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The salts S;F*MFg~ and S;CI*MF,~ (M = As, Sb) have been prepared by reaction of Sg?*(MF"), with NaF and KCl in liquid
SO,. In comparison to those of the known compounds S;Br*MFg~ and S;1*MF,", their thermal stabilities are much smaller. The
new products have been characterized by analytical and spectroscopic methods. IR and Ra spectra of the complete series S;X*MF¢~
(X =F,Cl, Br, I; M = As, Sb) have been recorded and the SX and SS stretching vibrations can be assigned: »(SF) = 804, »(SCI)
= 528, »(SBr) = 416, »(SI) = 353 cm™; »(SS) for the ring system are found in the range 570-330 c¢m™.

Introduction

Clearly characterized compounds containing a covalent sul-
fur-iodine bond are rare.? This is due to their thermodynamic
instabilities (BE(CF,S-1) == 203 kJ/mol).> Sulfur-iodine com-
pounds generally decompose in exergonic reactions far below room
temperature with simultaneous formation of elemental iodine and
disulfane species** (BE(-S-S-) ~ 320 kJ/mol).}

A much greater stability than for iodine sulfanes, such as CF;SI,
is observed for (C4H;);CSI®7 and for the sulfur—iodine cations
S,1+ 811 and S,[,2* 21011 prepared by Passmore and co-workers.
All these compounds have been studied by X-ray diffraction. The
salts (CH;),SI*X™ (X~ = SbCl¢", AsF)'? and CF,CH,SI*X™ (X~
= AsF,", SbF¢)!? have also been isolated and characterized by
spectroscopic methods.

To continue our investigations of the sulfur-iodine bond, we
attempted to obtain vibrational spectra of S;I*MF;~ (M = As,
Sb). Because of the variety of bands in the expected range for
»(SI) between 300 and 400 cm™!, its identification was extremely
difficuit.

The position of »(SI) can be established with certainty if the
preparation of the still unknown compounds S;CI*MF,~ and
S,;F*MF; can be carried out and be compared to the frequencies
in the well-known compounds S;1*MF,~ and S;Br*MF," (M =
As, Sb). In this paper we report our investigations in this area.

Experimental Section

Materials and Apparatus. Literature methods were used for the syn-
thesis of S¥(AsFg),nS0,,'* S (MF47), (M = As, Sb),!% and S, X*-
MF¢ (X = Br, I; M = As, Sb).!¢  Sulfur dioxide (Bayer AG) was stored
over CaH,. NaF, KCI, KBr, and KI (all from Merck) were dried by
heating under vacuum before use.

Standard high-vacuum techniques were employed throughout alt
preparative procedures; nonvolatile compounds were handled in a dry N,
atmosphere by using Schienk techniques. All reactions were carried out
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Table . Results of Mole Mass Determinations

compd obsd values? caled values % dev
S,F*SbFg 496.1 479.2 +3.5
S,F*AsF, 445.6 4323 +3.1
S,CI*SbF¢~ 515.0 495.6 +3.9
S.CI*AsF, 463.1 448.8 +32

2The observed values are averaged about five independent measure-
ments.

in sealed double-arm vessels fitted with Young stopcocks. For separation
of insoluble materials, fine-glass filters were placed between the arms of
the vessel. Moisture was removed from all surfaces by flaming the vessels
several times under vacuum.

IR spectra were recorded on a Perkin-Elmer Model 580 B spectrom-
eter in a low-temperature cell at 193 K.!7 Samples of S;X* salts were
prepared in mixtures of Nujol (Merck, dried over CaH,) and n-hexane
(Merck, dried over sodium). The spectra were recorded by using CsBr
windows in the range 4000-250 cm™ with a resolution of 2.3 cm™. Ra
spectra of S;X*MF,™ in SO, solution at room temperature were run on
a Coderg T 800 spectrometer equipped with an Ar* laser (Spectra
Physics) operating at 514.5 nm and a 850-mW laser power level. The
maximum resolution was 5.0 cm™'. All vibrational spectroscopic mea-
surements showed reproducibility within £5 cm™.

