
ELSEVIER 
Coord ina t ion  Chera/stry Reviews 

158 (1997) 171-232 

Chalcogeno boron hydrides 

Herbert  Binder *, Martin Hein 

Institut f a r  Anorganische Chemic der Universiti~t Stuttgart, Pfaffenwaldring 55, 
D-70569 Stuttgart, German), 

Received 12 Sep tember  1995; accepted 26 Oc tobe r  1995 

Contents  

Abstract  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  173 

1. In t roduc t ion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  173 

2. O n e - b o r o n - a t o m  systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  174 

2.1. HB(SH)2  | ,  H.~BSH 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  174 
2.2. HBS,  DBS,  (HBS) ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  174 

2.3. ( C H 2 S h B H  3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  175 

2.4. H 3 B - S { C H 3 h  4, R z S - B H z  and  radical 4a . . . . . . . . . . . . . . . . . . . . . . . . . . . .  175 

2.5. [ N ( C 2 H s h ] [ ' ( B H 3 ) z S H 1  5, K [ ( B H a ) z S C z H s ]  6 . . . . . . . . . . . . . . . . . . . . . . . .  175 
2.6. [Na-Tf ig lyme '12[S(BHa)4]  7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  175 

2.7. H2S~(BH3)2 8, [ H 2 B ( - S - S ~ - S ) ] -  9b, ( C H 2 - S - ) z B H ~  9c . . . . . . . . . . . . . . . . . . .  176 
2.8. B H ~ _ , ( S H ;  ( n = 1 - 4 )  10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  t76  

2.9. N a z I ' H ~ B - - S e - - S e - - B H a ]  11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  176 

3. T w o - b o r o n - a t o m  systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  t77  

3.1. /~2-HS(B2Hs) 12, (H2BSH)2 13, 1,2-(HS)2B2H4 14, p4-S(B2Hs) 2 15 . . . . . . . . . . . . . .  t77  
3.2. pz-RS(B2H~) 16 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  178 

3.3. H2BzS3 17,H2BzS4 18 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  179 
3.4. [ 'CH2(SCHa)(BH)2]z  19, H z B - - S - - S - - B H z  19a . . . . . . . . . . . . . . . . . . . . . . . .  181 

4. Th ree -bo ron -a tom systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  181 

4.1. T H F - - B H z - p 2 - S ( B z H s )  20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18I 

4.2. Na[ 'H3B-p-S(BzHs) 'J  21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  182 

4.3. [ 'HaB-/~2-S¢(B2Hs)]- 22 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  182 
4.4. [C2HsSBH2]  a ? ,~ ,  [ tBuSBHz]a  23b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  t83  

4.5. J 'BaSzH6]-  24 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  183 

4.6. B 3 H 6 O S C - - C H  a 2,~,  B3H6S2P(OC2Hs)2 25b . . . . . . . . . . . . . . . . . . . . . . . . . .  185 
5. F o u r - b o r o n - a t o m  systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  185 

5.1. H2B(I~2-SR}zBaH6 27 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I85 

5.2. H2(g)2SzRBH(B2Hs)  28 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  187 
5.3. [CHz(SBH2)2]~  30 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  187 

* Cor responding  author .  

0010-8545/97/$32.00 © 1997 Elsevier Science S.A. All fights reserved 
PII S 0 0 1 0 - 8 5 4 5 ( 9 6 )  0 1 2 5 8 - 1  



172 H. Binder, M. Hein / Coordination Chemistry Reviews 1.58 (1997) 171-232 

6. Five-boron-atom systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  187 

6.1. Na[CH2BsHtoS4]-3dioxane  31 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  187 

6.2. [(BH2)sS4]- 32 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  189 
7. Six-boron-atom systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  190 

7.1. CszI'(BHz)6S4].CsBr 34b and  Cs21"(BH2)6Se4].CsBr 37b . . . . . . . . . . . . . . . . . . .  19I 

7.2. hypho-SzB6H~ 38, hypo-2,3-(CH3)z--2,3-S2B6H9 39, hypo-I-CHz--2,5-SzB6Hs 40 . . . .  193 

7.3. arachno-4,6,8-SC2B6Hto 41a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  196 
7.4. hypho-7,8-CSB6H~ 41b, 8-Me--hypho-7,8-CSB6Htl 41e . . . . . . . . . . . . . . . . . . . .  196 

8. Seven-boron-atom systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  197 

8.1. arachno-4,6-CSBTHii 42 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  197 

8.2. arachno-6,8-SzB7H 9 43, arachno-SzB6H ~ 43a, hypho-2,5-SzB6Hfo 43b, 

hypho-2,5-S2BTHll 43¢ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  198 

8.3. arachno-SSeBTH9 44 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  199 

8.4. arachno-5,6,9-SC2BTHxl 45a, arachno-SeCzB7Hn 45b . . . . . . . . . . . . . . . . . . . . .  199 
9. Eight -boron-a tom systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  200 

9.1. nido(SBaHlo) (?), arachno-4-SBaH12 46, exo-6-L--arachno-4-SBsHto 46a, 
arachno-4-SBaH~l 46b, nido-4-SBsH9 46¢, nido-7-SBaH9 (?): 

metal lathiaboranes of the type LzPtSBaHto 46d (L = PMe2Ph,  Et3P, Ph3P) . . . . . . . .  200 

9.2. nido-SCzBaHto 47a, 6,9-CSBaHff 47b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  204 

9.3. nido-SeC2BsHto 48 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  205 
9.4. arachno-Se2BaHlo 49a, arachno-6,9-NSBaHtt 49b, arachno-6,9-CSBaHt2 49e, 

arachno.6,9-CSBaH?l 49d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  206 

10. Nine-boron-a tom systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  207 

10.1. closo-l-SBgH9 50, 6,7,8,9,10-Ds-l-SBgH4 50a, cioso-SeB~H9 50b . . . . . . . . . . . . . . .  207 
10.2. closo-6-X--1-SBoHs 51, closo-lO-X--I-SBgH a 52, ( X = C I ,  Br, I); 

closo.6AO-X2--1-BgH 7 53 ( X = B r ,  I) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  207 

10.3. 2,2'-(I-SB9Hg)z 54a, 2,6'-(I-SBgHs)2 54b, 6,6'-( I-SBgHs)2 54c . . . . . . . . . . . . . . . . .  208 

10.4. ( 1-SB9Hs)(I '-SBttHto) 55 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  209 

10.5. (1-SB9Hs)(I ' ,7'-CzBIoHIt) 56a, (1-SBoHa){2',3'-CzBgHto) 56b . . . . . . . . . . . . . . . .  210 

10.6. closo-(CH3)~- I-SBoHo_,, (n = 1-5) 57a, closo.(C2Hs),,--I-SBgHg_, (n = 1-5) 57b . . . . .  210 
10.7. nido-6-SBoHH 58 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  210 

10.8. BgHn . l igand 59, ( l i g a n d = H - ,  O H - ,  CH3CH, D M F ,  (CH3)zS, T H F ,  Et3N, and PPh3) 211 

10.9. Metal  derivatives of  the SBoH~- ion 60 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  211 

10.10. 6-SBoHt~ as a hydrobora t ion  agent 61, nido-6-SBgHto 61a . . . . . . . . . . . . . . . . .  212 

10.11. T riazene-arachno.6-SBgH t t cluster: 

(/4z-(4,exo-9)-l-SiMe3--3-H--N3)-arachno-6-SBoH~t 62 . . . . . . . . . . . . . . . . . . .  212 

10.12. nido-XBoHH 63a (X---- Se, TeL XBoHtt -L 63b ( L = L e w i s  base) . . . . . . . . . . . . . . .  214 
10.13. nido-SzBoH9 64a, nido-SSeBgH9 64b, nido-SezHgH9 64c . . . . . . . . . . . . . . . . . . . .  214 

10.14. arachno-2,3-SzB9H~o 65a, arachno-2-H--2,3-S2BoH~o 65b, 

arachno-2-CHa--2,3-SzBgHto 65e, arachno-2-CH2I-2,3-S,BaHto 65d . . . . . . . . . . .  214 

10.15. SbgHZtt 66, (SBgHIt)2M 2- ( M = N i ,  Pd) 66a, nido-7,8-CSBgHtl 66b . . . . . . . . . . . .  217 

10.16. arachno-6-SB9H?z 67a, arachno-6-SBoHHBr- 67b, arachno-SBoHtt(OH)- 67e, 
arachno-6-SeBgH?z 67d, arachno-6-TeBgH{z 67e . . . . . . . . . . . . . . . . . . . . . . . .  217 

10.17. (CzHs)zS.BgHta 68 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  219 

11. Ten-boron-a tom systems . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  219 

11.I. nido-7-SBloH12 69a, nido-7-SeBloHt2 69b, nido-7-TeBtoHt,. 69e, 2-R--7-SBtoH 69fl, 

(SBtoBn)z 69e, SBtoHi-t 70a, SeBtoHi-t 7Oh, TeBloHi-t 70e, 
M(EBtoHto)  2- (M.~- Fe, Co; E = S e ,  Te) 71, CpCoEBloHto 72 . . . . . . . . . . . . . . . .  219 



H. Binder, M. Hein / Coordilmtien Chemistry Reviews 158 (1997) 171-232 173 

11.2. nido-7-SBtoH21o 73, (SBtoHlo)2M ~- 74 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  221 
11.3. Vz-6,7-(CHaE)BtoHta 75a,b (E = S, S¢), t~2-6,9-CHsEBtoH~2 76a,k 

{ Cs [/~2-6,9-CHaSBtoH t2] }s • Cs [t~2-6,7-OH-v2-6,9-CH3SBtoH H ] 77a, 

BtoHtz'[S(CHs)2"[z 77e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22t 
11.4. nido-6,6'-O(BloH13)2 78 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  222 

12. Eleven-boron-atom systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  223 

12.1. closo-SBttHtt 79a, 12-Br--I-SBslHlo 79b, closo-B-C6H~SBllHto 7~, 
closo-B,B'(C6Hs)zSBllH o 79d, closo-SeBtlHt! 79e, closo-TeBttHtt 79f . . . . . . . . . . .  224 

12.2. nido-OBttH{2 80 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  225 
13. Twelve-boron-atom systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  226 

13.1. closo-Bt2HttSH 2- 81a, closo-BtzHllSCH~- 81b, closo-BlzHto(SCHa)~- 81e, 

closo-BtzHo(SCH3) 2- Bid, closo-Bt2HttS(CH3)~ 81e, closo-Bt2Hto[S(CH~)z]x 81f . . . 226 
13.2. (Cs+)4[HttBtz--S-TS--BI2HH'[  82a; radicals: BtzHttS 2- 82b or Bt2HttSH - 82c . . . .  227 

14. Seventeen-boron-atom system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  228 

14.1. arachno-[9,9'-S2Bl~Ht8 ]- 83 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  228 
15. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  229 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  230 

Abs~aet 

T h e  syn theses  a n d  s t ruc tu re s  o f  cha ins ,  r ings  a n d  c lus te rs  o f  c o m p o u n d s  c o n t a i n i n g  b o r o n ,  
h y d r o g e n  a n d  c h a l c o g e n s  a re  desc r ibed .  E m p h a s i s  is g iven  to  t he  m o s t  r ecen t  d e v e l o p m e n t s  
i n v o l v i n g  a lkyl  a n d  aryl  c h a l e o g e n o  g r o u p s  as  l igands .  © 1997 Elsev ie r  Sc ience  S.A.  

