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Ab initio calculations on BloHII-, i.e. protonated B10H1o2-, at the MP2/6-3lG*//HF/3-2lG+ZPE(3-21G) level 
suggest that the 'additional", polycoordinate proton (designated H*) lies above a triangular face in the 'polar 
region" near B1. The marked lengthening (to 2.00 A) of one of the basal B-B bonds due to coordination with the 
additional proton in BloHII- is noteworthy. The structure with a H* doubly bridging above a polar BB edge is the 
transition state for hydrogen migration around the polar region. This process has an extremely low bamer, -2 
kcal/mol, but bridge/terminal H exchange proceeding via a transition structure with a terminal BH2 group also 
is facile (barrier -8 kcal/mol). However, the transfer of the extra hydrogen from one pole to the other requires 
greater activation (- 19 kcal/mol). These results are in general agreement with the experimental observations. In 
particular, the calculated IGLO chemical shifts agree with the available experimental data provided that a hydrogen 
can migrate easily around the 4-fold axis in the polar region. 

Introduction 

Protonation of closo-boranedianions BnH,2-leads to new anions 
of the BnHn+l- type with interesting, flexible structures studied 
experimentallyl.2 and theoretically.3 While structural nonrigidity 
is well-known in some closo-boranes and carboranes,es the 
fluxionality of many common boron hydrides is due to rapid 
hydrogen  migration^.^ In this context, we now report ab initio 
MO calculations for BIOHII-. Our objective is to resolve 
experimental inconsistencies regarding the molecular structure 
and to provide details concerning the dynamic behavior. 

BloHl I -  was synthesized' by protonation of BloHlo2-, which is 
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known to have a bicapped square antiprismatic structure (Figure 
la).Io The IlB NMR spectrum of BloHII- at 183 K consists of 
threesignalsina 1:4:5 ratio.1° Sincenoreasonablestaticstructure 
corresponds to this spectrum, a rapid movement of the "additional" 
(polycoordinate) proton, designated H*, around the "polar cap" 
B1 (Figure lb) was suggested to take place. This would result 
in effective C4" symmetry on the NMR time scale. It was assumed 
that the B1 and B2-B5 signals could not be resolved, hence, the 
intensity ratio was not the expected 1:4:4:1. At higher temper- 
atures, the IlB three signals coalesce and merge into a single 
resonance. This behavior was ascribed to the rapid exchange of 
the"extra" hydrogen atom H* between the'polar regions" (around 
B1 andB10) bymigrationoverthe"equatorialbelt".~~lo ADNMR 
barrier of 13 f 1.5 kcal/mol was deduced for this process.1o 

Earlier quantum chemical calculations at the STO-3G// 
MNDOand LP-31G//MNDOlevelsIi (i.e.,abinitiosinglepoints 
using MNDO geometries) were in qualitative agreement with 
theseresults. Astructurewith theextraH* bridging theBlB2B3 
face (cf. t455, Figure 2) was found to be the most stable. 
Scrambling around B1 was predicted to occur via terminal/bridge 
H exchange (transition structure v4, Figure 2) rather than by the 
migration over a BB edge (e& b45), which is observed e.g. in 
CBsH79 and B6H7-.I-3 

The X-ray structure determinations apparently reveal quite 
different geometries for BloHl I- as a function of the counterions 
(Ph3PEt+ and PPh4+).2 Several elongated B-B separations 
around 2.1 1-2.38 A were found. However, the bridging hydrogen 
could not be located, and the anion is disordered. As a common 
geometric model, a structure with only one elongated B-B distance 
(i.e. with one tetragonal face) was suggested.* 

Our objective was to determine the ground-state structure of 
BloHl and the transition states connecting possible isomers. 
We provide additional information by IGLO chemical shift 
calculations. The ab initio/IGLOIZ/NMR methodI3J4 has been 
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packages were used. Single point calculations were performed at  the 
correlated MP2/6-31G* level, with the frozen core approximation 
(notation MP2/6-31GS//3-21G). The nature of each stationary point 
was probed by analytical frequency calculations at  the SCF/3-2lG level; 
transition structures haveoneand minima have zeroimaginary frequencies. 

