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Abstract: The structure of a new carborane anion [arachno-2,6-C2B6H1J
-, prepared from the reaction of closo-l,6-

C2B7H9 with tetrabutylammonium fluoride in tetrahydrofuran, is determined from a combination of experimentally 
observed 11B, 2D 11B-11B, and 13C NMR results and the application of ab-Initio/IGLO/NMR and ab-Initio/GIAO/ 
NMR methods. The skeletal structure of the new ion is related to both the known C2B6Hi0 and the proposed [2,3-C2B6Hn]-
ion, but with a single bridging hydrogen between the borons 3 {3k) and 4 {4k) of the six-atom open face, a BH2 group 
at position 5 {3k), and a CH2 group at position 6 {3k). The 2D NMR observations are consistent with the B-B bond 
distance trends derived from ab Initio optimized geometries obtained at both the 3-21G and 6-31G* levels of theory. 

Introduction 

Fluoride ion, in aprotic solvents, such as acetonitrile or 
tetrahydrofuran, has been found to be effective in the (partial) 
cage opening of c/oso-carboranes such as 1,6-C2B4H6,2,4-C2B5H7, 
1,2-C2Bi0Hn, and 1,7-C2Bi0Hi2.

1-2 The reactions usually proceed 
at a moderate rate at ambient temperatures, and nearly quan­
titative conversions to m'rfo-carboranes are observed. In the case 
of the (near) octahedral closo-l,6-C2B4H6 the product is the 
[5-F-m'rfo-2,4-C2B4H6]- ion, the pentagonal pyramidal framework 
of which contains a fluorine atom terminally attached to one of 
the two equivalent basal borons of the parent [w'<fo-2,4-C2B4H7]-
ion. The other three c/oro-carboranes produce a wdo-carborane 
that is expected from a removal of single skeletal boron. 
Specifically, the action of fluoride ion on the pentagonal 
bipyramidal C/OJO-2,4-C2B5H7 produces the [w7/o-2,4-C2B4H7]-
ion,1 a product expected from the removal of a single high-
coordination boron. This reaction is analogous to the removal 
of a single vertex of da$o-2,4-C2B5H7 by amides,3 and the earlier 
reported removal of a single boron vertex from closo-l,2- and 
1,7-C2Bi0Hi2 using hydroxide ion, or alkoxide ion, in alcohol.4 

The reaction of fluoride ion with both the 1,2- and 1,7-isomers 
of the (near) icosahedral c/aso-C2Bi0Hi2 mimics the action of 
the [OH]-/ROH reagent combination in that the products are 
the same, the 7,8- and 7,9-isomers, respectively, of the 
[/1Wo-C2B9Hi2]- ion. It is to be noted, however, that the 
conversion of closo-l ,7-C2Bi0Hi2 to [/«'<fo-7,9-C2B9Hi2]- appears 
to be more facile when carried out with tetrabutylammonium 
fluoride in THF than with the [ 0 H ] / R 0 H reagent combination. 
The temperature at which the production of [w'</o-7,9-C2B9Hi2]-
from C/OJO-1,7-C2Bi0Hi2/[OH]-/ROH takes place is reported4 

to be in the range of 150-160 0C, whereas the use of fluoride 
ion1,2 to effect the same conversion takes place at a reasonable 
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rate at ambient temperature. To summarize, the action of fluoride 
ion on 2,4-C2B5H7 or on the two C2B]0Hi2 isomers differs from 
the reaction of the same reagent on 1,6-C2B4H6 in that the latter 
involves attachment of the fluorine to the carborane with no loss 
of boron, whereas the other three carboranes result in debor type 
reaction products. It was then of some interest to see which of 
these two (or perhaps other) routes would be taken upon treating 
the tricapped-trigonal-prismatic 1,6-C2B7H9

 5'6 with tetrabutyl­
ammonium fluoride. As described herein, a new carborane anion 
is formed, a product that was difficult to isolate for traditional 
structural analyses. Nevertheless, a unique structural assignment 
for this compound is made by application of the ab-initio/IGLO/ 
NMR (and the related ab-initio/GIAO/NMR) method,7"9 a 
structure determination technique that now rivals the high 
confidence levels associated with diffraction methods. 

Experimental Section 

A solution of tetrabutylammonium fluoride (1 M, Aldrich Chemical 
Co.) in tetrahydrofuran was dried over CaH2; after 2 days two liquid 
layers formed and 0.12 mL of the lower layer (which contained ca. 2 M 
fluoride ion solution) was added to an NMR tube to which was attached 
at one end a 1-mL bulb. The transfer was carried out in a drybag filled 
with nitrogen. The NMR tube/bulb and its contents were subsequently 
attached to a high-vacuum line and frozen to -190 0C. To this frozen 
mixture was sublimed 1,6-C2B7H9 [ca. 0.12 mmol; 11B NMR data: S = 
+31.4 (area 1; J =161 Hz); S = -7.5 (area 2; J =180 Hz); S = -12.6 
(area 4; / = 167 Hz)] M The NMR tube/bulb was sealed and its contents 
were subsequently warmed to room temperature. As the mixture 
approached ambient temperature it bubbled rather vigorously for about 
2 min. The solution slowly turned from a near colorless mixture to a pale 
yellowliquid. No solids were formed. AnBNMR(128.4MHz)spectrum 

(5) (a) Tebbe, F. N.; Garrett, P. M.; Young, D. C; Hawthorne, M. F. /. 
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/. Chem. Phys. 1982, 76, 1919. Schindler, M.; Kutzelnigg, W. J. Am. Chem. 
Soc. 1983, 105, 1360-1370. Schindler, M. /. Am. Chem. Soc. 1987, 109, 
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and Progress; Springer-Verlag: Berlin, 1990; Vol. 23, pp 165-262. 
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Determination of the Structure of a New Carborane 

Table I. 11B NMR Data ( / in Parentheses) for the 
[aracA«o-2,6-C2B6Hn]- Ion 

atom &" coupling" 