Keywords: Boron hydride; Chalcogeno boron hydrides 

1. Introduction 

The spectacular growth of metallaborane and metallacarbaborane cluster chemis- 
try during the last 30 years has sometimes tended to obscure the equally impressive 
parallel developments in the synthesis and structural characterization of main-group 
element heteroboranes. It is the aim of this article to summarize some recent 
developments in this field of chemical research, with the emphasis being restricted 
to structures that exhibit alkyl (aryl) cha|cogeno groups { RX-} (X = S, Se, and Te) 
as endo-ligands and chalcogeno atoms as cluster units. For example, the compound 
tz2-RSBzH5 possesses an aIkyl (aryl) chalcogeno group which can be considered as 
an endo-group replacing one endo-hydrogen atom in B2H6. In most cases, the 
interaction of a chalcogeno atom with a borane cage results in the incorporation of 
the chalcogeno atom into the cluster itself. Either the cage may expand, or else 
formal substitution of the chalcogeno atom for a boron atom occurs. When chalco- 
geno atoms occur in heteroborane clusters the electron-counting rules can readily 
be extended to them [1 ]. Thus, whereas each {BH} contribute~ 2e and {XH} 
contributes 5e (X =S, Se, and Te), { X } contributes 4e; the { XH } group in each 
case contributing three electrons, the X atom in each case contributing four electrons 
to the framework plus an exo-polyhedral lone-pair. 
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While in organic molecules an eleclronegative heteroatom E (E=N,  P, O, S, etc.) 
is the center of enhanced electron density, quite the opposite situation happens with 
heteroborane clusters [2] in which the heteroatom seems to be the more plus charged 
the higher its electronegativity. The reason is that the main-group heteroatom 
substitutes a skeletal boron atom of the same formal number of skeletal electrons. 
Thus CH is equivalent to a formal vertex BH- ,  and NH or S to a formal vertex 
BH 2-. Such electron-rich boron vertices are, in reality, non-existent in boron hydride 
clusters since these 'surplus' electrons are dissipated throughout the whole skeleton. 
The same fate meets the skeletal electrons brought in by an electronegative hetero- 
atom: they are dissipated through the skeleton, changing the heteroatom to the 
electropositive center [3]. 

Specific syntheses of chalcogeno boranes and chalcogeno borane anions will be 
mentioned at appropriate points in the following sections in which the structure and 
properties of individual compounds are discussed. 

The sequence of presentation will be in the order of increasing number of boron 
atoms. Reactivities for the class of compounds in the headings (Sections 2-14 are 
not discussed. 

2. One-boron-atom systems 

The species to be considered are derivatives of the fugitive monomerie borane(3) 
itself, BH 3, and the very stable tetrahydroborate( 1 - )  ion, BH~-. 

2.1. HB(SH)2 1, H2BSH 2 

The new and unstable compounds HB(SH)z I and HB(SD)z are formed by 
CO2-1aser irradiation of a gaseous mixture of BzH6 and HzS or DzS respectively 
[4]. I has been identified by infrared (IR) spectroscopy and mass spectrometry. The 
IR spectrum is interpreted in terms of the assumed Czv structure. 1 is not produced 
in the thermal reaction of B2H6 and H2S and it is only stable in the gas phase. The 
great reactivity of the hypothetic monomer H2BSH 2 precludes its detection by 
spectroscopic techniques. Ab initio SCF-MO computations suggest that in BHzSH 
the overall z~ effect of the substituent SH is stabilizing [5-7]. 

2.2. HBS, DBS, (HBS)n 

HBS, and DBS (prepared from boron and HzS or DzS respectively) have been 
investigated by IR spectroscopy and calculated by ab initio SCF calculations [8- 
10]; concerning (HBS),, see Ref. [11 ]; photoelectron spectra for the Ion HBS + show 
the v3 mode at 955__.40 era-t  [12]. 
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2.3. (CH2 S) 2BH 3 

Reactions ofdiborane with ethanedithiol lead to (CHzS)zBH 3 which is a monomer 
only in the vapor phase [13]. 

2.4. H3B-S(CHa)2 4, R2S-BH2 and radical 4a 

Base adducts of BH3 are generally obtained from the direct reaction of diborane(6) 
with Lewis bases. A convenient borane-carfier is H3B-S(CH3)2 4 [14,15] which is 
commercially available. It can be handled more easily and safely than B2H 6. 

Hydrogen atom abstraction from R2S-BHa (R = CH3, C2Hs) by (CH3)3CO" and 
ot" [(CH3)3Si]aN" and radicals gives the RzS-BH3 and radicals 4a, the structures 
and reactions of which were studied in solution using EPR spectroscopy [ 15]. 

2.5. [ N ( C 2 H s ) 4 I [ ( B H a ) z S H  ] 5, K [ ( B H a ) 2 S C 2 H s ]  6 

Hydrogen sulfide and alkyl sulfide ions form bisborane adducts (BH3)2L- [16- 
191. 

BaH 6 + [N (C2H 5)4]SH --~[N (C2H5)4][( BHa)zSH ] 
$ 

B 2 H 6  + KSCaH5 -~K[(BHa)2SC2Hs~ 
6 

5 decomposes above -- 78 °C [ 18]. 

2.6. [Na. Triglyme]2[S(BH3)4] 7 

Adducts of BHa with the S 2- ion are not detectable in THF  by tIB NMR 
spectroscopy. The anion [S(BH3)4] 2- 7 can, however, be obtained by the addition 
of NaBH4 to Na[HaB-/e2-S(B2HD] 21 [20] in diglyme or trigbTae, respectively. 

Na [ HaB-Itz-S(B2Hs)] + NaBH4 
triglyme 

~ " [Na- Triglyme]2[S (BH3)4] 
1,2-dichtorethane 7 

The four BHa groups are tetrahedrally disposed about the S 2 ion. The anion of  7 
may be viewed either as an adduct of Bz;~ ~6 with S 2- ,  or as a bridge substituted thin 
derivative of the B2H7 anion; furthermore, the anion of 7 is isoclectronic and 
isostructural with the SO42- ion. An X-ray structure analysis at room temperature 
of  the colorless crystals revealed the molecular structure of  7 (Fig. 1). 

The effect of bond polarity is nicely to be seen by the result of  an electron 
localization function (ELF)  (Figs. 2(a) and (b)). The electron pairs in the planes 
containing three neighboring atoms ($B2 and SO2) of  the anion 7 and the SO~- ion 
are either polarized to the boron atoms (SB2 plane) or to S 6+ (SO2 plane). 
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g 4 ~  ~ V  B2a 

Nal 

Fig. 1. Disordered, distorted cubic environment of the sulfur atom in [S(BH3)4] z- 7. (From Ref. [20] by 
permission of Htathig-Fachverlage, Heidelberg). 

2.Z H2Sx(BH3)2 8, [HzB(-S-Sx-S)]-  9b, (CHz-S-)2BH2 9c 

Adducts of the type H2Sx(BH3) 2 8 (x=2,  3) are formed when B2H6 reacts with 
H2S2 or H2Sa, respectively; the compounds of type 8 are short-lived species which 
could be identified by ~lB NMR spectroscopy [21]. 

It was reported that NaBH4 reacts with sulfur at room temperature in the presence 
of appropriate organic solvents to give a sulfurated borohydride NaBH2S3 9a [22]. 
The structure of 9 could not be established by X-ray diffraction. 

NaBH4 reacts with $8 in THF or LiBH4 with Sa in ether via species such as 
[H2B(-S-S~,-S)]- 9b which exist in the solution for only a few hours and exhibit 
two uB NMR triplets [23]. The reducing species of an NaBHJ(CH2SH)2 substrate 
is considered to have the structure (CH2-S-)2BH~ 9¢ [24]. 

2.8. BH4_,(SH)~ (n= 1-4) 10 

Excess hydrogen sulfide reacts with NaBH4 in THF to form stepwise the anions 
BHa_,(SH),7 (n= 1-4) 10 [25-27]; ( B ( S H ) 4 : 3 i t B = - 0 . 6  (quint), 2J( t tBIH)=4 
Hz). 

2.9. Na2[HaB-Se-Se-BHa] 11 

Na2[HaB-Se-Se-BH3] 11 is produced by the reaction between elemental selenium 
and NaBH4 (1 : 1) in tfiglyme (diglyme), under dehydrogenation. 

~.Se~ +2BH~ --.[HaB-Se-Se-BH3] 2- + t{2 
11 

As can be seen from 7~Se NMR there are two rotational isomers of 11 (1 : l 
mixture of gauche and trans isomers) [28]. 
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Fig. 2. (a) Contour plot of electron localization function (ELF) in the B-S-B plane of the [S(BH3)4] 2- 
anion 7; the lines represent the values 0.75, 0.8, 0.85, 0.9, and 0.95~ (b) Contour plot of ELF in the 
O-S-O plane of NaaSO4; the lines represent the values 0.75, 0.8, 0 85, 0.9, and 0.95. (From Ref. [20] by 
permission of HOtlfig-Fachverlage, Heidelberg). 

3. Two-boron-atom systems 

The species to be considered are derivatives of B2H 6. 

3.1. t~2-HS(BzHs) 12, (H2BSH)2 13, 1,2-(HS)2B2H4 14, g4-S(B2Hs)215 

/~2-Mercaptodiborane/~2-HS(B2Hs) 12 was generated by treatment of  
[N(CzHs)4][(BHa)zSH] 5 with an excess of anhydrous hydrogen chloride at --78 °C. 
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The tt2-HS(B2H5) has an extrapolated b.p. of 27 °C. The thermal stability of 12 in 
both the gas and the liquid phase is poor [29]. Decomposition in the liquid phase 
is considerably faster. Gas-phase decomposition yields hydrogen sulfide, diborane, 
and involatile solid; liquid-phase decomposition yields hydrogen, diborane, and 
involatile solid./z2-HS(B2Hs) has also been obtained by COs-laser irradiation of a 
gaseous mixture of BzH6 and H2S [4]. The structure of 12 has been determined by 
SCF calculations [30] (Fig. 3). 

The new and unstable compounds 123,32a,224,424-dithiadiboretane (HzBSH)z 13, 
the isomer 1,2-dimercaptodiborane 1,2-(HS)2B2H4 14, g4-thiabis(diborane) 
/z4-S(B2Hs)2 15, as well as HB(SH)z 1 and /t2-HS(BzHs) 12 are formed in tl=e 
reaction of B2H6 and H2S, with or without toluene, in a pressure tube at - 1 5  to 
- 10 °C [30]. SCF calculations indicate that the coordination dhner of 14 exists as 
a mixture of planar Z and E isomers (C2h) (Fig. 4); 15 has a pyramidal structure 
(C2) (Fig. 5); the BSB unit in/~2-HS(BzHs) 12 and/~4-S(BzHs)z 15, has some central 
or open three-center character. 

3.2. #2-RS(BzHs) 16 

There are relatively few alkylthio derivatives of the simpler boron hydrides. The 
first to be reported was/~2-CHaSB2H5 [31]. The alkylthia group is shown to occupy 
exclusively a bridging position in ttz-RS(BzHs) 16, (R = CH3, CzHs, n-C4H9) [32, 33]. 

B 

tl15 

I16.4 

Fig. 3. Calculated structure of It2-HS(BaHs) 12, (Cs). (From ReL[30] by permission of VCH 
VerlagsgeseUsehaft mbH, Weinheim). 
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B 

Fig. 4. Calculated structure of (HSBH2)~ 13, (C20. The four-membered ring SBSB is planar. (From 
Ref. [30] by permission of VCH Verlagsgesellschaft mbH, Weinheim). 

3.~. HeB2S3 17, lt2B2S4 #8 

Two routes are now available for the preparation of the parent compound 
1,2,4,3,5-trithiadiborolane H2B2Sa 17. Most recently [34], BzH6 has been shown to 
react with H2S2, H2Sa or crude sulfane oil in toluene to form selectively H2B2S3. 
The reaction intermediates 17a were identified by ~B N M R  spectroscopy. 

S S S------ S 
/ \ _ , - , . /  \ ,-, 

~ S ' - - ' H  H - - B ~ s / B  H H i  . ~ s / B f i  
I H H S_-~" 

17 17a 

The reaction of crude sulihne has been utilized to achieve a coDvenient synthesis 
of toluene solutions of H2BzSa which are stable on standing at 0 °C. The concen- 
trations of H2B2S3 should not be greater than 0.5 M because of its propensity to 
dhnerize or to form oligomers which are slightly soluble. H2BzS4 18 is a by-product 
which was detected by ~ass  spectrometry. 
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rtS. 4 

30S.6 

) ;". '  [ S 

110.5 

al?.? 

r29.1 

113 3. 3 

103.4 

Fig. 5. Calculated structure of I~4-S(BzHs)z 15, (C,). (From Ref.[30] by permission of VCH 
Verlagsgesellsehaft mbH, Weinheim). 

HzBzSa 17 has been synthesized for the first time by the ligand exchange reaction: 
[(CHa)2N]2B2S3/9-BBN [35]. H2B2S 3 is a reactive hydroboration agent. Mono- 
hydroboration of alkynes proceeds by cis addition from the less hindered side of 
the triple bond. Both hydrogen atoms of 17 react with 1- or 2-alkynes, thus leading 
to 3,5-dialkenyl-l,2,4,3,5-trithia-diborolane derivatives. 
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3.4. [CH2(SCH3)  (BH)2]  2 !9, H 2 B - S - S - B H 2  19a 

The compound [CH2(SCHa)(BH)2]2 19 has been prepared from 
(CH3)aN-BH2-CHz-SCHa by thermal decomposition at 100 °C. As revealed by 
X-ray crystallography, it contains a six-membered ring in chair conformation and 
the methyl groups are in equatorial positions. For the molecular structure see 
Fig. 6 [36,37]. 

