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An electron diffraction study of 1,2-dicarba-cZoso-decaborane (lo), 13-CzBgH10, constrained by ab initio calculations 
has been undertaken. A satisfactory refinement (RG = 0.052) was obtained with a bicapped “square” antiprismatic 
model assuming C, symmetry. In this structure one carbon atom occupies one of the two capping positions, 
while the other is adjacent, in a basal position of a “square” pyramid. The experimental molecular dimensions 
(r,) are consistent with the re structure as derived by the ME(fc)/6-31G* optimization. The C-C edge [r, = 
153.8(8) pm, re = 153 pm] leads to distortion from the regular square pyramidal shape. The compression of the 
carbon atoms toward the center of the cluster results in a substantial opening of the B(3)C(2)B(5) bond angle 
[both electron diffraction and MP2(fc)/6-31G* calculations give 95’1 from the parent 90”. As a consequence, the 
C(2)B(3) distance is the longest CB nearest-neighbor separation so far observed in the gas phase, r, = 179.4(4) 
pm [cf. re = 177.7 pm, MP2(fc)/6-31G*)]. The reliability of the experimental structure is assessed both by 
IGLO (individual gauge for localized orbitals) calculations of llB chemical shifts and by MP2(fc)/6-31G* single- 
point energy calculations. 

Introduction 

As Stffr pointed out in his recent review,’ the chemistry of 
dicarbaboranes represents the oldest and most investigated area 
of carbaborane chemistry. This notwithstanding, relatively few 
structural studies of such compounds have been reported, 
especially for the important2 gas-phase molecular geometries. 
Of the large number of closo-, nido-, and arachno-type 
dicarbaboranes, C2Bn-2Hn, C2Bn-2Hn+2, and C2Bn-2Hn+4, the 
gas-phase structures of the closo-systems have been investigated 
to the greatest extent. Thus, the 1,5-C~B3H5,~ l,6-C2B4H6,394 
l,lO-C2BgH10,~ and 1,12-C2BloH12~ molecules, in which the CC 
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unit forms the body-diagonal of the trigonal bipyramid, of the 
octahedron, of the bicapped square antiprism, and of the 
icosahedron, respectively, have been characterized structurally 
by gas-phase electron diffraction (GED). The isomers, in which 
the two carbon atoms are nearest or next-nearest neighbors, 
demonstrate geometries with significantly lower symmetry and 
thus are inherently more difficult for electron diffraction studies. 
Indeed, only ~ , ~ - C Z B & ~ ~  and 1,2- and 1,7-C2B10H12,~ together 
with the pentagonal bipyramidal 2,4-CzBsH7 molecule,7b have 
been studied by GED. No pronounced distortion from regular 
icosahedral geometries was observed for either 12-vertex 
species, although only a limited amount of structural information 
was provided. 

The reliability of the electron-diffraction structures of the two 
isomeric C2Ba6 compounds with respect to their computed 
geometries (3-21G, 6-31G*,and MP2/6-31G* levels) has been 
assessed recently by the combined ab initio/IGL08/Nh4R 
m e t h ~ d . ~ J ~  This has proved to be a very successful tool for 
structural investigation in the area of polyhedral boron chem- 
i s t ~ - ~ . ~  In addition to the prediction of the geometric structures 
of various boranes and heteroboranes,ll this method has also 
been used to assist in the analysis of electron-diffraction data.12 
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Table 1. Nozzle-to-Plate Distances, Weighting Functions, Correlation Parameters, Scale Factors, and Electron Wavelengths 

Hnyk et a1 

nozzle-to-plate correln scale electron 
dist/mm As/nm-' s,,&m-' swl/nm-' sw2hm-l s,,/nm-' param p/h  factor K wavelengthb/pm 
257.36 2 20 40 140 164 0.4872 0.704(6) 5.701 
93.77 4 80 10 264 316 0.3643 0.606( 13) 5.701 

Figures in parentheses are the estimated standard deviations of the last digits. Determined by reference to the scattering pattern of benzene 
vapor. 