B(I) -2.2 d(134) 
B(3) +9.1 dd(143,40) 
B(4) -6.1 d(160) 
B(5) -24.9 t(119) 
B(7) -56.7 d (149) 
B(8) -13.7 d(140) 

" Line widths are the following (broad to narrow): B(4) > B(8) > 
B(7) > B(3) > B(5). When line narrowing techniques are employed in 
a manner to narrow the peak at S = -6.1 (B(4)) to ca. 50 Hz, the peak 
at S = -24.9 (B(S)) exhibits a width at half-height of ca. 20 Hz. Further 
attempts at resolution enhancement do not reveal new information. 5 
values are in ppm, / values are in Hz. 

of the mixture indicated that no 1,6-C2B7H9 (11B data given above) was 
present and in its place a number of new strong resonances were observed 
(Table I). NMR spectra that were taken at later times indicated that 
no further change occurred, implying that the reaction had proceeded to 
completion within a relatively short period of time. The NMR tube and 
its contents were attached to a high-vacuum line and the volatile materials 
collected in a separate container. To the nonvolatile, gel-like fraction 
was added dried deuterated tetrahydrofuran (99.5% D), and the liquid 
mixture was sealed into a 5-mm quartz NMR tube for analyses (11B, 
11B(1H), 1H, 1HI11Bl), see Table I. An area analysis of the 11B NMR 
spectrum of the sample indicated ca. 85% conversion to the [arachno-

(8) The designation "Ab-Initio/IGLO/NMR" is an Erlangen invention. 
For examples of the application of IGLO to boron compounds see: (a) Schleyer, 
P. v.-R.; Buhl, M.; Fleischer, U.; Koch, W. Inorg. Chem. 1990, 29, 153. (b) 
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Buhl, M.; Schleyer, P. v.-R. In Electron Deficient Boron and Carbon Clusters; 
Olah, G. A., Wade, K., Williams, R. E., Eds.; Wiley: New York, 1991; Chapter 
4, pi 13. (d) Williams, R. E. In Electron Deficient Boron and Carbon Clusters; 
Olah, G. A., Wade, K., Williams, R. E., Eds.; Wiley: New York, 1991; Chapter 
4, p 91 (see footnote 83). (e) Bahl, M.; Schleyer, P. v.-R.; McKee, M. L. 
Heteroat. Chem. 1991, 2, 499-506. (0 Buhl, M.; Schleyer, P. v.-R.; Havlas, 
Z.; Hnyk, D.; Hermanek, S. Inorg. Chem. 1991,30,3107-3111. (g) Buhl, M.; 
Steinke, T.; Schleyer, P. v.-R.; Boese, R. Angew. Chem., Int. Ed. Engl. 1991, 
30,1160-1161. (h) BOhI, M.; Schleyer, P. v.-R. / . Am. Chem. Soc. 1992,114, 
477-491. (i) Kutzelnigg, W.; Fleischer, U.; Schindler, M. In NMR, Principles 
and Progress; Springer-Verlag: Berlin, 1990; Vol. 23, pp 210-212. (j) K6ster, 
R.; Seidel, G.; Wrackmeyer, B.; Blaeser, D.; Boese, R.; Buhl, M.; Schleyer, 
P. v.-R. Chem. Ber. 1992,125, 663; 1991, 24, 2715-2724. (k) Kang, S. O.; 
Bausch, J. W.; Carroll, P. J.; Sneddon, L. G. / . Am. Chem. Soc. 1992,114, 
6248-6249. (1) Bausch, J. W.; Prakash, G. K. S.; Buhl, M.; Schleyer, P. v.-R.; 
Williams, R. E. Inorg. Chem. \992,31,3060-3062. (m) Bausch, J. W.; Prakash, 
G. K. S.; Williams, R. E. Inorg. Chem. 1992, 31, 3763-3768. (n) Buhl, M.; 
Mebel, A. M.; Charkin, O. P.; Schleyer, P. v.-R. Inorg. Chem. 1992, 31, 
3769-3775. (o) Onak, T.; Tseng, J.; Tran, D.; Herrera, S.; Chan, B.; Arias, 
J.;Diaz, M. Inorg. Chem. 1992,31,3910-3913. (p) Onak, T.; Tseng, J.; Diaz, 
M.; Tran, D.; Arias, J.; Herrera, S.; Brown, D. Inorg. Chem. 1993, 32, 487-
489. (q) Mebel, A. M.; Charkin, O. P.; Buhl, M.; Schleyer, P. v.-R. Inorg. 
Chem. 1993,32,463-468. (r) Mebel, A. M.; Charkin, O. P.; Schleyer, P. v.-R. 
Inorg. Chem. 1993, 32, 469-473. (s) McKee, M. L.; Buhl, M.; Schleyer, P. 
v.-R. Inorg. Chem. 1993, 32, 1712-1715. 

(9) Schleyer, P. v.-R.; Laidig, K.; Wiberg, K. B.; Saunders, M.; Schindler, 
M. J. Am. Chem. Soc. 1988, 110, 300-301. Schleyer, P. v.-R.; Carneiro, J. 
W. deM.; Koch, W.; Raghavachari, K. J. Am. Chem. Soc. 1989, 111, 5475-
5477. Bremer, M.; Schleyer, P. v.-R. J. Am. Chem. Soc. 1989, / / / , 1147-
1148. Bremer, M.; Schoetz, K.; Schleyer, P. v.-R.; Fleischer, U.; Schindler, 
M.; Kutzelnigg, W.; Koch, W.; Pulay, P. Angew. Chem. 1989, 101, 1063-
1067. Dutler, R.; Rauk, A.; Sorensen, T. S.; Whitworth, S. M. / . Am. Chem. 
Soc, 1989, / / ; , 9024-9029. Schleyer, P. v.-R.; Carneiro, J. W. de M.; Koch, 
W.; Forsyth, D. A. J. Am. Chem. Soc. 1991, 113, 3990-3992. Buzek, P.; 
Schleyer, P. v.-R.; Vancik, H.; Sunko, D. E. J. Chem. Soc, Chem. Commun. 
1991, 1538-1540. Siehl, H. U.; Kaufmann, F. P.; Apeloig, Y.; Braude, V.; 
Danovich, D.; Berndt, A.; Stamatis, N. Angew. Chem. 1991,103,1546-1549 
(see also Angew. Chem., Int. Ed. Engl. 1991, 30, 1479-1482). Prakash, G. 
K. S.; Reddy, V. P.; Rasul, G.; Casanova, J.; Olah, G. A. / . Am. Chem. Soc. 
1992, 114, 3076-3078. Jiao, D.; Barfield, M.; Hruby, V. J. Magn. Reson. 
Chem. 1993, 31, 75-79. 

