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It is tempting to speculate on the mechanism of the de- 
composition of B3H70H-. A mechanism based on successive 
attack of hydroxide ions on the most positive boron atom in 
the group, as shown in Scheme I, seems reasonable. 
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Thiohydrolysis in the BX3/H2S/NR4SH system, where X = CI, Br, or SC2Hs and R = CH, or C2H5, has been investigated; 
the BX3/H2S system was considered as a comparative standard. At 195 K the BC13/H2S/NR4SH and BBr3/H2S/NR4SH 
systems always lead to the formation of the thioloborates NR4[BC13SH] and NR,[BBr3SH], respectively. N o  thiohydrolysis 
occurred in these systems, which is in contrast to the B(SC2HS)3/H2S/NR,SH system. At 195 K in liquid H2S, B(SC,H,), 
and NR4SH in up to 2:l molar ratio reacted to yield the thioborates (NR,)2-x[B,S,(SH)4,(SR)~+,-x], where x = 0 or 
1 and y = 0, 1, or 2. The Raman spectrum of the adduct H2S.BC13 a t  195 K was recorded. BBr, reacts in liquid H2S 
at 195 K to yield BBr(SH)2 which, a t  elevated temperatures, is converted to (-BBr-S-), with the evolution of H2S. 

Introduction 
Interactions in the system BX3/H2S/NR4SH (X = C1, Br, 

or SC2H,; R = CH3 or C2H5) have been studied in order to 
elucidate whether or not it is possible for BX3 to react under 
displacement of X- by HS- or S2- ions and formation of 
thioborates. So far, compounds of the latter type have been 
prepared either by solid-state or solid/gas reactions a t  high 
temperatures, e.g., by reaction of B2S3 with metal sulfides,2 
by reaction of elemental boron with an alkali metal sulfide and 
a mixture of H2S and H2,3 or by reaction of LiBH, with 
elemental sulfur. By carrying out the last reaction in ether, 
the addition product, the thioloborate Li[BH,SH], was ob- 
tained.4 In contrast to thioborates, thioloborates are accessible 
from liquid H2S a t  195 K according to the equation NR4SH + BX3 F! NR4[BX3SH].5 

Tris(alky1thio)boranes have been prepared by the reaction 
of boron trihalides with an excess of alkanethioL6 Experiments 
failed, however, to produce thioborates by reacting the former 
with H2S and an alkali metal thiolate in either methyl- or 
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ethylthiol in a high-vacuum apparatus. 
An important factor for the understanding of the chemistry 

of BX3/H2S/NR4SH systems is the knowledge of the cor- 
responding BX3/H2S system. There is indeed much known 
about these ~ystems;"~ however, it is not clear, what products 
of BBr3 or B(SR)3 are present in H2S a t  195 K. 
Experimental Section 

Apparatus. The utilized high-vacuum apparatus consisted of three 
major segments: the pump stand, the vacuum line, and the assembly 
for cleaning the N,. The pump stand essentially consisted of a H g  
diffusion pump, connected in series with a turning slide pump, and 
a shortened McLeod manometer, which was situated between two 
cooling traps. 

The main vacuum line was connected to the pump stand by a 
stopcock with a 12-mm bore. To this were attached 3-L or 6-L gas 
containers and the assembly for cleaning the N2  and a small modified 
Stock-type apparatus with a Hg manometer for the distillation of gases 
and-when needed-reaction bulbs and Schlenk tubes and similar 
reaction vessels connected by four separate entry or exit ports. The 
main vacuum line and the gas containers were protected against 
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Table I. Experiments in the BX,/H,S/NR,SH Systems 
molar weights, mg wt of NR, 
ratio NR,- vol of reacn [BX3SH1 ' mg dev exptl/ 

X R system T,  K N:R SH BX, H,S,mL time, h exptl theor theor,% 

c1 CH 3 

c1 CH 3 

c1 C, H, 
c1 CH3 
cl CH3 
c1 CH 3 

c1 CH3 
a CH 3 

cl CH 3 

cl c, H, 
cl CH 3 

c1 CH3 
a CH 3 

c1 CH 3 

Br CH, 
Br C,H, 
Br CH, 
Br CH, 
Br CH3 
Br CH, 

a Salt+. Saltz+. 