Chemical shifts were calculated using the IGLO (individual gauge for 
localized orbitals) method.12 A D Z  Huzinaga basis20set was used which 
was contracted as follows: B 7s3p [4111,21], H 3s [21] (notations DZ/ 
/3-21G as well as DZ//6-31G* and DZ//MP2/6-31GS for the global 
minimum). 

Results 

Geometries. Several alternative geometrical configurations of 
BIOHII- (1-7) were considered (Figure 2). Those differ mainly 
in the positionof thecritical bridging hydrogen atom: our notation 
employs "t" to denote a tridentate capping position, "b" to denote 
a bidentate bridge, and "v" to indicate involvement in a terminal 
BH2 group. The numbers 4 and 5 in the notation correspond to 
the skeletal coordination numben of the boron atoms that interact 
with H*. The absolute and relative energies for 1-7 at various 
levels of theory are summarized in Table I. The optimized 
geometries are shown in Figure 2. 

In the previous calculations1I the C, symmetric t455 config- 
uration (1) with H* over the BlB2B3 face was the most favorable 
structure. At the HF/3-21g level, 1 has a very small imaginary 
frequency (-39 em-I) and corresponds to a transition state. 
Reduction of the symmetry to CI led to the t455' minimum (1'); 
however, 1' was only 0.01 kcal/mol morestable than symmetrical 
1. This part of the PES is extremely flat. At our highest level, 
MP2/6-31G*//3-21G+ZPE, 1 is again slightly favored (by 0.7 
kcal/mol) over 1'. Only one other local minimum was found, 
t555 (2), with the extra H* capping the equatorial B2B3B6 face, 
but this was 15.0 kcal/mol less stable than 1 (MP2/6-31G*// 

Protonation of BloHlo2- changes the structure of the boron 
skeletonsignificantly. The most dramaticdeformationof BloHl I- 
(1) is the lengthening of the B2-B3 edge bond involved in the 
critical hydrogenbridge(to2.14Aat theSCF/3-21Glevel; Figure 
2). However, this bond is not fully broken: the Wiberg bond 
index21 (WBI) is 0.26 (Table 11). The other bridged B1B2 and 
B1B3 distances also increase significantly in going to BloHII-. 
The nearest edges of the pyramid base (B2B5 and B3B4 in 1) are 
shortened by0.06A (SCF/3-21G), but theother BBbondlengths 
change less than ca. 0.024.03 A. Deviations of the BBB bond 
angles are less pronounced and do not exceed ea. 2-3', except 
for the B2BlB3 and B2B6B3 angles "opposite" the long B2B3 
bond. These angles increase by 4 and go, respectively. 

Reoptimization of the 3-21G geometry of 1 employing the 
MP2/6-31G* approximation led to a shortening of the bridged 
B2B3 and BlB2, BIB3 bonds by 0.14 (to 2.00 A) and 0.07 A, 
respectively (see Figure 2). Also, the B2H* and B3H* distances 
are diminished by 0.05 A. Nevertheless, most of the conclusions 
concerning deformation of the boron skeleton due to protonation 
remain valid. 

The four boron atoms, B1, B2, B3, and B6, do not constitute 
a square open face. Rather, they form a "butterfly" arrangement 
(local Dzdsymmetry) with a "hinge" dihedral angle of 156.7' (cf. 
the corresponding 153.7' value in BIOH~O~-) .  The four-center 
hydrogen bridge is somewhat unsymmetrical: the hydrogen is 
more strongly bound to B1 (B1-H* = 1.28 A) than to B2 and 
B3 (B(2,3)-H* = 1.48 A). This difference is also reflected in 
the Wiberg bond index: 0.47 for B1-H* and 0.21 for the B(2,3)- 
H* bonds in the t455 configuration. The bonds involving the 
triply bridged hydrogen to each boron are weaker than the bonds 
involving terminal hydrogens. The range of terminal BH distances 
is 1.18-1.19 A; the Wiberg indices are 0.954.96. 
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b) BloHI ~-(effective C4" geometry) 
Figure 1. 3-21G-optimized geometry for BloHIo2- and geometry for 
BloH11- assumed from NMR 'IB spectrum. 