IF NMR spectra in SO, solution at 213 K were recorded on a Bruker
AM 300 spectrometer at 282.5 MHz in the range +200 to ~200 ppm,
positive shifts defined as downfield from the external standard CFCl,.
The pulse width was 1.5 us, and 2048 scans were run for each spectrum;
the maximum resolution was 3.4 Hz per data point.

Mass spectra were recorded with IE = 80 eV (Finnigan MAT spec-
trometer).

Chemical analyses were carried out by ion chromatography and X-ray
fluorescence; mole mass determinations, by cryoscopic methods!® in SO,
solution. All melting points were measured with an accuracy of £0.1 K;
the reproducibility of the results was within £3.5%.

Preparative Routes to S;X*MF,” (X = F, CI; M = As, Sb). 1. Re-
actions of Sg2*(MF,™), (M = As, Sb) with NaF and KCI. All reactions
were carried out according to the procedures described by Passmore for
the analogous compounds S;Br*MF,~ and S;I*MF,~ (M = As, Sb).

Equimolar amounts of Sg2*(MF¢), (M = As, Sb) and NaF (KCl)
were placed under dry nitrogen in one side of a double arm vessel. After
5-7 mL of SO, was condensed onto the solids, the reaction mixtures were
stirred for 14 days (4 days) at 218 K (233 K). During the reaction the
color of the solutions changed from deep blue to various tones of green.
In all cases a yellowish white precipitate was formed; this was identified
by Ra spectra as a mixture of Sg and EMFg (E = Na, K; M = As, Sb).
The SO,-soluble products were fritted into the other arm of the vessel,
and after the solvent was removed by pumping at 213 K, green solids
remained, which were dried under vacuum for 6 h at 213-223 K. The
results of the mole mass determinations are summarized in Table 1.

Characterization of S;X*MF,™ (X = F, CI; M = As, Sb). (a) S;F*-
MFs (M = As, Sb). The relative proportions of sulfur and arsenic or
antimony were reproducibly 7:1 with a deviation of 2% from the theo-
retical values.
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Experimental weight determinations of SO,-soluble (S,F*MF;") and
insoluble (Sg, NaMF;) products confirmed these results (deviations from
calculated values £5%). In the 80-eV mass spectrum of S;F*SbF," the
following fragments can be identified at 310 K (m/z, assignment (%)):
224, S,* (8): 192, S¢* (25); 160, Ss* (38); 128, S,* (56); 96, S;* (28);
64, S,* (100); 19, F* (46); 197, SbF,* (4.3); 178, SbF;* (2.9); 140, SbF*
(1.9); 121, Sb* (1.6).

The *F NMR spectrum of S;F*MF,~ (M = As, Sb) in SO, at 213
K shows in addition to the signal due to the anion (§(AsFg") = -55.33
ppm; 6(SbF¢”) = —112.22 ppm) only one sharp singlet at —41.48 ppm
(S;F*AsF¢7) and -41.26 ppm (S;F*SbF,"), respectively. In each case
the peak area ratio is 6:1.

S,F*MF¢ (M = As, Sb) decomposes completely in the solid state at
room temperature with formation of elemental sulfur within a few min-
utes and in SO, solution within 40 min. Below 233 K it is stable for
several months. The solubility of S;F*MF¢™ (M = As, Sb) in HF is much
less than that in SO,, and it is insoluble in So,CIF. Attempts to redissolve
solid samples in fresh SO, result in decomposition.

(b) S,CI"MF," (M = As, Sb). Relative proportions of chlorine, sulfur,
and arsenic or antimony were reproducibly 1:7:1 with a deviation of 3%
from the theoretical values.

In an 80-eV mass spectrum of S;CI*SbF,” the following fragments
were identified at 330 K (m/z, assignment (%)): 224, S,* (40); 192, §;*
(100); 160, Ss* (10); 128, S,* (6); 96, S;3* (4); 64, S,* (20); 35, ¥CI+
(83); 37, 7CI* (28); 197, SbF,* (6); 178, SbF;* (17); 140, SbF* (4), 121,
Sb* (32).

