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The structure of the eight-vertex nido-carborane C ~ B ~ H ~ O  has been investigated by employing the ab initio/IGLO/ 
NMR method. The experimental IlB NMR chemical shifts for C ~ B ~ H I O  are compatible with three different 
structures (one static and two requiring fluxionality). Ab initio calculations were not able to locate a minimum 
corresponding to one of the structures requiring fluxionality, but the other two structures are minima on the potential 
surface. Theoretical IGLO IlB NMR chemical shift calculations strongly support the static structure and rule out 
the remaining dynamic structure. 

Introduction 

The eight-vertex nido-carborane CZB~HIO was originally 
synthesized and investigated2 to solve the discrepancy between 
the X-ray structure for the borane B8H1z3 and its ‘expected” 
configuration. On the basis of the original geometrical system- 
atics: the anticipated gross structure of B8H12 (bridge hydrogens 
are omitted) would be generated (see Figure 1) by removing a 
high coordination vertex from a nine-vertex polyhedron (l), giving 
an eight-vertex, five-membered open-face nido geometry (2, ni- 
8(V)). However, the X-ray crystal structure of B8H12 (3) 
indicated a nido six-membered open-face geometry (ni-8(VI)) 
differing from the ni-8 ( V )  structure 2 simply by the absence of 
one edge connection. B8HI2, which possesses four bridge 
hydrogens, wasoriginally thought to adopt theni-8 (VI) structure 
3 to avoid 76-bridge hydrogens5 

The structure of C2B6HI~ (isoelectronic with B8H12) was orig- 
inally proposed2 on the basis of its 1lB NMR spectrum (6 -22 and 
+8 in a 2:4 ratio) to be either the static ni-8(VI) structure 4 or 
the dynamic ni-8(V) structure 5 (see Figure 2). The static ni- 
8(VI) structure 4 (similar to B8H12) and the dynamic ni-8(V) 
structure 5 (the “predicted” structure based upon the 1971 
geometrical systematics4) were both compatible with the exper- 
imental IlB NMR values. Attempts to ‘freeze out” the proposed 
dynamic structure 5 by acquiring the IlB NMR spectrum at -80 
OC failed.2 

Another dynamic ni-8 (VI) structure (6) is also plausible.6 
Two synchronized skeletal diamond-square-diamond (DSD) 
rearrangements would make the four borons neighboring the 
bridge hydrogens in 6 (see Figure 2) equivalent as required by 

* To whom correspondence should be addressed. 
+ Dedicated toRofessor George A. Olah on theoccasion of his65th birthday. 
f University of Southern Cafifomia. 
f UniversitPt Erlangen-Niirnberg. 

Presented in part at the BUSA I1 conference, Research Triangle Park, 
NC, June, 1990, by J. W. Bausch, G. K. S. Prakash, and R. E. Williams. 
M. Biihl and P. v. R. Schleyer independently obtained the same results. 
Gotcher. A. J.; Ditter, J. F.; Williams. R. E. J .  Am. Chem. SOC. 1973, 
95, 7514. 
(a) Lipscomb, W. N. Boron Hydrides; Benjamin: New York, 1963. (b) 
Enrione, R. E.; Boer, F. P.; Lipscomb, W. N. Inorg. Chem. 1964, 3, 
1659. (c) Pawley, G. S. Acta. Crystallogr. 1966, 20, 631. 
Williams, R. E. Inorg. Chem. 1971, 10, 210. 
The 76 reflects the unreasonably high combination of coordination 
numbers (for nidocompounds) of the two borons that would be affiliated 
with such bridge hydrogens; see: Williams, R. E. Adv. Inorg. Chem. 
Radiochem. 1976, 18, 67. 
Williams, R. E. In Electron Deficient Boron and Carbon Clusters; Olah, 
G .  A., Wade, K., Williams, R. E., Eds.; Wiley-Interscience: New York, 
1991; Chapter 2, p 11.  