In such analyses, the boron-heterovertex framework molecular 
parameters are prone to significant correlation, with the 
consequence that several sets of molecular geometries may 
represent the electron-scattering pattems equally well. Ad- 
ditional information, experimental or theoretical, is thus essential 
to choose among different geometries. Finally, the differences 
between geometric parameters computed at a certain level of 
theory may be applied as constraints during the GED refine- 
ments. At the Hartree-Fock level, cluster dimensions are often 
found to be overestimated with respect to the experimental 
~ a l ~ e ~ , ~ ~ , ~ ~ ~ , ~ ~  even if the basis set employs polarization func- 
tions. For example, a 6-31G* basis set usually leads to 
overestimates of the B-B bond lengths. 

Inclusion of electron correlation effects has been found to 
be essential for the description of the multicenter bonding. 
Hence, geometry optimizations are best carried out at the 
correlated MP2/6-3 lG* level or higher. 

To gain further insight into the structural properties of 
dicarbaboranes we have undertaken a gas-phase study of 1,2- 
dicarba-closo-decaborane( lo), 1,2-C2B&10 (1, Figure l ) ,  by 
electron diffraction. As the symmetry of this compound, C,, is 
markedly lower than that of the 1,lO-isomer, Da (see Figure 
4), the ab initio optimized geometry (MP2/6-3 lG* level) has 
been used to constrain many parameters, in locating both the 
CzBg cage and the hydrogen atoms, in the electron-diffraction 
ana1y~is . l~ The final experimental geometry is supported by 
IGLO IIB chemical shift (DZ//GED and II'NGED levels) and 
single-point (MP2/6-3 lG* level) calculations. 

Experimental and Computational Section 

The sample of 1,2-dicarba-closo-decaborane( lo), prepared accor$ng 
to the literature pro~edure,'~ was kindly provided by Dr. B. Stibr 
(Academy of Sciences of the Czech Republic). The punty was assessed 
by llB NMR spectroscopy. 
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Figure 1. PLUTO plots of different views of the 1,2-C2BsHlo molecule 
in the optimum refinement of the electron diffraction data constrained 
by some MP2/6-31G* differences also showing the atomic numbering 
of the C2Bs body: (a) perspective view; (b) view showing the molecular 
C, symmetry. 

Diffraction pattems were recorded with the Edinburgh gas-diffraction 
apparatusi6 on Kodak Electron Image plates with a nozzle-tip tem- 
perature of about 408 K. The accelerating voltage of the electron beam 
was about 44.5 kV. Scattering pattems for benzene were also recorded, 
so that calibration of the electron voltage and nozzle-to-plate distances 
could be performed. Data were obtained in digital form using the 
automatic Joyce-Loebl MDM6 microdensitometer at the SERC Labora- 
tory, Daresbury, U.K." The programs used for the data reduction'' 
and least-squares refmement,lS applied to molecular intensities modified 
by .v', have been described previously. Published complex scattering 
factors were emp10yed.l~ The weighting points used in setting up the 
off-diagonal weight matrix, s ranges, scale factors, correlation param- 
eters, and electron wavelengths are all presented in Table 1. 

The geometry was fully optimized in C, symmetry by standard ab 
initio methodsZo beginning at the SCF level with the 3-21G and 6-31G* 
basis sets with the CADPAC21a program package. Frequency calcula- 
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Table 2. Ab Initio Optimized Nearest-Neighbor Distances (pm) 
for 1,2-C2BsHlo 

Level of Theory 
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Table 3. Molecular Parameters (pm or deg)” of 1,2-c~B~Hlo 
(C, Svmmetrv) 

distance 3-21G 6-31G* MP2/6-31G* GED 
155.3 
183.7 
162.3 
163.4 
173.5 
187.2 
187.9 
181.1 
183.4 
186.5 
188.8 
188.6 
171.3 
173.0 

152.3 
178.1 
159.5 
160.3 
172.2 
184.5 
184.8 
180.3 
182.9 
183.6 
186.8 
186.2 
169.6 
171.1 

153.0 
177.7 
160.6 
160.4 
171.2 
183.1 
181.2 
177.9 
180.6 
182.8 
184.1 
183.6 
169.8 
170.6 