S,CI*MF¢ (M = As, Sb) is stable at room temperature for 30 min
as a solid and for 60-80 min in a saturated SO, solution. It can be kept
below 233 K without decomposition. The solubilities of S,CI*MF, in
S0,, HF, and SO,CIF are similar to those of S;F*MF,".

2. Reactions of S,**(AsF,);:nSO, (n < 1) with NaF and KCl. The
reactions were carried out under the same conditions as described above.
During the stirring time the color of the solutions changed first rapidly
from yellow-gray to deep blue and then to green. Yellowish white pre-
cipitates were formed, which were identified as mixtures of S5, EAsF,
(E = Na, K), and unreacted NaF or KCI. Chemical analysis data and
spectra of the isolated solids were identical with those obtained for the
salts formed by reactions with Sg?* salts.

Results and Discussion

Formation. Experimental weight and mole mass determinations
as well as analytical data show that S;F*MF, and S,CI*MF,”
(M = As, Sb) may be prepared quantitatively in liquid SO, at
low temperatures according to eq 1.  Reactions of S,2*-

SO,
S¢*(MFg), + EX — S,X*MF,~ + EMF + %S, (1)
E=NaK X=FC M=AsSb

(AsF¢)nSO, and NaF or KClI lead to the same products.
However, no reaction is observed between either Sg?* or S,?* salts
in SO, with KF even at higher temperatures.

Although some examples in the chemistry of chalcogen cations
show that evidence of this type may be misleading, it is reasonable
to conclude that in all reactions S;F*MF~and S;CI*MF, (M
= As, Sb) were formed in analogy to the S;Br* and S,I* salts.

The compound SgX*MF¢ (X = F, CI; M = As, Sb), postulated
to be formed in the first step of the reaction, was never found as
a final product. In all cases a contraction of the sulfur ring from
Sg to S; was observed.

The square-planar S,2* cation evidently does not react with the
halide ions F~and CI". In all cases Sg**(AsF,), is formed in SO,
solutions of S,2*(AsF"), and EX (E = Na, K; X = F, Cl) before
the reaction starts. This is consistent with former results,'¢!® where
an equilibrium between Sg?* and S,2* cations is postulated.

Passmore and co-workers' have already predicted and explained
the instability of S;F*MF,™ and S,CI*MF, (M = As, Sb) in
comparison to S,Br* and S,I* salts on the basis of the greater
thermodynamic stability of the disproportionation products S,X,
and SX,;* (X = F, Cl). Our spectroscopic investigations of the
decomposition products confirm the formation of SX;*MF,~ (X
=F,Cl; M = As, Sb). S;F* and S,CI* cations were only formed
over long reaction periods at low temperatures; in contrast to the
iodo- and bromosulfur cations, their thermal stabilities were much

(19) Passmore, J.; Sutherland, G.; White, P. S, J. Chem. Soc., Chem. Com-
mun. 1980, 330.
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Figure 1. Relative positions and intensities of »(SS) and »(SX) in the
IR spectra of S;X*MF¢™ (X = F, Cl, Br, I; M = As, Sb): (—) SbF";
(---) AsFg7; (++) covered by 6(AsFg).

smaller. This behavior agrees well with the concept of hard and
soft acids and bases of Pearson.?%?! The Sg?* cation may be
regarded as a soft acid; because of the increasing hardness of the
halide ions from I” to F~, the thermal stability of products formed
by reaction with the same soft acid decreases in the same series.
The applicability of this concept leads to the conclusion that the
preparation of stable cyclic sulfur cations with exocyclic ligands
should be possible by reacting Sg>* saits with soft bases.?2

Discussion of the Spectroscopic Series S;X*MF, (X = F, Cl,
Br, I M = As, Sb). Although the crystal structures of S;1*SbF,”
and S,Br* salts were already known, no accurate spectroscopic
data had been obtained until now. For conclusive proof of the
existence of the very unstable S;X* cations (X = F, Cl), we need
the comparison of the complete spectroscopic series S;X*MF~
(X =F, Cl, Br, I; M = As, sb) with the isoelectronic and iso-
structural S,0, prepared by Steudel and co-workers.??