(10) (a) N8th, H.; Wrackmeyer, B. Nuclear Magnetic Resonance Spec­
troscopy of Boron Compounds; Springer-Verlag: Berlin, 1978. (b) Williams, 
R. E. J. Inorg. Nucl. Chem. 1961,20,265: gives the 11B NMR data S = -29.8, 
7(BH) = 33 Hz for the [B3H8]~ion. (c) Marynick, D.; Onak, T. / . Chem. Soc. 
A 1970, 1160: reports the 1H NMR chemical shift for [B3Hg]- as S = 0.3. 
(d) Hertz, R. K.; Johnson, H. D.; Shore, S. G. Inorg. Synth. 1977, 17, 21: 
reports the 1H NMR chemical shifts for tetrabutylammonium tetrahydrob-
orate(l-) as S = 0.93,1.51, and 3.27 for the butyl group and S = -0.17,./(HB) 
= 82 Hz for H-B; 11B NMR data S = -36.7,/(BH) = 82 Hz for the [BH4]"ion. 
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Figure 1. Two perspectives of the 6-3IG* geometry-optimized (vibra­
tional^ stable) structure for the [aracAno-2,6-C2B6Hu]"ion; bond 
distances are given in angstroms. 

2,6-02B6HnInOn (Figure 1) and monoboron compounds of the type 
[B(OR)xFy]-(X+y = 4),la'10a the latter giving rise to resonances appearing 
in the region of 5 = 0 to +2 ppm; the remaining 15% is a mixture of mostly 
[B3H8]- (S11B = -29.5, nonet, / B H = 33 Hz),10".' [BH4J-(S11B = -37, 
quintet, /BH - 82 Hz)10d'e and some compound(s) exhibiting several very 
small impurity peaks at S(11B) -28.1, -21.5, -16.6, -12.6, -11.0, +5.5, 
and +19.3 ppm. A proton N M R spectrum of the [arachno-
2,6-C2B6H u]"ion taken at 400 MHz was measured both with and without 
11B decoupling. The spectrum was dominated by the peaks of the 
tetabutylammonium ion, S = 0.95 (relative area 12), 1.38 (8), 1.69 (8), 
3.31 (8); however, a broad (ca. 150 Hz width at half-height) peak at 
-3.24 ppm which sharpened considerably upon' [ B decoupling was assigned 
to a bridging hydrogen. A 1:1:1:1 quartet of peaks centered at 5 =-1.51 
ppm, / = 150 Hz (assigned to HB7), collapsed to a singlet upon 11B 
decoupling; the area of this singlet was equal (± 10%) to that of the peak 
at 5 = -3.24 ppm (H^). The 1Hj11B) spectrum also revealed two additional 
HB resonances at S = +2.82 and +3.13 ppm (each area 1 relative to each 
of the resonances at S = -3.24 ppm (HM) and 8 = -1.51 ppm (HB7)). 
All product(s) of the reaction appear to be stable indefinitely at room 
temperature in solution; however, isolation of the principal carborane 
anion, [flrac/mo-2,6-C2B6Hii]~, has proved elusive. No insoluble tet-
raalkylammonium salt could be obtained in a crystalline form for 
diffraction studies. 

Both the 11B and 1H spectra were gathered on a 400-MHz Bruker 
instrument; 13C data were obtained by using a 300-MHz Bruker 
instrument. The 13C data for the carborane anion are reported in the 
Discussion section below; the tetrabutylammonium cation exhibited 13C 
resonances (relative to TMS) at S = +57.5 ppm (1:2:1 triplet, 143 Hz) 
for CH2N, +22.8 ppm (1:2:1 triplet, 126 Hz) for CH2, +18.7 ppm (1:2:1 
triplet, 125 Hz) for CH2, and +12.3 ppm (1:3:3:1 quartet, 125 Hz) for 
CH3; the deuterated THF solvent exhibited 13C resonances at S = +23.7 
ppm (C-D coupling of 20.5 Hz) and +65.8 ppm (C-D coupling of 22 
Hz). 

(11) GAUSSIAN-90: Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; 
Foresman, J. B.; Schlegel, H. B.; Raghavachari, K.; Robb, M.; Binkley, J. S.; 
Gonzalez, C; Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; Melius, 
C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.jTopiol, S.; Pople, 
J. A.; Gaussian, Inc.: Pittsburgh PA. Hehre, W. J.; Radon, L.; Schleyer, P. 
v.-R.; Pople, J. A. Ab Initio Molecular Orbital Theory; Wiley-Interscience: 
New York, 1986. 
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Table II. IGLO and GIAO 11B NMR Chemical Shifts for the 
[arac/mo-2,6-C2B6Hu[~ Ion (See Figure 3) 

-56.7 B(7) 

atom 
type 

B(I) 
B(3) 
B(4) 
B(5) 
B(7) 
B(8) 

«," IGLO 
(DZ//6-31G*) 

-0.2 
12.0 
-7.1 

-21.8 
-59.0 
-15.1 

S," GIAO 
(6-31G//6-31G*) 

0.9 
10.9 
-3.6 

-21.2 
-55.3 
-11.5 

S(exp)" 

-2.2 
9.2 

-6.1 
-24.9 
-56.7 
-13.7 

" S values are in ppm. 