successfully applied to the structural elucidation of electron- 
deficient boron compounds13 (as well as carbocations).14 

Methods 
The geometries were fully optimized by employing standard proce- 

dura l5  and a 3-21G basis set.I6 In addition, the geometry of the global 
minimum was reoptimized by employing a 6-31G* basis set16 at the HF 
andcorrelated MP2" levels. TheGaussian 9018 andCADPACI9program 
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Table 1. Absolute (-ad and Relative (kcal/mol, in Brackets) Energies for Different Structures of BloHII -  

Mebel et al. 

level of theory 
struct, sym (no.) SCF/3-21G ZPE" SCF/DZb SCF/6-3 1 G*b MP2/6-31GSb finalc 

251.815 35 [0.01] 
251.815 36 [0.00] 
25 1.797 92 [ 10.91 
251.811 91 [2.2] 
25 1.808 09 [4.6] 
25 1.788 25 [ 17.01 
251.791 92 [14.7] 
251.753 41 [38.9] 

95.2 (1) 
95.6 (0) 
95.0 (0) 
95.9 (1) 
95.3 (1) 
94.0 (1) 
94.3 (1) 
92.2 (2) 

252.984 70 [0.03] 
252.984 74 [O.OO] 
252.968 59 [ 10.11 
252.982 45 [ 1.41 
252.978 28 [4.1] 
252.957 20 [17.3] 
252.962 92 [13.7] 
252.920 26 [42.1] 

253.258 53 [O.O] 
253.258 09 [0.3] 
253.238 24 [12.7] 
253.253 54 [3.1] 
253.243 99 [9.1] 
253.228 64 [17.5] 
253.230 89 [17.3] 
253.184 50 [46.5] 

254.220 42 [O.O] [O.Ol 

254.196 16 [15.2] [15.0] 
254.219 97 [0.3] [0.71 

254.217 65 [1.7] ~2.31 
254.207 00 [8.4] ~ 5 1  
254.189 23 [19.6] [18.5] 
254.19001 [19.1] [18.3] 
254.157 72 [39.3] [36.6] 

0 3-21G zero-point energy; in parentheses are the number of imaginary frequencies. For 3-21G geometry. e MP2/6-31GS//3-21G + ZPE(3-2lG), 
ZPE's scaled by 0.89 as recommended in ref 15. 

Table 11. Natural Charges and Wiberg Bond Indexes for the BIOHII-  Anion (SCF/3-21G) 

BioHii- 
atoms BloHlo2- (D4,j) t455, C, (1) t455', Ci (1') t555, C, (2) b45, C, (3) v4, Ch (4) b55, C, (5) b55', CZ (6)  v5, C,, (7) 

Charges 
B1 -0.27 -0.24 -0.23 -0.30 -0.25 -0.49 -0.10 -0.26 -0.26 
B2 - 0 . 1 5  -0.02 +0.02 +0.02 -0.14 -0.02 -0.07 -0.09 +0.08 
B3 -0.05 -0.13 +0.03 -0.7 1 
B4 -0.16 -0.17 -0.12 -0.09 -0.17 -0.11 
B5 -0.16 -0.21 -0.03 
B6 -0.17 -0.18 -0.08 -0.08 -0.14 +0.04 -0.01 
B7 -0.14 -0.12 -0.16 -0.15 -0.19 -0.19 
B8 -0.1 1 -0.1 1 -0.15 -0.13 -0.23 
B9 -0.16 
B10 -0.18 -0.18 -0.19 -0.19 -0.1 1 -0.23 -0.20 
H21 +0.21 +0.21 +0.14 +0.24 +o. 15 +0.15 +0.16 +0.24 

