at 224, 252, 312 and 488 nm. It is
interesting that the absorption coefficient at 488 nm is
significantly smaller than the corresponding value* of [Sb(3,4-
S,C¢H;Me);]". In comparison to transition metal [M(1,2-
S,C¢H,);] complexes >* the absorption coefficient is also much
lower. Although the solid-state structure of [Sb(1,2-S,CcH,);]
is close to octahedral, the UV/VIS spectrum showed an intense
absorption in the visible region, which according to Schrauzer’s
studies2° is indicative of trigonal-prismatic co-ordination
geometry. Cyclovoltammograms (MeCN) contain an irre-
versible reduction wave at a peak potential of ca. —1.0 V (vs.
Ag—AgCl) coupled to an oxidation wave of low intensity at ca.
+0.16 V.

Crystal Structures.—Structural analyses of [NEt,]J[Sb(1,2-
S,C¢H,),] and [NEt,][Sb(1,2-S,C¢H,)3] by X-ray crystallog-
raphy reveal the presence of discrete [Sb(1,2-S,CcH,) ] (x =
2 or 3) anions and [NEt,]* cations; shortest intermolecular
Sb---S interactions are greater than 5.4 A. Both monomeric
anions consist of an Sb atom solely co-ordinated by the sulfur
atoms of 1,2-S,C¢H, ligands. Bond distances within the latter
are very similar to those found in [M(1,2-S,C¢H,);1*> (M =
Ti, Zr or Ta) and are interpreted as indicating dithiolato, rather
than dithioketonic,! character. In the present cases the S,CgH,
fragments are almost planar (£0.1 A) while the SbS,Cq
moieties are bent about the S - - + S vectors: [Sb(1,2-S,C¢H,),],
7.3(1), 15.2(1); [Sb(1,2-S,CeH,)5]1, 12.4(1), 15.1(1), 22.0(1)°.

[NEt,][Sb(1,2-S,CcH,),]. Recrystallization of the complex
from hot MeCN provides pale yellow crystals suitable for X-ray
crystallography. Fig. 1 shows the molecular structure of the
anion along with the numbering scheme. The Sb™ is chelated
by two 1,2-S,CH, ligands thereby providing the only example
of an anionic complex containing an SbS, core.

The co-ordination geometry about Sb is distorted P-trigonal
bipyramidal 22 with an equatorial position occupied by the lone
pair of electrons of the Sb'™. Approximately, the SbS, core has
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Table 1 Positional parameters for [NEt,]J[Sb(1,2-S,C.H,),]

Atom x y z

Sb 0.783 75(2) 0.222 89(1) 0.044 44(1)
S(1) 0.893 22(7) 0.059 63(5) 0.091 44(4)
S(2) 0.827 88(7) 0.242 40(5) 0.202 43(4)
S(3) 0.618 89(8) 0.363 66(5) 0.031 28(5)
S(4) 0.580 05(6) 0.131 94(4) —0.000 70(4)
N 0.626 6(2) —0.084 0(1) —0.231 6(1)
ca) 0.869 1(2) 0.130 2(2) 0.248 3(2)
C(2) 0.8755(3) 0.120 1(2) 0.336 9(2)
C(3) 0.905 4(3) 0.0350(2) 0.378 9(2)
C4) 0.929 0(3) —0.041 8(2) 0.3329(2)
C(5) 0.921 7(3) —0.0340(2) 0.245 1(2)
C(6) 0.893 4(2) 0.052 1(2) 0.201 2(2)
C(7) 0.449 5(2) 0.211 1(2) —0.008 4(1)
C(8) 0.323 5(3) 0.1722(2) —0.0321(2)
C©) 0.215 4(3) 0.226 1(3) —0.030 8(2)
C(10) 0.2332(3) 0.3197(3) —0.006 7(2)
C(11) 0.3559(3) 0.360 0(2) 0.014 2(2)
C(12) 0.467 6(3) 0.306 8(2) 0.012 3(2)
C(13) 0.708 0(2) —0.0353(2) —0.149 0(1)
C(14) 0.777 3(3) 0.052 1(2) —0.162 6(2)
C(15) 0.554 1(2) —0.164 1(2) —0.203 0(2)
C(16) 0.471 7(3) —0.2227(2) —0.276 0(2)
C(17) 0.531 1(3) —0.016 2(2) —0.290 3(2)
C(18) 0.432 4(3) 0.026 7(2) —0.246 9(2)
C(19) 0.714 3(3) —0.121 6(2) —0.284 6(2)
C(20) 0.807 3(3) —0.197 7(3) —-0.240 5(3)