Ab initio calculations were carried out for the non-existent compound 
H2B-S-S-BH2 19a [34,38,39]; the energy minimum is predicted to be at a dihedral 
angle of 102 °, and the barriers to internal rotation around the S-S bond are estimated 
as 19.1 kcal moI - t  and 0.7 kcal too l - t  for syn and anti respectively. 

4. Three-boron-atom systems 

The species to be considered are derivatives of the fugitive triboranes 
B3HT, BaH 9 and the stable octahydrotriborate( l - )  anion Balls.  

4.1. THF-BH2-P2-S(B2Hs)  20 

A chalcogeno derivative of triborane(7) THF-BHz-t~2-S(BzHs) 20 is formed when 
l~4-S(B2Hs)2 15 interacts with tetrahydrofurane, the following equilibrium operates 
[3o]: 

~tt 4 - S ( B 2 H S )  2 +THF~-THF-BH2-te2-S(B2Hs) + T H F ' B H 3  
15 20 

20 can only exist in solution, it polymerizes when the solvent is removed. 

( H ( 2 3 )  

Fig. 6. Structure of [CH:(SCHa)(BH)jz 19. 
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4.2. Na[H3B-It-S(B2Hs)] 21 

The octahydrotfiborate derivative Na[H3B-/zz-S(B2Hs)] 21 is produced by the 
reaction between anhydrous NaSH and THF-BH3,  under dehydrogenation [20]. 

T H F '  BH3 + SH-  ~[HzB-S]  - + Hz 

[ HzB-S ] - + 2THF.  BHa ~ [ H3B-g2-S ( B2H~)] - 
21 

21 is also formed as the first 11B N M R  spectroscopically detectable reaction product 
by the reaction between anhydrous Na2S and THF-BH3 [20] 

S 2- + 3THF- BH3 ---r[S(BH3)a] 2- --*[S(B2Hs)]- + BH4 

IS (B2Hs)]- + THF" BH a --* [ HaB-/t 2-S (BzHs) ]-  
21 

Treatment of THF-BH3/MBH4 ( 2 - 1 )  with H2S results both in formation of 21 
and hydrogen evolution [25]. 

2THF- BHa + MBH4 + H2S ~ M [ HaB-/a 2-S ( BzH5 )] + 2H2 + 2THF 
21 

M = Li + , Na + , Ph4P + 

Structural data of 21 have been calculated by SCF methods; the structure can be 
viewed as being formed by the incorporation of an S atom by the B3H8 ion (Fig. 7). 

4.3. [ H 3 B o ~ 2 - S e ( B 2 H s ) ]  - 22  

The corresponding selenium compound [HaB-/tz-Se(BzHs)]- 22 can readily 
be prepared by the reaction between [H3B-Se-Se-BH3] 2- I1 and B2H6 or 

H c 

H b 

Hd H a 

O 
M 

Fig. 7. Calculated structure of M[HaB-Itz-S(B2Hs)] 21. (From Rcf.[20] by permission of Hilthig- 
Fachverlage, Heidelberg). 
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THF.  BH3 [28]. 

[H3B-Se--Se-BH3] 2- +2BzH6--~2[H3B-~z-Se(BzHs) ] -  q-H 2 

An X-ray structure determination of [(C6Hs)4P][H3B-/zz-Se(B2Hs)] failed because 
of disordering of the cation and anion. 11B and 77Se NMR shifts, as well as IR and 
Raman spectroscopic investigations, convey structural information. Structural data 
of 22 have been calculated by SCF methods (Fig. 8).The ELF of the planes Se, Bb, 
Be and H,. and Se, Ea and Na are shown in Fig. 9(a) and Fig. 9(b): the polarity of 
the bonds Se-Bb, Sc-B~ and Se-Ba is similar, the electron pairs are polarized vs. 
the boron atoms. 

4.4. [ C a H s S B H 2 ]  3 23a, [tBuSBH2]a 23b 

Reaction of diborane(6) and ethanethiol in a I :2 rat:~o followed by short-path 
distillation at 50 °C gives the fluid trimer [CzHsSBH2]3 23) [32]. Compounds of this 
type can be considered as derivatives of the hypothetical B3H 9 in which the alkylthio 
groups are shown to occupy exclusively bridging positions. The identity of 
[CzHsSBHz]3 was established by analysis and molecular weight determinationz. 

[tBuSBH2]3 23b (pr6pared by the reaction of THF.  BH~ with tBuSH) is the only 
colorless solid alkylthioborane which can be sublimed, m.p. 104 °C [40]. 

4.5. [BaS21t6]- 24 

The anion [BaS2H6]- 24 was reported to be formed when LiBH4 reacts with sulfur 
~n ether solution [41]. However, further experimental work is required in order to 
characterize more fully this borane. 

Q 

Hc M 

Bc 

b 

Hd Ha 
Fig. 8. Calculated structure of M[H3B-/~z-Se(BzHs)] 22. (From ReL [281 by perm/ssion of H~thig- 
Fachveflage, Heidelberg). 
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2 .5  5 .0  

Fig. 9. (a) Contour plot of ELF in the plane SeBbBcHe of Na[H3B-/tz-Se(BzHs)] 22 (cf. Fig. 8); the lines 
represent the values 0.75, 0.8, 0.85, 0.9, and 0.95. (b) Contour plot of ELF in die plane SeB, Na of 
Na[H3B-F2-Se(B::Hs)] 22; the lines represent the values 0.75, 0.8, 0.85, 0.9, and 0.95 (el'. Fig. 8). (From 
Ref. [28.] by permission of Hiithig-Fachverlage, Heidelberg). 
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4.6. B3H60SC-CI-~  3 25a, B3H6S2P(Oq~-][5) 2 2Sb 

B6Hz4 [42] behaves like a dimer of BaH7 and reacts with CHaCOSH or 
(CzHsO)zPSSH to form the chelate stabilized compounds BaH6OSC-CH3 256 and 
BaH6SzP(OCzHs)z 25b, respectively [43]. 

5. Four-boron-atom systems 

The species considered here are either derivatives of tetraborane(I0) or dimers of 
diborane (6) derivatives. 

,5.1. H z B  ( l t2-SR)2B3t t  6 27 

B4Ht o reacts with mercaptans by splitting off H2 to form H2B(/t2-SR)2BaH6 27. 
An unstable adduct B4H~0_RSH 26 was identified as a precursor of 27. The ~B 
NMR spectra of 27 showed that the B1,3 signals coalesce at 70 °C, indicating a 
rapid inversion. On cooling however, the exo-exo, endo-endo and exo-endo inver- 
tomers were detected, Fig. 10, Scheme l [44]. 

_3 LJL 

30°i 

junk 

(27) 
N 

" H...,b~, H 

8 / '  S - - l Y  t 

e x o  - endo  H H 
t l 

, ,  , 

" B 7  / 
a" - ' S  ~ a  H/- " ~ ----%-- t 

tXO-@xO 
11B 

_9 

700C 
R = CM 3 

~t3! 

t 

-/, 0 - t  - i  -'~ -~ -zo 

Fig. 10. :tB and :tB{ZH} N M R  spectra of  I-IzB(/tz-SR)zB3H 6 27 for a range o f  temperature. 
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With the 11B spectral data it is possible to calculate the activation energy for 
inversion in 27, (Ea ~ 12.8-13.3 kcat tool- l ;  R=CH3,  CzHs, iPr, tBu, C6H5)). 

There was no evidence for the formation of either of the isomers in which H~4, 
H~t2 or H~14, H~23 was replaced by RS groups. 

5.2. H2([~)2S2RBH(B2Hs) 28 

B4Hlo reacts with bifunctional thiols to g/ve transannularly bridged 
Hz(#)2S2RBH(B2Hs) 28 which exist as cis-trans isomers [bis(diboranyl) structure]; 
on cooling these compounds rearrange to cis-trans-H2B(#)eS2RBaH6 29 ('butterfly' 
structure); this is indicative of a reversible rearrangement, i.e. a reversible ring- 
expansion-ring-contraction process (Schemes 2-4) [45]. 

The experimentally demonstrated rearrangement of the bis(diboranyl) structure 
28 into the 'butt.erfly' structure 29 is an indication that the theoretically calculated 
transformation of the hypothetical valence isomer (B2H5)2 into the known 'butterfly" 
structure of B4Hlo is realistic [46]. 

5.3. [CH2(SBH2)2]2 30 

The structure of the cage compound [CH2(SBH~,_h 30 (with the adamantane 
skeleton C2B4S4) is shown in Fig. 11, [47]. The crystal structure was determined by 
X-ray diffraction. 

The compound has been obtained from CS2 and THF- BHa after 3 weeks, or by 
the action of methanedithiole on THF- BH3 or THF-  BH2CI. 

2THF- BHa +CS2 ~[H2B-S-CH2-S-BH2]2 + 2THF 
3O 

2THF- BHa + HS-CH2-SH~½[H2B-S-CHz-S-BH2]2 + 2H2 + 2THF 
30 

2THF. BH2CI + HS-CHa-SH-~2[H2B-S-CHz-S-BH2] 2 + 2HCI + 2THF 
30 

6. Five-bm'o~atom systems 

No chalcogetv-~ pentaborane(9) species are known at the present time. The only 
well-characterized chalcogeno pentaboranes can be considered as associated chalco- 
geno di- and tnboranes. 

6.1. Na[CH2BsHIoS4] " 3dioxane 31 

Hydroboration of CS2 with Na[BaHs] yields the sodium salt 
Na[CH2BsH~oS4|" 3dioxane 31, isolated as the tr[s dioxane adduct; 31 is a novel 
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(28-cis) (28-trms) 

Scheme 2. 

boron-containing anion with the adamantane skeleton CBsS4 shown in Fig. 12 [48]. 
Each boron atom carries two terminal hydrogen atoms and there are no bridging 
hydrogen atoms. The crystal strueture of the [ ( C 6 H s ) 4 P  ] + salt has been determined 
by X-ray diffraction. 

The B-B bond from the B3H~- ion is not retained in 31 and the S bridges point 
to C-S  bond cleavage. Although the mechanism is unknown, the formation of 31 
can partly be described by redox reactions. 
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HaC---CH 2 N2C--CH z 
f I H H | | 

H S .  S~  "B ~ H S .  S 

H H* ~H H 

HN H 

B'-HsB~, H 

(28) 
Scheme 3. 

(28-cis) (28-tra]s) 

| 

H H~ "H CH 2 , 
"CH2 / I "c..H2 , , ~  , ,  --, , ~ 1  H 

H\ l__s - H / _s - 

H H , 
H 

(29-cis) 
Scheme 4. 

(29-trms) 

6.2. [(BH2)sS4I- 32 

The new chalcogeno boron hydride anion [(BH2)5S4]- 32 with the B5S4 nor- 
adamantane skeleton is formed by the reaction of NaBHjTHF-BH3  with 
elemental sulfur [49]. The~ ~ucleophilic degradation reactions proceed via 
[HaB-pz-S( B2H~)]- 21 (Scheme 5 and Scheme 6}. An X-ray structure determination 
of [(C6Hs)4P][{ BHz)5S4] failed because of disordering of the anion. Structure 32 was 
deduced from the ~H and ttB NMR spectra. Structural data have been calculated 
by SCF methods. Fig. 13. 32 can also be obtained by addition of 
[HaB-/t2-S(BzHs)]- 21 to H2B2S3 17 (Scheme 7). 
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C2 

Bt, 

Fig. 11. Structure of [CHz(SBHz)z]z 30. (From Ref. [47] by permission of Verlag der Zeitschrift fur 
Naturforsehung, Ttibingcia). 

I I lC/, 
(11BI li I S! 

I11S2 

[31BI [ 21SI"~ 

It, l~l 

112152 

i 21BI 

Fig. 12. Structure of[(C6Hs)4P][CHzBsHtoS4] (31 ). ( From Ref. [48 ] by perrrfission of Verlag der Zeitschrift 
ftlr Naturforschung, Tfibingen). 

7. Six-boron-atom systems 

Two types of chalcogeno hexaborane will be considered: associated triboranes 
and with the hexaboranes we encounter for the first time polyhedral hetero boranes. 
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$ 4  

Fig. 13. Calculated structure of  [(BH2)sS4]- 32. ( From Re['. [49] by permission of VCH VerlagsgeseUschaft 
mbH, Weinheim). 

