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In 1933 Stock set down in his monumental book1 
his collected research which contained the begin- 
nings of polyhedral borane chemistry and a large 
proportion of the boron hydrides known today. In the 
40 years which have elapsed since that time, poly- 
hedral borane chemistry has truly emerged, and the 
chemistry of these borane derivatives has expanded 
to include three families of isoelectronic polyhedral 
borane species: anions of the general formula 
B,Hn2-, n = 6-12;2 the one-carbon carborane anions 
B,CHn+l-, n = 5, 9-11;3-5 and the neutral two-car- 
bon carboranes of the general formula Bn62Mn+2, n 
= 3-10.6 There now also exists a large group of poly- 
hedral boranes which contain heteroatoms other 
than carbon. These include the meta l locarb~ranes ,~-~  
which alone form an  immense vista of new chemis- 
try. 

In this Account we discuss the non-icosahedral 
B,C2Hn.+2 carboranes where n = 3-9, with especial 
emphasis on the interesting methods by which they 
were obtained and some of the unique reactions 
which they were found to undergo. 

Nomenclature 
Discrepancies in the numbering and nomenclature 

systems used in the literature for carborane and re- 
lated species abound. Several a t temptdo have been 
made to standardize these systems, but the older no- 
menclature still persists. The nomenclature used in 
this- Account conforms to that encountered in the 
bulk of the current literature dealing with carbo- 
ranes;2 consequently, in some instances, the number- 
ing system used here is not in agreement with that in 
cited references. 

Large Carboranes 
2,3-Dicarba-c~oso-undecaborrane( 1 l ) ,  2,3-BgCz- 

W11. The well-known icosahedral carboranes, 1,2- and 
1,7-BloC2H12,6 react quite easily with basic reagents 
such as ethanolic ethoxide ion to produce the (3)- 
1,2-BgC2H12 - and (3) - 1,7-BgC zHl2 - ions, respec- 
tively.ll$l2 The protonation of the (3)-1,2-BgCzH12- 
ion produced a water-soluble acid which was charac- 
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terized as 1,2-BgC2H13. Similar treatment of (3)- 
1,7-B&2H12- produced an analogous 1,7-BgCzH13 
which was not sufficiently stable to allow its charac- 
terization.11 pyrolysis, in solution, of the 1,2- and 1;7- 
BgC2H13 species and their C-substituted derivatives 

proceeded to yield hydrogen and 2,3-BgH2Hll or the 
corresponding C-substituted derivatives.13 These 
reactions are summarized in Figure 1. 

The isoelectronic eleven-particle systems 
BllHl12- ,I4 BloCHl1- , 4  and the 2,3-BgCzHl1 carbo- 
lane present a unique structural problem since the 
nuclear magnetic resonance spectra of both of the 
ionic species indicate much higher symmetry4 ,I5>l6 
than can be accommodated by the CZu geometry 
p r ~ p o s e d . ~  , 4  It has recently been proposed that rapid 
“rotation of belts” of atoms accounts for this appar- 
ent symmetry.15 Fortunately, in the case of 2,3- 
BgC2Hll carborane and its derivatives, the nuclear 
magnetic resonance spectrum13 and X-ray diffrac- 
tion17 data confirm the geometry shown in Figure 2 .  
This structure contains a unique seven-coordinate 
apex position unprecedented in carborane chemistry. 

Few reactions of 2,3-BgC2Hll have been reported. 
However, one general type of reaction is known in 
which the carborane forms Lewis acid-base adducts 
with a variety of electron donors ranging from ethyl 
isocyanide and hydroxide ionll to the carbanion pro- 
duced by removal of a proton from I , ~ - B I O C ~ ~ ~ Z . ~ ~  

(1) A. Stock, “Hydrides of Boron and Silicon,” Cornell University Press, 

( 2 )  E. L. Muetterties and W.  H.  Knoth, “Polyhedral Boranes,” Marcel 

(3) W. H. Knoth. J .  i l m e r .  Chem. Soc., 89, 1274 (1967); Inorg. Chem., 

Ithaca, N .  Y., 1933. 

Dekker, New York, K. Y., 1968. 

10,598 (1971). 
(4) D. E. Hyatt, F. R. §choler, L. J. Todd, and J. L. Warner, Inorg. 