153.8(8) 
I79.4(4) 
162.7(4) 
162.5(4) 
171.8(4) 
184.0(4) 
I81.4(6) 
178.3(5) 
182.2(16) 
1 8 4 3 4 )  
185.8(4) 
185.3(4) 
I70.4(4) 
I71.2(4) 

tions confirmed the structures to be minima on both potential energy 
hypersurfaces. The final level of optimization employed was second 
order Moiler-Plesset perturbation theory in the frozen core approxima- 
tion (denoted as MP2/6-31G*, fc is omitted for simplicity) using the 
Gaussian 9221b program. The three sets of the re cluster bond lengths 
are summarized in Table 2. Chemical shieldings were computed with 
the IGLO (individual gauge for localized orbitals) programs using 
Huzinaga basis setsz2 first DZ, Le. (7s3p) contracted to [4111, 211 for 
C, B and (3s) contracted to [21] for H, and second 11’, i.e. (9s5pld) 
contracted to [51111, 2111, 11 for C, B and (3s) contracted to [21] for 
H. Relative chemical shifts are presented in Table 7. DZ results were 
obtained with an IGLO lobe version while for 11’ calculations the direct 
IGLO program (DIGL0)8d was used. 

Molecular Model and Structural Analysis 

The closo-1,2-C2B~Hlo molecule was assumed to have C, 
symmetry. Whereas closo-1 , ~ O - C ~ B ~ H ~ O  has just three different 
nearest-neighbor separations, there are 14 such distances in 1. 
Three mean distances were chosen as the independent param- 
eters to define the bicapped “square” antiprismatic geometry 
(see Figure 1): p1 = {r[C(l)-C(2)] + 2r[C(l)-B(3)] + 
r[C(l)-B(4)]}/4, related to the C( l)C(2)B(3)B(4)B(5) “square” 
pyramid, p2 = {r[B(6)-B(10)] + r[B@)-B(10)] + r[C(2)- 
B(6)]}/3, related to the B(6)B(7)B(8)B(9)B( 10) “square” pyra- 
mid and to r[C(2)-B(6)] which is computed to be similar in 
length to the B(6)-B(10) and B(8)-B(10) distances, andp3 = 
{r[B(9)-B(6)] + r[B(7)-B(8)] + 2r[B(6)-B(7)] + 2r[C(2)- 
B(3)]}/6, which is the mean value of six of the basal bonds 
[the B(3)-B(4) bond distance is a dependent parameter in this 
model]. To complete the description of the C2B8 framework, 
four angular parameters are needed; these were chosen to be 
the mean angles [B(5)C(2)B(3) + C(2)C(l)B(4)]/2 and [C(l)C- 
(2)X + C(2)XY]/2, where X and Y are the midpoints of the 
B(6)-B(9) and B(7)-B(8) bonds, respectively, and the differ- 
ences between these pairs of angles (see Table 3). Since the 
MP2/6-31G* geometry indicates that the atoms in the B(6)B- 
(7)B(8)B(9) belt are almost perfectly coplanar, this was assumed 
subsequently in this C, model. Seven other MP2/6-31G* 
constraints were also utilized (see Table 3). The five kinds of 

(20) Hehre, W.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab initio 
Molecular Orbital Theory; Wiley: New York, 1986. 
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W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M. A.; 
Reploge, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley, 
J. S.; Gonzales, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, 
J.; Stewart, J. J. P.; Pople, J. A. Gaussian 92, Revision B. Gaussian, 
Inc., Pittsburgh, PA, 1992. 
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pi dCC/CB), [(l-2) + 2(1-3) + (1-4)]/4b 160.4(3) 
pz r(BB), [(6-10) + (8-10) + (2-6)]/3b 171.2(4) 
p3 r(CB/BB), [(6-9) + (7-8) + 2(6-7) + 2(2-3)]/6b 183.3(4) 
p4 r(BWCH) (mean)b 117.9(4) 

p6 L[C(l)C(2)X + c(2)XY]/2‘ 110.6(4) 
p7 LCCH (mean)b 120.5d 

p9 LBBH (mean)b 124.1(28) 
PIO Ar[C(l)-B(3)1 - r[C(1)-C(2)1 8.8(10) 

pi2 Ar[C(2)-B(6)1 - r[B@)-B(10)1 0.6‘ 

PI4 Ar[BV)-B(8)1 - r[B(6)-B(9)1 1 .3e 
PIS Ar[B(7)-B(8)1 - r[B(6)-B(7)1 0.5‘ 
PI6 Ar[B(7)-B(8)1 - r[C(2)-B(3)1 6.4‘ 
pi7 A4B-H) - 4C-W 10.3‘ 
PIS ALC(2)C(l)B(4) - LB(W(2)JW) 9.6‘ 
pi9 ALC(l)C(2)X - LC(2)XY‘ 20.6‘ 

p21 ALB(lO)B(6)H - LB(lO)B(7)H 5.2‘ 
pzz LB(5)C(2)B(3’ 94.7(6) 
p23 LC(2)C(1)B(4Y 104.3(6) 
p24 LC(1)C(2)XCf 120.9(4) 
p2.5 LC(2)XY” 100.3(4) 

Figures in parentheses are the estimated standard deviations of the 
last digits. For definitions of parameters see text. X,Y are the 
midpoints of the B(6)-B(9) and B(7)-B(8) bonds, respectively. 