WBI 
1-2 
1-3 
2-3 
3-4 
2-5 
3-6 
3-7 
2-6 
4-7 
6-10 
7-10 
8-10 
1-21 
2-2 1 
3-2 1 
6-2 1 
1-1 1 
3-1 3 

0.67 0.46 

045 0.26 
0.53 

0.54 0.57 
0.51 

0.54 
0.64 
0.68 
0.62 
0.47 
0.21 

0.95 0.95 
0.96 0.96 

0.45 
0.49 
0.27 
0.51 
0.55 
0.56 
0.48 
0.59 
0.56 
0.64 
0.69 
0.61 
0.48 
0.12 
0.29 

0.95 
0.96 

0.69 

0.23 
0.45 

0.28 
0.58 

0.5 1 
0.66 
0.64 
0.66 

0.23 

0.45 
0.95 
0.96 

In summary, as with previous results,lI our calculations confirm 
that the two differently appearing X-ray structures of BIOHII- 
are artifacts of crystal disorder. The equilibrium geometry of 
the B l d l  I -  anion has only one strongly lengthened BB distance. 
The disordering of this elongated BB distance along the 4-fold 
axis through B1 and B10 results in the structure shown in Figure 
la. The disordering along a twofold axis passing through the 
B3B6 and B5B8 equatorial edges affords the configuration shown 
in Figure lb. 
Nonrigid Behavior. The "extra" hydrogen atom in 1 is situated 

in the "polar region" over a triangular face involving B 1. The 
b45 form (3) represents the transition structure for the migration 
of this extra hydrogen in 1 or its exchange with some terminal 
H to give an equivalent minimum on an adjacent polar face. A 
rapid sequence of such processes renders the equatorial borons 
B2-B5 and B6-B9 equivalent. This scrambling barrier is 
computed to be very low, 2.3 kcal/mol (Table I). Hence, the two 
sets of quatorial borons are expected to be equivalent on the 
NMR time scale, in agreement with the experimental findings.1° 
An alternative scrambling mechanism via bridge/terminal H 
exchange proceeds through transition structure v4 (4), which has 
a terminal BH2 group. This process requiresonly somewhat larger 

0.52 
0.58 
0.39 
0.48 

0.61 

0.48 

0.68 

0.63 
0.42 
0.43 

0.94 
0.92 

0.50 

0.30 
0.62 

0.59 
0.52 

0.72 
0.55 
0.82 

0.82 
0.96 

0.54 

0.17 
0.49 

0.33 
0.66 

0.46 
0.71 
0.61 
0.68 
0.08 
0.34 

0.15 
0.96 
0.96 

0.67 
0.75 
0.33 
0.42 
0.52 
0.36 
0.61 
0.32 
0.52 

0.58 

0.43 

0.95 
0.96 

0.56 
0.68 

0.41 

0.51 
0.30 

0.64 

0.66 

0.75 

0.95 
0.75 

activation, 8.5 kcal/mol. Hence, even ai low temperatures, the 
additional proton is effectively "spread out" over the whole polar 
region. 

The local minimum t555 (2) is an intermediateon the minimum 
energy pathway assumed for the migration of the extra hydrogen 
from one polyhedron pole to the other. In going from 1 to 2, the 
extra H* passes over the B2B3 edge through transition structure 
b55 (5); the barrier is 18.5 kcal/mol. The subsequent passage 
over an equatorial edge B2B6 [transition structure b55' (6)] to 
an adjacent equatorial face is facile (starting from 2, the barrier 
is 3.3 kcal/mol). Finally, the additional proton reaches the face 
near B10 through a transition state equivalent to b55 (5). The 
highest energy barrier on the whole pathway is 18.5 kcal/mol. 
This value is somewhat greater than the experimental estimate 
of 13 * 1.5 kcal/mol. However, the levels of theory we have 
employed are not high (in view of the size of the systems). Also, 
fast exchange of H* with the protic solvent (trifluoroacetic acid 
in CD3CN)IO might be a viable alternative mechanism. 