Chem., 6,2229(1967). 
( 5 )  S. R. Prince and R. Schaeffer, Chem. Commun., 451 (1968). 
(6) R. N.  Grimes, “Carhoranes,” Academic Press, New York, N.  Y., 

(7) “The Chemistry of Hydrogen and Its Compounds,” E. L. Muet- 

(8) M.  F. Hawthorne,Accounts Chem R e s . ,  1,281 (1968). 
(9) L. J. Todd,Aduan. Organomelal. Cliem., 8,87 (1970). 
(IO) R. Adams, Inorg. C h e w  2, 1087 (1963); 7,1945 (1968). 
(11) R. A. Wiesboeck and M. F. Hawthorne, J ,  Amer. Chem. SOC., 86, 

1642 (1964); M. F. Hawthorne, D. C. Young, P. M. Garrett, D. A. Owen, S .  
G. Schwerin, F. N. Tebbe. and P. A. Wegner, ibid., 90,862 (1968). 

(12) The position of the vacant icosahedral vertex is denoted by a prefix 
numeral in parentheses. 

(13) I“. N. Tebbe, P. M. Garrett, and M. F. Hawthorne, J .  A m e r .  Chem. 
Soc., 90,869 (1968). 

(14) F. Klanberg and E .  L. Muetterties, Inorg. Chem., 5,1955’(1966). 
(15) R. ,J. Wiersema and M.  F. Hawthorne, Inorg. Chem., 12, 785 (1973). 
(16) R. L. Middaugh and R. J. Wiersema, Inorg. Chem., 10,423 (1971). 
(17) C .  D. Tsai and W. E. Streib, J. Amw.  Chem. Soc., 88,4513 (1966). 
(18) D. A. Owen and M.  F. Hawthorne, J .  Amer. (‘hem. Soc., 91, 6002 

1970. 

terties, Ed., Vol. 11, Marcel Dekker, Inc., New York, N. Y., in press. 

( 1969). 



Vol. 6, 1973 Non-Icosahedral Carboranes 125 

L 
2 

600’ - 
/ I  

EtOH I 

1,2 - B9C2HI; 

\ 

2,3 - BgC2Hl l  

Figure 1. The schematic conversion of 1,2- and 1,7-BioCzH1z 
carboranes to 2,3-BgCzHll. 
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Figure 2. Idealized structure of a “closo” eleven-particle poly- 
hedron exhibiting C Z ,  symmetry. The structure of 2,3-BgCzHll 
exhibits C Z ,  symmetry.17 In the BllH112- and BlqCH11- Ions of 
similar geometry, the planes indicated by dotted lines separate 
belts of four and five atoms which may rapidly rotate relative to 
one another. This rotation apparently imparts higher symmetry 
to the ions.4 ,15 

With simple uncharged ligands such as triethylam- 
ine, a zwitterionic adduct is formed. The geometry 

2,3-B,C2Hll + :L BgC2Hll-L+ 

proposed for these adducts (Figure 3) probably re- 
sembles that  of the BgC2H11-L+ compounds formed 
by oxidative ligand substitution on the BgC2H12- 
ionslg and r’equires the migration of a terminal B-H 

0 BH 
O H  

Figure 3. The proposed structure of the adducts formed by the 
reaction of donor species L to 2,3-B&zHll. 

LJ IO OB 
Figure 4. The proposed structure of 14-(1,2-BloCzH11)[(3)-1,7- 
BsCzHlo 1 -  formed by reaction of ~ ,~ -BIoCZHII -LI+  and 2,3- 
BgCzHll. The “bridging” hydrogen atom was omitted for clarity. 

(3)-1,2-B,C,HI2- + 2FeC1, + L -+ 

(3)-1,2-BgC2H,,-L+ + 2FeC1, + HC1 + C1- 

hydrogen atom to a B-H-B bridge position during 
the reaction. Treatment of 2,3-BgCzHll or its C,C’- 
dimethyl derivative with various carbanions and car- 
borane anions produced 4-substituted (3)-1,7- 
BgCzH12- ion@ (Figure 4). Certain of these ions 
were converted to 4-substituted 2,3-BgCzHll deriva- 
tives (Figure 5) by, protonation followed by thermal 

[4-B,,C,H,,-(3)-1,7-B,C2Hl,]- A 4-B,,C2H,,-2,3-B,C,H,, 
- H2 

H2 evolution. These compounds represent the first 
examples of molecules which contain carborane poly- 
hedra joined through a B-C o bond. 