Refined and fixed in the final refinement. e Fixed at the MP2/6-31G* 
value. /Dependent parameter. 

computed B-H bond lengths were found to differ by less than 
0.5 pm. Consequently, only a single value for all the BH bond 
lengths, r(B-H), was considered. The same applies to the two 
kinds of computed C-H bond lengths for which a single value, 
r(C-H), was thus assumed. Both r(B-H) and r(C-H) were 
used to define p4 = [8r(B-H) + 2r(C-H)]/10 as one of the 
independent parameters locating the hydrogen positions. The 
others are the angles (CCH)mem = [C(l)C(2)H + C(2)C(l)H]/ 
2, (CBH) [the MP2/6-31G* values of the C(l)B(3)H and C(1)B- 
(4)H angles needed in the model were found to be almost the 
same] and (BBH)mem = [B(lO)B(6)H + B(lO)B(7)H]/2. In 
addition to these, the differences between the angles defining 
the (CCH),,, and (BBH)mem parameters were kept fixed at the 
MP2/6-31G* values, as was the r(B-H) - r(C-H) difference. 
The projections of the B(6)-H and B(7)-H bonds onto the 
B(6)B(7)B(8)B(9) plane were assumed to bisect the B(9)B(6)B- 
(7) and B(8)B(6)B(7) angles, respectively. The B(lO)-H bond 
was assumed to be perpendicular to this plane. The whole 
structure thus depended on the 21 independent molecular 
parameters listed in Table 3, of which the 10 most important 
were refined, some of them only at some point of the analysis. 

Refinement of the parameters defining the C2B8 framework 
was straightforward, starting from the MP2/6-31G* values. It 
was also possible to refine the r[C(l)-B(3)] - r[C(l)-C(2)] 
constraint, plo, in the final stages of the analysis, giving a value 
of 8.8(10) pm. This compares well with 7.6 pm obtained by 
the MP2/6-31G* optimization. The mean value of the B-H 
and C-H bonds, p4, refined well, but the angles defining 
hydrogen positions could not be refined simultaneously; it was 
thus necessary to fix some of these in the final refinement. 

In order to test the possible consequences of the different 
constraints employed we also tried a model in which the first 
three parameters were replaced by PI’ ,  p i ,  and p3‘, being 
r[C(l)-C(2)], d(C-B)J, and r[(B-B)mem], respectively. The 
second and the third parameters are the arithmetical mean values 
of all the C-B and B-B bonds involved in p1 - p3 and p2 - 
p3, respectively, of the original model. The geometrical 

p5 L[B(5)C(2)B(3 + C(2)W)B(4)1/2 99.5d 

ps LCBHb 12l.W 

PI I  Ar[C(l)-B(3)1 - r[C(l)-B(4)1 0.2‘ 

PI3 Ar[C(2)-B(6)1 - r[B(6)-B(10)1 1.4‘ 

p20 ALC(2)C(l)H - LC(l)C(2)H 7.4‘ 
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Table 4. 
Amplitudes of Vibration ( u ,  pm) of 1,2-C2B&10 

Final Interatomic Distances (r, pm)" and Mean 

r,b Ub 
atomic pair 

153.8(8) 
179.4(4) 
162.7(4) 
162.5(4) 
171.8(4) 
184.0(4)d 
18 1 .4(6)d 
178.3(5)d 
182.2( 16)d 
184.5(4) 
185.8(4) 
185.3(4) 
170.4(4) 
17 1.2(4) 
109.7(4)f 
120.0(4)8 
249.8(6)d 
271.3(3)d 
278.6( 8)d 
275.9(5)d 
278.0( 13)d 
263 .9(6)d 
261 .9(6)d 
284.3(3)d 
285.7(5)d 
292.8( 14)d 
290.4(7)d 
285.6(7)d 
353.7(9)d 

