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to an energy (32 800 cm-I or 4.07 eV) much higher than those 
calculated by Xa,  which suggests that there may be a systematic 
underestimation in the calculation. 

With respect to the transition of lowest energy (907 nm or 
11  030 cm-I), we recall that a similar one in the triazeno complex 
was initially assigned as a A* - u*(Ru-N) t ran~i t ion .~  From 
the above discussion of the electronic structures, it is clear that 
the lowest energy transition should be A* - 6* (Le. HOMO - 
LUMO) transition instead. There are two possible absorptions 
related to this transition, i.e., 'Al  -. IE, and IAIB+ 3EU, and 
the latter is spin-forbidden and of lower energy. owever, the 
strong spin-orbit coupling that prevails among the second and 
third transition series elements can induce substantial intensity 
for such a normally spin-forbidden transition. In the cases of both 
Pt(CN)42-24 and 1r(CN-f-B~)~+,2~ the singlet-triplet (IAl8 - 3E,,) 
transition of metal-localized d,(d,, z) - A*(PZ) character was 
observed with an tmax as high as one-tkrd that of the corresponding 
singlet-singlet (IAl8 - !E,) transition; the separations between 
'E, and 3E, were determined as 6820 and 8600 cm-I for Pt and I 
Ir complexes, respectively. Considering the possible underesti- 
mation previously mentioned and the relative intensities of the 
peaks, we assign the absorptions at  905 and 492 nm as 3,1(7r* - 
6*) (IAlg - 3JEu), respectively. The ratio tmax(904)/cmaX(492) 
is also about one-third. According to the relative order given by 
the calculation the weaker peak next to I (**  - a*) at  434 nm 
can be attributed to the I ( A *  - u*) (IAl, - IE,) transition. The 

intensity of this transition is smaller than that of I ( A *  - 6 * )  
perhaps because there is less ligand mixing in the u* orbital. Its 
singlet-triplet counterpart 3 ( ~ *  - u*) is not obvious in the 
spectrum, probably because it is covered by the high-energy tail 
of the 3 ( ~ *  - 6*) transition. It is now not difficult to locate the 
'(6 - 6*) ('Alg - IA2J transition at 396 nm, in accord with the 
order from X a  calculation. While the intensity of a purely 
metal-based 6 - 6* transition is known to be inherently IOW,*~,~' 
this transition is very intense due to the appreciable ligand 
character in both the 6 and 6* orbitals. The 3(6  - 6*) (IAlg - 
'Azu) transition is assigned to the shoulder around 540 nm. 

From the above assignment the singlet-triplet separation for 
the metal-based excited configurations can be estimated in the 
range 7000-9000 cm-I, which is in good agreement with the 
estimation we suggested in the discussion of the magnetic 
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The decomposition of both natural-abundance and 77Se-enriched 1 ,2,3,4,5-SeSS2 in CS2 solution has been monitored with 77Se 
NMR spectroscopy. The freshly prepared samples showed only signals due to 1,2,3,4,5-Se5S2. When samples are allowed to stand 
in the CS2 solution, additional resonances are observed. Comparison of the natural-abundance spectrum with that from the enriched 
sample enabled the assignment of these additional resonances to 1,2,3,4-Se4S2 and 1 ,2,3,4,5,6-Se6S2 to be made. The simulation 
of the enriched spectrum yielded the 77Se-71Se coupling constants. All transitions could be assigned with an excellent fit. The 
N MR results show that the decomposition of 1,2,3,4,5-SeSS2 proceeds with a selenium atom transfer from one seven-membered 
ring molecule to another. 

Introduction 
Compounds containing cumulated S-S bonds are known to 

undergo interconversion reactions. Typical examples are the 
decomposition of thermodynamically unstable sulfur molecules 
with the formation of stable S8,2 the decomposition of S, in the 
molten state or in organic  solvent^,^ the polymerization and de- 
polymerization of liquid sulfur,2 the decomposition of organic 
polysulfanes R2S, on heating,4 and the vulcanization of rubberes 

Similar interconversion reactions have also been observed for 
selenium. When Se, is dissolved in CS2, an equilibrium between 
Se6, Se7, and Se, is rapidly set ups6 Analogous decomposition 
of SB is much slower in CS2 and requires heating.' In acetonitrile, 
however, the equilibrium is instantaneously established., 

The mechanism of such interconversion reactions is not known. 
Though several alternative pathways have been suggested (for a 
review, see ref 9), the lack of rigorous experimental evidence 

( I )  (a) Department of Chemistry, University of Oulu. (b) Department of 
Physics, University of Oulu. (c) University of Joensuu. 