Table 2 Selected distances (A) and angles (°) for [NEt,][Sb(1,2-
5,CsHy),]

Sb-S(1) 2.6093(7) S(1)-C(6) 1.749(3)
Sb-S(2) 2.4400(7) S(2)-C(1) 1.758(3)
Sb-S(3) 2.6266(8) S(3)-C(12) 1.745(3)
Sb-S(4) 2.4450(7) S(4)-C(7) 1.761(3)
S(1)-Sb-S(2) 82.24(2) S(1)-C(6)-C(1) 122.4(2)
S(1)-Sb-S(3) 158.95(3) S(1)-C(6)-C(5) 119.4(2)
S(1)-Sb-S(4) 84.15(2) S(2-C(1)-C(2) 116.6(2)
S(2)-Sb-S(3) 85.74(2) S(2)-C(1)-C(6) 123.9(2)
S(2)-Sb-S(4) 105.08(3) S(3)-C(12)-C(7) 123.42)
S(3)-Sb-S(4) 82.36(2) S(3)-C(12)-C(11) 118.9(2)
Sb-S(1)-C(6) 102.46(9) S(4}-C(7}-C(8) 116.1(2)
Sb-S(2)-C(1) 106.11(9) S(4-C(7)-C(12) 123.5(2)
Sb-S(3)-C(12) 102.64(9)

Sb-S(4)-C(7) 107.11(8)

C,, point-group symmetry. Distortion from ideality is mani-
fested by a significant reduction of S-Sb-S angles [S,,—Sb-S,,
158.95(3), S.,—Sb-S,, 105.08(3)° compared to 180 and 120° in
the ideal polyhedron] attributable to the stereoactivity of the
antimony lone electron pair. In contrast to expectations, the
degree of distortion is small when compared to that in
[Sb(S,CNBu,),1* and other [M(symmetric bidentate ligand),-
(lone pair)] complexes,?®> where M = Te, Sn or Pb, which
have normalized bites (b) from 1.00 to 1.30, ¢, from 103 to 113°
and @y from 130 to 137°.7 For example, in [Sb(S,CNBu,),]* a
stronger distortion is revealed by a more pronounced lowering
of S-Sb-S angles [S,,—Sb-S,, 145.1(2), S.,—Sb-S., 94.6(2)°],
giving rise to ¢, = 107.5° and ¢ = 132.7°. Contrary to this, in
[Sb(1,2-S,CcH,),]1 (b = 1.31) the smaller distortion leads to
¢, = 100.5° and @z = 127.5°, values characteristic of the
[M(unsymmetric bidentate ligand),(lone pair)] class of
complexes which have b from 1.32 to 1.40, ¢, from 91 to 100°
and ¢y from 126 to 129°. Lastly, it is interesting that the
asymmetry in the Sb-S bond lengths in [Sb(1,2-S,C4H,),]"
(A,, = 0.175 A) is comparable to that in [Sb(S,CNBu,),]%,
where anisobidentate 1,1-dithiocarbamate ligands are bonded
to the Sb atom, and the ratio of Sb-S,, to Sb-S,, of ca. 1.07:11is
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Fig.1 Structure and numbering scheme for [NEt,][Sb(1,2-S,C H,),]
with 50% probability ellipsoids

P ———

=z

Fig.2 Unit cell for [NEt,][Sb(1,2-S,C¢H,),]; for clarity the H atoms
are not shown and the cation, [NEt,]", is represented by a sphere

"6

in agreement with expectations for y-trigonal-bipyramidal co-
ordination.

