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A New Route to Isomers of ICOSabOrane(26), B20H26. The Use of 115.5- 
MHz llB and llB-{lH) Nuclear Magnetic Resonance Spectroscopy for the 
Comparison and Characterisation of Separated Isomers and the ldentif i- 
cation of Three Further lcosaboranes as 18Z8-8 2858c# and 5,5'(or 587')- 
(B10H13)2 

By Simon K. Boocock, Yvonne M. Cheek, Norman N. Greenwood," and John D. Kennedy, Department of 
Inorganic and Structural Chemistry, University of Leeds, Leeds LS2 9JT 

Irradiation of crystalline B1oH14 in the beam of a 3-MeV van der Graaf generator, followed by various chromato- 
graphic separations, has been developed as a new route to several individual isomers of the conjuncto-borane, 
(BloH13)z. The high-field (1 15.5-MHz) llB and llB-{lH(broad-band noise)} n.m.r. spectra of the previously 
characterised icosaboranes 2,2'-, 2.6'-, 6,6'-, and 1,5'-( B,,H 13) 2 have been recorded and assigned. Comparison 
with the spectra of three new isomers isolated from the U.V. photolysis of BlOH14 in cyclohexane solution and from 
the high-energy electron bombardment of solid B,,H,, has led to further structural characterisations : two of the new 
isomers are identified as 1,2'- and 2,5'- (B,,H 13) and the third is 5,5'- (B,,H 1 3 )  or its meso-diastereoisomer 57'- 
(B,,H 2. Analytical high-pressure liquid chromatography has been used to compare the isomeric composition 
of mixtures of icosaboranes produced by the above routes and by the catalytic thermolysis of B,,H,,, and the results 
permit further discussion on possible mechanisms of formation of bi(nido-decaboranyl). The melting points of 
individual isomers have been determined as follows : 1,2' 139-1 42 ; 1,5' 1 14-1 1 5 ; 2,2' 178-1 79 ; 2,5' 109- 
11 1 ; 2,6' 154-1 55 ; 5,5'(or 5,7') 97-98 ; and 6,6'- (B,,H 13) 1 98-1 99 'C. 

ICOSABORANE(26) is the largest of the structurally identified and structurally characterised are 6,6'- 
characterised boranes.lV2 I t  has the bi(.nido-decabor- (B10H13)2,~ 2,2'-(B10H13)2: 2,6'-(B1,H13)2,5 and I$'- 
anyl) structure, and may exist as eleven (BloH13)2.6 Here we report a novel additional route for 
distinct geometric isomers.2 These are enumerated in the synthesis of icosaborane(26) isomers together with 
Figure 1 to facilitate subsequent detailed discussion. It further work on the isolation and characterisation of 

isomers produced by the various synthetic routes now 
available. The high-field (1 15.5-MHz) llB and llB- 
(lH(broad-band noise)) n.m.r. spectra of the four pre- 
viously characterised isomers permit a ready assignment 

in the inter-cluster linkages and indicate that these boron 

p.p.m. as compared to the corresponding llB resonances 
in rtido-decaborane itself. This diagnostic then permits 
the structural characterisation of three further separated 
isomers. Two of the new isomers thus identified are 
1,2'- and 2,5'-(B&& and the third is 5,5'-(B&1& or 
its meso-dias t ereoisomer 5,7 '- (BloH13) 2. In addition, 

2.2' 2.6' 6.6' 2.5' 2.7' high-pressure liquid chromatography (h.p.1.c.) has been 
used to make a semi-quantitative comparison of the 
mixtures of icosaborane isomers Droduced bv the various 

of the resonance positions for the boron atoms involved 

atoms are associated with a deshielding of up to ca. 12 1.5' 1.7' 
L 

1.1' t.2' 1.6' 

preparative routes and this perrkts furthe; mechanistic 
discussion of the mode of formation of B2,HB from 8 % 8 % B10H14* 

RESULTS AND DISCUSSION 
5.5' 7.7' 5.7' 5.6' 7. 6' - P 

FIGURE 1 Schematic representation of the eleven geometric 
isomers of (BlOHlJ2 using the conventional numbering system 
of the decaborane(l4) cluster (see ref. 2). The positions 5,7 
(and 8,lO) are chiral and intercluster bonding involving these 
positions leads to enantiomeric pairs as shown. l h e  5,7' 
isomer is the unique ~~eso-diastereoisomer of the 5,s'- and 
7,7'-(BI0H1Ja enantiomeric pair 