Calculational Methods for the Geometry Optimizations and 
for IGLO/NMR and GIAO/NMR Chemical Shift 
Determinations 

Geometry optimization of the [arac/MO-2,6-C2B6Hu]- ion 
(Figure 1) was carried out by using the Gaussian-90 code" at 
each of the following levels of theory: STO-3G, 3-2IG, and 
6-31G*. Each geometry optimization resulted in a vibrationally 
stable optimized structure; HF(STO-3G) = -227.37774 AU, 
HF(3-21G) = -228.92456 AU, and HF(6-31G*) = -230.22664 
AU. In a similar fashion geometry optimization of the 
[a/-acfc/io-2,5-C2B6Hn]- ion resulted in vibrationally stable 
entities, HF(STO-3G) = -227.36766 AU, HF(3-21G) = 
-228.91375 AU, and HF(6-31G*) = -230.21653 AU. For the 
[arachno-2,3-C2B6Hn]- ion HF(STO-3G) = -227.35715 AU, 
HF(3-21G) = -228.90002 AU, and HF(6-31G*) = -230.20963 
AU. At the 6-3IG* level the relative energies (in kcal/mol) of 
the [arac/mo-C2B6Hn]- ion isomers are 0.00 for the 2,6-, 6.34 
for the 2,5-, and 10.67 for the [3/-0^0-2,3-C2B6Hn]" ions, 
respectively. 

The Gaussian calculations were carried out, variously, on 
Alliant FX/2800 and Multiflow-Trace minisupercomputers. The 
structures for the molecules were verified by constructing ball 
and stick models of each species directly from the optimized 
coordinates using the Molecular Editor application on a Mac-
IIci computer. 

The (Gaussian) geometry optimized coordinate output for each 
molecule was subsequently used as the input coordinate set for 
IGLO calculations7-9 which were then carried out at the the DZ 
level. The consequent 11B chemical shielding values, determined 
from IGLO calculations, were referenced to B2H6 as the primary 
reference point, and these 6 values were then converted to the 
standard FsB-OEt2 scale with use of the experimental value of 
+ 16.6 ppm for 6(B2H6)

12 (Table II). Proton13 and 13C NMR 
chemical shifts were referenced relative to tetramethylsilane. The 
IGLO derived chemical shift values reported here are those carried 
out at the DZ//6-31G* (IGLO//Gaussian-geometry-optimized) 
level (Table II). However, the chemical shift results obtained by 
using the geometries optimized at lower levels of theory (i.e. STO-
3G and 3-2 IG) were not significantly different than that obtained 
by using the 6-31G* optimized geometry. 

A parallel approach was used for the GIAO calculations. The 
GIAO program14 was made available to us by P. Pulay at the 
University of Arkansas; all GIAO calculations were carried out 
at the 6-31G basis set level on the [orac/mo-QBeHu]" ion 
optimized geometries which had been previously treated at various 
levels of theory (see above). The'' B chemical shift values reported 
here for the [aracAno-2,6-C2B6Hn]- ion (Table II) are those 

(12) Onak, T.; Landesman, H. L.; Williams, R. E.; Shapiro, I. J. Phys. 
Chem. 1959, 63, 1533. 

(13) The proton chemical shifts, as calculated by both IGLO (DZ//6-
31G*) and GIAO (6-31G//6-31G*) methods, are as follows for the 
[aracJmo-2,6-C2BjHn]" ion (the first number is the IGLO 6 value and the 
second number is the GIAO S value): +4.39, +3.53 for H1I; +2.86, +2.81 
for Ht2; +4.98, +3.61 for H,3; +3.51, +3.06 for Ht4; +0.97, +1.11 for 
H,5(endo); +1.94, +1.68 for H,5(exo); -2.93, -1.23 for H,6(endo); -2.44, 
-1.75 for H,6(exo); -0.98, -1.61 for H,7; +2.33, +1.60 for Ht8; -6.39, -4.84 
for H„3,4. 

(14) (a) Wolinski, K.; Hinton, J. F.; Pulay, P. J. Am. Chem. Soc. 1990, 
112, 8251-8260. (b) Ditchfield, R. MoI. Phys. 1974, 27, 789. 
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Figure 2. 2D 11B-11B NMR interactions (strong lines represent stronger 
interactions) for the [<wac/wo-2,6-C2B6Hn]~ion (see also Table I). 

carried out at the highest level, 6-31G//6-31G* (GIAO// 
Gaussian), that was allowed by the computational resources 
available to us. A best fit linear relationship, 6(GIAO) = 
1.0086(exp) + 2.56 (r2 = 0.999), was derived for the 
[aradi«o-2,6-C2B6Hii]- ion from the 11B data in Table II. A 
standard deviation of 0.9 ppm is determined from a consideration 
of the difference between the calculated 6(GIAO), from the above 
equation, and 6(exp). A similar relationship, 6(IGLO) = 
1.0566(exp) + 1.42 (r2 = 0.993), standard deviation of 1.9 ppm, 
was found for the IGLO(DZ//6-31G*)/experimental compar­
ison. 

Results and Discussion 

Reaction of tetrabutylammonium fluoride in tetrahydrofuran 
with closo- 1,6-C2BTH9 results in the removal of a single boron 
and yields the [aracA/j0-2,6-C2B6Hn]~ ion (Figure 1). The 
structure for this ion is derived from ID 11B NMR (Table I), 2D 
11B-11B NMR spectra (Figure 2), 13C NMR, 1H NMR, and 
ab-Initio/IGLO/NMR and ab-Initio/GIAO/NMR results (Ta­
ble II), as well as an intercorrelation of all of these results for 
self-consistency. The 11B NMR data point to a structure with 
Ci symmetry; i.e., all six 11B resonances, in an area ratio of 1:1: 
1:1:1:1, are unique (Table I). Five of the six borons are each 
attached to a single terminal hydrogen, and the remaining boron 
is attached to two terminal hydrogens. Although many of the 
proton NMR resonances of the [arac/wo-2,6-C2B6Hii]" ion are 
apparently obscured by intense peaks of the counterion, tetrabu­
tylammonium cation, it is readily determined that there is one 
bridging hydrogen (found at high field, 51H = -3.24 ppm) per 
molecule; additionally, three of the seven HtB proton resonances 
are observed, each in a 1:1 area ratio with the bridging hydrogen. 
The skeletal structure proposed for the new ion is related to the 
known C2B6H10,

15'16 but unlike the latter molecule the carbons 
of the [aracAno-2,6-C2B6Hu]~ ion are in low coordination (i.e. 
3&)17 non-adjacent 2,6-positions, a single bridging hydrogen 
positioned between the borons 3 and 4, a BH2 group located at 
position 5, and a CH2 group located at position 6. 