In addition to using the structural data associated with the
SbS, core, the co-ordination geometry also can be described by
the non-bonding S.--S distances and the dihedral angle
between adjacent S, planes (denoted as §).2% In a P-trigonal
bipyramid three different sets of S« .- S distances should exist
(Sax***Saxs Seq=**Seq and S, --- S, listed in the order of
decreasing length) and § is 53. 1e. 24 In [Sb(1,2-S,C¢H,),] the
S...S distances can be divided into three sets [5.148(1),
3.878(1) and average 3.376 A] and § is 42.78(3)°.

One consequence of the W-trigonal-bipyramidal co-ordin-
ation geometry is an orthogonal positioning of the two phenyl
groups, dihedral angle 87.31(9)°. This aspect of the structure of
[Sb(1,2-S,CcH,),]” becomes even more interesting when the
packing of the anions in the unit cell is examined. The phenyl
groups of each anion are oriented such that one lies almost
perpendicular to the a axis and the other one almost
perpendicular to the ¢ axis. Parallel to the c-axis alignment of
one of the Cg fragments of the benzene rings leads to a ‘pipeline’
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Table 3 Positional parameters for [NEt,][Sb(1,2-S,C¢H,)s]

Atom X y z

Sb —0.208 51(1) 0.071 01(1) —0.134 78(1)
S(1) —0.348 13(6) —0.08592(6) —0.154 23(4)
S(2) —0.294 30(6) 0.171 25(6) —0.228 52(3)
S(3) —0.100 39(5) 0.255 46(7) —-0.121 71(3)
S(4) —0.322 15(5) 0.155 72(7) —0.050 20(4)
S(5) —0.115 38(6) -0.039 32(8) —0.047 34(3)
S(6) —0.067 73(5) —0.011 98(6) —0.203 53(3)
N 0.279 7(2) 0.110 5(2) 0.856 3(1)
C(1) —0.404 5(2) —0.0439(2) —0.230 3(1)
C(2) —0.380 6(2) 0.061 7(2) —0.261 4(1)
C(3) —0.428 0(2) 0.084 5(3) -0.321 8(1)
C@4) —0.500 9(3) 0.006 5(3) —0.3509(1)
C(5) —0.526 0(2) —0.096 0(3) —0.320 3(2)
C(6) —0.476 9(2) —0.122 6(2) —-0.260 6(1)
C(7) —-0.187 1(2) 0.3450(2) —0.077 8(1)
C(8) —-0.2774(2) 0.302 4(2) —0.046 0(1)
C©Y) —0.336 5(2) 0.381 1(3) —0.009 5(1)
C(10) -0.309 1(3) 0.497 9(3) —0.003 9(2)
C(11) —0.221 93) 0.540 7(3) —0.036 3(2)
C(12) —0.161 5(3) 0.464 7(3) —0.072 5(2)
C(13) —0.041 2(2) —0.143 5(2) —0.090 2(1)
C(14) —0.023 8(2) —0.1332(2) —0.156 7(1)
C(15) 0.035 0(2) —0.2220(3) —0.186 3(1)
C(16) 0.078 3(3) —0.314 8(3) —0.1517(2)
C(17) 0.063 6(2) —0.3225(3) —0.086 2(1)
C(18) 0.003 3(2) —0.238 6(3) —0.056 3(1)
C(19) 0.1859(2) 0.194 3(3) 0.866 6(2)
C(20) 0.204 9(3) 0.320 2(3) 0.848 1(2)
C(21) 0.381 4(2) 0.150 2(3) 0.893 0(1)
C(22) 0.372 8(3) 0.156 7(3) 0.965 1(2)
C(23) 0.242 9(2) —0.009 4(3) 0.879 5(1)
C(24) 0.322 6(3) —0.108 6(3) 0.872 4(2)
C(25) 0.307 0(2) 0.107 4(3) 0.785 7(1)
C(26) 0.217 3(3) 0.064 2(4) 0.739 7(2)

Table 4 Selected distances (A) and angles (°) for [NEt,J[Sb(1,2-
SZC6H4)3]