Previous work from these laboratories has shown that 
the controlled thermolysis (with or without appropriate 
catalysts) and the U.V. photolysis of fiido-decaborane, 
BloH14, all result in the production of mixtures of 
isomers Of bi(nido-decaboranyl) 9 (B10H13)2, as does the 
reaction of the decaboranyl Grignard reagent with 6- 
chloro-rtido-decab~rane.~-~ We have identified 2,2'- 

is of interest to synthesise, isolate, and identify these (BloH13)z as a component of the photolysis product mix- 
various isomers both for the development of their ture, 2,6'- and 6,6'-(B1oH,3)2 as components of the 
chemistry and for an understanding of the various thermolysis product ITLixture~,~ and have reasonably 
processes by which they are produced. Isomers already presumed that the 5,6' and 6,6' isomers are the major 
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products from the Grignard reaction; 2 this last con- 
clusion is reinforced by the more recently reported 
stereospecific synthesis of isomers of bi(nido-penta- 
boranyl), (B,H&, using a similar route.’ Recently, it 
has also been reported that the 6oCo y-radiolysis of solid 
BloHl, also yields a mixture of isomers of B2,H,, of 
which 1,5’-(BloH13)2 was found to be the major com- 
ponent.6 

We have now developed an additional route to several 
icosaborane isomers, namely the high-energy electron 
radiolysis of solid BioH14 using the (nominal) 3-MeV 
beam of a van der Graaf generator. The product mix- 
ture consists principally of B,H, isomers and un- 
changed decaborane. The unreacted decaborane can 
be removed by sublimation ; column chromatography 
together with fractional crystallisation of the residue 
then readily yields the major isomer component of B,H, 
as a colourless crystalline solid. Unit-cell parameters as 
determined by X-ray analysis were identical to those 
reported for 1,5’-(B10H13)2 which thus establishes the 
identity of the compound. In addition, we have now 
subjected a sample of B,,H,, to weak 6oCo y-irradiation 
over an extended period: the h.p.1.c. trace of the B2&& 
isomer mixture thus produced was essentially identical to 
that of the product of the van der Graaf electron irradiation 
experiments which implies an identical or closely related 
mechanism. This is reasonable as in both cases the 
reaction presumably occurs via secondary ionisation 
arising froin the incident radiation ; the predominance of 
the 1,5’ isomer in the product mixture may well result 
from the proximity of these positions as closest inter- 
molecular contacts in the B1oH14 crystal lattice.8 

Using column chromatography and fractional crystal- 
lisation, we have now also been able to isolate, although 
somewhat less easily, three further pure isomers of 
B,H, from the above reactions, two from the U.V. 
photolysis and one from the electron radiolysis. Al- 
though these were either in insufficient quantity or other- 
wise unsuitable for single-crystal X-ray diffraction 
analysis, we have nevertheless been able to determine 
their structure by means of llB and llB-(lH) n.m.r. 
spectroscopy at  relatively high field strengths. 

The 115.5-MHz IlB and llB-(lH(broad-band noise)) 
spectra of the known 2,2’-, 2,6’-, 6,6’-, and 1 ,Ei‘-(B&1J2 
isomers are given in Figure 2, traces (a)-(d) respect- 
ively. In the llB n.m.r. spectrum of a (Bl0H& isomer 
each llB resonance will exhibit a doublet splitting of ca. 
150 Hz arising from lJ(llB-lH), except for those nuclei 
associated with the conjzmcto B-B intercluster linkage 
which have no terminal H atoms associated with them 
and will therefore show no such splitting. For the 2,2’, 
2,6’, and 6,6’ isomers these cortjmcto boron resonances 

Unprimed traces (a), (b) ,  ( d ) ,  (e) refer to the normal llB spectra, 
primed traces (a‘), (b’), (c’), (d’) ,  (e’) to the llB-{’H(broad-band 
noise)}spectra. Trace l c9  was obtained from an impure sample: 

FIGURE 2 115.5-MHz IIB n.m.r. spectra of the previously known the principal irnpurity‘was B,,H,, and (c’) is the-result of-the 
isomers of (B,,H13)B in C,D,CI>, solution: ( a , d ) ,  2,2’-(B,, subtraction of a spectrum of B,,H,, ( e l )  from the original 
HIJe; (b,b’), 2,6’-(B,,H,3)2; (c ’ ) ,  6,6’-(B10H13)2; and (d,d’) spectrum. Arrows denote positions of ’ singlet ’ resonances for 
lD6’-(B10H1~)a. Spectra (e,e’) are of B,,H1, for comparison. atoms in the B-B intercluster linkages 
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are readily identifiable and indicate that the formation 
of a bi(nido-decaboranyl) conjuncto linkage results in a 
deshielding of up to ca. 12 p.p.m. for the atoms involved 
in the B-B intercluster bond, as compared to unsub- 
stituted nido-decaborane itself. For the 1,5’ isomer the 
unsplit resonance associated with B(l) may be readily 
discerned, but that for B(5‘) is not resolved. However, 

1 I I I I I I I 

+30 0 - 40 
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FIGURE 3 115.5-MHz “I3 n.m.r. spectra of ( a , ~ ’ ) ,  1,2‘-(B1,,- 
HIJn; (b,b‘), 2,5’-(BloH1J2; and ( c , ~ ’ ) ,  5,5’(or 5,7’)-(Bl0HIJ2. 
IJnprimed traces (a ) ,  ( b ) ,  (c) are the normal llB spectra, primed 
traces (a’), (b’), (c’) are spectra with (‘H(broad-band noise)} 
decoupling. Arrows as in Figure 2 

integration and inspection of the lineshapes at  6(11B) 
ca. +lo p.p.m. shows that this resonance is a t  S(llB) 
+9.5 p.p.m. which again corresponds to a decrease in 
shielding upon conjuncto B-B bond formation, in this 
case of about 10 p.p.m, 

