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RADICAL IONS 52l 
The Formation of the S3Ni' Radical Cation via Reaction of 

Sulfurdiimides, S4N4 or S3N2C12 with AlCI3 
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HERBERT W. ROESKY* 

Institutes of Inorganic Chemistry of the Universities of Frankfurt (Main) and Gottingen 
Niederurseler Hang, 0-6000 Frankfurt (Main) SO and Tammannstr. 4, 

0-3400 Gottingen, West Germany 

(Received November 23. 1981) 

Bei Versuchen, neue S/N-Radikalkationen nachzuweisen, wurden Methylsilyl-Schwefeldiimide R d i -  
(N=S=N),SiR4., mit n = I ,  2, 3 und R,Si-N=S=N-S-N=S=N-SiR3 sowie S4N4, S4N4.AIC13 e e  und [S~NICI]  CI mit AICI, in H ~ C C I I  umgesetg. Uberraschenderweise beobachtet man in allen Fallen 
das ESR-Spektrum der bekannten Species S3Ni . Die Zeit bis zum Auftreten des ESR-Signals reichte 
von 2 Tagen fur die Schwefeldiimide mit vertikalen ersten lonisierungsenergien grofier als 8 eV uber Mi- 
nuten fur R3Si-N=S=N-S-N=S=N-SiR, (IEl = 7.85 eV) bis zu Sekunden fur S4N4 oder 
[S~NICI]@CCI 

In the attempt to  detect new S/N radical cations, the silylmethyl sulfurdiimides R4-,Si(N=S=N),SiR4., 
with n = 1, 2, 3 and R&-N=S=N-S-N=S=N-SiRj as well as S4N4, S4N4. AICI, and [S,N*CI] @ 

Cle ;ere reacted with AlCh in H2CCIz. Surprisingly, in each case the ESR spectrum of the well-known 
S3Ni species was observed. The time required for appearance of the ESR signal varied from 2 days for 
those sulfurdiimides with vertical first ionization energies above 8 eV toeminutes for RjSi-N=S=N- 
S-N=S=N--SiR3 (IEl = 7.85 eV) and to seconds for S4N4 or [SIN~CI] Cle. 

Reactions of S4N4 under different conditions with various inorganic oxidizing 
agents have resulted in the formation and isolation of a number S/N containing cat- 
ions, e.g., S3Ni@,'.' S4N3',4 S4N4@@,5 S5N5- and SsN4".' However, S3Ni' is the only 
species fully characterized as a radical cation via ESR2s3 and, at the same time, the 
single known S/N radical that has been obtained as a stable crystalline salt.'" Orig- 
inally, ESR spectra of radicals resulting from treatment of S4N4 with concentrated 
sulfuric acid and also by decomposition of (aminothio)sulfurdiimides' were as- 
signed as SNi@.'-'' Further ESR investigations led to the conclusion that the ob- 
served radical was S2Ni''' in a square planar configuration. Reactions of S4N4 with 
anhydrides3 and AsF5' also gave ESR signals of radical cations identical to those 
previously obtained in the sulfuric acid experiments, containing 5 lines (coupling 
constant a = 0.315 mT and g value 2.01 1) in a ratio of 1 :2:3:2: 1; consistent with a 
radical containing 2 equivalent nitrogens. Finally, X-ray s t u d i e ~ ~ ~ ~ ~ ~  clearly demon- 
strated that the previously assigned N2S2' species was indeed S3N2': 

*To whom correspondence should be directed. 
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20 J .  GIORDAN era / .  

Recently, the combined techniques of PE and ESR spectroscopy have proven fruit- 
ful in observing novel radical cations.I2 Compounds with low first ionization poten- 
tials of <8 eV in the gas phase as determined by PES have been oxidized to  their 
radical cations using the oxygen-free system of AlC13 in HzCC12. Main group substi- 
tuted hydra~ines , ’~  “strained” five-membered ring d i~ul f ides’~  and also open chain 
amino di~ulf ides’~ have been successfully subjected to  this technique. Therefore, due 
to continued interest in sulfur nitrogen compounds16 and to the success of the 
AIClJH2CC12 method in generating radical cations,12 the following sulfur/nitrogen 
compounds 

R3Si-N=S=N-SiR3 1 RIS~-N=S=N-S-N=S=N-S~R~ 4 

RSi(N=S=N)&R 3 S4N4- AlCl3 6 

were studied. The PE spectra of 1-4 will be discussed as well as the ESR results ob- 
tained from reaction of AICI~/HZCC~Z with 1-7. 