(2) Steudel, R.: Passlack-Stephan, S.: Holdt, G. Z .  Anorg. Allg. Chem. 
1984. 517, 7 .  

(3) (a) Steudel, R.: Strauss, R.: Koch, L. Angew. Chem. 1985, 97, 58: 
Angew. Chem., lnt.  Ed. Engl. 1985, 24, 59. (b) Steudel, R.: Strauss, 
R. Z .  Naturforsch. 1982, 378, 1219. 

(4) (a) Kende, 1.: Pickering, T. L.: Tobolsky, A. V. J .  Am. Chem. Soc. 1965, 
87, 5582. (b) Pickering, T. L.; Sauders, K. J.: Tobolsky, A. V. J. Am. 
Chem. SOC. 1967,89, 2364. 

( 5 )  Porter, M. In Perspectives in the Organic Chemistry of Sulfur. Zwan- 
enburg, B., Klunder, A. J. H., Eds.; Elsevier Science Publishers: Am- 
sterdam, 1987; p 267. 

(6) (a) Steudel, R.; Strauss, E.-M. Z .  Naturforsch. 1981,368, 1085. (b) 
Laitinen, R. S.; Pakkanen, T. A. J. Chem. Soc., Chem. Commun. 1986, 
1381. 

(7) Steudel, R. In Sulfur-its Significance for Chemistry, for the G e e ,  
Bio-, and Cosmosphere and Technology: Muller, A,, Krebs, B., Eds.: 
Elsevier Science Publishers: Amsterdam, 1984: p 3. 

(8) Tebbe, F. N.: Wasserman, E.: Peet, W. G.: Vatvars, A.: Hayman, A. 
C. J. Am. Chem. SOC. 1982, 104, 4971. 

0020-1669/91/1330-3679%02.50/0 0 1991 American Chemical Society 



3680 Inorganic Chemistry, Vol. 30, No. 19, 1991 

renders them all speculative. Recently, the geometries and the 
energetics of formation of the different types of interconversion 
intermediates were studied with a b  initio MO techniques.I0 These 
calculations suggest that hypervalent species of the types 
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are energetically reasonable alternatives to homolytic cleavage 
of the S-S bond. These kinds of intermediates have often been 
proposed to effect a sulfur atom transfer in the reactions of 
compounds containing cumulated S-S b o n d ~ . ~ J ~  

Heterocyclic selenium sulfides provide a means to gain more 
experimental insight into these interconversion reactions. The 
structural characteristics as well as the electronic structures of 
the Se-S bonds are similar to those of S-S and Se-Se bonds (for 
a recent review on the preparation and characterization of selenium 
sulfides, see ref 12). Furthermore, various molecular species can 
conveniently be identified by 77Se N M R  spectroscopy even in 
complicated mixtures.13 The interconversion pathways of com- 
pounds containing S-S bonds can thus be. studied by using sele- 
nium as a chemical label in the molecules. 

Seven-membered selenium sulfide ring molecules Se,,S7-, are 
particularly useful for the investigation of the interconversion 
pathways. Bis(cyclopentadieny1)titanium pentasulfide [Ti(C5- 
H,),S,] reacts with Se2CI2 to produce stoichiometrically pure 
1,2-Se2Ss.14 The product IS unstable both in solid state and in 
solution. It has been shown by vibrational analysis and by nat- 
ural-abundance 77Se NMR spectroscopy that in CS2 solution at  
ambient temperature 1 ,2-Se2S5 decomposes rapidly to form SeS, 
and 1 ,2,3-Se3Ss.1s Stoichiometrically pure 1 ,2,3,4,5-Se5S2, and 
Se7 can be produced by analogous reactions treating [Ti(C5- 
Hs)2Se5J with either S2CI2 or Se2CI2, respectively.16 In the solid 
state the selenium-rich Se,,S7-, molecules are much more stable 
than the sulfur-rich species, but in CS2 solution they also de- 
compose readily. For example, Se7 is shown by HPLC to form 
an equilibrium mixture with Se, and 

The present study was undertaken to establish the decomposition 
pathway of 1 ,2,3,4,5-SeSS2. The species is well characterized by 
vibrational a n a l y ~ i s ~ ~ ~ J ~  and 77Se N M R  s p e c t r o s c ~ p y . ' ~ ~ J ~  By 
analogy to the decomposition of l,2-Se2Ss, which proceeds by a 
selenium atom transfer from one seven-membered ring molecule 
to another,', the decomposition of 1,2,3,4,5-Se5S2 can be expected 
to involve either a selenium or a sulfur atom transfer. The different 
alternative pathways are shown in Figure 1. It is interesting to 
note that all reaction pathways involving the selenium atom 
transfer produce a six-membered 1 ,2,3,4-Se4S2 ring molecule 
whereas in  the case of the sulfur atom transfer SeSS is formed. 