The 115.5-MHz llB and llB-(lH) spectra for the three 
previously unknown isomers are given in Figure 3. The 
traces (a,a’) for the first of the photolysis products show 
that the two rtido-decaboranyl groups are different and 

that one is 2-substituted. The second conjuncto boron 
atom has a resonance at  6(11B) +19.0 p.p.m. which we 
ascribe to 1-substitution; this implies that the isomer is 
l,2’-(B10H13)2 and that there is a conjuncto substituent 
deshielding effect of ca. 7 p.p.m. for the B(l) nucleus in 
this case. In the absence of other evidence, other pos- 
sibilities would be (i) the 2,6’ isomer, but this is known 
[Figure 2, traces (!I$)], or (ii) the 2,5’ isomer, although 
this would imply a much larger conjuncto shift of ca. 
-20 p.p.m. andin any event is the formulation ascribed to 
the second new photolysis isomer [Figure 3, traces (!I#)]. 
For this second new photolysis isomer the spectra again 
indicate different nido-decaboranyl groups and 2- 
substitution, but the other unsplit resonance for the 
second conjuncto boron atom is not separately resolved. 
Integration and the line shape, however, suggest that 
this resonance occurs a t  6(11B) ca. +10 p.p.m. and this is 
therefore ascribed to a B(5) atom with a conjuncto de- 
shielding effect of ca. 10 p.p.m.; this isomer is therefore 
2,5’-(B1&)2. The simplicity of the spectra [Figure 3, 
traces (c,c’)] for the third new isomer, i.e. that isolated 
from the product of electron radiolysis, indicates a sym- 
metrical compound with identical nido-decaboranyl 
groups. The two resonances of equal intensity (2 : 2) in 
the B(2,4) region a t  8(l1B) -34.4 and -35.8 p.p.m., both 
split by one-bond coupling to lH, indicate that the 
conjuncto position is 1 or 5 (7), and that it is indeed 
B(5) (or 7) is confirmed by the unsplit resonance of 
intensity 2 a t  S(llB) +7.2 p.p.m. which is readily ascribed 
to B(5) (or 7) with a conjuncto deshielding effect of ca. 7.5 
p.p.m. This n.m.r. evidence however cannot distinguish 
whether this is 5,5’-(B&3)2 (which will in fact be the 
5,5’/7,7’ racemate) or the geometrically distinct 5,7’ di- 
astereoisomer (see Figure 1). The cleanness of the llB 
spectra indicates that the crystalline sample as isolated 
was not a mixture of all three isomers. This also tends 
to be confirmed by the cleanness of the 100-MHz lH- 
(l1B(broad-band noise)} spectra in aromatic solvents, in 
which subtle effects due to changing anisotropic and 
other factors are expected to be more n o t i ~ e a b l e . ~ ~ ~ ~ ~ ~  
In particular, the two quartet resonance patterns 
expected for lH(6) and lH(9) arising from the couplings 
ZJ(1H-lH) are nicely apparent (Figure 4) which we believe 
would probably not be the case if the sample were a 
mixture of the 5,5‘/7,7‘ and 5,7’ species. 

For purposes of historical comparison, it is convenient 
a t  this point to relate these new isomers to the numbering 
system adopted in our initial work on this system which 
was based on the order of t.1.c. elution. The 5,5‘(or 
5,7’)-(BI0H13)2 isomer would appear in the same region 
as ‘ isomer (1) ’ [which we now know to be 2,2’-(Blo- 
H13)2], whereas the 2,5’- and 1 ,2’-(Bl0HlJ2 isomers 
would constitute the bulk of ‘ isomer (2) ’ from the 
photolysis experiments ; the 1,5’-(BloH13)2 isomer would 
also be coincident with ‘ isomer (2) ’ on this basis. How- 
ever, in common with other workers,ll we have now 
found that h.p.1.c. offers a better method of distinguish- 
ing these isomers (e.g. Figure 5 ) ,  and the individual 
structural identification of seven isomers now enables 
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more meaningful comparisons of different product mix- 
tures to be made. 

The individual retention times for the known isomers 
together with co-injection experiments readily led to the 

+4 *3 
6( ’  H) /p.p.m. 