The oxidation of 2,3-BgC2Hll and its carbon-sub- 
stituted derivatives provided the new arachno carbo- 
rane, 1,3-B&2H13, and its corresponding carbon- 

soc., 91,859 (1969). 
(19) D. C. Young, D. V. Howe, and M. F. Hawthorne, J.  Amer. Chem. 
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Figure 5.  The proposed structure of 4-(i,2-BloCzHll)-2,3- 
BgCzHio. 
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Figure 6. The structure of 1,3-B&H13. 

substituted derivatives (Figure 6) .I3 J O  The structure 
of these species, shown in Figure 6, was predicted 
from nuclear magnetic resonance dataz0 and con- 
firmed by X-ray diffraction studies.21 Subsequently, 
a n .  improved synthesis of 1,3-B7CzHm was devel- 
oped22 in which the (3)-1,7-BgCZH12- ion was oxi- 
dized directly to 1,3-B7C2H13, thus entirely eliminat- 
ing the preparation and isolation of the 2,3-BgCzHl1 
intermediate. 

K+(3)-1,7-BgC,H,,- + 6H,O 

1,3-BiC,H,, + 2B(OH), + <5H+ + 6e- 

The 1,3-B7C2H13 carborane is of particular inter- 
est because it is the precursor of the B,CzH,,z car- 
boranes where n = 6-8. 

Preparation of closo-Carboranes by the Pyroly- 
sis of 1,3-B&&. Thermal decomposition of 1,3- 
( C H ~ ) ~ - B ~ C ~ H I ~  in diphenyl ether was investigated 
in an attempt to produce the then unknown carbo- 
rane ( C H ~ ) Z B ~ C ~ H ~ ,  Instead of a single reaction 

1,3-(CH,),-B,C,H,, A (CH,),-B,C,H, + 2H, 

(20) F. N. Tebbe, P. M. Garrett, and M. F. Hawthorne. J.  Amer Chem. 
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soc., 88,607 (1966). 
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product, three new materials were obtained and 
characterized as the C, C'-dimethyl derivatives of 
1,6-BsC2Hlo, 1,6-€37CzKg, and ~ , ~ - R G C Z H ~ . ~ ~ ~ ~ ~  
Subsequently, the unsubstituted, C-methyl and C- 
phenyl derivatives of each of the new carboranes 
were prepared by similar pyrolysis in diphenyl ether 
of the appropriate B7CZW13 starting material.24 

The addition of diborane during these pyrolyses 
shifted the product distribution toward more of Lhe 
1,6-B8CzH10 component a t  the expense of 1,6- 
B&Z& and 1 , 6 - B 7 C ~ H g . ~ ~  The slow, low-pressure 
pyrolysis of 173-R7C2H13 and its C-methyl deriva- 
tives formed as major products ~ , ~ - B . s C ~ E P ~ ~ ,  1,6- 
&C2H8, l,6-B7C2H9, and 1,6-BgC2H10, and their 
corresponding C-methyl derivatives together with di- 
borane and hydrogeneZ3 In another experiment, 1,6- 
BsCzH8 was allowed to stand in the presence of ex- 
cess diborane for 1 month a t  ambient temperature. 
The recovered compounds included the starting ma- 
terial, 1,6-B7CzMg, and l,6-BsCzHlo. These results, 
plus the fact that the addition of diborane during the 
pyrolysis of 1,3-B7CzH13 in diphenyl ether gave en- 
hanced yields of l,6-BgCzHlo and very little 1,6- 
BGCZH8, suggested that the thermal decomposition 
of 1,3-B7CzH13 yields primarily 1,6-B&~?&, dibo- 
rane, and hydrogen. This step may be followed by 
progressive recombination of 1,6-B~CzHs and dibo- 
lane to  yield l,(i-B7CzHg, 1,6-BsCzHlo, and hydro- 
gen. The direct reaction of 1,3-B7C~H13 and dibo- 
rane to produce 1,6-B8CzHlo may also occur.25 

1 3-B7C,H,, + 0 SB,H, -----t 1,6-I3qC,Hl, + '3HZ 

Dicarlsa-closo-deeaborane(l0), B8CZlkllo. In ad- 
dition to the pyrolytic methods in which 1,6- 
B&&Ilo was produced in conjunction with the B7, 
B6, and BE carboranes, an improved method for its 
preparation is known. In this synthesis the monoan- 
ion, B ~ C Z H ~ Z - ~  was treated with specific amounts of 

1.3-B-C2H,, + NaH - NaR,C,H,, i- Ha 

1,3-&CaH13 and diborane to yield ~ , ~ - B ~ C Z I H ~ ~ . ~ ~  
This method not only provides P,G-BsCzHlo in high 
yield, but there are no difficult separation problems 
in its purification. 

Like the other known isoelectronic ten-particle 
polyhedra, B l o K l ~ ~  - 27.28  and BgCHlo- ,29 1,6- 

(23) F. N. Tehbe, P. M. Garrett, D. C. Young, and M. 17. Hawthorne, J 
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1-C,H5-1,6-B,C,H, + C,H,Li' - 
1-C6H,-6-Li-1,6-B,C,H, + C,H,, 

O C H  0 BH 
Figure 7. The structure of 1,6-BgCzHlo. 