It has been deduced by Raman spectroscopy16 that in CS2 
solution 1,2,3,4,5-Se5S2 decomposes via the selenium atom transfer. 
However, the Raman spectroscopic characterization has been 
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Figure 1. Possible interconversion pathways involving (a) selenium atom 
transfer and (b) sulfur atom transfer. The closed circles denote selenium 
atoms and the open ones sulfur atoms. 

( a )  (b) 

Figure 2. Numbering of selenium atoms in (a) four-spin and (b) six-spin 
selenium sulfide with adjacent selenium atoms. The molecular symmetry 
in each case is C2. 

based on the crystallization of all relevant reaction components 
and on their identification in the solid state. Since 77Se N M R  
spectroscopy provides the means to identify all heterocyclic sel- 
enium sulfides directly from the reaction solution, it can be used 
to determine unambiquously the decomposition pathway. 
Experimental Section 

Two types of samples of 1,2,3,4,5-Se5Sz were prepared from [Ti(C5- 
H&3eS] and S,CI,: one using natural-abundance selenium (E. Merck 
GmbH), and the other involving selenium enriched in the 77Se isotope 
(enrichment 92%, Techsnabexport). The synthetic procedure has been 
described earlier. 13c*16 

The decomposition of the samples in CSz solutionI8 was monitored at  
300 K by 77Se NMR spectroscopy using a Jeol JNM-GX400 spectrom- 
eter. For the recording of the natural-abundance spectrum the spec- 
trometer was operating at 76.31 MHz, the spectral width was 100.00 
kHz, and the resolution was 1.54 Hz/data point. The pulse width was 
7.0 ps, corresponding to the nuclide tip angle of 35O, and the pulse delay 
was 1.7 s. The corresponding spectrum of the 77Se-enriched sample was 
recorded in two spectral windows. For the region containing the reso- 

( I  8) The preparation involved 50 mg of elemental selenium. The volume of 
the CS2 solution was 3 mL. Therefore the initial concentration of 
1,2,3,4,5-SeSSz prior to the decomposition was ca. 0.04 M in all samples 
studied in this work. 
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Figure 3. Natural-abundance "Se NMR spectrum of the CS2 solution of 1,2,3,4,5-SeSS2 after 1 day of decomposition. 

nanca of the seven-membered heterocyclic selenium sulfides (1 370-950 
ppm) the spectrometer was operating at 76.33 MHz, and for the region 
containing the resonances of the eight- and six-membered selenium 
sulfides (840-540 ppm), at 76.29 MHz. In both windows, the spectral 
width was 35.21 kHz and the resolution 0.27 Hz/data point. The pulse 
width was 9.0 f l s ,  corresponding to a nuclide tip angle of 45O, and the 
pulse delay was 2.4 s. 

In all samples, the transients were cumulatively stored at intervals of 
30 min.I9 D20 was used as an external 2H lock, and the saturated 
solution of Se02, as an external reference. The chemical shifts are 
reported relative to neat Me2Se [G(Me2Se) = 6(Se02) + 1302.61. The 
simulations of the spectra have been carried out with the program 
MAOCON.*~ The numbering of the atoms in 1,2,3,4,5,6-Se6S2 and 
1,2,3,4-Se4S2 is shown in Figure 2. 
Results and Discussion 

The natural-abundance 77Se NMR spectrum of the CS2 solution 
of 1,2,3,4,5-SeSS2 after 24 h of decomposition is shown in Figure 
3. Initially (i.e. during the first 2 h of accumulation), only three 
signals a t  1087.3, 1025.0, and 979.5 ppm with an intensity ratio 
of 2:1:2 were observed. These signals have previously been as- 
signed to 1,2,3,4,5-Se5S2.13CJ7 It has also been inferred that the 
N M R  spectrum is consistent with the concept of a fluxional 
seven-membered chalcogen ring molecule. The relative values 
of IJscSc and 2Jscse coupling constants indicate that all possible 
isomers with both the chair and boat conformation coexist together 
in the sample solution.13c 