7. L Cs2[(BH2)6S4]. CsBr 34b and Cs2[(BH2)6Se4]. CsBr 37b 

The reaction of THF- BH3/NaBH4 (2 : 1) ~,Jth H2S produces 
Na[HaB-/~z-S(BzHs)] 21 which is also formed in the reaction of THF-BH3 w/th 
NaSH or anhydrous Na2S (see Sections 4.2, 4.3 and 4.4). 21 reacts with an excess 
of H2S to give Na2[(BH2)6S4] (34). 

21 + H_,S~[HS-BH2-/z2-S(B2Hs)]- or [HaB-/~2-S(B2H4)-/z-SH]- + [-[2 
33a 3~  

the inte.~nediates (33a, b) decompose spontaneously to form 34. 

2(33a, b)--~[(BH2)6S4] 2- +2H2 
34 

The analogous compound Naz[(BHz)6Se4] 37 is obtained by treatment of 
[HaB-Se-Se-BH3] 2- ! !  at !(~L-! 10 °C. 
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BH4- 2 "]'HF" BH3,,. 
S 8 ~- H 5 - $ 6 -  S-BH3- - ._. 

-H 2 

/ BH2 \ 
- H3B-S-S6-S H 

~BH2 "/ 

BH - 

H S - S s - S - B H  3- 

e tc . l  

H2 - 

B(2)_.H 
H 2 

(21) 

S 8 * 8 BH 4- .*. [ ']- 16THF.BH 3 ~ 8  H3B-S(B2H 5 * 

(zl) 
8 H 2 

S c h e m e  5. 

11 + H -  ~[HaB-Se-H]-  +[H3B-Se] 2- 
35 36 

4[HaB-Se--H]- +4[HaB-Se] 2- --*[(BH2)6Se4] 2- +2BH~- +4Se 2- + 4 H  2 
35 36 37 

34 and 37 are stable in water and react with CsBr to form the crystalline compounds 
Cs2[(BHz)6S4]'CsBr 34b and Csz[(BHz)6Se4]'CsBr 37b, characterized by X-ray 
structure determinations. The anions of 34b and 37b consist of the adamantane 
skeleton B6S4 or B6Se4, respeetively (Figs. 14 and 15). 

The Br-  ion is octahedrally coordinated by Cs + ions. The Cs6Br oetahedra share 
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Scheme 6. 

thces to form columns along the hexagonal c axis. The crystal structures of the 
isotypic compounds 34b and 37b are closely related to the structure of CsNiCIz. 

Z2. hypho-SzB6Hff 38, hypho-2,3-(CH3) z-2,3-S,_B6H9 39, 
hypho-l-CH,_-2,5-S2B6Hs 40 

The dithiaborane anion hypho-SzB6H9 38 was produced in high yield by the 
reaction of arackno-S2B7H ~ 39 with excess acetone (Fig. 16). Subsequent reaction 
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\ s /  
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(16) (zl) 

?,,1- 
B /B . ~  

V 
/~ B = BH 2 

(3z) 
Scheme 7. 

H11c H11b S2 H11e 

~)H22b H:~' ~ B 2 :  H21Q 

v H 2 2 a  

Fig, 14. Structure of the [(BH2)6S4] 2- anion 34b. (From Ref.[25] by permission 
Verlagsgesellschafi mbH, Wcinheim). 

of VCH 
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H11e So2 H I ~  Ht|b 

la 11c 
H l l a ~ H i l  

~r~Sela 

~.b H21b 

H22b 

Fig. 15. Structure of  the [(BHz)6Se~ 2- anion 3To. (F rom Ref.[25] by permission of  VCH 
Verlagsgesellschaft mbH,  Weinheim). 

7 4 

Fig. I6. Eight-vertex hypho-structure of S,B6H~ 38. (From Ref. [50] by l~rn~ssion of The American 
Chemical Society, Washington). 

of 38 with excess methyl iodide gave hypho-2,3-(CHs)2-2,3-SzB6H9 39 [51]. 

!. (CH~)2CO 
arachno-S2B7H s -----. hypho-SzB~H~ PPN + 

2. PPN ÷CI - 36 

hypho-SzB6H~ +excess CH3I~hypho-2,3-(CH3)z-2,3-SzB6H~ ~-NaI +HI 
38 39 

A single-crystal X-ray determination of 39 showed that the compound has an 
eight-vertex hypho cage geometry, which can be derived from an octadecahedron 
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by removing three vertices. Alternatively, 39 can be considered a dibridged derivative 
of hexaborane(10) Fig. 17. 

The reaction of hypho-SzB6H9 38 with diiodomethane gave hypho- 
I-CHz-2,5-S2B6Ha 40 in good yield. 

hypho-S2B6H9 +CH212 --,hypho-I-CH2-2,5-S2B6H8 + I - + HI 
38 4O 

A single-crystal X-ray structural determination of 40 showed that it has a nine- 
vertex hypho cage geometry derived from an icosahedron by removal of three 
vertices. Furthermore, the cage is observed to have a unique CH2 unit bridging the 
two sulfur atoms forming an open five-membered face (Fig. 18). 

In 40 the electron-rich bridging S-CH2-S unit appears to be connected by conven- 
tional two-center two-electron bonds. The hypho-S2B6H9 anion has been employed 
to generate a series of new arachno- and hypho-metalladithiaborane clusters [50]. 

7.3. arachno-4,6,8-SC2B6Hlo 41a 

The reaction of 7,9-CzBgH~ with Na,SO3 in dilute hydrochloric acid affords the 
new thiacarbaborane 4,6,8-SC2B6Hto 41a. 

nido.7,9.C2BgH{2 dilute HCI, Na, - S O a 4 , 6 , 8 . S C 2 B 6 H l o  
41a 

The structure of 41a is proposed on the basis o£ IH and ~aB NMR spectra 
(Fig. 19(a)) [52]. 

7.4. hypho-7,8-CSB6H{l 41b, 8-Me-hypho-7,8-CSB6Hii 41c 

arachno-4,6-CSBTHlt 42 can be deprotonated and converted in turn to the eight- 
vertex hyph,J anion 7,8-CSB6Hi] 41b, Fig. 19(b) [53], a carbathiaborane analog of 
hypho-S,.B6H9 38 [51 ], in 65% yield by the action of aqueous acetone (reflux, 5 h). 

H3 C 3., OH 3 

Fig. 17. Eight-vertex hypho-structure of 23-(CHa)z-2,3-SzBoH9 39. (From Ref. [51 ] by permission of The 
American Chemical Society, Washington). 
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Fig. 18. Nine-vertex hypho-structure of I-CH:-2,5-S,BoH8 40. {From Ref. [51] by permission of The 
American Chemical Society. Washington). 

Methylation of 7,8-CSB6Ht-t 41b with methyl iodide in T H F  at room temperature 
has produced the neutral 8-Me-h3Tho-7,8-CSB6HIt 41e in 75% yield. 

8. Seven-boron-atom systems 

The compounds considered are polyhedral hetero boranes. 

8.1. arachno-4,6-CSBTHl 1 42 

C2Bl0Hi-3 is degraded in acid medium with K2S205 to give 6,8-CSBTHI~ 42 [54]. 
The structure of this compound is proposed on the basis of ~H and HB NMR 
spectra and topological rules. In compound 42, which has no symmetry element, 
two different hydrogen bridges were found and the presence of  a CH2 group was 
demonstrated. 

The possibility of the presence of one or two lone pairs on the sulfur atom is 
discussed. 

The reaction of nido-6,9-CSBsH9 47b with hydrochloric acid at room temperature 
resulted in one-boron cluster degradation to afford the previously reported [54] 
nine-vertex species 42 (yield 55%). 
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8 H 

H 

Fig. 19. (a) Proposed structure of arachno-4,6,8-SCzB6Hao 41a. (From Re['. [52] by permission of The 
Royal Society of Chemistry, Cambridge). (b) Proposed structure of the hypho-7,8-CSB6H{t anion 4lb. 

&2. arachno-6,8-SzBTH9 43, arachno-SzBTHff 43a, hypho-2,5-SzBTH{o 43b, 
hypho-2,5-S2BTH~ 43e 

In 1977, a high yield synthesis of the first dithiaborane, arachno-6,8-SzBTH9 43 
was prepared by reaction of BgH12S- with potassium hydrogen sulfite in aqueous 
acid [54]. The constitution followed from topological rules derived for heteroboranes 
and from interpretation of IH and I~B N M R  spectra. The presence of two equivalent 
hydrogen bridges was demonstrated for 43, which has one plane of symmetry 
( Fig. 20). 

This cluster contains both two sulfur atoms and two two-boron-boron bridging 
hydrogens on the open face and would appear to be a versatile starting material for 
the generation of a range of new types of hybrid cluster. Since a cage-m~ifur atom 
is a four skeletal-electron donor (isoelectronie with BH z-)  the incorporation of two 
sulfur atoms into a boron hydride framework necessitates the formation of open 
cage geometries, suggesting that the arachno*S2BTH9 cage system might also serve 
as a primary starting material for the syntheses of a wide range of new hypho- 
clusters [55]. 

arachno-S2BTH~ 43a was prepared by the reaction in vacuo of excess Na i l  with 
arachno-6,8-SzBTH9 43 in THF [51]. 
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H 

O BH 

S2B: H9 

Fig. 20. Proposed structure of arachno-6,8-SzBTH9 43. (From Ref. [54] by pemfission of Academy of 
Siences of Czech Republic). 

The dithiaborane anion hypho-2,5-SzBTH{o 43b was produced by the reaction of 
hypho-SzB6H9 38 with BH3" THF. Alternatively, 38 may be prepared in better 3fields 
either by the rear zion of SzBTH~- 43a with BH3-THF or by the direct reaction of 
arachno-6,8-S2BTH9 43 with NaBH4 [51]. 

hypho-S2B6H9 + BH3" THF--->hypho-2,5-S2BTH~o + H2 
38 43b 

Protonation of 2,5-82BTHi-o 43b gives the neutral compound hypho.2,5-SzBTHtl 
43e in good yields [511. 

hypho-2,5-S2BTH{o + H + --,hypho-2,5-SzBTHl 1 

42c was found to decompose slowly at room temperature, but may be kept 
indefinitely under high vacuum at dry-ice temperature. 

8.3. arachno-SSeBTH9 44 

SSOBTH 9 414 was prepared by reaction of BgI-IgSSe with excess potassium hydroxide 
i,:-, methanol. The structures of 44 are proposed on the basis of HB NMR lesults 
(Fig. 21) [56]. 

& 4. arachno-5,6,9-SCzBTH11 45a, arachno-SeCzBTH1t 45b 

A new ten-vertex arachno-dicarbathiaborane, formulated as 5,6,9-SC2B~H~ 45~ 
was prepared from nido-5,6-C2BsHtz in 20% yield by treatment with sulfur and 
triethylamine in chloroform. NMR measurements suggest the structure shown in 
Fig. 22(a) [531. 

Treatment of C2B7HI3 with polyselerdde in aqueous base followed by acidification 
yielded SeCzBTHll 45b in low yield [57], the structure of which is proposed on the 
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Fig. 21. Proposed structure of arachno-SSeB~H, 44. (From Ref. [56] by permission of The American 
Chemical Society, Washington). 

basis of IH and tJB NMR spectra. These results are interpreted in terms of the 
arachno structure given in Fig. 22(b). 

9. Eight-boron-atom sys,ems 

The compounds considered are polyhedral hetero boranes. 

9.1. nido-(SBaHto) (?), arachno-4-SB~Ht2 46, e.x'o-6-L-aractmo-a-SB~Hto 46a, 
araehno-4-SBsH~t 46b, nido-4-SBsHff 46e, nido-7-SBsHff (?): metallathiaboranes of  
the type LzPtSBsH1o 46d (L = PMezPh. Et3P, Ph3P) see Ref [58] 

A key compound for the further development of nine-vertex arachno heteroborane 
chemistry is arachno-4-thianonaborane 4-SBsHta 46. This compound was first iso- 
lated by Pretzer and Rudolph [59] but was originally incorrectly formulated as 
nido-SBsH to. The development of an alternative synthesis led to the correct formula- 
tion of 46 [60]. 

tlzO, dilule tlCI 
BIoH14 + K H S O 3  ~ 4-SBstltz 

46 

More recently, a convenient high-yield synthesis was reported that makes this 
thiaborane one of the most accessible thiaborane synthons [61]. The oxidative 
degradation of arachno-SBgHG, using formaldehyde as an oxidizing agent, affords 
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L_) 

O Q B-H C t ~i!:::::::::::i~i::! Se 

Fig. 22. (a) Proposed structure of 5.6.9-SC2BvHI= 45a. (b) Propo~d slructur¢ of SeC:B-~H11 45b. (From 
Ref. [57] by permission of Chemistry and Industry). 