Geometry optimization of the [arac/wo-2,6-C2B6Hn]- ion at 
the 6-31G* level of MO theory gives a structure (Figure 1) which 
is vibrationally stable. The four shortest of the nine B-B bond 
distances in the 6-31G* optimized structure are the B(4)-B(8), 
B(7)-B(8), B(4)-B(7), and B(3)-B(7) bonds. The first three of 
these give the strongest cross peaks in the 11B-11B 2D NMR and 

(15) Gotcher, A. J.; Ditter, J. F.; Williams, R. E. J. Am. Chem. Soc. 1973, 
95, 7514-7516. 

(16) ReMy, T. J.; Burg, A. B. Inorg. Chem. 1974, 13, 1250. 
(17) (a) Williams, R. E. In Electron Deficient Boron and Carbon Clusters; 

Olah, G. A., Wade, K., Williams, R. E., Eds.; Wiley: New York, 1991; Chapter 
2, pp 11-93 and references therein, (b) Williams, R. E. Inorg. Chem. 1971, 
10,210. (c) Williams, R. E. Adv. Inorg. Chem. Radiochem. 1976,18,67 and 
references therein, (d) Williams, R. E. Chem. Rev. 1992, 92, 177-207 and 
references therein for all of the above. 
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Figure 3. Graphical correlations between IGLO (dz//6-31G*) and 
[arachno-lfi-C'i&iiin]- ion; see Table II. 

the last gives a medium strength cross peak (Figure 2). The only 
11B-11B cross peaks that are not observed between adjacent borons 
are for the two bonds B(3)-B(4) and B(4)-B(5); and these two 
B-B bonds are calculated to be among the longest in the molecule 
ion. In fact, the unusually long length of the B(4)-B(5) bond, 
2.1 A, is about the same length as the longest B-B bonds in 
1,6-C2B7H9

18-19 and 2,3-C2B9Hn20 and indicates that the bond 
order for this B-B "linkage" is obviously not very substantial at 
all. 

Both IGLO9"11 calculations at the DZ level and GIAO14 

calculations at the 6-31G level, performed on the 6-31G* 
optimized [aracfc«o-2,6-C2B6Hii]- ion (Figure 1), predict 11B 
NMR chemical shifts (Table H) that are very nearly those 
obtained experimentally. The IGLO and GIAO results are plotted 
against the experimental data in Figure 3, and it is visually obvious 
that excellent linear correlations are obtained. 

It is not entirely surprising to find that the highest field 11B 
chemical shift, 8 = -56.7 ppm, is associated with B(7), for this 
atom is at the apex of a pentagonal pyramid of borons and carbon 
(the basal atoms of which are located at the 1, 2, 3, 4, and 8 
vertices). This geometrical arrangement is not unlike other 
pentagonal pyramidal compounds in which the apical boron 
resonances are found in the high-field region between 5 = -50 
and -60 ppm.21'22 This phenomenon could well be related to 
"aromatic" ring-current effects as suggested earlier.21 The "ring-
current" hypothesis appears to empirically account for the sizable 
high-field shifts of atoms located above the pentagon of basal 
atoms, and for the downfield shifts of the peripheral (basal) 
atoms.21,22 The lowest chemical shift resonance of the [arachno-
2,6-C2BeHn]- ion, 5 = +9.2 ppm, is logically associated with a 
low coordination (B(3)) boron atom adjacent to a carbon atom 
in the base of the pentagonal pyramid (7-1,2,3,4,8; apical atom 
number followed by the positions of the five basal skeletal atoms). 

(18) Lau, K. K.; Beaudet, R. A. Inorg. Chem. 1976, 15, 1059. 
(19) Koetzle, T. F.; Scarbrough, F. E.; Lipscomb, W. N. Inorg. Chem. 

1968, 7, 1076. 
(20) Tsai, C; Streib, W. E. J. Am. Chem. Soc. 1966,88,4513. Tsai, Ph.D. 

Dissertation, University of Indiana, 1968. 
(21) (a) Marynick, D.; Onak, T. J. Chem. Soc. A 1969, 1797-1801. (b) 

Onak, T.; Marynick,D. J. Chem. Soc, Faraday Trans. 1970,66,1843-1847. 
(22) For references to, and chemical shift values of, typical pentagonal 

pyramidal compounds see pp 249-288 of the following: Gmelin Handbook 
of Inorganic Chemistry; Springer-Verlag: Berlin, FRG, 1974; Borverbindungen 
2, pp 1-288. Also see: Gmelin Handbook of Inorganic Chemistry; 
Springer-Verlag: Berlin, FRG, 1975; Borverbindungen 6, pp 1-150; 1977, 
Borverbindungen 11, pp 1-207; 1977, Borverbindungen 12, pp 1-306; 1977, 
Borverbindungen 14, pp 149-233; 1978, Borverbindungen 18, pp 206-227; 
1979, Borverbindungen 20, pp 1-239; 1980, Boron Compounds, 1st Suppl. 
Vol. 1, pp 84-108; 1980, Boron Compounds, 1st Suppl. Vol. 3, pp 105-256; 
1983, Boron Compounds, 2nd Suppl. Vol. 1, pp 84-204; 1982, Boron 
Compounds, 2nd Suppl. Vol. 2, pp 223-335; 1987, Boron Compounds, 3rd 
Suppl. Vol. 1, pp 90-240; 1988, Boron Compounds, 3rd Suppl. Vol. 4, pp 
153-254. 