(226 - 282)d 

4.5' 
7.0(2) 
6.OC 
6.0' 
6.0' 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 
7.0 
7.5' 
7.6(5) 
8.3(3) 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
9.1 
8.4(4) 

12.5(8) 

tied to u2 

tied to u17 

Other nonbonded B* * *H, C. * -H and Ha -H distances were included 
in the refinement, but they are not listed here. Their vibrational 
amplitudes, refined or fxed, were within the range 10- 15 pm. Least- 
squares standard deviations in the last digit are given in parentheses. 
Fixed. Dependent parameter. e See text. f The MP2/6-31G* values 

for the C(1)-H and C(2)-H bond lengths are 108.2 and 108.7 pm, 
respectively. g The MPu6-31G* values for the five kinds of B-H bonds 
are as follows (pm): r[B(3)-H], 118.6; r[B(4)-H], 118.7; r[B(6)- 
HI, 118.9; r[B(7)-H], 119.0; r[B(10)-HI, 118.6. Two bonds re- 
moved. 

Table 5. Portion of the Least-Squares Correlation Matrix for 
~ , ~ - C ~ B ~ H I O  Showing all Elements ?50% (kl and k2 Are Scale 
Factors) 

parameters obtained in this refinement were virtually identical, 
to within one standard deviation, with those based on the original 
model, and RG was unchanged. However, a p1' - p3' are 
strongly correlated and this model was not considered further. 

The calculated vibrational amplitudes of three cluster-type 
bonds of c loso - l , lO-C~B~Hp~~  provided the initial values for the 
refinement of vibrational amplitudes corresponding to the 
bonded distances defining p1 - p3 (see above). A single 
amplitude of vibration was thus employed to characterize the 
vibration of the bonds within p2 and p3, excluding u[C(2)- 
B(6)], which was fixed as the other bonds (CC, CB) within p1. 
The amplitudes of vibration for the bonded C-C distance and 
for the C-H bonds could not be refined. The parameters 

Table 6. Atomic Coordinates (pm) for 1,2-C2B8Hloa 
atom X Y Z 

(a) Electron-Diffraction Refinement 
C(1) 0.000 223.982 -132.008 
C(2) 0.000 144.972 0.000 
B(3.5) rt 13 1.943 129.557 -120.559 

-247.284 B(4) 0.000 109.515 
B(6,9) f92.245 0.000 0.000 

-182.303 B(7.8) 192.895 -33.135 
B(10) 0.000 -124.412 -71.130 
H(11) 0.000 333.475 -138.319 
H(12) 0.000 203.5 75 92.705 
H( 13,15) f242.206 176.500 - 126.25 1 
~ ( 1 4 )  0.000 138.948 -363.592 
H( 16,19) 1 174.676 - 12.265 86.305 
H( 17,18) 1173.404 -85.280 -254.366 
H(20) 0.000 -242.452 -49.676 

(b) Ab Initio (MP2/6-31G* Level) Optimization 
C(1) 143.762 80.921 0.000 
C(2) 0.000 133.195 0.000 
B(3,5) 64.780 32.058 f 130.969 
B(4) 128.735 -78.787 0.000 
B(6,9) - 111.785 41.211 f91.375 
B(7,8) -21.410 -1 18.576 rt92.048 
B(10) -162.708 -92.517 0.000 

146.210 0.000 H(11) 230.05 1 
H(12) -10.388 241.373 0.000 
H( 13,15) 102.787 70.238 rt236.603 
H(14) 227.341 -144.885 0.000 
H( 16,19) -179.351 101.690 f168.279 

f 127.369 H( 17,18) -17.742 
H(20) -266.950 -149.007 0.000 

' The hydrogens are numbered in the order of the heavy atoms they 

-206.327 

are attached to [B(N)-H(NS10)l. 

I "  s i  nm-1 

Figure 2. Final experimental molecular-scattering intensities (com- 
bined) for ~ , ~ - C ~ B ~ H I O .  Calculated data have been added to those 
regions for which experimental data are not available. The weighted 
difference curve (experimental - theoretical) is also shown. 

obtained in the final refinement, for which RG was 0.052 (RD 
= 0.030), are summarized in Table 3. Errors quoted in 
parentheses are estimated standard deviations obtained in the 
least-squares refinements. It is not possible to make objective 
assessment of the effects of possible errors in the computed 
constraints, and the quoted errors may therefore be somewhat 
underestimated. 