0020- 1669/92/ 133 1-3060$03.00/0 

R B 

1 2 

3 
Figure 1. (a) Generation of the “expected” eight-vertex nido framework 
2 of BgH12 (bridge hydrogens not included) from a nine-vertex polyhedron 
1 based upon geometrical  systematic^.^ (b) Actual geometry of B ~ H I ~  
(3) as determined via X-ray diffraction.’ Large circles represent boron, 
and small circles, hydrogen. 

the IlB NMR spectrum. Support for this type of rearrangement 
comes from nido-R&BsH* (R = alkyl) in which two sets of 
skeletal carbons and several sets of borons coalesce at almost 
ambient conditions into “one kind” of carbon and fewer kinds of 
boron.’ The dynamic ni-8(VI) structure 6 would be favored 
over structures 4 and 5 if %barge smoothing” arguments involving 
carbon were dominant, while “charge smoothing” arguments 
involving only bridge hydrogens would favor structure 4.5 

We decided to investigate the alternative nido-CzBsHlo 
structures (Figure 2) using thecombined abinitio/IGL08/NMRg 
method, a relatively new method of structural determination and 
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Table 1. Abaolute (-au) and Relative (kcal/mol) Energies of the 
C ~ B ~ H I O  Isomers 4 and 6 

E.b 
level of theory 6 4 €,I' of 6 

ZPE (3-21G)' 87.9 (0) 90.0 (0) 
3-21Gll3-21G 228.26657 223.32086 34.1 
6-31Gw//3-2IG 229.57448 229.63252 36.4 
MP2/6-31Gg//3-2IG 230.41819 230.48325 40.4 

final estimate 38.5 

€ 4 4 )  = 0. Zero point energy (in kcal/mol). MP2/6-31GW// 
3-21G + ZPE(3-21G). 

Table 11. IGLO-Calculated "E NMR Chemical Shifts4 of CzB6HI0 
Isnmen 

nido-CzB6Hlo 

R 

4 

A A 

R a 

Flgurel. PoJsiblcstructureJforC2B6H,~. Largecircles represent boron. 
filled circles carbon, and small circles hydrogen. 

Rgure 3. MP2/6-31G*-optimized bond lengths (A) for CzB6HIo (4): 
BIB2. 1.777; BlB3. 1.719; BIC4. 1.709; B3C4, 1.603: B3B8. 1.689; 
H ~ d 9 3 ,  1.326. 

asscsment that hasachiwedsuccess in theelucidationofaccurate 
structures of boranes and borane anions',9 and more recently has 
been applied to the investigation of the a n t i - M a l  effect in doso- 
heteroboranes.'0 To sum up this method, the  geometries of all 
'potential1ycorrcct"structures fora moleculearecalculated using 
ab initio theory, and then each of these geometries are used as 
input for an IGLO* NMR chemical shift calculation. The 
structure for which the  theoretical IGLO-calculated NMR 
chemical shifts accurately correlates with the  expcrimental values 
is deemed the best representation for the molecule in solution. 

Methuh 
The geometries were fully optimized in the given symmetry (C2" for 

4 and C2 for 6) by employing the GAUSSIAN86 program"' at  USC on an 
Alliant FX/40 computer using the standard 3-21G and 6-31G. basis 
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structure level of theory 81.2 84.7 83.6 48(3.4.6.7) B(3.5.6.8) 

6 DZ//3-21G 18.3 -2.6 23.2 10.3 

4 DZ//3-21G -19.1 9.0 
DZ//6-31Ga -21.9 7.9 
II'//MP2/6-31G* -19.1 9. I 

cxptb -22 8 

In ppm versus BFx.OEt2 (0.0 ppm). Reference 2 

sets. I n  addition. 4 was reoptimized at  the MP2(Fu11)/6-3IGg lcvel of 
thwry using the C A D P A C " ~  program. Single point calculations at  the 
MP2(FC)/6-31G* level were performed for the 3-21G geometries of 4 
and 6 (notation MP2/6-31G*//3-21G). The "B chemical shifts were 
calculated using the IGLO program' and employing Huzinaga"Gauss- 
ian lote basis sets contracted as follows:8b basis DZ, C,B ls3p(41 I l,2l); 
H. 3s(21); basis II',C.B 9sSpld(SI 1 11.21 11.1). pexponcnts I.Oand 0.5 
for C and E. respeetively, H same as DZ. B2Hs is the primary reference, 
and the 6 values were converted to the BFyOEtz scale using the 
experimental value of 6(BlH6) = 16.6 ppm." 