Compared to BIoH&, the additional hydrogen in BloHll- 
results in large deformations of the boron skeleton, particularly 
in the region closest to the extra H*. The bonds between four- 
coordinated and five-coordinated boron atoms behave different- 
ly: the weaker (Le. longest) B5-B5 bonds are elongated to the 
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Table 111. NMR “B Chemical Shifts (DDm) for the BIOHII-  Anion (DZ//3-21G) 
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configuration, point group (no.) 
atom t455, CJO (1) t455’, CI (1’) t555 C2 (2) b45, C, (3) ~ 4 ,  C2” (4) b55, C, (5) b55’, C2 (6) v5, C, (7) exptb 

B1 -23.5 (-21.9) [-24.71 -22.3 -12.9 -16.9 -16.9 +3.6 +4.4 +4.6 
B2 -9.8 (-16.4) [-17.91 -3.0 -18.9 -18.4 +11.9 -24.4 -24.9 +4.5 
B3 -13.6 -21.4 -5.5 -65.3 
B4 -21.0 (-24.5) [-24.11 -24.7 -10.0 +5.5 -21.4 -6.5 
B5 -15.1 -27.5 +23.9 
B6 -28.7 (-30.2) [-30.61 -26.7 -29.4 4 . 3  +1.3 -20.1 -8.2 
B7 -23.0 (-21.9) [-25.81 -17.1 -24.0 -25.6 -17.9 -24.4 
B8 -12.2 (-14.4) [-17.91 -1 1.5 -22.3 -24.5 -25.0 
B9 -27.3 
B10 +24.9 (+17.9) [+22.2] +27.3 +19.1 +33.1 +34.4 -0.7 +4.4 +10.4 +25.7 (IB) 
(B2-B5)C -15.4 (-20.5) [-21.61 -14.1 -14.5 -13.9 +11.9 -22.9 -16.1 -8.1 -21.5 (4B) 
( B6-B9)c -21.7 (-22.1) [-25.01 -20.6 -24.9 -15.0 -8.3 -23.4 -16.1 -16.6 

(BI, B6-B9)‘ -22.1 (-22.1) [-24.91 -20.1 -22.5 -15.4 -13.7 -22.7 -12.0 -15.7 -25.6 (5B) 
(BI-B5)‘ -17.0 (-20.9) [-22.21 -15.7 -14.2 -14.5 +6.1 -17.6 -12.0 -5.5 

a In parentheses, DZ//6-31G* values; in brackets, DZ//MP2/6-3lGS values. Experimental data from refs 2 and 10. Three signals with the 1:4:5 
intensity ratio were observed. Averaged values. 

largest extent (ca. 0.20-0.30 A). In the transition structure b55 
(5), where the additional proton is situated over an B5-B5 edge, 
B2B3 lengthens to 2.36 A and the WBI is lowered to 0.17. 
Nevertheless, the tetragonal face which is formed is nonplanar; 
the (1-2-9,l-2-8) dihedral angle is 158.3’ (Figure 2). The 
equatorial B5-Bs bonds are not distorted as much: the largest 
elongation compared to Bt0H1o2- is observed in the t555 local 
minimum (0.28 A). The stronger (and shorter) B4-B5 bonds are 
deformed to a lesser extent. 

While the terminal BH bond lengths do not change upon 
protonation, angular deviations of the terminal hydrogens from 
the cluster axis XB (where X denotes the center of mass) up to 
20-25O are found. The hydrogens attached to the boron atoms 
which interact with the extra H* usually are bent outward more 
strongly. For example, in the b45 configuration, the hydrogen 
atom on the capping B1 is bent by 12O and the hydrogen on B2 
by 24.4O. However, the bending of terminal hydrogens on cluster 
sites farther away from the extra H* also are noticeable; e.g., the 
B7 and B8 H’s in the v4 structure (Figure 2) deviate from the 
XB axis by 17-18O. 