46 in practically quantitative yield. 

[SBoH12]- + H C H O  + HaO + + 2H20-~SBsHI2 + CHaOH + B(OH)a + H2 
46 

Oxidative degradation of the araclmo-SBgH;2 anion with acidic aqueous FeCla 
yields the neutral compound directly [62]. 

[SBoH12 ]-  +FeCla ~ SBsH~a + F e C l a + H C I + H 2 + B ( O H ) ~  
pentane 46 

On the basis of its laB and tH N M R  spectra, 46 has the structure shown in Fig. 23. 
The compound is isolated as a white volatile solid that decomposes to intractable 

materials upon moderate heating. Pure 4-SBsHt2 appears to be unstable to storage, 
and is best prepared freshly. 

Reactions between arachno-4-SBsH12 and Lewis bases L in benzene or without 
solvent generate a series of the corresponding exo-6-L-arachno-4-SBsHto 46t [63] 



202 I-I. Binder, M. He& / Coordination Chemistry R,,views 158 (1997) 171-232 

H H 
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Fig. 23. Proposed structure of aradmo-4-SBsHlz 46. (From Ref. [62] by permission of The American 
Chemical Society, Washington). 

(L=SMe2,  PPha, MeCN 46a", NMea, pyridine, urotropine 46a, 46a'). All these 
compounds are characterized by mass spectrometry and atB and 1H NMR spec- 
troscopy. Single-crystal X-ray diffraction studies have been carried out on three 
representatives of the series Figs. 24(a)-(c). 

It has previously been shown that arachno-4-SBsH~2 46 can be deprotonated to 
the arachno-4-SBsH?~ anion 46b by reaction with Nai l  in quantitative yield [61]; 
46b is stable for weeks as its Na + salt. Owing to the difficult and poor-yield routes 
to arachno-4-SBaHtz, it has been impractical to develop the chemistry of 
arachno-4-S BaH ?l. 

Platinathiadecaboranes LzPt(SBaH~o) are formed by reaction of L4Pt with 
1-SBgH9 in dry refluxing ethanol or methanol The complexes have been charac- 
terized by X-ray crystallography [58]. L2Pt(SBsHao) complexes also form when 
SB~IHll is substituted for SBgH 9 as a starting material. It appears that the synthetic 
method is a degradative insertion reaction where the Pt moiety is able to form a 
kinetically stable coordination complex after the thiaborane has been degraded to 
an SBa framework. 

The controlled degradation of 1-SB9H 9 can be effected by alcoholic KOH to give 
nido-4-SBsH9 46c [59,58]. 

1-SB9H9 + 3KOH--*K+SBaH9 + B(OMe)3 + HzO + Ha 
46c 

46e exhibits extreme sensitivity to air and moisture, sometimes burning vigorously 

Fig. 24. (a) Molecular structure of exo-6-(uro)-arachno.4-SBaHlo 46a; (b) molecular structure of 
exo.exo'-6-(uro)-arachno-(4-SBsH12)2 46a; (c) molecular structure of exo-6-(MeNC)-ar'zchno-4-SBaHt2 
46a. (From Ref. [63] by permission of The American Chemical Society, Washington). 
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if not handled under a blanket of Nz. The white solid is best stored in an evacuated 
ampoule. The best structural characterization of the moiecule was obtained f ~ m  
the a~B NMR spectrum; the proposed structure is shown in Fig. 25. 

The isomer/e 7-SBsH9 anion is reported to be formed as a degradation product 
from 1-SBaH 9 in liquid ammorfia. A 6 h liquid ammonia treatment gives the 
4-SBsH~- discussed above [59,58]. From this work, it is assumed that the reported 
4-SBsH9 and 7-SBaH~- anions seem more likely to be 4-$BsH/~ ~ and 4-SBaH~- 
46e [60]. 

9.Z nido-SC2BaHlo 47a, 6,9-CSBsHff 47b 

The nido-8-thia-l,2-dicarba-undecaborane 8,1,2-SCzBsHm 47a is formed in the 
reaction of 1,2-C2BgHxzK with sodium bisulfite in aqueous solution [64]. 

C2BgH~" 2 +HSO~ +2H + --*SCzBsH10 + B(OH)3 +Hz 
47n 

According to its I~B NMR spectrtml the molecule of 47a has a plane of symmetry. 
As a result of the incorporation of the sulfur atom, the C and S atoms find themselves 
in the position that is most advantageous to them: in the open pentagonal face, 
where there is enhanced electron density (Fig. 26(a)). 

arachno-6,9-CSBaH~t 49d can be oxid/zed by acetone (ambient temperature, 24 h, 
yield 38%) to give the anionic, nido-carbathiaborane 6,9-CSBaH9 47b, Fig. 26(b) 
[54]. The reaction of this anion with hydrochloric add at room temperature resulted 

© 
Fig. 25. Proposed structure of nido-4-SBaHf 46c. (From Ref. [591 by permission of The American 
Chemical Society, Washington). 
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Fig. 26. (a) Proposed structure ofnido-SCz~H1o 47s. (From Ref. [64] by permission of Ptenam Publishing 
Corp., New York). (b) Proposed structure of n/do-carbath~borane 6,9-CSBsH~- 47b. 

in one-boron cluster degradation to afford the previously reported [54] nine-vertex 
species. 

9.3. nido-SeCaBsHlo 48 

The treatment of Na2SeO3" 5H20 with 7,8-CzB~-I/-zK + in an aqueous solution of  
citric acid resulted in the formation of SeCzBsH~o 48 in ca. 9% ~ie|d. The 1~B NMR 
spectrum showed five doublets of  relative area I : 2 : 2 : 2 :I; the IH N M R  s ~  
showed one sing, let of equivalent CH groups and overlapped signals of  terminal 
B-H groups. These results are consistent with the structure shown in Fig. 27 [65]. 

The above reaction represents another example of  the degradative insertion of  
heteroatoms into the borane framework. Although 48 contains no extra hydrogen 
atoms in the open pentagonal face, it is a nido compound with 26 framework 
electrons. This corresponds with the arrangement with one exohedral electron pair 
on each selenium atom [66]. 
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B-H 0 C-H 

Se 

Fig. 27. Proposed structure of nido-SeCzBsHto 48. (From Ref. [65] by permission of Chemistry and 
Industry). 

9.4. arachno-Se2BsHlo 49¢ arachno-6,9-NSBsHll 49b, arachno-6,9-CSBaHl2 49e, 
arachno-6,9-CSBaH~i 49d 

The SeaBaHlo 49a molecule is formed as a coproduct during the SeB9H~-2 synthesis 
[57,67]. The reaction of BaHI3(SMe2) with polyselenide ion gave 49a in 27% yield. 
The 11B NMR spectrum contained three doublets of relative areas 2 : 4 : 2 ;  one 
signal had additional bridge hydrogen coupling. This evidence is consistent with the 
structure given in Fig. 28. 

The reaction between BuONO and nido-6-SB9Hn in ether yielded the first azathia- 
borane arachno-6,9-NSBsHlt 49b, along with its 6-HO- derivative (yields 15% and 

o = B H  

Fig. 28. Proposed structure of arachno-Sc2BsHto 49a. (From Rcf. [57] by permission of Chemistry and 
Industry). 
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3~;% respectively); lower yields of the former compound (10%) were obtained in a 
shnilar way, using arachno-4-SBsH~2 as a boron-cluster reagent [53]. 

Much more developed has been the chemistry of arachno-6,9-CSBsH~2 49e, which 
can be obtained in a reasonable yield (48%) by treatment of 4-CBsHt4 with elemental 
sulfur in the presence of triethylamine in chloroform [68]. Bridge-deprotonation of 
this earbathiaborane with Nai l  leads to the arachno-6,9-CSBsH?t anion 49d. 

10. Nine-boro~atom systems 

The compoands considered are polyhedral hetero boranes. 

10.1. closo-I-SBoH9 50, 6, 7,8,9,10-Ds-I-SBgH4 50a, closo-SeBgH9 50b 

The preparation of l-thia-closo-decaborane(9) 50 was effeeted by pyrolysis of 
SB9Hll at 375 °C in vacuo [69]. 

SB9Hll --~SB9H9 +H2 

The formation of eloso-SeBoH9 50b by pyrolysis (380 °C) of SeBgHll in a flow- 
through reactor s:~stem also parallels that of known thiaborane chemistry [69-71]; 
however, the presence of cage-coupled products was not observed by mass spectral 
or GLC experiments [67,53,68]; 50b was identified by its ~IB NMR spectrum. 

The I:B NMR spectrum of SBgH 9 50 and ScBgH9 ~ in benzene consists of three 
doublets (74.5, -4.8,  and -17 .6ppm 50; 73.3, - 5 . 4  and -19 .9ppm 50b) in 
intensity ratios of (I : 4 : 4). The data are entirely consistent with an axial placement 
of the sulfur (selenium) atom in the bieapped Arehimedean antiprism structure of 
C4v symmetry shown in Fig. 29. 

Pure I-SBgH9 is a clear crystalline solid with a distinctively 'sweet' odor. The 
close structure of the molecule seems to render it remarkably robust in comparison 
with nido-thiaboranes [72]. It is reasonably air-stable with decomposition occurring 
only over a period of several weeks. 

I-SB9H9 has been deuterated under Friedel-Crafts conditions using DO. The site 
of initial deuteration was not established clearly, but under forceful conditions 
deuteration was not complete and 6,7,8,9,10-Ds-I-SB~H4 50a was obtained [73]. 

10.2. closo-6-X-1-SBgH8 51, closo-lO-X-1-SBgH8 52 (X= CI, Br, I); 
closo-6,10-X2-1-BgH7 53 (X= Br, I) 

The halogenation of I-SBoH9 could be followed sequentially, and thus provides 
a good probe for the theory of directive effects in substitution reactions in deltahedml 
boranes [73,74]. The directive effect of the sulfur heteroatom does not correlate 
with the ground-state charge distribution of I-SBgHg. It appears that initial attack 
is at the 6-position instead of the anticipated lO-position. In the ease of monobromi- 
nation and monoiodination there is a significant degree of rearrangement to also 
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Fig. 29. Proposed structure for l-thia-closo-decaborane(9) SBgH9 $0. (From ReL [69] by permission of 
The American Chemical Society, Washington). 

give the thermodynamically more stable 10-isomer in the reaction mixture 
(AHisomri~tion =6.8 kcal mol-a) .  Only the 6-isomer results from monochlorination. 
Rearrangement is also a significant factor as halogenation becomes more extensive. 
A linear correlation between the Pauling electronegativity of X and the chemical 
shift of the substituted boron is observed for both axial and lower belt (lb) regions 
(lb=B6,7,8,9). For the axial isomers, the ~B NMR spectra were quite simple and 
showed the expected downfield singlet and two upfield doublets of relative intensity 
1 : 4 : 4. All the halothiadecaboranes described here were characterized additionally 
by mass spectrometry. 

10.3. 2,2'-( I=SBoI"Is) 2 5da, 2,6'..(1-SBoHs) 2 54b, 6,6'-(i-$8oHs)2 54c 

The vacuum pyrolysis of thiadecaborane(l I) SBgHal produces three isomers of 
(BgHsS)2 in about 5% yield [70,69,75]. I~B NMR spectroscopy cannot distinguish 
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between two of the possible isomers, 2,2'-(1-SBgHs)2 54a and 6 ,6 ' - (1-S~8)2 54¢. 
Separation of the 2,2'-isomer from the others was accompl/shcd by elufion w[~ 
heptane-chloroform (9 :1 )  on preparative silica gel t.l.c, plates. The molecular 
structure of 54a shown in Fig. 30 was determined by s/ngle-crystal X-ray d/ffracfion 
techniques [70, 71]. 

The molecule has Ci(i) space group imposed point symmetry; the c¢~tct of 
inversion of the molecule is at the midpoint of a B-B bond (1.678(5) A,) joining the 
two bicapped square amipfism frameworks of the SBgH 8 moieties. The ~,_Ifur atom 
is in an "axial" positi~,~ and the equatorial belt of four boron atoms closest to the 
sulfur atom contains the boron through which the S B ~ a  units are connoted. The 
average B-S distance is 1.923(3)A,. The B-B distances of the cage range from 
1.940(3) to 1.689(4) ,g,. 