FIGURE 4 100-MHz lH-(llB(broad-band noise)) n.m.r. spectrum 
of the lH(1,3), ‘H(6,9), and ‘H(5,7,8,10) resonances of the 
isolated crystalline sample of 5,5’(or 5,7’)-(B10H13)2 in C,D,CD3 
solution a t  f 2 1  “C. The quartet structures arise from coupl- 
ings 2J(1H-1H) to ‘H(2) or ‘H(4) (doublet splitting) and to ‘H- 
(bridge) (triplet splitting). The complete spectrum is 6[lH( 1,3)] 
+4.04, 6[’H(6,9)] +3.72 and +3.51, 6[1H(5,7,8,10)] $3.24, 
3-3.14, and +3.07, 6[1H(2,4)] +0.95 and +1.01, and 6“H- 
(bridge)] -2.18 (intensity l) ,  and -2.60 (intensity 3) p.p.m. 
(C,D,CD3 solution at  +21 “ C ;  assignments by selective 
‘H-(11B} spectroscopy) 

assignment of the h.p.1.c. peaks (Table 1). A problem 
arises with 1 ,2’-(B10H1J2 and 2,2‘-(B10H1J2 which we 
have not yet been able’to distinguish by h.p.1.c. under 
the (limited) conditions used so far. However, we have 
been able to obtain a partial separation of these two com- 
ponents by g.1.c. analysis and thus arrive at  the es- 
timates of their relative proportions given in Table 1,  
which were also in agreement with more qualitative 
estimations based on t.1.c. spot intensities. Another 
point is that, on a statistical basis, the 5,5’(or 5,7’)- 

Conipound 

(B10H13)Z component that we have isolated and identified 
should be accompanied by an equal quantity of its 
diastereoisomer, but we have not been able to distinguish 
the separation of such a component in the h.p.1.c. traces 
which may suggest that the 5,5’/7,7’ racemate and the 

A 

I I I 
10 5 0 

time/min 

FIGURE 5 High-pressure liquid chromatogram of the hexane- 
soluble fraction of the product of thermolysis of B,,H,, in 
toluene in the presence of tetrahydrothiophene, after filtration 
through a short silica gel column. Peaks; S, solvent and re- 
action by-products; P, point of injection; A,  BloHld; B and 
C, 1,5’-(B10.H13)2; D, 6,6’-(BioH13)2; E and F, two of the three 
as yet unidentified B&26 isomers [1,1’-, 1,6’-, and 5,6’- 
(BioHi3)2]; Gs 1~6’-(B10H1-.3)2 

5,7’-(B&13)2 diastereoisomer have effectively identical 
retention times. In any event these are not major 
products; in none of the product mixtures examined 
here did their proportion exceed ca. 3% and so the peak 
arising from the second diastereoisomer could also easily 
be obscured by one of the more abundant components. 
Of the other as yet unassigned icosaborane isomers, 

TABLE 1 
Approximate icosaborane(26) isomer ratios in various reaction-product mixtures 

H.p.l.c.b 
r- h > 
Retention T.l.c.6 

AI.p./”C time/min k‘ value HI value 
e 2.6 0.3 0.50 

98-99 8.6 0.8 0.40 
178-179 4.3 1.15 0.30 
1 39- 142 4.3 1.16 0.25 

97-98 5.2 1.6 0.90 

Mol yo in product mixtures C P  
h G.l.c.6 r 7 

retention U.V. Catalysed 3-MeV e- 
time/min photolysis thermolysis radiolysis 

C 33 

27.50 40 
28.25 19 

C excess excess excess 

C trace 3 

114-1 16 6.9 2.u 0.25 28.75 7 3 ca. 45 
109-1 11 6.3 2.15 0.25 28.75 34 6 <cn. 10 
198-109 6.8 2.4 ca. 0.1 C 9 4 

e 8.2 3.1 cu. 0.15 e 10 2 

C 8.9 3.45 ca. 0.15 C 28 22 

154-155 10.0 4.0 ca. 0.15 
C C C 0.05, 

0.03 

C 44 10 
e present c a .  20 !I present 

a The assignments are based on the retention times of pure known coniponcnts. I t  is riot known how many cyclohexyl B,,H,, 
isomers may be contained within the cyclohexyldecaborane peak, whether the second 5,5’(5,7’)-(B,,Hl,), isomer is or is not co- 
incident with the one isolated, or whether the third of the as yet unassigned 1,l’-, 1,6’-, 5,6’-(B10H13)2 triad is absent or is coincident 
with another peak. Based on total (BioHi3)2 isomers = 100% and 
the assumption of identical h.p.1.c. U.V. detector response factors. Not 
determined in this work. f As yet unidentified, must be one of 1,l’-, 1,6’-, or 5,6’-(B10H1J2, presumably 1,6’- or 5,6’-(B10H13)2; see 
text. 0 See ref. 16. 

For chromatographic conditions see Experimental section. 
For reaction conditions see Experimental section. 
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namely 1,l’-, 1,6’-, and 5,6’-(B10H13)2, the two com- 
ponents (Table 1 and Figure 5)  with h.p.1.c. retention 
times between those of 6,6’- and 2,6’-(BlOH13)2 will cor- 
respond to two, although it cannot be said whether the 
third is absent or coincident with another component; 
obviously the isolation and identification of these 
remaining isomers would be useful here. 

