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 Chemistry 125    Second Examination           Answer Key
   


October 16, 1998

The exam budgets 50 minutes, but you may have 60 minutes to finish it.   Good answers can fit in the space provided.

Read each question carefully to see what it asks for, and be sure to answer all of its parts.

Your goal should be to answer the questions, not to show how much you know.
1. (9 minutes)  When Lavoisier used the words “base” and “radical”, he meant them to be synonymous. 

a)
How did Lavoisier’s idea of base/radical relate to how he named oxygen?
For Lavoisier the base or radical was an elemental substance, which, when reacted with oxygen, gave an acid.  Thus the name oxy (sharp – i.e. sharp taste) gen (creating).  [Note that Lavoisier recognized a number of “compound radicals”, bodies themselves compounded of several elements that also would become acidic upon oxidation.]

b)
How did Liebig  & Wöhler establish the existence of Lavoisier’s hypothetical  “radical benzoique”?    What experiments did they do?
They reacted benzaldehyde (oil of bitter almonds) with a number of different reagents (and the product of one of these reactions with a number of different reagents).  They analyzed all products to determine their elemental composition.  They found that every compound preserved the set of atoms C7H5O intact.  This they took to be the benzoyl radical.

c)
About how many years had elapsed between the publication of Lavoi​-                                        sier’s book and the publication of Liebig & Wöhler’s paper on benzoyl? _43 years_(1832-1789)_     
d)
What was Berzelius’s concept of dualism, and how did the benzoyl radical permit its extension to organic chemistry?
Dualism was the idea that elements had positive or negative character and combined by attraction of positive for negative. [This led to the idea of double decomposition reactions in which two positive elements would trade negative partners.]  Compound radicals (like benzoyl) that persisted through organic transformations could then be positive or negative and function like elements in inorganic chemistry. [We’ll soon see how this idea, which Dumas expounded so enthusiastically in 1837, went down in flames.]

2.
(7 min) In light of MO theory the concepts of “base” and “radical” are quite distinct from one another.

a)
What kind of MO makes a molecule a base?  Illustrate with a single example that shows two factors that make it a reactive base, and identify the factors.
A base is a molecule with an unusually high HOMO.  There are many possible examples where the HOMO can be high because of poor, or no, overlap (e.g. C=C  orbital, unshared pair of N: or O:); because of involving an unusually high energy atomic orbital (e.g.  orbital of B-H or Li-H with poor energy match); or because of having a negative charge (e.g. OH-).  You must show a single molecule with two of these factors.  Hydroxide would be a good choice.

b)
What kind of MO makes a molecule a radical?  ​​​​​​​a SOMO (Singly Occupied Molecular Orbital
[image: image1..pict]c)
By drawing two orbital energy diagrams, explain why radicals react with radicals, but bases do not react with bases. 

3. (11 min)  The molecule O2 is in fact a diradical.  Explain why a SINGLE O2 molecule cannot react with itself through mixing the two radical orbitals to form an additional O-O bond.


    In saying “react with itself,” I am thinking of something analogous to the “reaction” of the “HOMO” (N:) and the “LUMO” (C=O) within an amide group to give resonance stabilization.

Begin your answer as follows:

• 
For simplicity consider each O atom to be sp-hybridized, (1/(2)(s + p) and (1/(2)(s - p).

• 
In a column on the right draw all eight MOs that you would expect from pairwise mixing of corres​ponding AOs of the two atoms. For each MO use only two AOs, one from each oxygen.
•
Arrange the orbitals in order of increasing energy, with the lowest energy at the bottom.
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The s-type orbitals are made up of sp-hybrids on the two oxygen atoms.  The hybrids that point toward one another give very strong overlap and large energy shift for good () or ill (*).  The hybrids that point away from one another shift very little in energy, because of weak overlap, but they are lower in energy than the  orbitals, because they are 50% s. 