Sb-S(1) 2.5004(7) S(1)»-C(1) 1.769(2)
Sb-S(2) 2.4597(7) S2)-C(2) 1.758(2)
Sb-S(3) 2.4903(8) S(3)»-C(7) 1.757(3)
Sb-S(4) 2.4837(7) S(4)-C(8) 1.753(3)
Sb-S(5) 2.4553(7) S(5)-C(13) 1.758(3)
Sb-S(6) 2.4784(7) S(6)-C(14) 1.758(3)
S(1)-Sb-S(2) 85.77(2) Sb-S(3)-C(7) 101.86(9)
S(1)-Sb-S(3) 168.22(2) Sb-S(4)-C(8) 102.43(9)
S(1)-Sb-S(4) 89.06(2) Sb-S(5)-C(13) 101.89(8)
S(1)-Sb-S(5) 93.37(3) Sb-S(6)-C(14) 100.75(8)
S(1)-Sb-S(6) 97.62(2) S(1)}-C(1)-C(2) 124.12)
S(2)-Sb-S(3) 84.96(2) S(1)-C(1)-C(6) 117.1(2)
S$(2)-Sb-S(4) 98.23(2) S(2)-C(2}-C(1) 124.1(2)
S(2)-Sb-S(5) 175.37(2) S(2)-C(2)-C(3) 116.7(2)
S(2)-Sb-S(6) 90.58(2) S(3)-C(7)-C(8) 123.9(2)
S(3)-Sb-S(4) 85.08(2) S(3)-C(7)}-C(12) 117.4(2)
S(3)-Sb-S(5) 96.43(3) S(4)-C(8)-C(7) 123.9(2)
S(3)-Sb-S(6) 89.74(2) S(4)-C(8)-C(9) 117.4(2)
S(4)-Sb-S(5) 86.30(2) S(5)-C(13)-C(14)  122.9(2)
S(4)-Sb-S(6) 169.34(2) S(5)-C(13)-C(18)  117.9(2)
S(5)-Sb-S(6) 85.02(2) S(6)-C(14)-C(13)  123.4(2)
Sb-S(1)-C(1) 101.50(8) S(6)-C(14)-C(15)  118.3(2)
Sb-S(2)-C(2) 102.64(8)

structure, whereas parallel to the ¢ axis no such pipeline can
be observed as these phenyl groups lie in an alternating
orientation. Fig. 2 shows a packing diagram of the unit cell.
[NEt, J[Sb(1,2-S,C¢H,);]. Almost black platelets suitable
for X-ray crystallography were obtained by recrystallization
of the complex from MeCN-MeOH (1:1). Fig. 3 shows the
molecular structure along with the numbering scheme.
Monomeric [Sb(1,2-S,C4H,);]" consists of a central SbY
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Fig.3 Structure and numbering scheme for [NEt,J[Sb(1,2-S,C¢H,);]
with 509 probability ellipsoids

surrounded by the six sulfur atoms of three 1,2-S,CcH, ligands.
Normally six-co-ordinated metal centres are found to be close
to the octahedral limit, rather than to the trigonal-prismatic
limit.2> Notable exceptions are the transition-metal [M-
(dithiolene);] and [M(1,2-S,C¢H,);] complexes, the majority
of which adopt a geometry close to the trigonal-prismatic
limit.?® Data for analogous main-group element complexes are
rather limited,*¢ however, in contrast to transition-metal
complexes, the co-ordination geometry of the s®p° metal
centres is slightly distorted from the octahedral limit. The SbSg¢
core in [Sb(1,2-S,C¢H,);] is best described as having D,
symmetry which is close to the octahedral limit. Much of the
structural data is within 10% of expectations for octahedral
geometry: (1) the cis-S-Sb-S angles range from 85.02(2) to
98.23(2)° and trans-S-Sb-S angles from 168.22(2) to 175.37(2)°;
(2) the SbS(1)S(2)S(3)S(5), SbS(1)S(3)S(4)S(6) or SbS(2)S(4)-
S(5)S(6) planes (+0.2 A) are nearly orthogonal, dihedral angles
from 89.11(1) to 91.07(1)°; and (3) the non-bonding S+..S
distances range from 3.334(1) to 3.747(1) A for adjacent sulfur
atoms and 4.911(1) to 4.964(1) A for opposing S atoms thereby
providing an average ratio of 0.710:1 which is the same as for
an ideal O, polyhedron. Distortion from an octahedral
geometry becomes more evident upon examination of the
following data: (1) the dihedral angle formed by planes of
opposing S; faces ranges from 2.8(4) to 13.2(1)° where only one
set of opposing S, faces [S(2)S(3)S(6)/S(1)S(4)S(5) 2.8(4)°] is
almost parallel; (2) the average twist 27 angle was computed to
be 49.22(3)° in good agreement with the value given by Martin
and Takats;> and (3) dihedral angles between adjacent S, faces
(8)%* vary from 57.66(3) to 79.84(2)° with b, of 60.79(3) and b,
of 78.67(3)°. The overall co-ordination geometry is probably
determined by a combination of steric factors and ligand bite
as evidenced by the observed & values being in good agreement
with expectations for compounds with ca. 49° twist angles: b,
of ca. 60 and b, of ca. 80°.%*