The relative amounts of the isomers from the photoly- 
sis, the t e trah ydrot hiophene-cat a1 ysed t hermolysis, and 
the 3-MeV electron radiolysis preparations are also given 
in Table 1. These amounts are based on the assumption 
of identical response factors to a U.V. detector operating 
a t  254 nm. There are limitations to this assumption 
since it is known that the U.V. absorptions vary somewhat 
among the various  isomer^,^^^ but in the absence of suf- 
ficient quantities of pure compounds for calibration 
purposes the results nevertheless give a useful semi- 
quantitative guide. 

The product from the electron radiolysis contains a t  
least nine bi(nido-decaboranyl) isomers, with the 1,5‘ 
predominating; these results are similar to those re- 
cently reported for the 6oCo y-radiolysis of d o - d e -  
caborane, in which the detection of initially eight, and 
subsequently all eleven isomers was claimed,ll but no 
further details were given. The production of a large 
number of isomers is perhaps to be expected from these 
two reaction processes which will not be particularly 
specific, presumably occurring via essentially random 
secondary ionisations arising from the incident radiation. 
The products may well reflect the proximity of suitable 
intermolecular positions in the solid decaborane lattice, 
modified somewhat by molecular libration in the radi- 
ation-perturbed lattice microenvironment. 

The cleanest product mixture is obtained from the U.V. 

photolysis of BlOHl, in cyclohexane solution ; this 
produces predominantly 2,2’- and 2,5’-(BloHl&, with 
smaller amounts of 1,2’- and 1,5’-(B&13)2, although the 
possibility of minor amounts of the 1,l‘ isomer cannot on 
present evidence be excluded. In addition, substantial 
amounts of cyclohexyldecaborane, BloH13(C,Hll), 
are formed, of which the precise isomeric constitution 
has not yet been established, but which we at  present 
believe to be predominantly 5-cyclohexyl-~zido-decabor- 
ane.12 A reasonable reaction scheme would involve an 
initial photolytic hornolysis of a B-H bond to produce nido- 
decaboranyl and hydrogen radicals [equation (l)], with 
cyclohexyl and further decaboranyl radicals produced 
by abstraction from the solvent and decaborane [equ- 
ations (2) and (3)]. If the B1oH13 radicals produced by 

these processes are principally 2-, 5-, or l-nido-de- 
caboranyl then radical combination [equations (4) and (5)]  
would account for the products. However, on this basis 
the observed product ratios are puzzling: for example 
the contrast between the absence of the 5,5’-/7,7’- and 
5,7’-(B1&1& isomers and the high incidence of the other 
nido-decaboran-5( and 7)-yl products. This therefore 
perhaps suggests considerable site selectivity, possibly 
together with some rapid sequential solvent cage pro- 
cesses among the reactions described by equations (1)- 
(5 ) .  In addition, further radical equilibration via pro- 
cesses such as (6) and (7) and hydroboration reactions 1 3 9 1 4  

with any cyclohexene produced may also be of sig- 
nificance. We plan further experiments to investigate 
this system in more detail. 

In the third preparative reaction, the 6,9-bis(tetra- 
hydrothiophene)-arachno-decaborane-catalysed thermo- 
lysis of nido-decaborene in boiling toluene, the pre- 
dominant product is Z,6’-(BlOH13)2 together with sub- 
stantial quantities of two unknown isomers which the 
general patterns of substituent distribution in the 
product mixture suggests will be the 1,6’ and the 5,6‘ 
species; the 1,2‘ and 2,2’ isomers (and probably also the 
1 , l ‘  compound) are absent and 1,5’- and 2,5’-.(B&& 
are minor components. It therefore seems likely that 
some 90% of the icosaborane products from this route 
involve 6-substitution and therefore that they may arise 
uia an initial dissociation of the aracho-bis(1igand) de- 
caborane catalyst [equation (S)]. The ‘ reactive ’ iso- 

arachno-BloH12L2 

mer l3 of nido-Bl,H12(SC4H,), i . e .  9-(tetrahydrothio- 
phene)-nido-decaborane( 12), has a vacant and therefore 
highly electrophilic orbital in the 6-position. The 
smaller amounts of products involving 5-fiido-decabor- 
any1 substitution may arise from reaction of the ‘ inert ’ 
5- (tetrahydrothiophene) -nido-decaborane species,13 or 
from reactions which may be related to the formation of 
this ‘ inert ’ isomer from the ‘ reactive ’ species. 