/ . Am. Chem. Soc, Vol. 115, No. 20, 1993 9213 

-60 j 

-50 • / 

-40 -• / 

GIAO -30 • / 
6 -20 /* 

-io - y 

0 •• y{ 

io •• y 

20 -I 1 1 1 1 1 1 1 1 

20 10 0 -10 -20 -30 -40 -50 -60 

Experimental 6 

GIAO (6-31G//6-31G*) vs experimental 11B chemical shifts for the 

Because B(8) is at the apex of another pentagonal pyramid (the 
basal atoms of which are located at the 1,7,4, 5, and 6 vertices) 
it might initially be reasoned that this boron should be found at 
substantially higher field than observed, 5 = -13.7 ppm; however, 
the pentagonal base has two XH2 (X = B,C; H = terminal 
hydrogen) groups which could be thought to make that segment 
of the base of the pyramid more "saturated" and less "aromatic" 
in character, and thus less capable of showing the "ring-current" 
chemical shift effects that are noticed in compounds such as 
QB6-JtHiO-X (* = 0-4).21'23 In other words, the presence of the 
two "saturated" XH2 groups at positions 5 and 6 could be thought 
to quench the "aromatic" character of the pyramid that has B(8) 
as the apex.24 

Before arriving at the structural assignment for the ion shown 
in Figure 1, a number of plausible [C2B6Hu]-ion structures were 
examined by Gaussian geometry optimization methods. Such 
structures included those formally derived from the removal of 
a single high-coordination boron from the tricapped-trigonal-
prism structure of c/oso-l,6-C2B7H9.

17'25 An extra terminal 
hydrogen was placed on a single boron (note in Table I that the 
11B NMR spectrum shows one BH2 1:2:1 triplet pattern at o = 
-24.9 ppm) atom in each prospective isomer, and a bridging 
hydrogen was positioned at a boron-boron site along an open 
face. The placement of an extra hydrogen on one of the two 
original CH carbons is strongly suggested in order to pair up all 
electrons. Additionally, we examined numerous [C2B6Hi i]-
framework structures related to the known C2B6HiO,8''15 again 

(23) It could be suggested that the equivalent situation in organic systems 
arises when one proceeds from the "aromatic" benzene, C6H6, to the partially 
saturated cyclohexa-1,3-diene containing two -CH2- groups. Substantial "ring-
current" NMR shifts would be expected, of course, in the former molecule 
but not in the latter. 

(24) When a boron vertex is considered to be both an apical atom of one 
pentagonal pyramid and a basal atom of another pyramid, such as B7 and B8 
of the [C2B6H9]- ions,81-0 then one might expect that the 11B NMR chemical 
shift of a boron in that environment should appear approximately midway 
between the presumed apical region21'22 of { = -50 to -60 and the presumed 
basal region21'22 of S = +20 to -10 depending on the number of adjacent cage 
carbon atoms (in general, adjacent cage-carbon atoms tend to pull the chemical 
shift downfield). The B7 atom of the [1,3-CjB6B9]- ion8<> can be considered 
both as an apical atom (the base consisting of B(l,2,3,4,8)) and as a basal 
boron (of the pyramid with B8 as the apex and atoms B(1,7,4,5,6) as the base) 
adjacent to a single carbon; the observed chemical shift, S = -25.34, is very 
approximately between the expected apical and basal regions. Likewise, the 
chemical shift of-26.6 assigned to B(8) of the same compound is approximately 
midway between the expected apical and basal regions. For B(7), S = -36.4, 
and for B(8), 6 = -15.7, of the [2,3-C2B6H9]- ion and for B(7), 5 = -7.3, and 
for B(8), S = -26.6, of 2,3-C2B6H10 the observed chemical shifts8" are very 
roughly between the expected apical and basal regions. Additionally, the 
chemical shift of the two highest coordination (chemically equivalent) boron 
atoms of 1,4-C2B6H10

8''15 at S = -22 is in the expected "midway" chemical 
shift region. All of the peripheral borons (of the above compounds) that belong 
to only one "pyramid" are found in the lower field region of { = +3.4 to +18.9. 

(25) Wade, K. Adv. Inorg. Chem. Radiochem. 1976,18, \;J. Chem. Soc, 
Chem. Commun. 1971, 792. 
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with the requirements that there be one BH2 group and one 
bridging hydrogen and that the molecule exhibit C\ symmetry. 
Although ab-initio calculations on these molecule anions resulted 
in a number of vibrationally stable structures, none were lower 
in energy than the one shown in Figure 1. Moreover, none gave 
the exceptional IGLO and GIAO correlational results (vide infra) 
that the structure in Figure 1 did. The closest contender (with 
a CH2 in the 5 position and the BH2 in the 6 position) gives IGLO 
and GIAO results that are respectable26 to some degree, but also 
results in structure NMR data inconsistencies that make it a 
much less desirable choice; i.e., the 6-3IG* optimized B-B bond 
distance patterns of the competitive [arachno-2,5-C-Jiiii{\\Y 
molecule-ion are not found to match with the expectations of the 
observed 2D 11B-11B results. Thus, no cross peak is observed 
between the resonances at 511B = -13.7 (B8) and+9.2 (Bl) ppm 
and yet the the 6-3IG* optimized geometry of the [arachno-
2,5-C2B6Hi 1 ]- ion shows B(8)-B( 1) to be the shortest bond (1.725 
A), and hence expected to be the strongest B-B bond in the 
molecule ion; also, one of the strongest 2D cross peaks occurs 
between the resonances at 511B = -13.7 (B8) and -6.1 (B4) ppm, 
yet these resonances represent adjacent borons that are the farthest 
apart (1.869 A) among the nine B-B bonds in the 6-3IG* 
optimized geometry of the [arachno-2,5-C2B6Hn]" ion. So it is 
concluded that the [arachno-2,6-C2B6Hi 1]- ion structure fits the 
combination of experimental and calculational data substantially 
better than does its closely related [arachno-2,5-C2B6Hn]" ion 
isomer. 

