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Chapter 12 
 
1. Diborane. Is it better to draw diborane with or without a boron-boron bond?  
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To decide, examine an electron density surface for diborane corresponding to 50% 
enclosure of the total number of electrons. Use the 6-31G* model. Is the surface in the 
middle of the “bond” convex (suggesting buildup of electron density) or concave 
(suggesting depletion of density)? For comparison, examine the corresponding surface 
for ethylene.  
 
2. Radical Cation of Diborane. Diborane incorporates what can only be described as a π 
bonding orbital analogous to the familiar π bond in ethylene. 

 
Removal of an electron from this orbital should result in elongation of the boron-boron 
bond, just as removal of an electron from the π orbital in ethylene results in elongation of 
the CC bond. However, unlike ethylene, the π orbital in diborane is not the HOMO but 
rather an orbital of lower energy. This suggests that the radical cation of diborane 
(formed from ionization of diborane) might be quite different than the radical cation of 
ethylene.  
 
Use the B3LYP/6-31G* model to obtain the equilibrium geometry of diborane and 
display the HOMO. Predict what should happen to the geometry of diborane were an 
electron to be removed from this orbital. Test your prediction by calculating the 
equilibrium geometry of radical cation or diborane. Make certain that you start with a 
distorted (C1 summetry) geometry. Compare BB bond lengths for diborane and its radical 
cation.  
 
3. Dimerization of Alkylboranes. Borane (BH3) exists in an equilibrium with its dimer, 
diborane (B2H6) that strongly favors the dimer (from B3LYP/6-31G* calculations). 

   ΔE = -164 kJ/mol 

Trimethylborane also dimerizes but the equilibrium favors the monomer. 

    ΔE = 113 kJ/mol 

What is the reason for the change? Is a hydrogen bridge strongly favored over a methyl 
bridge? To tell, consider the dimerization of methylborane that may lead to four possible 
products: cis and trans isomers with both methyl groups terminal, with both methyl 
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groups bridged and with one methyl group terminal and the other bridged. Use the 
B3LYP/6-31G* model to obtain equilibrium geometries for all four isomers in addition to 
methylborane. Which dimer is favored? Is dimerization to one or both of the isomers with 
the two methyl groups in terminal positions exothermic (as with dimerization of borane)? 
Is dimerization to the isomer with both methyl groups in bridged positions endothermic 
(as with dimerzation of hexamethyldiborane)? Speculate on the reason for the difference 
in dimerization energies between borane and trimethylborane.   
 
4. Borane-Amine Complexes. Addition of trimethylamine to diborane leads to a donor-
acceptor complex between borane and trimethylamine. 
 

B2H6 + 2NMe3 → 2H3B-NMe3 
 
Assuming that the process is exothermic, this suggests a boron-nitrogen coordinate bond 
energy of at least 82 kJ/mol, that is, half the borane dimerization energy (164 kJ/mol 
according to B3LYP/6-31G* calculations; see previous problem). Obtain equilibrium 
geometries for borane, trimethylamine and the trimethylamine-borane donor-acceptor. 
Use the B3LYP/6-31G* model. What is the strength of the B-N coordinate bond? Is 
addition of trimethylamine to diborane exothermic?  
 
Would you expect addition of trifluoroamine to diborane to lead to an analogous donor-
acceptor complex?  
  

B2H6 + 2NF3 → 2H3B-NF3 
 
As before, the requirement is that the coordinate bond strength is at least 82 kJ/mol. 
Perform the required (B3LYP/6-31G*) calculations to decide. If trimethylamine and 
trifluoroamine differ significantly in their ability to coordinate bond to borane, offer an 
explanation as to why this may be the case.  

5. Gallium-Amine Complexes. Main-group elements below boron in the Periodic Table 
generally prefer planar trigonal structures, for example, trimethylgallium.  

 

However, trimethyl gallium forms donor-acceptor complexes with amines, for example, 
trimethylamine. Here, the nitrogen acts as the electron donor and the gallium as the 
acceptor. The gallium center in such a complex would no longer be expected to be planar.  

 

Use the B3LYP/6-31G* model to obtain the equilibrium geometry of this complex. Is the 
gallium center closer to planar (CGaC bond angles of 120o) or tetrahedral (CGaC bond 
angles of 109.5o)? What is the coordinate bond strength? (You need to obtain equilibrium 
geometries for both trimethylgallium and trimethylamine.) Is it closer to that appropriate 
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of a covalent bond (200-400 kJ/mol) or to that of a hydrogen bond (20-40 kJ/mol)? To 
what extent have electrons been transferred from trimethylamine to trimethylgallium? Is 
the complex actually better represented a zwitterion? Elaborate. 

 

What is the structure of the tricyclic gallium-amine complex shown below? Is it “open”, 
lacking a significant GaC coordinate bond but allowing the CCC bond angles to be nearly 
tetrahedral, or is it “closed” with a GaC coordinate but with small CCC bond angles, or 
do both structures exist?  
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Use the B3LYP/6-31G* model to obtain an equilibrium geometry for the gallium-amine 
complex starting from an open structure. If it does not collapse to the closed form, 
perform a second geometry optimization this time starting from a closed structure. Do 
you find one or two structures? If there are two structures, which is the more stable? If 
there is only one structure, is it open or closed?  

6. Isomers of Carboranes. Carboranes, compounds of carbon, boron and hydrogen, may 
exhibit caged (closo), partially caged (nido from the Latin for nest) or open (arachno 
from the Greek for spider) structures. B4C2H6 is a simple example of a closo structure, 
and can exist in either trans or cis isomers. 

H
C

C
H

HB BH

BHHB

H
B

C
H

HB CH

BHHB

 

Obtain equilibrium geometries for both cis and trans isomers using the B3LYP/6-31G* 
model. Is the carbon-carbon bond length in the cis isomer characteristic of a “normal” 
single bond or is it significantly shorter or longer? If it is not normal, suggest a possible 
cause. Which isomer is lower in energy? Provide a rationale.  

7. Lewis-Acid Catalysis of Diels-Alder Reactions. Lewis acids such as trifluoroborane 
are known to accelerate the rates of Diels-Alder reactions between electron-rich dienes, 
such as cyclopentadiene, and electron-deficient dienophiles, such as acrylonitrile. The 
usual explanation is that the Lewis acid complexes to the dienophile, increasing its 
electron deficiency, that it, making it a better dienophile. This should show itself in a 
lowering of the energy of the lowest-unoccupied molecular orbital (the LUMO). 
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First, use the B3LYP/6-31G* model to obtain the equilibrium geometry of acrylonitrile. 
Then obtain the geometry of a acrylonitrile-BF3 complex (assume that trifluoroborane 
complexes to the nitrogen lone pair). Compare LUMO energies of free and complexed 
ayrlonitrile. Do you see a lowering of the LUMO energy?  

Repeat your calculations and analysis for a acrylonitrile-BCl3 complex. Which Lewis 
acid, BF3 or BCl3 is more effective in lowering the energy of the LUMO? Which should 
be the better catalyst? 
 