IR and Ra data of S;X*MF¢ (X = F, Cl, Br, I; M = As, Sb)
are summarized in Table II. The bands of the anions were found
in all cases within the expected range. As shown in Figure 1, all
IR spectra show five bands between 570 and 330 cm™ that can
be assigned to »(SS) of the S, ring. While Steudel observes all
SS stretching vibrations in the Ra spectrum, the IR spectrum of
S,0% shows only the five bands that are observed for the S;X*
cations.

Moreover, additional single bands were observed for each cation
in the expected ranges of y(SX) (X = F, Cl, Br, I). The com-
parison of the spectroscopic data provides an assignment for »(SI)
in S;1* salts. The value 353 cm™ (351 cm™! for the SbF¢™ salt)
is consistent with that found for »(SI) in other iodosulfonium

(20) Pearson, R. G. Hard and Soft Acids and Bases; Dowdon and Hutch-
inson: Stroudsburg, PA, 1973.
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Vibrational Spectra of Sulfur Halides
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cations, e.g. 395 cm™ for CH;CF;SI*AsF, '3 or 332 cm™ in
(CH,),SI*AsF.'2 The Ra frequencies of S;X*MF,~ confirm the
results of the IR data (Table I1) and are in good agreement with
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The mixed-ligand poly(1-pyrazolyl)borate—dicarbollide metallacarborane complexes closo-3-{n*-HB(pz),}-3,1,2-RhC,BgH;; (3a),
closo-2-(n>-HB(pz),)-2,1,7-RhC,BgH,, (3b), and [closo-3-(n*-Ph,B(pz),)-3,1,2-NiC,B4H,,]™ ([5]7) (pz = 1-pyrazolyl) have been
prepared and characterized by a combination of spectroscopic techniques, elemental analysis, and X-ray crystallography. Complex
3a crystallizes in the space group P2, with a = 8.874 (1) A, b = 10.786 (1) A, ¢ = 10.604 (1) A, 8 = 109.284 (3)°, V = 960
A%, and Z = 2. Data were collected to a maximum of 28 = 55°, giving 2322 unique reflections. The final discrepancy index was
R =0.042 (R, = 0.054) for 1969 independent reflections. Complex 3b crystallizes in the space group C2/c¢ with a = 14.830 (2)
A, b=127.059 (3) A, c =20.298 (2) A, 8 = 108.907 (3)°, V = 7706 A%, and Z = 16. Data were collected to a maximum of
26 = 50°, giving 4672 unique reflections. The final discrepancy index was R = 0.048 (R, = 0.063) for 3525 independent reflections.
Compound [NMe,][5] crystallizes in the space group P2;/a with a = 17.437 (6) A, 5 =9.631 (3) A, c = 19.695 (4) &, 8 = 92.271
(8)°, ¥ = 3305 A%, and Z = 4. Data were collected to a maximum of 26 = 45°, giving 4332 unique reflections. The final
discrepancy index was R = 0.082 (R,, = 0.091) for 1585 independent reflections. The anion [§] is oxidized by ferric chloride
to the neutral species closo-3-(n*-Ph,B(pz),)-3,1,2-NiC,BgH;; (6). NMR spectral data for 3a, 3b, and [5]™ indicate fluxional
solution behavior such that pyrazole ring environments are equilibrated on the NMR time scale. Complex [§] exhibits an unusual
carborane cage distorion resulting from an intramolecular influence of the axial phenyl group of the [7%-Ph,B(pz),]™ ligand.

Introduction

The poly(pyrazolyl)borate? and dicarbollide® ligands were
perhaps the most significant new ligand types to be introduced
in the 1960s; large subareas of coordination and organometallic
chemistry have now developed around each of these ligand systems.
Despite the extensive and parallel development of the transi-
tion-metal chemistry involving each of these ligand types, no
examples of metal complexes containing both dicarbollide and
poly(pyrazolyl)borate ligands bound to the same metal center have
previously been reported. Herein we report the synthesis and
structural characterization of the first mixed-ligand sandwich
complexes that contain both of these boron-supported ligand
systems.