RzSi(N=S=N)zSiR, 2 S4N4 5 (2) 

[SJN~CI] ‘Cle 7 

A. PHOTOELECTRON SPECTRA 

Examples of PE spectra for 1-4 are shown in Figure 1. 
Due to the large number of ionizations arising from molecules of this size, only 

broad bands and very little fine structure are observed. However, for each com- 
pound at least the first ionization potential, which is important in predicting the 
applicability of the AlCl3/H2CC12 technique, can be obtained. In general, He(1) 
photoelectron spectra show p-type ionizations, therefore according to a useful rule- 
of-thumb,” the 44 valence p-type electrons in the isoelectronic series 1-3 are ex- 
pected to result in 22 observable ionizations while in 4 29 ionizations are anticipated. 

In large molecules such as those studied here, the assignment of specific molecu- 
lar orbitals to radical cation states is usually difficult if not impossible.” However, 
MNDO calculations using parameters from the X-ray structure of 319 allow for a 
straightforward assignment-via Koopman’s Theorem, IE L = -c,?CF,-of the ioni- 
zations in the tris-sulfurdiimide (3) (Figure 1). Interestingly, previous PE studies on 
alkyl substituted -N=S=N- systems20’21 repeatedly assigned the first low energy 
cation states to an orbital sequence STnb < ns < nhr. Silicon substitution, however, 
appears to scramble the ordering of these orbitals (Figure 1). As has been demon- 
strated e.g. for the blue azo compound, (HX)sSi-N=N-Si(CH3)3,22 a tremen- 
dous shift of electron density from silicon to  nitrogen centers occurs. No wonder, 
therefore, that a MNDO calculation for bis(dimethylsily1) sulfurdiimide (cf. 1) pre- 
dicts the 3 lowest radical cation states with predominant nitrogen contributions, rep- 
resented by the orbitals: 

The next four M” states, which presumably fall under the second hump in the PE 
spectrum (Figure I ) ,  according to the MNDO wave function are of u8ic type. 

The MNDO calculation for the cage compound 3 suggests that the first M’ ‘states 
are also essentially of nitrogen lone pair n~ character (Figure 1: A; and E”). The fol- 
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FIGURE 1 
tween 8 and 12 eV for bis(N,K-methylsilvl)tris(sulfurdiimide) 3. 

lowing 3 orbitals also contain predominant n~ contributions (A; and E”) but both 
silicon and sulfur centers participate. The next 3 are “cage” orbitals UCSiNS (E’ and 
Ail. 

For S4N4 a first ionization energy of 9.47 eV23 has been determined. In all the 
compounds studied, only 4 exhibited a first IE of 7.85 eV, i.e. lower than the 8 eV 
limit associated with easy oxidation using AIC13 in CH2C12.’2-’5 

He(1) PE spectra between 8 and 18 eV for bis(N,K-trimethylsi1yl)sulfurdiimide 1 and be- 

B. ELECTRON SPIN RESONANCE SPECTRA 

The results obtained from reaction of 1-7 with AIC13 in CH2Cl2 are summarized in 
Figure 2. Interestingly, sulfurdiimides 1-3, with first ionization energies of greater 
than 8 eV, as well as 4, with an IEY of 7.85 eV, react to form S3Ni’. The time re- 
quired for observance of the ESR signal is, however, considerably shorter for 4 as 
for 1-3. 
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FIGURE 2 
reaction time required until the radical signal appeared (see text). 

ESR results on treatment of S/N compounds (1-5,7) with AlCll in HzCCIZ including the 

Persistent ESR signals from 1-3 are obtained by allowing the prepared ESR tube 
(see Experimental Section) to remain at 0°C until an ESR spectrum develops. In the 
case of 1, two days are required, for 2 approximately 10 hours and for 3 about 6 
hours. Although a radical signal from 4 is not seen immediately, after 10 minutes at 
0°C the same signal as from 1-3 appears. 

Although it is known that tetrasulfur tetranitride reacts with AlC13 to form a 1 : 1 
a d d ~ c t , ’ ~  the structures of the two 4 sulfur plus 4 nitrogen containing species are 
different, indicating that rearrangement of the S4N4 skeleton must take place.16s18 In 
addition, it has been proposed that u on reaction of S4N4 in the presence of SOC12 
and AlCi3 or FeCl3 to form [S~NZCI] Ae, the first step is the fission of the tetrasul- 
fur tetranitride ring giving both NSN and S3N2  fragment^.^' Therefore, S4N4 was al- 
lowed to react with AIClJH2CC12, to demonstrate whether an S3Nj’ fragment 
could be detected. Instantly, upon insertion of the sample tube into the pre-cooled 
ESR cavity, the signal for S3Ni@ developed. If indeed, the S4N4.AICI3 adduct arises 
through rearrangement of tetrasulfur tetranitride via S3Ni@, then the adduct itself 
might be expected to give rise to this moiety. S4N4.AIC13 6 dissolved in CHzClz 
showed no ESR signal, however, upon addition of extra AICl3, the familiar 5 line 
ESR pattern of the S3Ni@ radical cation developed immediately. Finally, the “par- 
ent” compound [S~NZCI] @ Cle2’ was reacted with AICI3 in H2CCl2 (cf. Exp. Part) 
and yielded-in an unknown way-again S3Nj’. 