NMR Spectroscopy.—The '*C and 'H NMR spectra
(CD5CN) of [NEt,]J[Sb(1,2-S,C¢H,),] are interpreted as a
AA'BB’ spin system: '3C, & 144.61, 130.18 and 123.31; 'H,
multiplets at 6 6.71 and 7.18. Chemical shift assignments were
made with the aid of selective decoupling experiments: 5 144.61,
carbon atom bonded to sulfur; 130.18 ['J(C-H) = 156 Hz],
m-carbon; and 123.31 ['J(C-H) = 159 Hz], o-carbon. Those
H atoms closest to sulfur atoms resonate at 3 6.71, whereas
those further from sulfur resonate at & 7.18. In addition to the
aromatic region it is interesting that the [NEt,]* cation
generates an expected quartet for the CH, protons, but a triplet
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of triplets for the CH; protons, which is caused by coupling of
the latter to the nitrogen.'®

The observed AA’BB’ pattern of the aromatic resonances
disagrees with the solid-state structure which lacks the required
symmetry elements. Kepert’s potential-energy calculations
indicate that the movement from a trigonal-bipyramidal
conformation over a square-pyramidal intermediate to the
inverse trigonal bipyramid, usually described as the Berry
pseudo-rotation,?® has an extremely low energy barrier.” In
Kepert’s analysis, for the [M(bidentate ligand),(unidentate
ligand)] complexes, the potential-energy surface shows a strong
dependence on the normalized bite 5. With b of 1.2 a single
minimum on the potential-energy surface occurs for the square-
pyramidal conformation, characterized by equal values for
S.;~M-S§,,and S, ~M-S, angles, which undergoes a symmetric
split at ca. b of 1.28 into two minima corresponding to two
equivalent trigonal bipyramids. We calculate b of 1.31 for
[Sb(1,2-S,CcH,),], suggesting that conformational flipping
according to the Berry pathway is very possible. Thermal
energy at room temperature is sufficient to cause facile
conformational changes such that the two o-protons and the
two m-protons, respectively, are equivalent. Variable-tempera-
ture NMR studies at 20, — 11, —68 and — 89 °C did not show
any noticeable variations in the patterns of the aromatic
resonances, indicating that at —89 °C the thermal energy [ca.
5 kcal mol™! (ca. 20.92 kJ mol*)]?? is still higher than the
activation energy for the Berry pseudo-rotation.

The 'H NMR spectrum (CD;CN) of [Sb(1,2-S,C¢H,)51
also shows two multiplets in the aromatic region at & 7.31 and
6.89 with an AA’BB’ pattern, which is in agreement with the
nearly D; solid-state structure. Compared to [Sb(l,2-
S,C¢H,),1, the aromatic resonances are shifted to lower field,
so that the signals of both compounds appear separately and
do not interfere with one another. Therefore when anaerobically
prepared samples of [Sb(1,2-S,C¢H,),] were exposed to air
we could observe the conversion into [Sb(1,2-S,C¢H,);]1". The
aromatic carbons of the latter resonate at § 141.32, 128.54 and
124.52. Gated decoupling experiments revealed that the first
signal is related to the sulfur-bound carbon, the second
[*J(C-H) = 161 Hz] to the m-carbons and the third
['J(C-H) = 162 Hz] to the o-carbons. Interestingly, the
1J(C-H) coupling constants of the two anions differ by
approximately 4 Hz.
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