Electronic Structure. The natural charges of the atoms and 
the Wiberg bond indices obtained as result of the natural 
population analysis22 (NPA) for the BloHlo2- dianion and the 
various BloHll- structures are summarized in Table 11. The 
negative charge (-0.27 e) on the 4-coordinated borons (B1,BlO) 
is significantly larger than the charge (-0.15 e) on the 5-coor- 
dinated Bs’s. The charges on the various types of hydrogen are 
all very small (ca. -0.02 to -0.03 e). Hence, the capping boron 
atoms should be the preferred electrostatically during the 
protonation of BloHlo2-. The B4-H* bridging bond is stronger 
than that involvingBrH*. Thisdifferenceisrelatedtotherelative 
energies of the transition states b45 and b55. In going from t455 
to b45, the weaker B5-H* bond must be broken, whereas, in 
going from t455 to b55, the stronger B r H *  bond is cleaved. 
Consequently, the migration of the additional proton around the 
pole is more facile than from one pole to the other. 

In BloHl 1- the bridging hydrogen is more positively charged 
(+0.21 e) than the terminal hydrogens. The anionelectrondensity 
is polarized. The greatest decrease in negative charge is found 
for the B(2,3) atoms facing the extra hydrogen and also for the 
remote B10 atom. As a result, the maximum negative charge 
(-0.24 e) in BloHII- remains on the apical B1 atom which is 
interacting with H*. The smallest electron density (-0.02 e) is 
observed on the B2 and B3 atoms. 

The WBI values reflect the geometric deformations. The 
greatest decrease in the WBI is for the most strongly elongated 
BB bonds. The Wiberg indices for the terminal BH bonds change 
only slightly. 

(22) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Reo. 1988, 88, 899. 

Chemical Shift Calculations. The IGLO chemical shifts for 
the various BloHll structures are summarized in Table 111. The 
experimental NMR I IB spectrum consists of three signals at 25.7, 
-21.5, and -25.6 ppm with a 1:4:5 intensity ratio.IO For the 
comparison of experimental and IGLO chemical shifts it is 
necessary to take the rapid proton migration around a polyhedron 
pole into account (see above). Therefore, the chemical shifts for 
B2-B5 and B b B 9  were averaged. The chemical shifts of the 
3-21G-optimized t455 structure correspond to the experimental 
data most closely (Table 111). Excellent agreement between 
calculated and experimental chemical shifts are found for B10 
(deviation only -0.8 ppm), B b B 9  (-0.2), and B1 (+2.1). 
However, the averaged IGLO chemical shift for B2-B5 (-15.4) 
shows a rather large deviation from the experimental values for 
the signals with 5-fold (-25.6) and 4-fold (-21.5) intensities. 
Recalculation of the chemical shifts at the DZ//6-31G* level 
significantly improved the correspondence of the B2-B5 IGLO 
value with experiment. Moreover, the chemical shifts computed 
for B1 and B2-B5 are indicated to be quite similar (-21.9 and 
-20.5 ppm, respectively), in agreement with the experimental 
observation of a 5-fold signal. The B b B 9  chemical shift value 
changes only slightly. However, at that level, the accord of the 
BlOchemical shift worsened (IGLO, 17.9 ppm; experiment, 25.7 
ppm). This is probably due to the sensitivity of this antipodal23 
boron toward perturbations of the opposite cage vertex. Still 
higher levels of theory are required for a correct description of 
the B10 chemical shift. Indeed, calculation at the DZ//MP2/ 
6-31G* level gives the antipodal shift value at 22.2 ppm and 
discrepancy from experiment decreases to 3.5 ppm. The IGLO 
DZ//MP2/6-31G* chemical shifts for B1 (-24.7) and BbB9 
(-25.0) are very close, and their averaged value (-24.9) differs 
only by 0.7 ppm from the experimental shift of the 5-fold signal. 
The IGLO value for B2-BS (-21.6) is in accord with chemical 
shift (-21.5 ppm) of the 4-fold NMR IIB signal. Thus, the 
agreement of the IGLO chemical shifts with experiment is 
satisfactory. 