10.4. (1-SBCIs) ( l'-SBuHlo) 55 

Three isomeric forms of 55 are obtain~, from the 450 °C pyrolysis of SBIoH12, 
the best characterized of which appears to be either the 2,2'- or the 2,7'-isomer [75]. 

|.124t25) 

$1 

B91 

~10 

Fig. 30. ORTEP plot depicting lhe molecular slxucture and thermal ¢IHpsokls for cloao-2,2'-(l-SBC[-Is)2 
54a. (From Ref. [71] by permission of The American Chemical Society, W a s h i n g ) .  
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The ~B NMR of the mixture of isomers exhibits poor resolution due to extensive 
overlap. The regions typical of the axial boron resonance for both cages are suffi- 
ciently resolved to show that the axial boron of the SBgHs moiety is not part of a 
B-B bond. 

/0.5. (1-SBghtIs) ( ] ' ,7 '-CzBtoHtt)  56a, ( ]-SBgHs) (2',3"-C2BgHto) 56b 

Copyrolysis of 6-SBgHll and 1,7-C2BloH~2 gives three isomers of 
(I-SB9Hs)(I',7'-CzB~oHI1) 56, but more definitive structural characterization is 
rather tenuous. Complete structural characterization is also lacking for the two 
(1-SBgHa)(2',3'-C2BgHlo) 56b isomers formed upon copyrolysis of 6-SBgHl~ and 
7,9-C2BoH~a [75]. However, the earboranyl thiaboranes are believed to be B-B 
linked clusters. There is no eviden~ for polydeltahedral thiaboranes where the B-B 
link involves a vertex order other than five. 

10.6. clOSO-(CH3)n--I-SBgH9_n (n = 1-5) 57a, 
closo-(C2Hs)n-I-SBgHg_ n (n=  1-5) 57b 

Electrophilic alkylation of closo-l-SBgH9 with either methyl or ethyl iodide in 
the presence of A1Cla produces alkylated derivatives of the type 
closo-(CH3)n--I-SBgHg_ n ( n= l -5 )  57a, closoffCzHs)~l-SBgHg-. ( n = l - 5 )  g/b, 
which were identified by GC-MS, UB and tH NMR spectroscopy [76]. The initial 
product is 6-R-1-SBgHs rather than the i0-R-I-SBgHs predicted on the basis of 
ground-state charge considerations. Thus, these results are as found for halogenation 
of 1-SBoH9. Therefore, in closo,thioboranes the site of substitution does not agree 
with the ground-state charge distribution and rearrangement is important in deter- 
mining the substitution site. The best results were obtained with a 1 • 1 ratio of 
AICI3 to thiaborane and an HC1 pressure between 1.1 and 1.2 atm. 

10. 7. nido-6-SBgH 1 t 58 

nido-6-SBgHll 58 can be obtained from arachno-6-SBgH~2 by protonation followed 
by pyrolytic disproportionation. The proposed intermediate H(H20)~-SBgHi-2 is a 
pyrophodc solid and gives only a 30% yield of 6-SB#I11 [77]. By the reaction of 
deeaborane(14) with KHSOa in water and by a subsequent protonation of the 
formed intermediate with either concentrated H z S O  4 o r  diluted HC1 the respective 
thiaboranes 6-SB9HH and 4-SBaHa2 were prepared [78]. 

Iodine oxidation in reflurdng benzene gives the desired reaction in over 85% yield 
after 15 rain [59]. 

Cs+SB9Hi-2 +½12--'6"SBoHai +~H21 +Cs +I - 
58 

The NMR study of nido-6.SBgHlt using 11B, it B{l H}, 1H{tIB} ' 
[UB-UB]°COSY, and pH-IH]-COSY techniques has enabled unequivocal assign- 
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ment of the taB and ~H spectra [79]; Fig. 31 shows the proposed structure of the 
6-SBgHtl cluster. 

10.8. SBgHI1" ligand 59, (ligand= H-,  OH-, CH3CN, DMF, (CH3)2S, THF, Et3N, 
and PPh3) 

Iodine oxidation of C s S B 9 H I 2  in THF affords white crystalline SBgHI~-THF in 
good yield [77,80]. Like the known compound SBgH~I-S(CHa)2 [77], the THF 
adduct was very moisture sensitive and was characterized by its ~H and ~IB NMR 
spectra. Treatment of SB9Hll" THF with acetonitrile or tr/phenylphosphin¢ easily 
generated SBgHu-CH3CN and SBgHI~-PPh3 in good yield. Reaction of 
SBgHat" PPha with tetracthylanunonium hydroxide in aqueous aceton/tr[l¢ formed 
[(C2Hs)4N][HOSBgHId in moderate yield. The pattern of the alB NMR spectrum 
of this hydroxi derivative is very similar to the spectrum of 
SBaHII'(CHa)2NCHO. This suggests that HOSBgHi-I is a member of the 
SBgHu-ligand class of compounds with the ligand being OH- .  SBgH/-2 is also a 
member of the SBgHu-ligand class in which H -  is the ligand. The position of the 
base attachment was determined in 9-Et3N-6-SBgH~a [81] Fig. 32. 

The triethylaminc ligand is attached to the thiaborane cage in an exo-polyhedral 
manner at the B9 position. The sulfur occupies the 6-position. The bridging 
hydrogens on the open face are significantly displaced toward B9 and away from 
the sulfur. 

10.9. Metal derivatives of the SB~I-I~9- ion 60 

For M=Pd: (SB9Hg)Pd(ligand)~; ligand=PPha (x=2, n=0),  phen (x= 1, n=0),  
and C2S2(CN)2 (x= 1, n = 2 - ) ]  see Refs. [80,81], [(C2Hs)aP]zPt(H)SBgHIo [82] 

2( 

H 

4 

Fig. 31. Proposed structure ofn/do-6-Sl~I-II t 58. (From Ref. [59] by permission of The American Chemk:~t 
Society, Washington). 
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Fig. 32. ORTEP plot of the molecular structure of arachno-9-Et3N-6-SBgHu 59 with no a-hydrogen 
ellipsoids at 50% confidence level. (From Ref. [81] by permission of The American Chemical Society, 
Washington). 

10.10. 6-SB9I-I11 as a hydroboration agent 61, nido-6-SBgH;o 61a (see Section 10.14) 

Since nido-6-SBgHla has the same framework structure as nido-BLoHa4 it was 
anticipated that treatment of 6-SBgHx~ with acetylenes in the presence of  Lewis 
bases would produce a new heteroborane with 12-atom framework, a dicarbathiabor- 
ane. Contrary to these expectations, it was found that 6-SB9Haa undergoes a facile 
hydroboration reaction when treated with alkynes and alkenes [83-85]. 
Hydroboration of alkenes and alkynes by 6.-SBgHI1 clearly occurs by addition of  
the exo-BH at the 9-position across the unsaturated C - C  bond. A particularly 
definitive observation is the fact that the hydroboration is a regiospeeific anti- 
Markownikoff syn-addifion, as shown schematically in Fig. 33. 

10.11. Triazene-arachno-6-SBgHax cluster: 
( Pz" (4, exo-9) -1-SiM%-3-H~ N3 ) -arachno-6-SBgHa 1 62 

It is reported that nido-6-SBgHlt reacts readily with an organic derivative of 
hydrazoic acid, trimethylsilyl azide, to give the first example of a new class of hybrid 
fused-ring cluster triazene-thiaborane compounds, (/~2-(4,exo-9)- 1-SiM%-3-H-Na)- 
arachno-6-SBgHu 62 [86]. 

nido-6-SBgH 1 t + Me3SiN3 ~ (/z2 -(4,exo-9 )- 1 -SiMe3 -3-H-N3)-arachno-6-SBgH a 1 
O2 

In contrast to free triazenes [87], 62 exhibits both thermal and photolytie stability. 
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LR" ~'RJ 

Fig. 33. Hydroboration by nido-6-SBgHt x 61. (From Rcf. [83,84] by permission of The American Chemical 
Society, Washington). 

For example, no nitrogen was evolved nor any decomposition observed upon xylcnc 
reflux for 3 days or upon photolysis in toluene solution for 3 h. The structure is 
shown in Fig. 34. 

The cage framework is consistent with those observed for other l~-vertcx, 

C3~ C2 

Fig. 34. ORTEP drawing of the molecular structure of (l~z-(4,exa-9)-l-SiM¢~- 
3-H-N3)-arachno-6-SBd-tn 62. (From ReL [86] by permission of The A m c ~ m  ~ Society, 
Washington). 
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26-skeletal-electron systems such as exo-9-Et3N-arachno-6-SBgH~ [77], thus indicat- 
ing that the triazene group is functioning as a two-skeletal-electron donor to the cage. 

10.12. nido-XBgHll 63a (X=Se, Te), XBgHII" L 63b (L=Lewis base) 

Aqueous polyselenide or polytelluride solutions react with BaHia" S(CH3) 2 to 
form the XBgHi~ anions, which can be isolated as tetramethylammonium salts. 
Oxidation of these salts with iodine produces the XBgHIt molecules in benzene or 
the XBgHtl "CH3CN 63b molecules in the presence of acetonitrile. Reaction of 
SeB9H~ - CH3CN with triethylamine produces SeB9Hu "N(CzHs)3 in a rapid ligand 
displacement reaction [67, 53,68]. There are similarities in the t~B NMR spectra of 
the XBgH~ ions relative to that of the XBgH~-L (L=Lewis base) molecules. 

10.13. nido-S2BgH9 64a, nido-SSeBgH9 64b, nido-Se2B9H9 64c 

Reaction of SBgHi-z 59 with potassium polysulfide, with a small amount of 
polyselenide present, generated S2BgH9 64a. 

Treatment of SB9Hi-2 59 with potassium polyselenide formed SSeBgH9 64b The 
formation of Se2BgH9 64e was first reported as an unexpected minor product during 
the synthesis of SeBloHi-t 70b [88,56]. This diselenaborane can now be made in 
good yield by reaction of BgHi-4 with potassium polyselenide [57]. 

Thermolysis of arachno-2,3-S2BgH,~o 65b in refluxing toluene results in dehydro- 
genation and formation of nido-S2BgH9 64a [89]. 

arachno-2-H-2,3-S2BgHlo--, 7,9-nido-S2BgH9 + H2 
64a 

Treatment of Se2BaH9 (or SSeBaH9) with potassium hydroxide followed by reac- 
tion of the products with triethylamine, CsH6, and CoCl2 formed SezBgH9CoCp 
(or SSeB9H9CoCp) [56]. The structure of nido-7,9-SezB9H9 64e has been determined 
unambiguously to be the 7,9-isomer by ~tB NMR spectroscopy [90] Fig. 35. 

Both the 7,9- and 7,8-isomers of SzB9H9 were calculated with the MNDO program. 
The heat of formation of the 7,9-isomer was calculated to be -28.2  kcal ree l -  ~, 
which was 48.2 kcal mol -  ~ more stable than the 7,8-isomer. A scheme of localized 
cluster bonding in 7,9-S2B9H9 calculated with the MNDO program is shown in 
Fig. 36, [90]. 

It is noteworthy that while there are many examples of heteroboranes with two 
or more heteroatoms from Groups IV/14 or V/15 in adjacent positions, apparently 
there are no heteroboranes with two adjacent atoms from Group VI/16 nor any 
metal-heteroborane derivatives with two adjacent Group VI/16 atoms. 

10.14. arachno-2,3-S2B9H~o 65a, arachno-2-H-2,3-S2BgHlo 65b, 
arachno-2-CH3-2,3-SzBgHlo 65c, arachno-2-CH21-2,3-S2BgHlo 65d 

The reaction of nido-6-SBgH~o 61a with elemental sulfur results in sulfur insertion 
into the nido-SB 9 cage framework 'to produce the new arachno-dithiaborane cluster 
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Fig. 35. Proposed structure of nido-7,9-SezBoH9 64e. ~ From Ref. [90] with kind permission of Elsevier 
Science Ltd., The Boulevard, Langford Lane, Kidlington OX5 IGB, UK). 

Fig. 36. A scheme of localized cluster bonding in nido-7,9-Se2BgHo 64e calculated with the MNDO 
programme. (From Ref. [90] with kind permission of Elsevier Science Ltd., The Boulevard, Langford 
Lane, Kidlington OX5 I(3B, UK). 
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anion, arachno-2,3-S2BgH?o 65a [89]. 

1 nido-6-SB9H~o + §Ss ~arachno-2,3-SzBgH{o 
61a 65a 

A single crystal X-ray study has confirmed that, consistent with its formal arachno 
skeletal-electron count, the anion adopts a structure that may be derived from a 
13-vertex closo-deltahedron by removal of two vertices, Fig. 37. 