B s C ~ H ~ O  has the bicapped Archimedean antiprism 
structure illustrated in Figure 7. Three carbon atom 
positional isomers, 1,2-, 1,6-, and l,lO-B&2Hlo, are 
known. The 1,2-B&Hlo i s ~ m e r ~ ~ ~ ~ l  undergoes 
[facile thermal rearrangement to 1,6-BgCzHlo. The 
I 

subsequent thermal rearrangement of 1,6-B&Hlo to 
1, ~ O - B ~ C ~ H ~ O  has been studied in detail.13 7 2 3  ,32 
First-order kinetics were observed during the rear- 
rangement with AS* = +4.6 cal/(mol deg) and 
IAH* = +48.8 kca l /m01 .~~  

Three general types of reactions involving the poly- 
hedral structure are known for the B ~ C ~ H I O  carbo- 
ranes. One is the thermal polyhedral rearrangement 
discussed above. Secondly, hydroboration of 1,6- 
BBCZHIO to 1,7-B10C2H12 has been 0 b ~ e r v e d . l ~  The 

1,6-B,C2Hlo + B2H8 1,7-B,oCzH,z + 2H2 

third example of cage chemistry of the BgCzHlo sys- 
tem is hydrolytic degradation.I3 Hydrolysis of 1,6- 

1,6-B,C,Hl" + OH- + 2H20 - B,CZH,,- + B(OH), 

B8C2H10 in basic, aqueous ethanol produced the 
B7C2H12- ion in high yield.l3 In acid medium, 
1,6-B&&0 was completely decomposed to yield 
boric acid. Under similar conditions 1,lO-BsCzHlo 
was much less reactive, possibly due to  the fact that, 
in the 1 , l O  isomer, all boron atoms are equivalent; 
thus no one boron site is more prone to basic attack 
than any other and the ground-state charge distribu- 
tion does not favor facile nucleophilic attack. 

A rather extensive substitution chemistry of the 
two exo polyhedral carbon-hydrogen bonds is known 
for the 1,6- and l,lO-B&Hlo carboranes. Treatment 
of substituted 1,6- and l,lO-B&Hlo carboranes 
with n-butyllithium gave mono- and dilithio salts33 

(30) S. Hermlnek, private communication. 
(31) R. Rietz, private communication. 
(32) T.-C. Yu, M.S. Thesis, University of California, Riverside, Calif., 

(33) P. M. Garrett, J. C. Smart, and M. F. Hawthorne, J. Amer. Chem. 
1968. 

S O C . ,  91,4707 (1969). 

1-R-1,10-B8C,H, + C,H,Li +'l-R-lO-Li-l,lO-BBC,H, + C,H,, 

R = CH,, C,H5 

which react with a variety of electrophiles. Reaction 
with methyl iodide produced C-methyl  derivative^.^^ 

1-C,H,-6-Li-1,6-B,C,H8 + CH,I - 
1-C,H5-6-CH,-1,6-B,C,H, + Li'I- 

Carbon dioxide reacted with l-R-lO-Li-1,10- 
BgCzHs (R = CH3, C6H5) followed by acidification 

1. co, 
l-R-lO-Li-l,lO-BEC,H, l-R-lO-CO,H-l,lO-B,C,H, 

R = CH,, C,H, 

to produce 10-monocarboxylic acids. Similarly, the 
1,lO-dilithio derivative reacted with carbon dioxide 
followed by. acidification to yield the 1,lO-dicarboxy- 

1,10-Li,-1,10-B8C,H8 1,10-(C0,H),-1,10-B8C,H8 
1. co, 

2. H 

lic acid. The C-methyl and C-phenyl acids titrated 
as strong monoprotic acids with apparent pKa's of 
4.2 and 4.1, respectively. The 1,lO-dicarboxylic acid 
titrated as a strong diprotic acid with only one po- 
tentiometric inflection with an  apparent pKa of 
3.8.33 Reaction of l-CsH~-lO-Li-l,lO-B&2Hs with 
nitrogen dioxide followed by reduction with tin and 

l-C,H,-1O-Li-l,lO-B,C,H, - [1-C6H,-10-N0,-1,10-B,C,H8] 
N2°4 

Sn-HC1 
[1-C~H5-10-NO~-1,10-B8C,H,]. __f 

1-C6H5-10-NH~-1,10-NH~-l,10-B8C,H, 

hydrochloric acid produced the 1-phenyl- 10-amino 
derivative of 1, ~ O - B ~ C ~ H ~ O . ~ ~  The monolithio deriva- 
tive of l-CH3-1,lO-BgCzHs reacted with iodine to 