The IGLO calculations for unsymmetrical t455’ (1’) also 
reproduce the experimental data well (Table 111). The calculated 
values for the other geometries differ from experiment to a greater 
extent. For the second minimum t555 (2), the rapid migration 
of H* over the equatorial belt (barrier 3.3 kcal/mol) would average 
the chemical shifts for the B2-B9 and B1, B10 atoms. Since the 
calculated values, -1 9.7 and 3.1 ppm, respectively, as well as 4: 1 
intensity ratio are not in agreement with the experimental findings, 
isomer 2 can be excluded. Thus, the ab initio/IGLO/NMR 
calculations confirm the conclusion that the additional hydrogen 

(23) BBhl, M.; Schleyer, P. v. R.; Havlas, Z.; Hnyk, D.; Hermanek, S. Inorg. 
Chem. 1991, 30, 3107. 
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Table IV. Calculated IR Wavenumbers” and Intensitiesb (3-21G Basis) of the Most Intensive Vibrations for BloHlo2- and Different 
Configurations of BloH11- Anions 

BIOHII -  

661, e [4] 
925, e [2] 

1003, e [6] 
1093, e [47] 
1138 [21] 

2629 [ 181 
2645, e [969] 
2661 [923] 

702 [13] 
840 [6] 
915 [4] 

1015 [6] 
1051 [6] 
1063 [23] 
1067 [16] 
1125 [ l l ]  
1163 [8] 
1325 [8] 
2144 [15] 

2732 [82] 
2742 [85] 
2743 [33] 
2745 [45] 
2750 [261] 
2761 [277] 
2780 [ 3071 
2786 [ 1961 
2791 [126] 
2808 [94] 

691 [9] 
804 [5] 
917 [5] 

1015 [3] 
1051 [7] 
1058 [I31 
1068 [21] 
1115 [15] 
1137 [12] 
1440 [12] 
2162 [15] 

2730 [85] 
2741 [54] 
2743 [50] 
2744 [68] 
2750 [221] 
2761 [303] 
2771 [189] 
2782 [314] 
2794 [ 1391 
2806 [89] 

659 [8] 
661 [4] 
824 [ lo]  
941 [6] 

1050 [6] 
1078 [26] 
1080 [24] 
1102[12] 
1401 [3] 

2741 [38] 
2745 [43] 
2746 [24] 
2754 [284] 
2759 [ 1851 
2763 [65] 
277 1 [ 3001 
2792 [328] 
2795 [ 1771 
2805 [39] 

,I Harmonic frequencies, cm-I. In brackets, kM/mol. 

in BloHl I -  is situated over a triangular polar face and that it can 
migrate around the 4-fold axis with a small energy barrier. 

The antipodal effect,Z4 i.e. the sharp downfield shift of 6(l1B) 
of the “opposite” polar boron atom B10, in the BIOHII- anion is 
noteworthy. The antipodal effect is especially large in BgH9X 
compounds (X = BH2-, AlH2-, CH-, SiH-, N-, P, NH, PH, 0, 
S).23 The additional proton in BloHl1- influences the chemical 
shift of the antipodal B10 atom (+17.9 ppm, IGLO; +25.7 ppm, 
experiment) to a similar extent as the exchange of the apical 
BH2- group by a CH- (+32.2 and +28.4 ~ p m ) . ~ ~  
IR Frequencies. The experimental IR spectrum of BloHl in 

the 2600-2800-cm-1 region (terminal BH bond vibrations) 
changed strongly2 with respect to BloHlo2-. Many more signals 
appeared and were shifted to higher wavenumbers by 70-95 cm-I. 
Similar changes were observed in going from B6H62- to B6H7-.2 
Thecalculated IR frequenciesfor BloHIo2-and thevarious BIOHI I -  

forms (see Table IV) reproduce the experimentally observed 
trends. Theshift of the terminal BH bondvibrational frequencies 
is computed to be about 100-140 cm-I. 