Another structure that is related to that proposed (Figure 1) 
in the present study is the more symmetrical [arachno-
2,3-C2B6Hi 1]- ion, with C1 symmetry, obtained from the treatment 
of CZcWo-Î -C2BgHiO with aqueous sodium hydroxide.27 The 
[orac/ino-2,3-C2B6Hi 1]-ion is believed to have a skeletal geometry 
not unlike that shown in Figure 1, but with the carbons in adjacent 
low coordination {3k) positions and with two BH2 groups in the 
adjacent (3k) positions 5 and 6. A single bridging hydrogen is 
placed between the adjacent BH2 groups. (It is interesting to 
note that the skeletal structures of both our [arachno-
2,6-C2B6Hn]- ion and the [arac/jno-2,3-C2B6Hu]- ion27 are 
somewhat unlike the structure of the aracAno-C2B6Hi2 synthesized 
by Sneddon's group.28 ) Because 11B chemical shifts of the 
[aracA«o-2,3-C2B6Hi 1]- ion are reported27 it was of considerable 
interest to see if an IGLO NMR calculational study would provide 
a reinforcement of the [arachno-2,3-C2B6Hn]_structure to which 
the NMR assignments were previously made. We geometrically 
optimized the [a/-acA«o-2,3-C2B6Hi1]- ion (with BH2 groups at 
the 5,6 positions and with Cs symmetry) at the 6-3IG* level of 
ab-initio MO calculation. The outcome of the frequency 
calculation at this level indicated that a true energy minimum 
was located. IGLO analysis at the DZ//6-31G* level gives the 
following results (IGLO 8 in italics, experimental27 8 in bold­
face): B( 1,4) +7.0, +3.8; B(5,6) -34.0, -40.7; B(7) -59.5, -58.5; 
B(8) -22.0, -23.4. The agreement between IGLO calculational 
and experimental results is acceptable. 

The ab-initio/IGLO/NMR method, when applied to the 
6-3IG* optimized geometry for the [arac/i«o-2,6-C2B6Hi 1]- ion, 
predicts 13C chemical shifts of 8 = -21.6 ppm for the CH2 carbon 
and 8 = +79.7 ppm for the CH carbon; and it also predicts 8 = 
-22.3 ppm for the CH2 carbon and 8 = +104.5 ppm for the CH 
carbon of the isomeric [arachno-2,5-C2B6Hn]- ion. Experi­
mentally, two equal area 13Ccage resonances are found at 8 -22.4 
and +82.9 ppm (Figure 4) which supports the [arachno-

(26) Ab-Initio/IGLO/NMR resonances for the [arocA«o-2,5-C2B6Hii]-
molecule ion, calculated at the DZ//6-31G* level, are at S11B = -61.0 (B7), 
-28.8 (BH2), -7.5 (B8), -5.0 (B4), -1.9 (B3), +7.1 (Bl). This logically leads 
to the experimental assignment of 511B = -56.7 (B7), -24.9 (BH2), -13.7 
(B8), -6.1 (B4), -2.2 (B3), +9.2 (Bl). 

(27) Jelinek, T.; Stibr, B.; Hermanek, S.; Plesek, J. J. Chem. Soc, Chem. 
Commun. 1989, 804-805. 

(28) Corcoran, E. W.; Sneddon, L. G. / . Am. Chem. Soc. 1985,107,7446-
7450. 
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Figure 4. 13C NMR data for the [arac/ino-2,6-C2B6Hii]- ion; chemical 
shifts are relative to TMS; coupling constants, in Hz, are given in 
parentheses. 

2,6-C2B6Hn]- ion structural assignment. The unusually high-
field resonance at the 8 = -22.4 ppm peak appears clearly as a 
proton-coupled 1:2:1 triplet and thus can be manifestly assigned 
to the CH2 group of the [arac/i«o-C2B6Hii]- ion. This high-field 
resonance, when proton decoupled, exhibits a half-width of «=60 
Hz whereas the low-field resonance at 8 = +82.9 ppm is broader 
with a half-width of »150 Hz; the proton-coupled low-field 
resonance is broader yet with a half-width of «250 Hz. The 
differences in proton-decoupled peak width of the two 13C 
resonances can be justified in terms of expected differences in the 
extent of 13C-11B coupling; in the 6-31G* optimized [arachno-
2,6-C2B6Hn]- ion structure (Figure 1) it is noticed that two B-C 
bonds about the C(2)H carbon are short (between 1.51 and 1.54 
A) whereas all of the B-C bonds about the C(6)H2 group are 
longer than 1.68 A. If a greater degree of 11B-13C coupling is 
associated with shorter bond lengths then it is quite reasonable 
that the 13C(2) resonance might well appear broader than the 
13C(6) resonance. 

It is interesting that the 2,6-isomer of the [C2B6Hn]"ion should 
appear the most stable of the many isomers that have been 
considered. In this regard it is pertinent to note that we found 
that the [C2B6H8]

2" isomer with carbon atoms in the 2,6 positions 
(of a skeletal framework similar to that in Figure 1) is the most 
stable29 among those isomers having the carbon atoms in other 
positions within the same, or similar, framework. The 
[2,5-C2B6H8]

2" isomer is next in stability among the [C2B6H8]
2-

structural isomers, and so it is intriguing that this same carbon 
position isomer of the [C2B6Hn]- ion is the next most seriously 
considered isomer in the present study. Be that as it may, when 
all reasonable isomers of the structurally related [C2B6Hj]- ion 
(with one bridging hydrogen present, and all carbons and borons 
bonded to one terminal hydrogen only) are considered for the 
product of hydride ion and C/C*JC*-C2B6H8,

8° it is the 1,3-isomer 
that appears to be the most stable as examined by ab Initio 

(29) Bausch, J.; Onak, T.; Williams, R. E., work in progress. 