Returning now to the llB n.m.r. spectra, the sim- 
plicity of the spectra and the resolution attained a t  
115.5 MHz (Figures 2 and 3) for the symmetrical 2,2’-, 
5,5’(or 5,7’)-, and 6,6’-(BloH13)2 isomers and comparison 
with BioH14 readily leads to the assignments of the 
resonances among, and in some cases within, the group- 
ings B(1,3), B(6,9), B(5,7,8,10), and B(2,4) (Table 2); 
the values for the 2,2‘ and 6,6’ isomers are essentially in 
agreement with those estimated previously 3-5 by a 
combination of 32-MHz llB ‘ partially relaxed ’ spectro- 
scopy and 100-MHz lH-{llB) selective double resonance. 
Comparison with these ‘assignments thence leads to  the 
other assignments listed in Table 2 for the asymmetric 
1,2’-, 1,5’-, 2,5’-, and 2,6’-(BloH13)2 isomers. The 
observed changes in chemical shifts compared to  un- 
substituted nido-decaborane are small and rarely exceed 
cn. 2 p.p.m., except for those nuclei directly involved in 
the conjunct0 inter-cluster linkages. There is a general 
trend in deshielding compared to B,,H,, upon bi(nido- 

reactive ’ nido-BloH12L + L (8) 
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TABLE 2 
Boron-11 n.m.r. chemical shifts obtained at 115.5 MHz, and their tentative assignments to bi(nido-decaboranyl) isomers a 

(193) (1’,3’) PI9 )  (6’, 9’) 
BlOHl4 + 11.7 + 11.7 + 9.8 +9.8 
2,2’-(BioH13)2 f 13.2 + 13.2 + 10.5 + 10.5 + 8.9 + 8.9 
696’-(B10H13)a + 11.8 + 11.8 + 14.9(6) + 14.9(6’) + 11.0(9) + 11.0(9’) 
6,6’-(B&13) a f 12.1 + 12.1 + 10.8 + 10.8 + 10.0 + 10.0 

(5,7,8,10) 

+0.6 
- 0.4 

+2.0(5,7) 

+ 7.1(5) + 2.0 + 0.2 
- 1.0 

- 0.2( 8.10) 

(5’,7’,8’, 10’) (2J4) (2’, 4’) 
- 0.4 - 36.4 - 36.4 
+0.6 -32.512) - 31.6(2’) 

- 35.6(4) - 35.6(4’) 
+2.0(5’,7’) -34.5 - 34.6 
- 0.2 (8’, 10’) + 7.1 (6’) - 34.6 - 34.6 + 2.0 - 36.0 - 36.0 
+0.2 
- 1.0 . -  

1,2’-(BlOHls)a + 19.0(1) + 9.7 + 0.3 - 34.0 -31.9(2’) ‘ + 12.7 - 36.7(4’) 

+ 12.8 + 1.8 -36.1 
+11.6 -0.1 

2 J 5 ’ - ( B ~ ~ H ~ J 2  + 12.0 + 9.5 + 0.4 + 10.0(5’) - 33.4(2) - 34.4 + 12.8 + 10.3 +2.2 -35.7(4) -36.7 

1,5’-(B&13)2 + 16.2(1) + 9.6 +9.6(5’) - 34.4 - 34.4 

-0.5 
- 1.7 

2*6’-(B10H13)2 + 12.6 + 22.5(6’) t 0 . 2  + 1.3 -34.7(2) + 10.4 - 0.3 -33.6 
+9.6 - 35.6 

- 36.5 
8(l1B) in p.p.m. f 0 . 5  to low field (high frequency) of Et,0*BF3. Dilute solutions in C,D,CD3 at  +30 “C. Where chemically 

Individual specific assignments 
Possible differentiation in ’ partial relaxation ’ experi- 

different boron resonances are not resolved, the value of the conglomerate peak maximum is given. 
are given in parentheses after the chemical shift values where appropriate. 
ments into two resonances a t  6(11B) = +1.3 and -0.1 p.p.m. *J[”B(l) - ”B(2’)J = 105 f 10 Hz resolved in spectrum. 

decaboranyl) formation, and this occurs principally a t  
the conjuncto positions (up to ca. 12 p.p.m.) or its 
nearest-neighbour positions (up to ca. 3 p.p.m.), with 
other minor changes which may also reflect antipodal 
effects, etc. These changes around the conjuncto 
positions may reflect a greater electron demand from a 
conjuncto B-B rather than a terminal B-H bond, but 
since the changes in llB shielding in these molecules will 
by dominated by changes in the so-called ‘ paramagnetic ’ 
or excited-state term of general shielding expressions,15 
the implied changes in electron density and distribution 
will be rather small, probably of the order of 0.05 e- 
a t  most for the conjuncto positions themselves, and ca. 
0.01 e- a t  the adjacent positions. 

These shielding changes at  the conjuncto positions are 
summarised in Table 3 and exhibit two interesting 

TABLE 3 
Substituent chemical shifts ACT a (p.p.m.) of nido-decabor- 

Position of 1,3 6,9 5,7,8,10 2,4 

any1 substituted nido-decaborane, (BiOH13)2 

substituen t 

Substituen t 
1,3 b b - 9.9 -5.4 
6,9 b -5.1 b - 1.7 
5,7,8,10 -4.5 b - 7.6 - 3.0 
2,4 - 7.3 - 12.6 - 10.4 - 4.0 

a Increase in shielding of a bi(nido-decarboranyl) conizcncto 
boron nucleus over that observed for nido-decaborane itself. 