The most characteristic differences between the vibrational 
spectrum of BloHlo2- and those of the various BloHll- structures 
are associated with the bridging hydrogen. In the t455 config- 
uration 1, the 2144-cm-I vibration describes the movement of the 
triply bridging H* perpendicular to the BlB2B3 face plane. In 
the b45, b55, and b55’ structures with “normal” doubly bridging 
hydrogens, the characteristic frequencies are 1915, 1841, and 
2062 cm-1, respectively. One peculiarity of the IR spectrum of 
the triply bridged t555 configuration is the relatively small 
frequency of the Bs-H* stretching vibration, ca. 1400 cm-1. The 

~~ ~~~~~ ~ 

(24) (a) Plesek, J.; Hermanek,S. J .  Chem.Soc., Chem. Commun. 1975,127. 
(b) Todd, 1. J.; Sidle, A. R.; Bodner, G. M.; Kahl, S. B.; Hicke, J. P. 
J .  Mugn. Reson. 1976, 23, 301. ( c )  Leyden, R. N.; Sullivan. B. P.; 
Baker, R. T.; Hawthorne, M. F. J .  Am. Chem. SOC. 1978, 100, 3758. 
(d) Teixidor, F.; Vinas, C.; Rudolph, R. W. Inorg. Chem. 1990. 25, 
3339. 

664 [6] 
689 [6] 

795 [9] 
957 [4] 

1050 [3] 
1066 [30] 
1086 [21] 
1115 [IO] 
1915 [ lo]  

737 [ l l ]  

2717 [50] 
2737 [ 121 
2742 [ 1081 
2744 [20] 
2745 [ 1171 
2755 [115] 
2758 [5+8] 
2766 [ 1761 
2775 [403] 
2788 [28] 

459 [I71 
528 [4] 
549 [13] 
580 [6] 
613 [IO] 
725 [16] 
870 [14] 
933 [4] 

1000 [7] 
1035 [30] 
1059 [19] 
1097 [23] 
1213 [6] 

2668 [25] 
2736 [ 1781 
2739 [ 1901 
2742 [45] 
2775 [398] 
2779 [358] 
2781 [345] 

681 [6] 
782 [7] 
813 [20] 
828 [5] 
853 [I91 
858 [6] 
923 [ 121 
984 [5] 

1083 [23] 
1088 [46] 
1122 [7] 
1841 [210] 

2740 [51] 
2744 [ 1331 
2747 [46] 
2759 [ 1541 
2768 [I911 
2781 [254] 
2791 [37] 
2794 [ 1671 
2804 [278] 
2817 [ I l l ]  

493 [14] 
671 [I31 
736 [5] 
811 [12] 
915 [13] 
973 [4] 

1009 [6] 
1054 [5] 
1076 [22] 
1082 [29] 
11 19 [7] 
2062 [36] 

2740 (751 
2743 [23] 
2747 [67] 
2747 [ 1071 
2756 [314] 
2764 [ 141 
2767 [365] 
2779 [520] 

307 [42] 
510 (731 
639 [ 171 
707 [ 151 
747 [ 151 
881 (221 
923 (271 
956 [I31 
972 [13] 
981 [17] 

1005 [24] 
1008 [23] 
1052 [56] 
1061 [18] 
2726 [69] 
2733 [54] 
2757 [191] 
2769 [I061 
2770 [ 1521 
2773 [ 1071 
2789 [397] 
2794 [325] 

frequencies associated with the BHI group is the v4 form are 549 
cm-1 (BH2 rotation) and 1213 cm-I (BH2 bending). Unfortu- 
nately, the experimental BloHl 1- vibrational spectrum has not 
been published. 

Conclusions 

Both energetic and NMR evidence indicates that the additional 
hydrogen, H*, in the BloHl I -  anion is situated over a triangular 
face in the “polar region” near B1. In accord with the earlier 
calculations,” rotation around the 4-fold axis occurs with a small 
barrier (-2 kcal/mol). However, the transfer of the extra 
hydrogen from one polyhedron pole to the other is calculated to 
have a high barrier (- 19 kcal/mol); the experimental value is 
somewhat lower (1 3 f 1.5 kcal/mol). A structural featureof the 
global BloHII- minimum is the marked extension (to 2.00 A) of 
one of the basal BB bonds connected to the additional proton. 
However, a weak bonding interaction between these boron atoms 
is indicated by a significant overlap population. Therefore, the 
closo structure of BloHlo2- is not fully transformed into a nido 
form upon protonation. 
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