Interatomic distances together with the respective amplitudes 
of vibration are listed in Table 4 and elements of the least 
squares correlation matrix exceeding 50% are given in Table 
5. Table 6 provides the atomic coordinates for the GED and 
MP2/6-3 lG* geometries, from which interatomic distances, 
bond angles, and dihedral angles of interest may be computed. 
The combined molecular scattering intensities are shown in 
Figure 2 while Figure 3 shows the radial distribution curve. 
Results and Discussion 

The structurally poor radial distribution curve (Figure 3) 
indicates the difficulty in determining the many parameters 
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I ,  

P ( r ) / r  a P B1-H : 120.5 pm 

1 260 300 400 560 ' 
r / p m  

Figure 3. Experimental and difference (experimental - theoretical) 
radial-distribution curves, P(r)/r against r, for ~ , ~ - C Z B ~ H I O  va- 
por. Before Fourier inversion, the data were multiplied by s 
exp(-0.00002s2)/(2c - ~c)(ZB - f~). 

necessary to define the full structure. There are three broad 
peaks at ca. 180,280, and 300 pm, each of them arising from 
several component peaks (see Table 4). Although many MP2/ 
6-3 1 G* constraints were employed, the observed parameters 
reveal valuable information about the shape of the molecule, 
especially by comparison with parameters for similar com- 
pounds. Thus, the presence of the C-C "single" bond [la = 
153.8(8) pm] brings about a deformation of the C(l)C(2)B- 
(3)B(4)B(5) pyramid from the tetragonal one presented in the 
1,lO-isomer5 (see Figure 4). In effect, the carbon atoms are 
compressed toward the center of the cluster relative to the 
positions they would have in a regular bicapped square 
antiprism: this can clearly be seen in Figure 1. As a 
consequence, the B(3)C(2)B(5) bond angle is opened by ca. 5" 
from the value of 90" in the parent B10H1O2- and in the 1,lO- 
isomer5 (see Figure 4). Note also that the C(2)-B(3) bond 
emerges as the longest CB nearest-neighbor separation so far 
observed in the gas phase23 [cf. ra[C(2)-B(3)] = 179 pm, re- 
[C(2)-B(3)] = 178 pm]. The deformation of the B(6)B(7)B- 
(8)B(9)B( 10) pyramid is much less pronounced. Amplitudes 
of vibration for nonbonded pairs of atoms are very close to those 
for nearest neighbors, a very common feature of closo- 
s y ~ t e m s . ~ ~ ~ ~ J ~ ~  

Magnetic Property Computations. We also performed 
IGLO calculations employing both the theoretical (3-21G, 
6-31G*, and MP2/6-31G*) and the experimental (GED) geom- 
etries. The calculated llB chemical shifts using the geometries 
are quite similar and show a reasonable fit with experiment (see 
Table 7). In particular, the shift to high frequency of B(10) 
[6(11B) = 36.5 ppm] with respect to the "parent" BloHlo2- [d- 
("B) = -2.0 ~ p m ] , ~ ~  is reproduced by the calculations 
extremely well, regardless of both the geometry and the level 
of the IGLO calculations used. This shift is known as the 
antipodal as also observed in the shift of B(10) in closo- 
1-CBgHlo- of 28.4 ppm, and calculated to be 32.2 ppm at the 
DZ//3-21G On the other hand, at the DZ level the 
shift of the B(4) atom tends systematically to exhibit the largest 
discrepancy between the theoretical and measured 6( llB) values. 
As is found for many other carbaboranes,1° the DZ basis set 
may not give as satisfactory results as that at higher IGLO levels, 

(23) The C-B bond length usually varies within the interval ca. 150-172 
pm (see e.g. ref 5 and 10). 