l-CH,-lO-Li-l,lO-B,CzHE + I, - 
1-CH,-10-I-1,10-B8C2H8 + LiI 

give the 1-methyl-10-iodo derivative of 1 , l O -  
BgC2H10.33 The 1,lO-dimethyl-B-octachloro deriv- 
ative of 1,lO-BgCzHlo was prepared by passage of 
chlorine gas through a solution of 1,10-(CH3)2-1,10- 

cc1, 
1,10-(CH,)2-1,10-B8C,H, + 8'21, 7 

1,10-(CH3)z-1,10-B~C~Cl~H~ + 8HC1 

B s C ~ H ~ . ~ ~  Finally, 1,10-Li2-1,10-BgC2Hs reacted 
with , ( T - C ~ H ~ ) F ~ ( C O ) ~ I  to produce the novel u-  
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Figure 8. The proposed structure of [(~-C~H~)Fe(CO)zJ~-1,10-(u- 
BsCzHs). 

a 
n 

W 
3 

0: BH 
@ = C H  

Figure 9. The structure of 1,6-B7CzHs. 

bonded complex [ ( ~ - C ~ H ~ ) F ~ ( C O ) ~ ] Z - ~ , ~ O - ( U - B ~ ~ Z -  
Hs)34 (Figure 8). 

1.10-Li,-1,10-B,C2H, + (n-C,H,)Fe(CO),I - 
[(n-C,H,)Fe( C0),1,-1,10-(~-B,C,H,) 

1,6-Dicarba-closo-nonaborane(9), 1,6-B~CzHg. 
The known isoelectronic nine-particle polyhedra 

(34) J. C .  Smart, P. M. Garrett, and hl. F. Hawthorne, J Amer. Chem. 
SOC., 91,1031 (1969). 

6 

Figure 10. The structure of 1,6-B&H8, 

B9Hg2-I4 and B7CzHg35 possess a tricapped trigonal 
prismatic geometry (Figure 9). In addition to the py- 
rolytic methods described above for the preparation 
of 1,6-B7C2Hg1 there is a newer methodz4 which 
gives a rather pure product, thus eliminating the 
separation problems which were previously encoun- 
tered. The pyrolysis of the B7C2H12- ion13 in diphe- 
nyl ether produced 1,6-B7CzHg (38%) with no hydro- 
gen evolution.24 

Calculations show that in the ground state35 the 
boron atom in the 8 (apex) position of lr6-B7C2H9 is 
the most negative, and, by analogy to other poly- 
hedral borane systems, this suggests that electrophil- 
ic substitution reactions may most readily occur a t  
that position. This assumption was confirmed when 
1,6-B&Hg and its C-methyl and C, C'-dimethyl de- 
rivatives were shown to undergo such reactions36 
when treated with methyl chloride, ethylene, and 
bromine in the presence of a Lewis acid. In all cases, 

AICI, 
1,6-B,CzHy C CHZCI 8-CH,-1,6-B,C,Hs + HCI 

AIBr, 
1,6-BiC,Hy + Br, 8-Br-1,6-B,C2H, f HBr 

the substituent was attached to the boron atc 
present in the 8 position. When 1,6-B7C2Hg was al- 
lowed to react with excess bromine, a tetrabromo de- 
rivative was produced.36 

1,6-B,C2H, + excess Br, --"t 4.5,7,8-Br,-1.6-B,C2H~ C 4HBr 

1,6-Dicarba-closo-octaborane( 8), 1,6-B6cz&, 
The isoelectronic eight-particle systems, B&s2 - 37 

and 1 , 6 - B ~ C z H s , ~ ~  have slightly distorted dodecahe- 
dral geometry, as depicted in Figure 10. 

The l,6-B~C2Hs carborane and its C-methyl and 
C, C'-dimethyl derivatives are obtained in highest 

(35) T. F. Koetzle, F. E. Scarhrough. and W. K. Lipscomb, Inorg. 

(36) G. B. Dunks and N. F. Hawthorne, Inorg. Chem., 9,893 (1970). 
( 3 7 )  F. Klanberg, L). R. Eaton, L. J. Guggenherger, and E. I,. Muet- 

(38) H. Hart  and W. N. Lipscomb, Innrg. Chem., 7,1070 (1968). 

C h e n . ,  7,1076(1968). 

terties,lnorg. Chem., 6,1271 (1967). 
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O H  
Figure 11.  The structure of 2-B&Hg. 