As 1 ,2,3,4,5-SeSS2 decomposes in the CS2 solution, additional 
signals at 998.6, 764.2,695.1, 651.2,615.0,607.8, and 584.8 ppm 
appear in the NMR spectrum (see Figure 3).21 These resonances 
can be assigned as follows: The signal a t  615.0 ppm is due to 
Seg6b*13a and that at 998.6 ppm is due to Se7.I7 The three signals 
of equal intensity at 695. I ,  607.8, and 584.8 ppm have earlier been 
given a tentative assignment to 1 ,2,3,4,5,6-Se6S2.13a The 77Se 
NMR spectrum of the decomposition products of the 77Se-enriched 
1 ,2,3,4,5-Se5S2 yields the coupling information for all signals and 

(19) Each stored data set contains transients from the start of the experiment 
until the moment of storage. This method, while not providing kinetic 
information on the process, balances the need for a sufficient signal- 
to-noise ratio in the spectrum with a qualitative description of the 
decomposition reaction. 
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appeared because of the decomposition of 1,2,3,4.5-Se5S2. It could be 
that as weak signals they are initially lost in the background and only 
appear as the signal-to-noise ratio improves due to the increasing num- 
ber of transients. This is specially the case with the signals due to Se8 
and Se,. It has been shown earlier that the CS2 solution of fresh1 
prepared [Ti(C5H5),Se5] contains homocyclic selenium impurities.A 
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Figure 4. %e NMR resonances of the 77Se-enriched 1 ,2,3,4,5,6-Se6S2. 
There is a partial overlap of the signal at 584.8 ppm with a multiplet due 
to 1,2,3,4-Se4S4 (581.6 ppm).13' It is, however, possible to resolve and 
assign all transitions. 

Table I. "Se-"Se Coupling Constants (Hz) of 1 ,2,3,4,5,6-Se6S2, 
I,2,3,4-SeS4, and 1,2,3,4-SeSz 

-23 -39 -7 3 
'J35, ' J ,  -46 
2J14, 2J23 105 112 1 I5 
2J15, 2J26 107 

7 3 0 
6 

16 
a For numbering of the atoms in the four-spin and six-spin systems, 

see Figure 2. bReference 13a. 

can be used to verify this assignment. As seen from Figure 4, 
the resonances at  695.1, 607.8, and 584.8 ppm all appear as 
complicated second-order multiplets in the spectrum of the en- 
riched material. The signals were simulated as a six-spin 
(AA'BB'MM') system. The simulation enabled the assignment 
of all transitions and yielded refined 77Se-77Se coupling constants, 
which are in good agreement with corresponding coupling con- 
stants calculated for other eight-membered heterocyclic selenium 
~ u l f i d e s l ~ ~  (see Table I). 

The two signals of equal intensity at 764.2 and 651.2 ppm are 
assigned to 1 ,2,3,4-Se4Sz. The molecule is expected to have a chair 
conformation similar to S623 or Se6.24 With four adjacent selenium 
atoms, it has a molecular symmetry of C2. Therefore, it should 
show two signals of identical intensity in the 77Se NMR spectrum. 
The only known chemical shift for the six-membered selenium 

(23) Steidel, J.; Pickardt, J.; Steudel, R. 2. Naturforsch. 1978,338, 1554. 
(24) Miyamoto, Y. Jpn. J. Appl. Phys. 1980, 19, 1813. 
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sulfide ring is that for SeSs, which lies a t  786 ppm,lSC It is well 
established for neutral heterocyclic selenium sulfides13a that the 
selenium atoms with two sulfur neighbors show the N M R  signals 
at the lowest field, with one sulfur and one selenium neighbor a t  
higher field, and with two selenium neighbors at the highest field. 
In the light of this trend and the known chemical shift for SeSS 
(two sulfur neighbors), the chemical shifts of 764.2 and 651.2 ppm 
are reasonable for 1 ,2,3,4-Se4S2, since the former lies in the region 
expected for selenium with one sulfur and one selenium neighbor 
and the latter in the region typical for two selenium neighbors. 