soln, open 

suspension, 
open 

soln, closed 
tube 

soln, open 

suspension, 
open 

195 

195 

293 

195 

195 

1 : l  
1 : l  
1 : l  
1 : l  
1:l 
1:2  
1:2 
2: 1 
2: 1 
1:2 
1 : l  
2: 1 
3: 1 
1:2 
1 : l  
1:l 
1 : l  
2: 1 
2: 1 
3: 1 

54  
65 
69 

3 25 
317 
338 
192 
3 20 
296 
297 

19 
28 
24 
10 
4 0  
54 

205 
250 
175 
199 

overpressure by Hg safety valves which were simultaneously utilized 
for a rough reading of the pressure. 

Gaseous H I S  (commercial product) was 
successively passed through towers filled with CaC12 and P4OtO and 
then liquefied in a graduated Schlenk tube cooled at 195 K ( C 0 2 /  
C3H60).  The tube was filled with known quantities of H2S and was 
connected to the vacuum line. The distilled (77-178 K) H2S was then 
stored over Hg in a 6-L gas container of the high-vacuum apparatus. 

BCI,, commercial grade, was pure after condensing it into a cooling 
trap at 178 K (solid and liquid acetone) of the Stock apparatus, 
degassing it a t  77 K (liquid nitrogen) under high vacuum for 1 h and 
trap-to-trap distilling it a t  least twice. The gas, bp 285.65 K, was 
stored in a 3-L gas container of the high-vacuum line with 50 torr. 

BBr, was purified by placing of 25 g of commercial grade BBr, 
(Merck) into a 50-mL storage bulb connected with an evacuation and 
tap tube, removing HBr by degassing under high vacuum at  195 K 
and distilling off from H3B03 at room temperature; it was stored under 
dry NZ. For dosage of the purified BBr3,.bp 364 K, vapor pressure 
55 torr a t  293 K, the storage bulb was weighed, was cooled to 76 K, 
was connected with the vacuum line in a Nfcountercurrent technique, 
and was degassed at  195 K under high vacuum. After removal of 
the cooling bath the gas expanded into a known volume. As soon as 
the desired pressure (10-15 torr) was reached, the storage bulb was 
separated by turning off the tap. 

B(SC2H5)3, bp 356-358 K at 2 torr, was prepared by reaction of 
BCI, with C2H5SH in the presence of triethylamine in benzene for 
2 h at  293 K and subsequent distillation between 346 K at 1 torr and 
369 K at 2 torr. B(SCH3)3 was prepared in an analogous fashion.1° 

N(CH3)$H was produced after modification of the literature 
method" in the following way: by degassing at  least 30 mL of a 0.1 
M solution of tetramethylammonium hydroxide in 2-propanol/ 
methanol at 195 K, saturating with H2S for 1 h at 195 K, and distilling 
off solvents and excess H2S at 293 K as soon and as completely as 
possible. The remaining colorless crystals (containing methyl alcohol) 
are extremely hygroscopic and oxygen sensitive. 

N(C2H5)4SH was prepared by generating tetraethylammonium 
hydroxide in alcoholic solution via anion exchange (ESB 274 of 
Permutit AG) of a 0.25 M solution of the bromide in absolute methyl 
alcohol-analogous to a published preparation for tetrabutyl- 
ammonium hydroxidel-egassing, saturating with H2S, and stripping 
of solvent to yield colorless crystals, which lose the alcohol of 
crystallization under vacuum at  348 K. 

Raman spectral data were recorded on a Cary Model 82 instrument. 

Results and Discussions 
In the BX3/H2S systems (X = C1, Br, or SC2H5) the re- 

actions at 195 K were reinvestigated. BC13 is soluble in liquid 

Starting Materials. 