Determination of the Structure of a New Carborane J. Am. Chem. Soc, Vol. 115, No. 20, 1993 9215 

calculations. However, the 1,3-isomer of the double negative 
ion, [C2B6H8]

2-, is the third most stable (from Gaussian MP2/ 
6-3 lG*//3-21G calculations) among the various carbon position 
isomers.29 These structural findings as regards the [C2B6Hg]-
ion system can be rationalized as follows. It has been suggested 
that the desire for bridging hydrogens to locate at adjacent low(est) 
coordination (e.g., 3k) boron sites is empirically more important 
than the known desire for cage carbon atoms to occupy low 
coordination sites." This, coupled with the energy lowering 
associated with "carbons-apart" rather than "carbons-together", 
makes the 1,3-isomer of the [C2B6Hg]- ion the most logical 
candidate for the most stable isomer of this molecule ion. A 
[2,6-C2B6H?]- or [2,5-C2B6Hg]- ion isomer cannot possess a 
bridging hydrogen between two adjacent 3k vertices since (a) 
bridging hydrogens are not known to attach to carbons in 
carboranes and (b) one carbon atom is located at each of the two 
pairs of adjacent 3k vertices in both the 2,6- and 2,5-isomers. 

The structure depicted in Figure 1 for the [2,6-C2B6Hn]- ion 
can be derived from placing "bridging" BH2 and CH2 groups 
along adjacent edges (i.e., 4-8, 8-1) of a pentagonal pyramid 
(i.e., 7-1,2,3,4,8). Attempts to find other vibrationally stable 
isomers of the [C2B6Hn]- ion by placement of the BH2 and CH2 
groups in nonadjacent bridging positions about a pentagonal 
pyramid (note: the pyramidal framework seems inevitable from 
the observation of the high-field 11B resonance at 5 = -56.7 ppm, 
vide supra)12 have been successful; however, such isomers are not 
found (from ab-initio calculations) to be as energetically stable 
as when the BHj and CH2 groups are placed in adjacent positions 
(e.g., Figure 1) along the base of a pentagonal pyramid. One 
reason that might be advanced for this finding is associated with 
the presumed energy releasing step of creating another cage bond 
(between a carbon of the CH2 group and the boron of the BH2 
group) when the two bridging groups (BH2 and CH2) are situated 
in adjacent positions, as indeed they are in Figure 1. If two 
nonadjacent positions along the pentagonal face are selected for 
placement of the more "saturated" BH2 and CH2 groups, the 
"extra" bond between these two groups obviously cannot be 
formed. Also, the "aromaticity" (vide supra) of both of the 
pentagonal pyramids (e.g., 8-1,7,4,5,6 and 7-1,2,3,4,8) would 
then be expected to be adversely affected. It should be pointed 
out that ab-Initio/IGLO/NMR calculations carried out on all 
possible structural isomers of [C2B6Hn]- other than the 2,6-
isomer (Figure 1) give unsatisfactory correlations to our exper­
imental NMR data. 

An enigma associated with the formation of the 
[a/,acAno-2,6-C2B6Hi i]- ion from closo-1,6-C2BvHg and fluoride 
ion is the question of where the two extra hydrogens are obtained 
in the course of proceeding from the closo reactant to the 
polyborane product ion. There is a plausible answer when the 
known difficulties of removing all the water of hydration from 
the fluoride ion source are considered.1-30 We normally dry the 
tetrahydrofuran solution of tetrabutylammonium fluoride ion over 

CaH2. Upon leaving the solution over the solid CaH2 for too 
long a period of time (well over one week at room temperature) 
an examination of the liquid phase reveals that the concentration 
of soluble fluoride ion diminishes; it appears to precipitate with 
either of the two counterions, tetrabutylammonium or calcium. 
This observation suggests that a certain amount of water of 
hydration is necessary to keep the fluoride ion salt dissolved in 
tetrahydrofuran solution. It is then proposed that the stoichi-
ometry of the reaction between the closo carborane and fluoride 
ion could well be represented by the following: 

C2B7H9 + F- + 2H2O -* [C2B6H11]- + H2 + l//i(B02F)„ 

This would explain the formation ofgas (H2) during the reaction 
as well as the formation of product(s) (in addition to the 
[arac/w0-2,6-C2B6Hi i]~ion) exhibiting several sharp resonances 
in the range of 51' B = O to +2 ppm. The latter range is not totally 
unexpected for simple boron compounds with a combination of 
bonded oxygen and fluorine atoms, and in particular, tetravalent 
boron species of a similar type10 which could be formed in the 
presence of excess fluoride ion. The exact structural nature of 
what 1 /«(B02F)„(or any species formed by further reaction with 
fluoride ion) represents has evaded us, and the present designation 
of l/n(B02F)„as the monoboron side product is for the conven­
ience of balancing the above reaction in addition to providing a 
reasonable guess at a product (or products) that could give rise 
to the NMR peak(s) at S11B = O to +2 ppm. 

In conclusion, ab-Initio/IGLO/NMR and ab-Initio/GIAO/ 
NMR methods, coupled with ID and 2D 11B NMR as well as 
with 13C and 1H NMR observations, establish the structure of 
the principal carborane product from the reaction of fluoride ion 
with closo-l,6-C2B7H9 to be that of the [0/^/10-2,6-C2B6H11]-
ion (Figure 1). 
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(30) The difficulty of knowing the quantity of water present in organic 
solutions of fluoride ion has been commented upon earlier; see, for example: 
Clark, J. H. Chem. Rev. 1980, 80, 429-452, and references therein. More 
recently Christe et al.31 has indicated a treatment that will remove most all 
water from tetramethylammonium fluoride. Also see ref 1, above. 

(31) Christe, K. O.; Wilson, W. W.; Wilson, R. D.; Bau, R.; Feng, J. A. 
/ . Am. Chem. Soc. 1990, 112, 7619-7625. 