.=C 
O=B 
0 = H  

Figure 12. The structure of 2,3-B&zHs. 

yield by the pyrolytic method described above,25 al- 
though other syntheses have been reported.13 3 2 3  The 
first reported preparation of 1,6(CH3)2-1,6-BsCzHs, 
however, involved the ultraviolet irradiation of 
mixtures of hexaborane and d ime thy la~e ty lene .~~  

hv 
B,H,o + CHSC-CCH, + 1,6-(CH3),-1,6-B6C,H6 

The chemistry of 1,6-B~CzHg and its C-alkyl de- 
rivatives is largely unexplored. One reaction that has 
been studied is the treatment of 1,6-B&2Hs with bo- 
rohydride ion followed by treatment with hydrogen 
chloride, which produced 2-carba-nido-hexaborane, 
B5CHg40 (Figure ll), and several of its methyl deriv- 
a t i v e ~ . ~ ~  A similar reaction using 1-CH3-1,6-B&H7 
as the starting material produced analogous products 
in which the polyhedral carbon atom in the B&Hg 
was methylated while the unsubstituted carbon 
atom (in the 6 position) of the starting material was 
removed from the polyhedron to become a methyl 
substituent on boron. When 1,6-(CH3)2-1,6-BsczH~ 
was used as the starting material, all of the substi- 
tuted B5CH9 products contained a methyl substitu- 
ent on the cage carbon atom. In addition, B-ethyl 
derivatives were isolated; this indicated that  a meth- 
ylated cage carbon atom in the starting material had 
been removed and converted to an exo polyhedral 

(39) R. E. Williams and F. J. Gerhart, J. Amer. Chem. SOC., 87, 3513 

(40) C. S. Cheung and R. A. Beaudet, Inorg. Chem., 10,1144 (1971). 
(41) G. B. Dunks and M. F. Hawthorne, Inorg. Chem., 8,2667 (1969). 

(1965). 

5 2 

Figure 13. The structure of 2,4-B&H7. 

ethyl substituent. Grimes recently reported42 the 
thermal extrusion of a polyhedral carbon atom. 

Small Carboranes 
Preparation and Pyrolysis of 2,3-B4CzHg. Syn- 

thesis of Small closo-Carboranes. As observed in 
the case of 1,3-B&H13, which is the precursor of 
the BqC2Hn+z carboranes where n = 6-8, 2,3- 
B q c ~ H g , ~ ~  depicted in Figure 12, is the precursor to 
the carboranes where n = 3-5. One of the methods 
used to prepare C-alkyl derivatives of 2,3-B4CzHg is 
the base-catalyzed reaction of pentaborane(9) with 
the appropriate acetylene.44 The synthesis of the 

B6Hg + R C e C R '  - 2,3-RR'B,CzH, + base.BH, 
base 

R = H, R'  = CH3; R = R' = CH,; R = H, R'  = n-C,H, 

parent compound, 2,3-B4C2Hg, was achieved by the 
reaction of pentaborane(9) and acetylene in the gas 

B,Hg + HC*H -% 2,3-B,CzH, + (BH,), 

phase.45 The pyrolysis of 2,3-BqCzHg and its C-alkyl 
derivatives produced mixtures which contained 2,4- 
B s C ~ H ~ ,  1,2- and 1,6-B4CzH~, and ~ , ~ - B s C Z H ~ , ~ ~ - ~ ~  
and some of their C-alkyl derivatives. Photolysis of 
2,3-B4CzH8 a t  ambient temperature has been shown 
to produce mixtures of 1,5-B3C2H5, 1,2-B4C&, and 
l16-B4CzHe .48 ~~. 

Dicarba-closo-heptaborane(7), B5C2H7. The 
isoelectronic B T H ~ ~ -  ion37 and the 2,4-B5CzH7 car- 
borane49 possess pentagonal-bipyramidal geometry 
(Figure 13). The 2,3- and 2,4-B5CzH7 carbon atom 
positional isomers are known. 

The 2,4-B&H7 and its C-methyl derivatives were 
among the products obtained from the pyrolysis of 

(42) M. L. Thompson and R. N. Grimes, J .  Amer. Chem. SOC., 93, 6677 

(43) F. P. Boer, W .  E. Streib, and W. N.  Lipscomb, Inorg. Chem., 3, 

(44) T. P. Onak, R. E. Williams, and H. G. Weiss, J .  Amer. Chem. Soc., 

(45) T. Onak, R. P. Drake, and G. B. Dunks, Inorg. Chem., 3, 1686 

(46) T. P. Onak, F. J. Gerhart, and R. E. Williams, J.  Amer. Chem. 