58 
12  
50 

351 
348 
750 
425 
175 
140 
348 

21 
14 

8 
21 

100 
90 

490 
295 
200 
152 

20 
25 
20 
15 
20 
15 
15 
15 
15 
15 

0.1 
0.1 
0.06 
0.1 

20 
25 
25 
15 
15 
15 

1 
1 
1 
1 

48 
1 

12  
48 

3 
20 
24 

720 
24 
12  

1 
1 

24 
1 

72 
4 

107 
130 
118 
602 
610 
71 1 
3 9 8  
503 
340 
485 

31 
43 
35 
28 

130 
126 
655 
55 1 
370 
355 

112 
137 
119 
676 
665 
708 
406 
495 
336 
479 

4 0  
4 2  
32 
31 

133 
136 
685 
545 
312 
35 1 

-4.5 
-5 
-1 

-12a 

t 0 . 5  
-2  
+1.5 
t 1  
t 1 . 5  
-7 
-2  

t 1 0  
- 10 

-2 
-1.5 
-4 
t 1  
- 0.5 
t 1  

- 9b 

H2S only up to 0.3 M; it exists in such a solution in the form 
of the soluble adduct H2S.BC13; a t  higher concentrations the 
colorless adduct precipitates. However, at just about the 
melting temperature of 238 K the adduct decomposes into H2S 
and BC13, as was shown by a vapor pressure diagram over the 
range 195-293 K.' 

The Raman spectrum of a suspension of the adduct 
H2S-BC13 in liquid H2S a t  195 K exhibits the following lines: 
2571 (vs), 2430 (w), 1167 (vs), 1123 (s), 832 (w), 800 (sh), 
664 (w), 577 (m), 459 (w), 395 (vs), 257 (s), 254 (s), 210 (vw), 
182 (vs), and 163 (m, sh) cm-I. It cannot be assigned with 
exception of the bands at 2571 and 1167 cm-' (H2S) as well 
as 459 and 254 cm-I (BCl,). 

The reactions between BC13 and H2S in a closed tube under 
high H2S pressure give, on warming from 195 to 293 K, 
detectable amounts of BC12SH, as was illustrated by Raman 
spectral data. 

BBr3, in concentrated solutions up to 1 M in liquid H2S at 
195 K, forms essentially BBr(SH)2 besides small amounts of 
BBr2SH; some unchanged BBr, remains in the equilibrium 
mixture, as was shown by the comparison of the Raman 
spectra of the cited compounds. In contrast to the BC1, system, 
displacement of Br by S H  occurs even a t  low temperature; 
there is no evidence for the formation of the adduct H2S.BBr3. 
At room temperature BBr(SH), cyclizes to yield (-BBr-S-), 
with the elimination of H2S, as was demonstrated by Raman 
spectral data.' 

In a closed tube at 293 K, a concentration-dependent 
substitution of BBr, to yield BBrzSH and BBr(SH)2 occurs, 
determined once again by Raman spectral data. By heating 
to ca. 333 K, three new weak Raman lines develop, which 
probably arise from a cyclization to yield (-BBr-S-),. 

B(SC2H5), is soluble in liquid H2S at 195 K up to a 3 M 
homogeneous solution. Stepwise vacuum distillation of such 
a solution at 195 K provides an indication about the prevailing 
species. In a sealed tube under high H2S pressure at room 
temperature, the thioborane reacts only to a small extent with 
H2S within a range of a 1:l to 1:12 molar ratio, as was shown 
by Raman spectra. Only a few weak bands of a thiohydrolysis 
product were observed. 