(24) (a) Hehninek, S.; Hnyk, D.; Havlas, Z. J .  Chem. Soc., Chem. Commun. 
1989, 1859. (b) Buhl, M.; Schleyer, P. v. R.; Havlas, 2.; Hnyk, D.; 
Hehninek, S. Znorg. Chem. 1991, 30, 3107. 
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B1-B2 : 170.2 pm, 173 

-n 

BZ-B6 : 181.4 pm, 18l .p  

B2-B3 : 183.1 pm, 186.p 

I 

B2-B6 : 

B2-83 : 

6 

P C1-H: 108.3pm, 
112. (2Jpm 

. pm 

: 121.0 pm 

C1-B2: 159.9 pm, 160.2(2)pm 

-n : 118.8 pm, 
116.4(14) p m  

180.6 pm, 182.9(4)p 

Figure 4. Experimental and theoretical (MP2/6-31G*) geometries of 
(a) Bl&02- and (b) l,lO-C2BgHlo. Experimental data are given in 
italics and theoretical parameters (this work) are in bold type. The 
structure of BloHlo2- was determined for the Cu2+ salt (Dobrott, R. 
D.; Lipscomb, W. N. J. Chem. Phys. 1962, 37, 1779); data for the 
gas-phase structure of 1,10-C2BsHlo are taken from ref 5 .  

Table 7. IGLO Results for l,2-CzBsHlo 
re1 

energyb/ 
theorylgeometry B(3,5) B(4) B(6,9) B(7,8) B(10) kJmol-' 

CJ('lBY level of 

DZ//3-2 1G -14.3 1.1 -18.4 -22.6 36.6 
DZ//6-3 lG* -17.1 -0.9 -20.1 -23.9 33.5 

DZ//GED -15.6 0.2 -21.9 -22.8 35.6 6.3 
II'//MP2/6-31G* -18.3 -5.2 -22.6 -24.4 38.1 
II'//GED -15.7 -2.0 -22.7 -21.2 39.0 12.1 
exptl' -19.3 -8.5 -25.4 -25.4 38.4 
exptld -20.0 -9.0 -26.1 -26.1 36.5 
exptl' -21.0 -10.4 -26.8 -27.3 34.8 
exptY -14.2 -5.3 -20.7 -23.2 32.0 

DZ//MP2/6-31G* -18.3 -2.8 -21.7 -26.9 34.5 

"Relative to BF30Et2 (ppm). The S(I3C) values (ppm) at the 
DZ//MP2/6-31G* (II'//MP2/6-31G*) level for C(l) and C(2) are 39.9 
(32.9) and 49.3 (41.2), respectively. Energy of the GED with respect 
to the MP2/6-31G* geometry (kJmol-I), computed at SCF levels 
employing DZ and 11' basis sets; the more refined MP2/6-31G* value 
is 11.3 klmol-' (i.e. MP2/6-31G*//GED vs MP2/6-31G*//MP2/6- 
31G*). Reference 15. Stibr, B.; Kennedy, J. D. Personal communica- 
tion. e Hehniinek, S. Chem. Rev. 1992, 92, 325. f 1,2-(CH&C2BsHs.IS 

e.g. basis 11'; indeed, basis 11' performs better for all the boron 
atoms. Note that the smallest difference between the calculated 
shifts for the B(6,9) and B(7,8) pairs is achieved with the GED 
geometry. This may be significant, as the corresponding peaks 
in the experimental spectrum are hardly resolved (Table 7). 
Interestingly, the IGLO values of 1 also match the experimental 
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chemical shifts of 1,2-C2(CH3)&H8 satisfactorily (Table 7). 
This may indicate that the CH3 groups have very little influence 
on the cage geometry. 

The final experimental geometry of 1 was computed to be 
only 6.3 kJmol-’ (DZ basis set) of 12.1 kJmol-’ (11’ basis set) 
higher than that of the best theoretical structure (MP2/6-31G*), 
based on the IGLO-SCF energies. The more refined MP2/6- 
3 lG* single-point calculations gave a very close value of 1 1.3 
kJ-mol-’. This energy difference is very well within the range 
normally observed for experimental structures of boranes and 
heteroboranes which are believed to be A major 
part of this “excess energy” may be ascribed to the hydrogen 
placements. The relative energy was reduced to 2.4 kTmol-’ 
when the structure of the C2B8 cluster was kept fixed at its 
experimental geometry and the hydrogen positions were opti- 
mized at the MP2/6-31G* level. Both this “energy criterion” 
and the NMR fit indicate that the electron diffraction parameters 
afford a reasonable representation of the geometry of 1,2- 
CzBgH10, and thus satisfy Beaudet’s challenge to solve its 
molecular structure in his recent review “The Molecular 
Structures of Boranes and C a r b ~ r a n e s ” . ~ ~  
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