(47) J. F. Ditter, Znorg. Chem., 7,1748 (1968). 
(48) J. R. Spielman and J. E. Scott, Jr.,  J. Amer. Chem. Soc., 87, 3512 

(49) R. A. Beaudet and R. L. Poynter, J. Amer. Chem. Soc., Hj, 1258 

(1971). 

1666 (1964). 

84,2830 (1962). 

( 1964). 

soc., 85,3378 (1963). 

(1965). 

( 1964). 
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Figure 14. The structure of 1,6-B4C2H6. 

1,3-B7CzH13 and its C-methyl derivatives. However, 
the most efficient method for the synthesis of the 
B5CzH7 system is the pyrolysis of 2,3-&CzHs, dis- 
cussed above. The 2,3-B5CZH7 carborane and its 
C, C’-dimethyl derivative were isolated as minor 
components from the reaction of octaborane( 12) with 
the appropriate acetylene.50 Even though the 
chemistry of the 2,3-B5CzH7 system has not been ex- 
tensively explored, several derivatives of the 2,4- 
B5C2H7 system are known.6 Electrophilic substitu- 
tion occurs preferentially a t  one of the equivalent 5 
or 6 positions (Figure 13)52,53 which have been as- 
signed, on the basis of molecular orbital cjdculations, 
the highest ground-state electron density.54 Photolyt- 
ically induced chlorination in the absence of a Lewis 
acid catalyst occurred at  the 1 and 3 positions.53 
Deuterium exchange with BZD6 a t  ambient tempera- 
ture produced 3,5,6-D3-2,4-B5CzH4. At elevated 
temperature, 1,3,5,6,7-D5-B5C2Hz was formed.55 
Eithiation of 2,4-B5CzH7 was much slower than was 
observed for the BgCzHlo ~ y s t e m , ~ ~ , ~ ~  but C-methyl, 
C-trimethylsilyl, and C-bromo derivatives have been 
prepared from the lithio salts of 2 , 4 - B 5 C ~ H 7 . ~ ~  
Dicarba-closo-hexaborane(6), B4CzHs. The 1,2- 

and 1,6-B4CzH6 ~ a r b o r a n e s ~ ~  and the B&s2- ion57 
possess octahedral geometry, as shown in Figure 14. 
The 1,2 isomer was shown to rearrange to the 1,6 iso- 
mer a t  250°.45 

Both of the isomers of B ~ C Z H ~  are isolated from 
the pyrolytic and photolytic reactions of 2,3-B4C& 
as discussed above. They were first prepared by si- 
lent electric discharge through mixtures of pentabo- 
rane(9) and acetylene.56 

B,H, $. C,H, - B,C,H, 

Possibly due to its thermal instability, no chemis- 

(50) R. R. Rietz and R. Schaeffer, J Amer. Chem. SOC., 93,1263 (1971). 
(51) R. R. Rietz, Ph.D. Thesis, Indiana University, Bloomington, Ind., 

( 5 2 )  R. R. Olson and R. N. Grimes, J .  Amer. Chem. Soc., 92, 5072 

(53) R. Warren, D. Paquin, T. Onak, G. Dunks, and J. R. Spielman, 

(54) R. Hoffmann and W.  N. Lipscomb, J .  Chem. Ph)s., 36,3489 (1962). 
(55) T. Onak. G. B. Dunks, R. A. Beaudet, and R. L. Poynter, J.  Amer. 

(56) I. Shapiro, B. Keilen, R. E.  Williams, and C. D. Good, J.  Amer. 

( 5 7 )  R. Schaeffer, Q. Johnson, and G .  S. Smith, Inorg. Chem., 4, 917 

1971. 

(19701, 

Inorg. Chem., 9,2285 (1970). 

C k m .  soc. ,  88,4622 (1966). 

Chem. Soc., 88,3167 (1963). 

( 1965). 

CH 0 Bt-l 
Figure 15. The structure of 1,5-B&zH6. 

try has been reported for the l,2-B4C2H6 carborane. 
2 - C h l o r 0 ~ ~  and derivatives of 1,6-B4CzH6 
were prepared by direct halogenation of the parent 
compound. The 2-chloro derivative was also pre- 
pared by the photolytic decomposition of 4-61-2,3- 
B4C2H7.58a,60 Deuterium exchange with B2D6 pro- 
duced the 2,3,4,5-D4-1,6-B4CzHz species.56 