If the known properties of the BF3/H2S systemI3 are taken 
into consideration, it is apparent that for boron trihalides the 
ability to add H2S followed by H X  elimination increases in 



382 Inorganic Chemistry, Vol. 18, No. 2, 1979 

Table 11. Chemical Analysis (mol %) Related to N = I 

Gert Heller and Wolfgang Eysenbach 

N C  H s c1 
salt + 

1 4.2 14.1 0.90 3.2 
salt2+ 1 4.5 13.5 0.84 3.1 
[N(CH,),] [BCl,(SH)] 1 4 13 1 3 

I I1 
B:N= 3:2 B:N= 3 : l  
B:SC,H, = 3 : 1  B:SC,H, = 3:2 

Figure 1. Possible structural formulas for alkylated thioborates. 

the order BF3 < BC13 < BBr3. 
In the case of B(SC2Hj), an addition of H2S is unlikely to 

occur due to the bulkiness of the ligand; furthermore, the 
trigonal boron is stabilized by K contribution to the B-S 
bonding. 1 4 , 1 5  

In the BC13/H2S/NR4SH ( R  = CH,, C2Hj) and BBr3/ 
H2S/NR4SH systems the 1:l adducts NR4[BX3SH] (= 
thioloborates) are formed at  195 K, independent of molar ratio 
and concentration of the reactants and/or the reaction times. 
The thioloborate was also observed in the case of BC13 in a 
closed tube at  room temperature (attention! from 323 to 333 
K an  explosion occurred), whereas in the pure BC13/H2S 
system-as indicated by Raman spectra-detectable amounts 
of BC12SH are formed. This observation illustrates that the 
base NR4SH hinders thiohydrolysis (Tables I and 11). 

In contrast to these systems, B(SC2Hj), reacts with the base 
N(CH,)4SH in a great excess of liquid H2S at 195 K up to 
a B:N ratio of 2:l with thiohydrolysis, as was shown by 
chemical analysis and weight analysis (Table 111). In this 
conjunction weight analysis means that all the gaseous 
compounds were distilled off; residues were weighed and 
related to the weighed amounts of the reactants. B(SC2Hj), 
does not react beyond the B:N ratio of 2:1, and the excess may 
be distilled off. 

The colorless powdery and foul-smelling products discolor 
to yellow to reddish brown in air by hydrolysis. The hyg- 
roscopic products react violently with water. On slow warming 
in a sealed tube under nitrogen cover, the powders melt with 
decomposition between 399 and 453 K. The Raman spectra 
show strong fluorescence, and only weak bands may be re- 
corded between 2900 and 3200 cm-’. 

As shown in Table 111, the sum of the contents of the 
chemical analysis of the thioborate ranges from 86 to 93% by 
weight; the missing 7-14% is due to partial hydrolysis. For 
correction of the sulfur contents, the mole number of oxide 
or hydroxide was calculated and added to the analytically 
determined mole number of sulfur. Beyond the relative weight 
increase the molar ratio B:SC2H5 is introduced for the degree 
of the thiohydrolysis. Assuming that N is present only as 
[N(CHJ4]+, we calculated SC2Hj by the formula (C - 4N):2, 
relative to B = 1 (Table IV). The ratio (B:SC2Hj may vary 
between 1:3 (if no thiohydrolysis occurs) and 1:0 (complete 
thiohydrolysis). In the alkylated thioborates the molar ratios 
of B:SC2H5 are 0.15 to 0.65 or 6:l to 3:2 instead of 3:9 (if no 
thiohydrolysis had occurred). The ratio in the thioborate 
depends on the ratio and the quantities of the reactants. 

The illustrated structural formulas (Figure 1) for alkylated 
thioborates are in accordance with these results. Some ex- 
periments produced the pure compound I; others, a mixture 
of I and 11. Species I1 alone cannot be formed since the ratio 
B:N never was higher than 2: 1. 

I t  is surprising that thiohydrolysis of BCl, and BBr3 is 
hindered in the presence of the base, whereas in the case of $ 1  P I 



Reactions of Tetrasulfur Tetranitride with Bromine 

Table IV. Chemical Analysis (mol 7%) Related to B = 1 
molar 

calcd ratios 
for N:B N C H S B C,H, 

1:0.98 1.01 5.7 17 4.2 1 0.65 
1:l.O 0.98 4.9 14 3.1 1 0.5 
1:1.27 0.8 3.6 11 3.0 1 0.2 
1:3.02 0.6 2.7 9 3.0 1 0.15 
1:2.85 0.6 3.2 10 3.1 1 0.4 
1:8.3 0.5 3.3 10  3.3 1 0.65 

I 0.67 3.0 11 2.67 1 0.33 
I1 0.33 2.67 8 2.33 1 0.67 

B(SC,H,), it is facilitated. This different behavior can only 
be explained by the bulkiness of the SC2H5 ligand. 