In contrast to the 77Se-enriched eight-membered 1 ,2,3,4-Se4S4 
ring, which shows a second-order (AA'BB') four-spin system,13" 
the two signals due to 1 ,2,3,4-Se4S2 at 764.2 and 651.2 ppm appear 
surprisingly as almost pure first-order quartets (i.e. doublets of 
doublets) in the enriched spectrum. The simulation of the reso- 
nances yielded the refined coupling constants shown in Table I. 
The one-bond coupling over the end bond of the four-atomic 
selenium chain ( ' J 1 3  and 'J24) shows a larger value than the 
corresponding coupling in the eight-membered rings.2s This can 
be explained by the dependence of the one-bond coupling on the 
torsion angle.26 It is also interesting that the coupling over the 
symmetry element (IJI2 and 3J34) is almost zero probably due to 
the mutual canceling of the different components forming these 
two coupling constants. 

Further indications on the correct assignment of the signals at 
764.2 and 651.2 ppm can be deduced from the stoichiometry of 
the decomposition reaction. The two signals have approximately 
the same intensity as the three signals assigned to 1,2,3,4,5,6-Se6S2, 
implying that the two products are formed in the reaction in equal 
amounts, as expected from Figure 1. The appearance of 
1 ,2,3,4,5,6-Se6S2 must imply selenium atom transfer from one 
1 ,2,3,4,5-SeSSe2 molecule to another, and therefore the six- 
membered 1,2,3,4-Se4S2 is the other required product. In the case 
of the sulfur atom transfer, SeSS should be formed together with 
1 ,2,3,4,5-SeSS3 and/or 1 ,2,3,5,6-SeSS3. However, resonances that 

See Table I for coupling constants in 1,2,3,4,5.6-Se& and 1,2,3,4-Se4S,. 
More examples on the coupling in eight-membered selenium sulfides are 
found in ref 13a. 
According to Eggert et al. the magnitude of the coupling constant 
depends on the degree of overlap of the p lone-pair orbitals of the two 
selenium atoms involved in the coupling. According to this scheme the 
absolute value ' J w  coupling constant is smallest when the torsion angle 
of the Se-Se bond is ca. 90°, since the overlap between the p lone-pair 
orbitals of the adjacent selenium atoms is minimized. As the torsion 
angle ets smaller or larger, the value of the coupling constant gets 
larger 5 
Eggert, H.: Nielsen, 0.; Henriksen, L. J .  Am. Chem. SOC. 1986, 108, 
1725. 
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could be assigned to the three latter species are not observed in 
the N M R  spectra. 

Because only 1 ,2,3,4-Se4S2 and 1 ,2,3,4,5,6-Se6S2 are observed 
as initial decomposition products, it is evident from Figure 1 that 
the selenium atom from one 1,2,3,4,5-SeSS2 molecule does not 
insert itself into the S-S bond of another molecule, since this would 
necessitate the presence of 1 ,2,3,4,5,7-Se6S2 and no resonances 
are observed that could be assigned to this species. It is not, 
however, possible to make a distinction on the insertion of the 
selenium atom into other bonds, since the reaction products in 
all cases are identical. Likewise, it is not possible to deduce 
whether any one of the five selenium atoms in 1,2,3,4,5-Se,S2 is 
more favorable for selenium atom transfer than the other four. 
In the light of the fluxionality of the seven-membered starting 
material, it is possible that any one selenium atom can act as the 
transfer agent. 

When the CS2 solution is allowed to stand for a prolonged time, 
further interconversion reactions are observed to take place with 
the formation of several additional heterocyclic six-, seven-, and 
eight-membered selenium sulfides. The characterization of these 
mixtures is currently in progress. 

Conclusions 
In this work, we have reported the 77Se N M R  spectroscopic 

study of the decomposition of 1,2,3,4,5-SeSS2 in CS2. The com- 
parison of the natural-abundance spectrum of the reaction mixture 
with that from the 77Se-enriched sample (enrichment 92%) has 
enabled the identification of the decomposition products as 
1 ,2,3,4,5,6-Se6S2 and 1 ,2,3,4-Se4S4 Thus the NMR results imply 
that the reaction involves a selenium atom transfer from one 
seven-membered molecule to another. Since no intermediate has 
been observed in the spectra, a more detailed description of the 
reaction mechanism is not possible a t  present. In the light of the 
reported absence of free chalcogen radicals in organic solutions,2* 
the homolytic cleavage of the chalcogen-chalcogen bonds in the 
starting 1,2,3,4,5-SeSs2 is not probable. The desired selenium atom 
transfer may well proceed via hypervalent intermediates, which 
do not require radical formation. 
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