Dicarba-closo-pentabsr;Pne(5) B3C2 
bipyramidal geometry is assumed by 
carboranes, as shown in Figure 15.296 The 1,5- 
B3CzH5 isomer can be isolated from pyrolysis and 
photolysis reactions of 2 , 3 - B 4 C ~ H g . ~ ~ - ~ ~  This isomer 
was first prepared by passing a mixture of pentabo- 
rane(9) and acetylene through a silent electric dis- 
charge.56 The parent 1,2-B3C2115 isomer has not 
been reported, although several methyl derivatives 
are known.6 With the exception of deuterium ex- 
change in which 2,3,4-D3-1,5-B&& was formed by 
equilibration with B2D6,56 the chemistry of the 
B3C2H5 system is limited to a thermal coupling 
reaction in which two cages are bound together 
through a 13-B bond,61 and a B-propenyl deriva- 
tive .61 

ranes. One reaction, which appears to have general 
applicability to the BnC2Hn + 2  carboranes, has been 
termed “polyhedral expansion.”62 This method al- 
lows the incorporation of new polyhedral vertices by 
the sequential addition of transition metal atoms to 
carborane and metallocarborane polyhedra.G2 -G4 The 
essence of the method rests upon the fact that carbo- 
ranes and metallocarboranes have accessible unfiljed 
molecular orbitals which will accept one or more 
electrons from an alkali metal. The anions thus pro- 
duced can then complex transition metal ions to 
form closo polyhedral transition metal complexes 
which contain one or more additional vertices than 
the starting At present the polyhedral 

Polyhedral Expansion of the 

(58) (a) J .  R. Spielman, private communication; (h)  G. I,. ?rlcKown and 

(69) R. R. Olsen and R. N. Grimes. Inorg Chem., 10,1103 (1971). 
(60) J .  R. Spielman, G. B. Dunks, and K. Vv’arren, Inory. Chem., 8 ,  2172 

(61) A. B. BurgandT.  J. Reilly, Inorg. Chem.,  1 1 ,  196% (197%!. 
(62) W. J. Evans and M .  F. Hawthorne. J .  Amer. Chem. SIJC., W. ;3063 

(63) M. F. Hawthorne. presented before the XIVth Meeting. Interna- 

(64) W. J. Evans, G. B. Dunks, and M. F Hawthorne, in preparation. 

R.A.  Beaudet,lnorg. Chem., 10,1350 (1971). 

(1969). 

(1971 j . 

tional Conference on Coordination Chemistry. Toronto, Canada, 1972, 
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2 CsHg, Con A 

C 
0 CH 

b 0 BH 
Figure 16. A schematic representation of the polyhedral expansion reaction applied to a B,CzH,+z carborane. Treatment of 1,6-B6C2H8 
(a) with sodium followed by NaC5H5 and CoClz produced the metallocarboranes (CsH&o(B,jC2Hs) (b) and ( C ~ H ~ C O ) Z B & ~ H *  (c). 

a 0 =BH b 
Figure 17. A schematic representation of the polyhedral expansion reaction as applied to a metallocarborane. The reaction of 
(B8C2HI0)(C5H5)CoIII (a) with sodium followed by NaCsH5 and CoClz produced (CaH&o)zBsCzHlo (b). 

B,C,H,+, + 2e- - B,C,H,+,2- 

B,C2H,+22-+ M"' -+ [(B,C2H,+,),M]"~4 

expansion reaction has been demonstrated on the 
BnC2Hn +2 carboranes where IZ. = 6-10,62-68 Figure 
16, and on the ( B S C P H ~ O )  (C5H5)CoIII metallocarbo- 
rane,69 Figure 17. The limit to which polyhedral ex- 
pansion reactions may be utilized in sequence is un- 

(65) G. B. Dunks, Ph.D. Thesis, University of California, Riverside, 

(66) G. B. Dunks and M. F. Hawthorne, J.  Amer. Chem. SOC., 92, 7213 

(67) G. B. Dunks, M .  M .  McKown, and M. F. Hawthorne, J. Amer. 

(68) D. F. Dustin, G. B. Dunks, and M. F. Hawthorne, in preparation. 
(69) W. J. Evans and M. F. Hawthorne, J. Chem SOC., Chem. Com- 

Calif., 1970. 

( 1970). 

Chem. Soc., 93,2541 (1971). 

mun., 611 (1972). 

known, although 13-vertex metallocarboranes have 
been prepared.67368 The 13-vertex and larger poly- 
hedra are unprecedented in carborane chemistry. 
This method potentially allows different transition 
metal atoms to be included in a stepwise manner in 
the same molecule such that mixed metal complexes 
could be prepared. The implications of this synthesis 
route are varied and need not be strictly limited to 
carboranes and metallocarboranes. Polyhedral tran- 
sition metal clusters might be found to undergo simi- 
lar reduction and expansion reactions. 
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