In B-S chemistry, the formation of six-membered rings 
comprised of three alternating B and three S atoms is more 
common than for B-0 compounds. For example, thioboric 
acid is a cyclic trimer,16 while orthoboric acid is a monomer 
with strong hydrogen bonds. Among the borates, only the less 
common triborates have six-membered ring structures 
analogous to the known alkali metal thioborates; for example, 
NaBS2 is better represented by the formula Na3B3s6:l7 

More highly condensed S-containing ring systems similar 
to the spiranlike pentaborates are not formed despite the 
utilization of an up to eightfold excess of B(SC2H5),. This 
result can be explained by the fact that, as in the case of 
thioboric acid,16 the endocyclic B-S bonding distances are 
smaller than the endocyclic ones. Since the sulfur atoms are 
larger than the oxygen atoms, the formation of two spiranlike 
rings at one boron atom as in the pentaborates is unlikely in 
the B-S chemistry. 
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The products of the reaction of tetrasulfur tetranitride depend strongly on the reaction conditions. Recently it has been 
shown that gas-phase bromination of solid S4N4 causes polymerization to conducting (SNBroJx while reaction with liquid 
bromine leads to a stable tribromide S4N3Br3.4 In contrast the reaction of S4N4 with bromine in carbon disulfide solution 
results in a mixture of S4N3Br3, S4N3Br, and a novel ionic compound CS3N2Br2. 

As part of a continuing study of the bromination of S4N4,,q4 
the products of bromination in solution havl: been investigated. 
We previously reported the reaction of bromine vapor with 
solid S4N4 which gives (SNBr0,4)x,2’3 a highly conducting solid, 
very similar in its physical properties to brominated (SN),. 
The reaction of S4N4 with liquid bromine gives the ionic 
compound S4N3+Br3-,4*5 which contains stacks of alternating 
planar S4N3+ rings and asymmetric Br3- cations. The bro- 
mination of S4N4 in CS2 was first reported by Clever and 
Muthman in 1896.6 These authors describe their reaction 
product as bronze crystals which they assumed to be S4N4Br4, 
similar to the known chlorination product S3N3C13. Later 
Becke-Goehring’ formulated the compound as a polymer 
(SNBr),, largely on the basis of its insolubility in nonpolar 
organic solvents. Heal8 repeated the synthesis and analyzed 
the product to be S3N2Br2 analogous to the known compound 
S3N2C12.9 In another study Zborilova et a1.l0 concluded the 
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bronze crystals were actually a mixture of S4N3Br and 
S3N2Br2. In this paper data will be presented which show that 
the bronze crystals are indeed a mixture, but of S4N3’Br-, its 
corresponding tribromide, and CS3N2Br2 rather than S3N2Br2. 

Experimental Section. Reaction of Bromine with S4N4 
in CS2 

All manipulations were carried out under vacuum or in a dry argon 
atmosphere with purified reagents and dried solvents. A total of 2.5 
mL of bromine was added to 1.75 g (9.5 mmol) of S4N4 dissolved 
in 200 mL of CS,. After 24 h olive brown crystals were collected 
on a frit and thoroughly washed with CS2 until the washings were 
only slightly yellow. The product was then dried under vacuum to 
give a yield of 3.75 g. This product was then further extracted with 
liquid SO2 for 7 days until the washings were almost colorless. The 
yield of the S02-insoluble fraction was 1.03 g. Anal. Calcd for 
CS3N2Br2: C, 4.06; S, 32.48; N ,  9.46; Br, 53.99. Found: C, 4.24; 
S, 31.80; N,  9.94; Br, 53.35. 
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