Data for l ,l’-, 1,6’-, and 5,6’-(B1,H13)2 not available. 

trends: it is apparent that the substituted apical (1,3 and 
2,4) boron nuclei are affected least and the basal (6,9 and 
5,7,8,10) ones affected most by a conjuncto bi(nido- 
decaboranyl) bond formation, but that the substituted 
apicals affect a substituent site most and the basals affect 
it least. The significance of this is not clear a t  present, 

but it indicates that there is some additional electronic 
interaction between the clusters, and that this may be 
related to the differences of up to 0.02 A in the con- 
juncto B-B bi(nido-decaboranyl) bond lengths that have 
so far been meas~red .~~6  However, it should be noted 
that the coupling constant 1J[11B(l)-11B(2’)] of ca. 105 
Hz resolved for the conjuncto B-B bond in l,2’-(B10H13)2 
(Figure 3 and Table 2) is within the range expected for a 
normal two-electron two-centre B-I3 bond between atoms 
with approximately sP3 hybridisation. 

EXPERIMENTAL 

General aspects of the experimental work were as described 
previously,2* as were the thin layer chromatographic (t.1.c. j 
and column chromatographic techniques used. T.1.c. Rt 
values quoted are for plates made using silica gel (Merck, 
Typ 60 G) with hexanebenzene-acetic acid (75 : 24.5 : 0.5) 
as eluant. Gas-liquid chromatography (g.1.c.) was carried 
out on a Perkin-Elmer F30B instrument with a hot wire 
detector, using a Dexsil300 (3% w/w on Chromosorb) column 
of dimensions 0.635 cm 0.d. (outside diameter) x 2 m, with 
H, carrier at 45 cm3 min-1; retention times quoted are for 
isothermal conditions at 200 “C; samples were injected as 
concentrated solutions in C,H,. Analytical high-pressure 
liquid chromatography (h.p.1.c.) was carried out a t  ambient 
temperatures on a Waters Associate Gradient instrument, 
using a U.V. detector set at 254 nm, with a Shandon Hypersil 
5-pm silica column of dimensions 4.2 mm x 250 mm and 
using hexane-ethyl acetate (95 : 5 )  as carrier a t  a flow-rate 
of 4 cm3 min-l; ideal sample size was ca. 0.01 cm3 of ca. 5 
mg C M - ~  solutions in ethyl acetate. Crude reaction mixtures 
were generally filtered, in C,H, solution, through a plug of 
silica gel (Merck, Typ 60, 0.063-0.200 mm mesh) before 
g.1.c. or h.p.1.c. analysis to remove sticky yellow com- 
ponents which were presumably polymeric species of high 
molecular weight. 116.5-MHz llB and llB-{lH} n.m.r. 
spectra were recorded straightforwardly on C,D,CD3 solu- 
tions at ca. +30 “C on a Bruker 360-MHz instrument, and 
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1 OO-MHz lH-{ IlB) spectroscopy was performed using a 
JEOL F X l  00 instrument using the procedures described 
adequately else~here.~p~* 10 

Photolysis of decaborane in cyclohexane solution, therm- 
olysis in toluene solution in the presence of tetrahydrothio- 
phene, together with the isolations of 2,2'-, 2,6'-, and 6,6'- 
(B,,H,,) were also essentially as described p rev iou~ ly .~~  
Electron- and y-irradiation of solid decaborane, together 
with the isolation of 1,2'-, 1,5'-, 2,5'-, and 5,5'/7,7'(or 
5, 7')-(B10H13)2 were as described below; for simplicity the 
descriptions presume the experimentally subsequent n.m.r. 
identification and h.p.1.c. comparison, as described in the 
Results and Discussion above, of the various isomers. 

Van der Graaf 3-MeV Electron Irradiation of B10H14.- 
The best compromise between convenience of experimental 
technique and the optimum yield of B2,H2, isomers per mole 
of B1oH14 consumed was as follows. Samples of Bl,Hl, 
(1 g, 8.2 mmol) were sealed under vacuum in Pyrex tubes 
(2 mm wall) of approximate dimensions 1.5 cm 0.d. x 10 cm 
long. By shaking, the decaborane was distributed evenly 
along the tubes, which were then lain on a water-cooled 
15 cm x 15 cm aluminium heat-sink perpendicular to the 
3-MeV electron beam bath of a KS3000 van der Graaf 
generator. Irradiation times used were typically ca. 2.5 h 
in a beam current of 0.2 FA cm-2 (estimated dose ca. 
400 Mrad) and cooling was by a stream of air a t  
ambient temperature directed onto the sample tubes, 
although no major changes of product distribution with 
temperature were detected a t  temperatures below which an 
uncatalysed thermolytic reaction itself commences.2 The 
tubes were then opened in air, the residue transferred, and the 
excess of decaborane (ca. 0.9 g per tube, 7.4 mmol, ca. 90% 
recovery) removed by sublimation. The yellow gummy 
residue was then taken up in C6H6 (20 cm3), filtered through a 
small plug of silica gel (cu. 5 g), washed through with benzene 
(4 x 5 cm3), and the liquids combined. Removal of the 
more volatile components under reduced pressure yielded a 
waxy pale yellow solid (ca. 50 mg) which consisted prin- 
cipally of icosaboranes together with some triaconta- 
boranes l6 and further unchanged decaborane. This was 
then subjected to chromatographic separation and analysis 
as described more specifically below and in the Results and 
Discussion section above. 