6 f  

C. CONCLUSION 

Two categories of compounds have been studied; those with a “preformed” S3N2 
fragment and/or first ionization potential below 8 eV such as S4N4 or 4, and those 
with a first IE greater than 8 eV, e.g. 1-3. Type 1 molecules reacted quickly with 
AlCls to give rise to an ESR signal, while type 2 species reacted very slowly. Al- 
though no mechanism for these reactions can be proposed simply from the results 
obtained, especially since radical concentrations as low as lom5 mole/l are enough to 
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S3N;” RADICAL CATION 23 

give ESR signals, it is important t o  note that for each compound except [S~NZCI] ” 
Cle, the formation of S3Ni’ requires transfer of a N=S=N fragment and for 1-4 
the breaking of Si-N bonds. 

A number of reactions, nucleophilic as well as thermal, have been described re- 
cently involving movement of an N=S=N unit, although attempts to detect 
this species have been, t o  date, unsuccessful. Calculations indicate that although the 
lowest energy N2S unit has a linear NNS c ~ n f i g u r a t i o n , ~ ” ~ ~  two metastable species 
NSN (90° dihedral angle) and NSN (linear) may also exist.28 Therefore, transfer or 
movement of such a fragment during the complicated process of forming the S3Ni’ 
radical cation observed here is ossible. Silicon-heteroatom bonds are known to be 
labile in the presence of A1C13.26130 Azidosilanes, for example, have been reported to  
react quantatively with A1CI3 to  form chlor~si lanes .~’  Therefore, while the breaking 
of Si-N bonds in 1-4 in conjunction with the transfer of N=S=N moieties as is 
necessary in 1-7 to ultimately form the SsNi” species in the presence of AICI3 was 
not expected, results reported previously for reactions involving sulfur/nitrogen and 
silicodnitrogen systems indicate that the overall scheme proposed is plausible. 

26-28 

EXPERIMENTAL SECTION 

Compounds used for  srudy 

Bis (N-K-trimethylsilyl)sulfurdiimide (l).32 bis (N-N’-dimethylsilyl)di(suIf~rdiimide)~~ (2), bis (N-K- 
methylsilyl)tri~(sulfurdiimide)’~ (3). bis(trimethylsilylsuIfurdiimide)sulfide* (4), tetrasulfur tetranitride (5) ,  
tetrasulfur tetranitride aluminium chloride (6)12 and l-chloro-1,2,4-trithia-3,5-diazacyclopentahetrane- 
nium chloride (7)” were prepared according to  literature procedures. IR and NMR data, where applica- 
ble, were comparable to literature values. 

Phoroelectran Spectra 

The He(1) spectra were recorded on a Perkin-Elmer PS 16 spectrometer equipped with a heated inlet sys- 
tem. Spectra were calibrated by the ’P3,2 ionizations of Xe and Ar. 

Elecrron Spin Resonance sperrra were recorded on a Varian E 9 instrument and calibrated from the 
perylene radical ani0n.l’ Values are considered correct to within 1%. 

Generation of Radical Cations 

The samples for study were all prepared by first evacuating an ESR tube and, under a stream of dry N2, 
adding the compound of interest. The tube, continually under N2. was then placed in a -196°C bath and 
water-free AICh was added. H2CC12 that was dried and kept over AICIJ was condensed in and the tube 
sealed off under vacuum. The solid solvent (H2CC12) was not allowed to melt into the sample until 
immediately before the tube was placed into a pre-cooled (-60°C) ESR cavity. If a signal did not instan- 
taneously develop, the sample was held at 0°C and checked every 10 min. for the first hour, every half 
hour for the next 3 hours, every hour for the next 3 hours and then every 5 or 6 hours until a signal was 
observed. All spectra were recorded at -60°C and a temperature study showed expected broadening of 
the M # 0 high field nitrogen lines at lower  temperature^.'^ 

The MNDO calculations were performed at the Hochschul-Rechenzentrum Frankfurt using the pro- 
gram kindly given to us by M. J. s. Dewar and w .  Thiel.” 
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