The two sulfur atoms adopt non-adjacent three-coordinate positions on the open 
six-membered face of the cage. In the solid state, a single bridge-hydrogen was 
located at the B8-B11 edge; however, in solution the NMR ~pc~iia indicate Cs cage 
symmetry, suggesting that the bridging hydrogen is interconverting between positions 
at the B8-B11 and B9-B11 edges. The spectroscopic data indicate that, upon reaction 
of arachno-2,3-S2BgHFo with concentrated HzSO4 in CHzCIz, protonation occurs 
at one of the cage sulfur sites to give arachno-2-H-2,3-SzBgHlo 65b. 65b also 
reacts with CH3I or CH2Ia to give 2-CH3-2,3-SaBgH10 65e and arachno- 
2-CH2I-2,3-S2B9Hto 65d respectively. A single crystal X-ray structure determination 
of CHa-2,3-S2B9Hlo 65e confirmed that the methyl is bound to a sulfur atom and 
thus provides additional support for the structure proposed for arachno- 
2-H-2,3-S2BgHlo 65b Fig. 38(a). 

In contrast to the structure observed for arachno-2,3-S~BgH[o 65a, in 
2-CH3-2,3-SzBgHto 65e, the methylated sulfur adopts only a two-coordinate position 
bridging a B-B edge, while the other sulfur is in a three-coordinate position similar 
to those observed in 2,3-SzB9Hi'o. The similarity of the NMR spectra of 65b, e, and 
d suggests that 65b and 65d adopt cage structures similar to that confirmed for 65e. 
Thus, either alkylation or protonation of 2,3-SzBgH~-o results not only in substitution 
at sulfur, but alters the nature of the sulfur-cage bonding interactions. 

Fig. 37. ORTEP drawing of the anion structure ofarachno-2.3-SzBgH7o 65a. (From Ref. [89] by permis- 
sion of The American Chemical Society, Washington). 
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Fig. 38. (a) ORTEP drawing of the structure of arachno-2-CH~-2,3-SzBgHto 6~. (From Rcf. [89] by 
pcrraission of The American Chemical Society, Washington). (b) Proposed structure of 
nido-7,9-CSBgHtl 66b. 

10.15. SBgH2t 66, (SBoHtt)2M 2- (M=Ni,  Pd) 66a, nido-7,9-CSBgHtt 66b 

Chemical procedures are outlined for thv in situ formation of the reactive anion 
SBoH2t 66. This compound is used to produce the new derivatives (SBd-III)M z- 
( M = N i ,  Pd) 66a [801, 

The arachno-CSBsHfi anion can bc converted to nido-7,9-CSBgHtt 66b by he~dng 
at 120 °C; the structure is shown in Fig. 38(b). 

10.16. aractmo-6-SBgH~2 67a, arachno-6-SBgHllBr- 67b, 
arachno-SBgHu (OH)- 67c, aractmo-6-SeBgl-l~2 67d. arachno-6-TeBgHF2 67e 

For coinage metal derivatives of arachno-6-SBgH~z, scc Refs. [80,91-93]. 
Reaction of  dccaboranc(14) with aqueous ammonium polysulfid¢ gives the thia- 
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borane ion, SBgHi-2 67a, in essentially quantitative yield [77]. 

BloHa4 +S 2- +4HzO--*SBgH~-z +B(OH)~- +3Hz 
67a 

The ttB N M R  spectrum consists of six resonances of relative areas 1 : 2 : 1  : 1 : 2 : 2  
reading upfield [94, 79]. The 11B N M R  relative intensity pattern was consistent with 
the molecular symmetry shown in Fig. 39. The pattern of the N M R  spectrum 
is consistent with the solid-state structure of (PPhz)zAuSBgH12 [91,92]. The com- 
pound is a salt consisting of [(C6Hs)3PLAu + cations and SBgH~- 2 anions. 
(CzHs)aN[SBgHllBr] 67b was prepared from 2-BrB10H13 [94] which is believed to 
be the 1-SBgHItBr- isomer. 

arachno-SBgHtt(OH)- 67c: after standing in acetone solution for some months, 
partial decomposition of 6-SBgHG 67a was noted. The ttB N M R  behavior of species 
67e was very similar to that of 6-SBgH~'2 59, but with the COSY correlations 
indicating a different shielding ordering of the three resonances of relative intensity 
I [79]. The absence of an endo-terminal tH resonance associated with t lB(9) [95] 
then indicated 67e is a 9-endo-substituted arachno-6-SBgH~l(OH)- cluster anion 
closely related to 6-S~9HI2 67a Fig. 40. 

An anion of this 9-(OH)-arachno-6-SBgHu(OH)- formulation has previously 
been reported [80,94]. The essential identity of the ~IB shielding behavior of 67e 
with this previously reported species confirms the formulation. 

Aqueous polyselenide or polytelluride solutions react with B9Hta 'S(CH3) 2 to 
form the XB9H~" z ( X - S e  (67d), Te (67e)) anions [67,53,68]. Both 67d and 67e 
appear to have limited stability; the identity of these compounds is confirmed by 
their subsequent chemistry and the similarity of their ~B N M R  spectra with that 
of the SB9Hi-2 ion 59. 

H 

$ H 

Fig. 39. Schematic representation of the t e n - v e r t e x  arachno-6-SBgH~2 67a. (From Ref, [79] by permission 
of The Royal Society of Chemistry). 
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Fig, 40. Proposed structure of the 9-endo-substituted arachno-6-SBgH~1(OH)- cluster anion 67c. (From 
Ref. [79] by permission of The Royal Society of Chemistry). 

IO.1Z (C2Hs)2S" B~HIa 68 

(C2Hs)2S" BgH13 68 was synthesized in fair yield by a degradation of bis(diethylsul- 
fide) decaborane(12) with methanol [96]. 

[(C2H5)2S]2 "BIOH12 -l- 3 C H 3 O H - ' -  

(C2H5)2S" BoHl3 + H2 +(C2H5)2S +(CHaO)aB 
68 

68 is a stable intermediate in the total methanolysis since it may be degraded 
completely to (CHaO)aB under prolonged reaction with methanol. 

11. Ten-boron-atom systems 

The compounds considered are polyhedral hetero boranes. 

11.1. nido-7-SBloH12 69a, nido-7-SeBloHl2 69b, nido-7-TeBloHl2 69c, 
2-R-7-SBIoHll 69d, (SBIoHlI) 2 69e, SBIoHF1 70a, SeBIoHFI 7Oh, TeBloH~ 70c, 
M(F, B1oHlo) 2- (M=Fe. Co; E=Se, Te) 71, CpCoF, BIoHlo 72 

Pyrolysis of CsSBgH12 67a gives the ion SBloHi-I 70a, which on a d d i c t i o n  is 
converted to the weak acid nido-7-SBloH~2 69a [77]. Improved synthetic routes have 
been developed for the preparation of 69a. Good yields (greater than 60%) of 
nido-7-SB~oH12 69a can be obtained by acidification of the anion that is formed 
either by the reaction of nido-6-SBgHu 58 with NaBH4 under reflux conditions or 
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by the reaction of nido-6-SB9H?o 61a with THF" BH3. 

6-SBgHll +NaBH4 reflux Na+SBIoHi_ 1 +2H2 
58 dioxane 7oa 

6-SBgH~- 0 q- THF- BH3 rcn~ SBloHi-1 + H2 + THF 
61a dioxan¢ 70a 

The anion 70a can then be converted to the neutral thiaborane by acidification 
with aqueous HCI in CHzCIz to give nido-7-SB~oHlz 69a [621. 

As is shown in Fig. 41, nido-7-SB~oH~2 69a has been proposed to adopt a structure 
based on an icosahedron missing one vertex, with the sulfur occupying a position 
on the open face. The I~B NME spectra of SBIoH~2 69a and SeBloHI2 69b contain 
very similar doublet patterns. The spectrum of TeBloHx2 also is sim/lar but somewhat 
compressed. Treatment of $'BloH~2 or TeBloH~z with aqueous KOH and either 
COC12 or FeCI2 forms M(EB~0Hlo) 2- ( M = F e ,  Co; E=Se,  Te). Triethylamine, 
cyclopentadiene monomer CoC12, and SeB~oH~2 or TeB~oH12 in tetrahydrofuran 
solution form CpCoEBloH~o [88]. 

Oxidation of nido-7-SB~oH~o 73 by Ag + in benzene and toluene leads to coupled 
polyhedra (SBIoH~02 69e and attack upon the solvent to give arylthiaboranes 
2-R-7-SB~oHll 69d. 

The ~B NMR spectrum of the phenyl or the analogous tolyl derivative is found 
to be a perturbed version of that of the parent 7-SB~oH~z 69a. The nine deafly 
discernible boron resonances of unit intensity confirm substitution at other than the 
symmetric B1 or B5 boron positions (see Fig. 42) [97]. 

In aqueous ammonia, Na2Se4 and Na2Te4 react with decaborane(14) to give 

H 

E 

,5 

Fig. 41. Proposed structure of nido-7-SBloHtz 69a. (From Ref. [62] by permission of The American 
Chemical Society, Washington). 
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R 
Fig. 42. Proposed structure ofnido-2-R-7-S B~oH11 69d. (From Ref. [97] by permission of The American 
Chemical Society, Washington). 

SeB~oH~-~ 70b and TeBloHi-1 7Oe respectively. These anions form nido-7-SeBloH12 
69b and nido-7-TeBtoH~2 69e upon acidification [88]. The l~B NMR spectra of the 
EB~oHi-t ions (E=S,  Se, "re) are all very similar. The spectrum of the tellurium 
derivative displays the most detail with a 2 : 3 : 2:2 : 1 pattern of doublets. The area 
3 doublet is not symmetrical, suggesting the overlap of two resonances. 

l l .Z nido-7-SBtoH~o 73, (SBloHIo)2M n- 74 

Treatment of SB~oH~~ 7Oa or SBIoH12 69a with strong base affords 
nido-7-SB1oH2o 73. Reaction of SB~0H2o with a variety of transition metal halidcs 
gives a series of icosahcdral metala thiaborancs (SB1oH1o)zM ~- 74 [77]. SBIoH~o 
73 is stable in solution for a limited time; it has not been isolated and characterized 
as a solid salt. 

11.3. It2-6,7-(CHaE) BloH13 75a, b (E=S, Se), Iz2-6,9-Ctt3EBloH~2 76~, b, 
{Cs[/z2"6,9-CH3SBIoH12]} 3" Cs[!~2-6, 7-OH-Iz2-6,9-CH3SBloHla] 77a, 
BIoH12" [S(CHa)212 77c 

While strong bases readily deprotonate BIoH14, certain weaker bases react with 
B~oH14 according to the following equation: 

BloH14 + 2(CH3)2S'-'BIoH12 "[S(CH3)2]z -F H 2 
77e 

Effectively, hydrogen atoms are replaced by electron pair donor atoms at the 6- 
and 9-positions of the B~oH~4 framework, while hydrogen atoms bridge boron only 
between 7-8 and 5-10 boron atom positions, Fig. 43 [98]. 

In contrast to this type of reaction, BIoH14 reacts with (CH3)2E 2 ( E ' - S ,  So) to 
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Fig. 43. Structure of B10HI2[S(CH3)z]2 77¢. 

form B-ju2-6,7-CHaEBIoH13 75a, b 

BxoH14 + (CHa)2E2--~g2-6,7-CH3EBIoH13 + CHaEH 
75a, b 

The structure of ~2-6,7-CHaSeBIoHla 75b has been determined by X-ray crystallog- 
raphy (Fig. 44) [99]. qhe first reaction step is considered to be an adduct formation 
B~oH14" (CHa)zE2. Treatment of 75a, b with potassium hydride yields 
p2-6,9-CHaEBtoHi- 2 76a, b. 

/t2-6,7-CH3EBloHx3 + KH rearrangement K+ [/tz-6,9"CH3EBtoHt2]- + H2 
76a,b 

The formation of the anion 76a, b is accompanied by a rearrangement of the 
bridging ligand CHaE from the 6-7 to the 6-9 boron atom position. 

76a, b is stable to hydrolysis. However, upon recrystallization of 
Cs + [/~z-6,9-CH3SBtoHt2]- 76a from an aqueous solution, it was partially hydrolyzed. 
A 'stable' form, a 'double salt' of the composition {Cs[#z-6,9-CH3SBloHx2]}3" 
Cs[#z-6,7-OH-I~z-6,9-CH3SB~oH~d 77a was isolated, the structure of which is shown 
in Fig. 45 [I00]. 