[Actually, I would have thought that the favorable  combinations of p orbitals would be lower than the lone pair combinations, but judging by the computer calculation that gave the “official” MOs on the right, I guess I am wrong.  The “official” s-type orbitals look a little different from the schematic ones because they use different hybridization in each combination. This does not affect the overall electron density or energy, when the lowest three orbitals are all doubly occupied.]

As one fills the MOs from the lowest with the 12 valence electrons of O2, one runs out in the * orbitals.  So each of these is occupied by only one electron, and is thus a SOMO of this diradical.

Complete your answer by ex​plaining the lack of “reactivity” within the molecule

Since the SOMOs are composed of perpendicular, orthogonal p orbitals, they have zero overlap integrals and cannot mix to shift in energy. 
4.  (4 min)  Even if the diradical O2 cannot react within itself, one might imagine that two O2 molecules could react with one another.  That the bond formed by such an interaction is too weak to survive may be related to the weakness of the F-F bond.  Why is the F-F bond so weak?  How strong is it?
  In F2 there is a complete set of unshared pairs to overlap.  The mixing of fully-occupied orbitals is on balance repulsive, and this would be expected to weaken the bond (alternatively one could say that both the bonding  and the antibonding * orbitals are doubly occupied by electrons).

   The F-F bond strength is only 37 kcal/mole [vs. 104 for H-H and 135 for H-F].
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 5.
(19 min)  Berzelius thought it amazing “that the salt nature so entirely disappears when [cyanic] acid and ammonia combine.” Frames 1-3 of the following cartoon shows the position of atoms before, during, and after the conversion of cyanic acid and ammonia to covalent urea. The extra, smaller sets of atoms in the third frame are to show resonance structures of the product, urea.  

a) 
Complete the pictures to show all bonds, unshared pairs, and formal charges of the starting molecules, the intermediate, and the product (including its resonance structures).
b)
In Frames 1 & 2 draw curved arrows to show electron pair shifts that might cause reaction to give 2 & 3, respectively. [Note: there will be a problem with your curved arrows in 2.  Address it in Part e.]

 (continued next page)

5. (cont) 
c)
Use HOMO/LUMO mixing to explain the resonance stabilization of urea, the product in 3. Relative to what is urea stabilized by this resonance?

The “LUMO” of urea without resonance is the * orbital of the C=O group, in which the carbon’s p-AO is large. The “HOMO”s are the unshared pairs of the NH2 groups. Both of the unshared pairs overlap well with the carbon AO (assuming the N atoms are flat, and all of the atoms are coplanar), and the resulting bonding interaction lowers their energy.  [Note incidentally, that if we considered the two lone pairs sequentially, the first would be lowered as much as the unshared pair of a normal amide, but the resulting LUMO, which is available for stabilizing the second pair, would not have been raised in energy giving poorer energy match for stabilizing the second pair.  Thus one would not expect the resonance stabilization of urea to be twice as great as for a simple amide.]

“Resonating” urea (the real thing) is stable relative to the simple-minded model in which the unshared pairs are artificially considered to be localized on the nitrogens, so that they would have the same energy as in an isolated amine.

d)
What makes the N atom in most amines pyramidal?  What makes the N atoms in urea planar?

If the N atom of an amine were planar, its unshared electron pair would be in a pure p-orbital. By becoming pyramidal it provides a lower-energy ~sp3 hybrid for the pair, more than compensating for the weakening of the N-H  bonds.

The ~sp3 hybrid of the pyramidal N would not overlap well with the low * orbital of the adjacent C=O group in an amide.  Upon flattening the N, the lone pair attains a p-orbital which does overlap well and lowers the energy of the electron pair, so one does not have to worry so much that the p-orbital in isolation is rather high in energy

e)
Considering the arrangement of orbitals, what is wrong with drawing two curved arrows in Frame 2 to show the H transfer from one N to the other to give urea, as you were asked to do in Part b?

The orbital housing the unshared pair of the lower N does not overlap well with the vacant * orbital of the N-H group to be attacked.  This is because it approaches it from the side, where it touches both the H and the N AOs, which have opposite signs in *.
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