Results and Discussion 

We were able to locate minima using ab initio theory" for 
structure 4 (CzV symmetry) and 6 (Cz symmetry) a t  t he  HF/ 
3-21G level of theory. A frequency calculation at the same level 
of theory revealed both isomers are true minima on the  potential 
energy surface (possess zero imaginary frequencies). We were 
not able tolocate a minimum corresponding ton i -8(V)  structure 
5, as various input geometries employed (C, symmetry) always 
optimized to structure 4. On the basis of energy considerations 
(Table I), the static structure 4 appears to be strongly favored 
over structure 6, the latter being more than 38 kcal/mol higher 
in energy (MP2/6-31G8//3-2IG + ZPE level). 

Convincingsupportforthestaticstructure4comesfrom IGLO 
llBNMRchemicalshiftcalculations." At theDZ//3-21G level, 
4 gave "B shifts of 6 -19.1 and +9.1, to be compared with the 
experimentalvalueszof6-22and +8, respectively (seeTableI l ) .  
The correlation between theory and experiment is excellent, also 
at higher levels. Incidentally, t he  IGLO values obtained at the  
lowest (DZ/ /3-21G)andat  thehighest level (IIf//MP2/6-31G*) 
are nearly identical. T h e  degree of agreement, however, is 
comparable to other carborane~.~~ IGLO "B NMR chemical 
shift calculations (DZ//3-21G) on structure 6 (see Table 11) 

(12) Hu2inana.S.ADDmximorr WovcFuncfionr: Univcrsitv ofAlberta: Ed- 
monton;Cana&. 1971. 
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shifts. For structure 4 the calculated (DZ/6-3IG1) 'H shifts (in ppm 
vcrrusTMS) with thcwrrespondingcrperimental valuesin parenthers 
arc as fallows: HJ.J,6b 5.6 (3.2). H,.> 3.6 (0.3). H,,, 0.2 (O. l ) ,  HVd, 
-5.85 (-5.1). The correlation bctween thwry and experiment is fairly 
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corrapondingvaluain parenthuuarcasfollows: H,,,5.6 (0.3).4H,,,fi,, 
4.8 (3.2). H5.a 7.8 (0.1). Handn -2.5 (-5.1). The correlation between 
thwry and experiment for i s m "  6 is p e r .  The predicted "C shift io 
120.45 ppm. 
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gave values of 6 -7.2, +22.6, and +18.2 (2:2:2 ratio) that when 
weighed using the DSD mechanism discussed previously give 
averaged shifts of 6 +18.2 and +7.7 (4:2 ratio) for a fluxional 
6, which correlate poorly with the experimental values. 

Bausch et al. 

Conclusion 

The ab initio/IGLO study of nido-C2B6H10 reported here 
strongly supports the static ni-8(VI) structure 4 for C ~ B ~ H I O ,  
which is analogous to the known BgH12 structure. The possible 
dynamic ni-8(V) structure 5 is ruled out as it does not appear 
to be a true minimum on the potential surface. The possible 
dynamic ni-8(VI) structure 6 is ruled out due to energy 
considerations and poor correlation of the IGLO-calculated IlB 
NMR chemical shifts with the experimental values. 

The determination that the ni-8(VI) structure 4 for nido- 
C2BdHlo is correct (with two carbons and two bridge hydrogens), 
whose structure is in between nido-BgHlz (with four bridge 
hydrogens) and several isostructural species containing four 
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E. M. Chem. Eer. 1979,112, 1480. (d) Zimmerman, G. J.; Sneddon, 
L. G. Inorg. Chem. 1980, 19, 3650. (e) Micciche, R. P.; Briguglio, J. 
J.; Sneddon, L. G. Organomeiallics 1984, 3, 1396. 

carbons,I5 all of which have ni-8(VI) configurations, suggests 
that all similar species, including16 nido-BgHloNEt3, will also be 
found to have the ni-8 (VI) configuration.17 

It is known that bridge and endo hydrogens are to some extent 
interchangeable among arachno-carboranes,I* but nido com- 
pounds may also be “forced” into having endo “groupings“ rather 
than bridging hydrogens. Such is the situation with the nido- 
C&Hg moiety when it is associated via two 2c2e bonds with an 
aluminum-containing group.19 
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