This 'double salt' 77a is the first example of a heteroborane polyeder with a 
bridging OH group. The orthorhombic unit cell contains 32 molecules of 77a. 

11.4. nido-6,6'-O(BaoHla)z 78 

By the action of sulfuric acid on compounds of the type B~0Htz-(SRz)z 77e a 
novel compound has been prepared, 6,6'-oxido-bis(tridecahydrodecaborane) 
O(B~oH13)2 78 [101]. The IR, UV and NMR spectra establish evidence of the 
compound 78 as being the anhydride of an unknown monohydroxytridecahydrodeca- 
borane, and of the oxide bridge, which bonds the BtoFI13 fragments together, as 
being situated at the 6- and 6'-positions. It is not only the first known purely 
inorganic oxygenous derivative of the tetradecahydrodeeaborane, the species is 
believed to be the very first existing anhydride of any hypothetic hydroxyborane. 78 
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Fig. 44. Molecular structure ¢~f/J2-6,7-CHsSeBtoH~a 75b. 

is extremely resistant towards inorganic acids and their halogcnides. This unusual 
stability towards action of agents that are apt of primarily attacking the anhydridic 
function of a molecule may bc explained by the B-O-B  bond as being effectively 
shielded by the bulky BloHls-groups and: moreover, as being literally w r a p p ~  in 
the hydrogen bridges of both fragments. 

12. Eleven-boron-atom systems 

The compounds considered are polyhedral hereto boranes. 
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Fig. 45. (a) Molecular structures of  
[#2-6,7-OH-/~z-6,9-CH3SBtoHH ] from the 
Cs Lu2-6,7-OH-/zz-6,9-CHaSBIoH 1 i] 77a. 

the anion 
"double 

Luz-6,9-CH3SBtoH12] and (b) 
salt": {Cs Luz-6,9-CHaSBloHlz]}3 • 

12.1. closo-SBllHtl 79a, 12-Br-I-SBHHIo 79b, closo-B-C6HsSBuHlo 79e, 
closo-B,B'(CeHs)2SBll~= 79d, closo-SeBtiHll 79e, closo-TeBllHlt 79f 

The reaction of 7-SBt0H12 69a with EtaN-BHa produced the parent compound 
closo-SBliH11 79a [ 102] 

7"SBIoH12 + Et3N" BHa ~SBlxHn + SBloHi-IEtaNH + + EtaN 

Pyrolysis of 6-SBgHi-~ 67a leads to nido-7-SBxoH12 69a, which in turn gives 
closo-SB~tHtt 79a upon pyrolysis [59]. The 11B NMR spectrum has three doublets 
of relative intensities I : 5 : 5 and supports the proposed structure of 79a (see Fig. 46). 
The influence of a sulfur heteroatom should be similar to that of a carbon and 
render the adjacent boron sites subject to nucleophilic attack. 

The bromination of 79a in methylene chloride in the presence of A1 powder gave 
12-Br-I-SBuHxo 79b. The position of the bromine atom follows from the ~IB NMR 
spectrum, which indicates that the B12 atom is the most negative B atom in the 
molecule [102]. However, the initial halogenation of SBltHIt is analogous to that 
of 1-SB9H9 50. While the halogenation and deuteration of SBttHll have not been 
studied thoroughly, the experiments in Ref. [73] indicate that the Ib is the site of 
initial substitution. 

Phenylboron dichloride reacted with SBIoH~o 73 to yield B-closo-C6HsSBuHlo 
79e [77]. This material probably possesses icosahedral geometry with the phenyl 
substituent bound to a boron atom adjacent to sulfur. 

SB1oH~ + C6HsBCIz-'B-C6HsSB11Hto + 2C1 - 
79e 
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i S i 

0 = BH 

Fig. 46. Proposed slructure of closo-SB11H~ 79a. (From Ref. [I02l by permission of The Royal Society 
of Chemistry, Cambridge). 

The degradation of B-C6HsSBIIHI0 in methanolic sodium hydroxide produced 
B-C~HsSBIoH{ 0 ion. A B,B'-diphenyl derivative, closo-B,B'(C6Hs)2SBIIH9 79d was 
prepared by reacting B-C6HsSBIoHi- o with n-butyllithium followed by reaction with 
phenylboron dichloride [77]. The probable structures of the precursors, as well as 
the method of preparation, suggest, however, that the phenyl groups are attached 
to boron atoms vicinal to the sulfur atoms. 

During the past few years a number of examples of insertion of nitrogen and 
sulfur units into borane and hctcroatom boranc cage structures by the use of 
NaNO2 and KHSO3 have been reported. The insertion of S, Sc, or Te into borane 
cages has previously been accomplished by the use of polychalcogenido ions [77, 88]. 
Reaction of NaBHH14 with an excess of NaHSeO 3 or solid TeO2 in watcr-beptanc 
under nitrogen produced closo-SeBlxH11 79e or closo-TeBxiH1~ 79f respectively 
[I03]. Compounds 79e, f have also been prepared by the reaction of SeB~oH~2 69b 
or TcB~oH~2 69e with Mc3N" BH3 in refluxing xylenes [ 103]. The 11B NMR spectra 
of 79e, f arc very similar to that reported previously for SB~xH~t 79a [i02]. 79e, f 
have close, ncarly-icosahedral cage structures. 

12.2. n ido-OBuH~z 80 

During the reaction of Et4N+BllHi-4 with the oyJdes M 2 0  3 ( M = A s ,  Sb, Bi), 
besides the expected icosahedral heteroboranes, a new anionic species was isolated, 
initially formulated as Et4N +BllHIsOH - [104,105]. However, on the basis of IH, 
11B and 170 NMR spectroscopy, the correct formulation is nido-OBl tH~zM + 8@ 

(M-=-Na, Et4N, C6HsCHzNEt3). The proposed structure is shown in Fig. 47. 
Interestingly, this anionic OBIIH~- 2 species appears as the first reported example 

of an oxaborane, the related oxaborane clusters always including an additional 
transition metal such as Fe or Rh [106,107] in the cage. Further, the reaction of 
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! 1 

O 

Fig. 47. Proposed structure of nido-OBt iHi'2M + 80 (M = Na, Et4N, C6HsCHzNEh). 

methanol with MeNB~Htt was recently shown to lead to the anionic 
MeNB~IHttOMe- [108] which is isoelectronic with OBIIHiz. 

13. Twelve-boron-atom systems 

The compounds considered are exo-substituted polyhedral boranes. 

13.1. closo-Bl2HttSH z- 81a, closo-BI2HlISCI-~3- Bib• closo-BlzHao(SCH3)~- 81c, 
closo-B12Ho(SCH3)~- 81d, closo-BI2H11S (CH3) ~ 81e, closo-Bt2Hto[S (Ctt3) 212 81f 

Bx2H~" reacts under acidic conditions with a number of sulfur-containing species 
to form substitution derivatives. BIzHt1SH e- 81a can be prepared from 
(H30)2B12Ha2 and hydrogen sulfide. Dhnethyldisulfide reacts with (H30)2B~aHt2 
to give B12HtlSCH~- 81b or Bt2HIo(SCH3)~- 81c and B12Hg(SCH3)~- 81d, 
depending on reaction conditions. Transmethylation of trimethylsulfonium iodide 
with BlaHllSCH~- and B12Hto(SCH3)~- gives the inner sulfonium salts 
B12HIIS(CH3)~ 81e and BIzHlo[S(CHa)zh 81f. Bt2HI1S(CH3)f 81e can also be 
obtained by methylation of Bt2HttSH a- [ 109]. 
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13.2. (C8+ ) 4 [ H l l B I z - S - S - B 1 2 H l l ]  82a; radicals: 
B12H11S" 2- 82b or B I 2 H n S H "  - 82e 

The formation of the disulfide-linked tetravalent anion HI1BIz-S-S-BI2H~- 82a 
by the oxidation of closo-BlzHlaSH 2- 81a with iodosobenzo~te is supported by 
both chemical and spectral evidence [ 110]. The nB NMR spectrum showed a singlet 
of area I corresponding to the sulfur-bound boron, two doublets of area 5 and a 
doublet of area 1, ail of which appeared as singlets on hydrogen decoupling. 
H~aB,2-S-S-BuH~- is of particular interest in the neutron-capture therapy of 
gliomas as it possess favorable biological properties [ 11 I-113]. 

The rapid appearance of a free radical upon adding the disulfide 
(Na+)4[HI1Blz-S-S-BazHu] 82a, but not the, thiol, NazB~2HuSH 81a, to acidified 
solvents clearly indicates that the free-radical B~zHnSH" - 82e formation is depen- 
dent on the presence of the disulfide linkage. It is suggested that either a thiyt 

B(I') 

S(6) 

B(8' 

S(6') [ ) B(10') 

IB(4) 
B(2) 

B(I) 
B(3 

Fig. 48. ORTEP-type drawing of  the molecular struvture of  the aradmo-[9,9'-SzBiTH,s]- ank~n in 
Ph4P+[9,9'-S2B~THIv] - 83. (From Ref. [ l t4] by pern~ssion of VCH VeHagsgesel|schaft mbH, W e ~ e i m .  
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radical, BI2HuS "2- 82b, or a thiol radical, B~2H/~SH'- 82e, is formed from the 
disulfide HllBlz-S-S-B12H4i - in acidified organic solvents. 

14. Seventeen-boron-atom system 

A macropolyhedral thiaborane 

14.1. arachno-[9,9'-S2BaTH18 ]- 83 

An interesting expansion of the scope of borane chemistry is the linkage of various 
clusters to form 'polypolyhedra'. The unprecedented macropolyhedral dithiaborane 
anion S2BITH~ 83 (19-vertex) was recently synthesized and structurally charac- 
terized [ 114]. 

83 is the first structurally characterized macropolyhedral heteroborane, and it also 
demonstrates for the first time a mode by which two arachno-type subclusters may 
fuse to form a macropolyhedral boron-atom agglomeration. Previous macropolyhe- 
drals have been limited to fusions among hide- and close-type clusters. The 
S2BtTHi-a anion, isolated in 48% yield as its Ph4P + salt, is obtained by the action of 
elemental sulfur on a solution in THF of the anti-BtsH~o anion, followed by 
chromatographic separation of the products. It was identified and characterized by 
X-ray diffraction analysis (Fig. 48) and NMR spectroscopy. 

The structure of fiie S2B17Hi-8 anion derives formally from the fusion, with two 

S 

! II III 

S 

IV V V! 

Fig. 49. Structures I-VI. (From Ref. [114] by permission of VCH Verlagsgesellschaft mbH, Weinheim). 
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s 

VII VIII IX 

Fig. 50. Structures VII-IX. (From Ref. [ 114] by permission of VCH Verlagsgesellsehaft mbH, Weinhehn). 

common vertices, between a ten-vertex arachno-{SB9} cluster and an l 1-vertex 
arachno-{ SBto} cluster. 

15. Conclusions 

The known and potential structural variety of polyhedral boron hydride chemistry 
is extensive. In principle this variety is also available to any combinations of main 
group elements that have the same numbers of valence electrons available. However, 
heteroborane chemistry, other than that of the carbaboranes (particularly that of 
the dicarbaboranes, which exceeds that of the boranes themselves), is surprisingly 
limited. Apart from the carbaboranes, the best-exemplified and most diverse main- 
group polyhedral heteroborane chemistry is that of the thiaboranes [ 114]. 

S S 

Fig. 51. Structure X. (From Ref. [ 114] by permission of VCH VerlagsgeseLlschaft mbH, Weinheim). 
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However, only six basic contiguous monothiaborane building blocks are available 
(schematic cluster geometries I-VI) Fig. 49. 

These comprise the nine-vertex nido- and arachno-{SBs} system (I and II respec- 
tively), the ten-vertex closo-{SB9} system IV, the ten-vertex nido- and 
arachno-{SB9} (both of gross geometry III), the i 1-vertex nido-{SBio} system (V), 
~nd the 12-vertex closo-{SBll} system (VI). 

In contrast to the very extensive known dicarbaborane chemistry, only three 
dithiaborane building blocks (schematic geometries VII-IX) are currently reported. 
These comprise the eight-vertex hypho-{S2Bc,} system (VII), the nine-vertex 
arachno-{S~BT} system (VIII), and the 11-vertex nido-{S2Bg} system (IX) (Fig. 50). 

The schematic cluster connectivity of the presently unique large 19-vertex 
{SzB17} system is outlined as in (X)  (Fig. 51). 
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