Cobalt-60 y-Irradiabion of B,,H,,.-Samples prepared as 
for the van der Graaf irradiation above were subjected to 
weak 6OCo y-irradiation. After 3 months (estimated dose 
ca. 270 Mrad) the samples were opened and processed as 
above ; h.p.1.c. analysis showed the same B2,HZG product 
distribution as obtained for the van der Graaf irradiation, 
but with a somewhat smaller conversion (ca. 2%) as 
expected from the smaller radiation dose (estimated 
G(B2,H2,) ca. 0.3). 

Isolation of B20H2, Isomers from Particular Reaction 
Mixtures.-(a) From photolysis. T.1.c. analysis of the com- 
bined products of some 20 photolytic preparations (cu. 2 g)  
exhibited components a t  Rf 0.50, 0.40, 0.30, 0.25, and 0.15 
in the estimated ratios 3 : 2 : 8 : 8 : 1. Column chromato- 
graphy completely separated the components with Rf 0.50 
and 0.40 which were cyclohexyldecaborane and decaborane 
respectively, but only partial separation of the components 
with Rf 0.30 and 0.25 occurred; these fractions were also 
monitored by g.1.c. analy3s which indicated three com- 
ponents A, B, and C, with retention times: A 27.50 min (cor- 
responding to t.1.c. component Rf 0.30), B 28.25 min (cor- 
responding to t.1.c. component Rf 0.25), and C 28.75 min (also 

corresponding to t.1.c. component Rf 0.25). Earlier column 
fractions were pure in A and recrystallisation from cyclo- 
hexane (< 3 cm3) yielded Z,2'-(BlOHl3)2, m.p. 178-179 "C, 
as fine colourless needles (55 mg) of which an additional 
crop (125 mg) was obtained by fractional crystallisation of 
A,B,C mixtures rich in A. The mother liquors from these 
combined with the later fractions rich in C upon repeated 
fractional crystallisation from light petroleum (b.p. 60- 
80 "C) gave more 2,2'-(B10H13)2 as white needles (18 mg), 
pure C as white crystalline clumps (120 mg), and pure B as 
discrete white lumps (25 mg), all separated from each other 
by hand. Recrystallisation of B from n-pentane (d 5 om3) 
gave 1,2'-(B10H13)2, m.p. 139-142 "C, as fine colourless blocks 
(20 mg), and of C from light petroleum (b.p. 60-80 "C, 
6 8  cm3) gave 2,5'-(B1,H13)2, m.p. 109-111 "C, as white 
crystalline clumps (1  10 mg), together with some colourless 
needles. Recrystallisation of these needles from n-pentane 
( 6 3  cm3) gave 1,5'-(B10H13)2, m.p- 214-116 "C (3 mg), 
identified as such by its X-ray unit-cell parameters [Found : 
a = 721(1), b = 1540(3), c = 1491(7) pm, p = 91.4(7)". 
Literature: a = 723.5(1), b = 1545.3(4), c = 1489.5(3) 
pm, p = 91.42(2)"]. 

Removal of 
B,,H,, by sublimation from the combined products from 20 
reaction tubes (see above) yielded ca. 2 g of a yellow gummy 
residue; this was taken up in C6H6 (ca. 20 cm3) and filtered 
through silica gel (ca. 5 g) ,  washed through with more C6H6, 
and the liquids combined. T.1.c. analysis showed four 
principal components a t  Rf = 0.40, 0.30, 0.25, and 0.15 in 
approximate estimated ratio of 3 : 1 : 10 : 2 respectively, 
along with substantial amounts of the components with 
Rf s ca. 0.05. Removal of the C6H6 under reduced pres- 
sure, followed by column chromatography, gave fractions 
which showed good separation between the more mobile 
components. The component a t  Rf = 0.40 was decabor- 
ane; the fractions of the component a t  Rf = 0.30 were 
combined, and repeated crystallisation from n-pentane 
(<.a. 2 cm3) yielded 5,5'/7,7'(or 5,7'; see text)-(B,,H,,), 
as fine white needles (5 mg), m.p. 97-98 "C. The fractions 
containing the compound at  Rf = 0.25 similarly yielded 
1,5'-(B10H13)2 as fine colourless needles (210 mg), m.p. 
114-1 15 "C (from pentane), again identified as such by the 
unit-cell parameters after recrystallisation from cyclo- 
hexane [Found: a = 721(1), b = 1 535(3), c = 1 493(3) pni, 

(b)  From van der Graaf electron irradiation. 

p = 91.3(1)"]. 
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