Notably, both the tris(1-pyrazolyl)borate ([RB(pz);]~, pz =
1-pyrazolyl) and the isomeric dicarbollide ([nido-C,BsH,;]%)
ligands bear a relationship to the cyclopentadienide ([CsHs]™)
ligand in so far as each of these ligands is capable of functioning
as a six-electron donor in coordination compounds. Thus, either
of these ligands may be used to form symmetrical bis(ligand)
transition-metal complexes. However, these ligands differ from
the cyclopentadienide ligand and from each other in important
respects; the [RB(pz),)" ligands are uninegative g-donors, whereas
the [nido-C,BgH;]* ligands are dinegative w-donors. The di-
carbollide ligands are also capable of functioning as formal
four-electron w-donors in the “slipped™ bonding mode,*® and hence
may be compared with the [RB(pz);]~ ligands, which exhibit the
n?-a-bonding mode, as well as with the bidentate o-donor bis(1-
pyrazolyl)borate ([R,B(pz),]”) ligands.? The mixed-ligand
sandwich complexes described herein represent the first examples

(1) E. 1 du Pont de Nemours & Co., Wilmington, DE.

(2) (a) Trofimenko, S. Acc. Chem. Res. 1971, 4, 17. (b) Trofimenko, S.
g‘hem. Rev. 1972, 72, 497. (c) Trofimenko, S. Prog. Inorg. Chem. 1986,

4, 115,

(3) (a) Hawthorne, M. F.; Young, D. C.; Andrews, T. D.; Howe, D. V;
Pilling, R. L.; Pitts, A. D.; Reintjes, M.; Warren, L. F,, Jr.; Wegner,
P. A. J. Am. Chem. Soc. 1968, 90, 879. (b) Hawthorne, M. F. Acc.
Chem. Res. 1968, 1, 281,
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of formal 18-electron, d® and d® metal closo-(n-R,B(pz)s,)M-
(C,BgH,)) (n =1, 2) species. Considering the great structural
versatility of each of these ligand systems, innumerable other
possibilities exist for mixed poly(pyrazolyl)borate-metalla-
carborane complexes.

Results and Discussion

Synthesis of Tris(1-pyrazolyl)borate Metallacarborane Com-
plexes. Initial attempts to prepare mixed poly(l-pyrazolyl)bo-
rate—dicarbollide transition-metal complexes by direct reactions
of the ligands and metal salts were unsuccessful due to the for-
mation of symmetrical bis(ligand) complexes. For example, at-
tempts to directly prepare the unsymmetrical cobalt complex
closo-3-(n*-HB(pz);)-3,1,2-CoC,BgH |, resulted in a high yield
of an orange crystalline salt composed of the symmetrical cationic*
and anionic? cobalt sandwich complexes, as shown ineq 1. This

2Na,[nido-7,8-C,BoH, ] + 2K[HB(pz)s] + 3CoCl, —
[Co(7*-HB(p2)3),]* [commo-3,1,2-Co(3,1,2-C,BoH y),]~ +
Co + 4NaCl + 2KClI (1)

salt was identified by a combination of NMR and IR spectroscopy
and by a single-crystal X-ray analysis. This result was not
unexpected since the formation of symmetrical bis(ligand) com-
plexes is characteristic of the tris(1-pyrazolyl)borate ligand as a
result of its excellent chelating ability.2 Nevertheless, these results
indicated that less direct methods were necessary to achieve the
desired syntheses of unsymmetrical metal complexes containing
both dicarbollide and poly(pyrazolyl)borate ligands.

The rhodacarborane complexes cl/oso-3,3-(PPh;),-3-CI-3,1,2-
RhC,BgH,, (1) and closo-2-(PPh;)-2-C1-2,1,7-RhC,BgH,, (2) are
excellent precursors for species that contain the [3,1,2-RhC,BgH ]
and [2,1,7-RhC,BgH ;] metallacarborane moieties, respectively.
These structurally characterized complexes are readily prepared
derivatives of the corresponding rhodacarborane hydride species
closo-3,3-(PPh;),-3-H-3,1,2-RhC,BgH,; and closo-2,2-

(4) Trofimenko, S. J. Am. Chem. Soc. 1966, 88, 1842.
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