
1.4.1 https://chem.libretexts.org/@go/page/81770

1.4: Acetal Formation, Mechanism, Resonance

Base-Catalyzed Hydration 

Last time I left you with a problem, "what is the mechanism for the base catalyzed addition of water to a carbonyl group?" Let's go
through that and see how it goes.

First let's check out the electronic structure of the OH . If we find unshared pairs we can say that the OH  is a Lewis base and a
nucleophile. That would tell us that an electron pair is ready to be used to make a new bond. Then we have the question of where
that bond will go. In the carbonyl group, we know that the carbon is the more positive end of the C=O dipole, so let's try to make
our new bond there.

This seems to be the right place to make the bond, but if we do that, the carbonyl carbon has five bonds (*). That means ten
electrons in the valence shell, so it doesn't happen. We must find a way to reduce the number of bonds to four. We can think back to
the mechanism we worked out for the acid catalyzed addition of water. In that mechanism we broke the pi bond by using its
electrons to make a new bond to H .

Let's look into the possibility that the C=O pi bond breaks as the C-O sigma bond forms. After all, the electrons in the pi bond are
farther from the nuclei than those in a sigma bond, so they should be easier to push around.

Another way to say this is that the pi bond is weaker than the sigma bond, so it takes less energy to break it. The energy required to
break the pi bond comes from making the new sigma bond to the OH . (In the acid catalyzed case, the new bond which is being
formed is the bond beween the carbonyl oxygen and the H . Breaking old bonds is usually assisted by the formation of new bonds.

We finish this mechanism by making the only bond which is left to do, the O-H bond.

Here again, the breaking of one bond is assisted by the formation of another bond. Also, this mechanism makes a new OH  to
replace the one which was used in the first step, consistent with the observation that the reaction is base catalyzed, which means
that the OH  is not used up.

Hemiacetal Formation 

Now let's use what we know about the acid catalyzed addition of water to make a prediction of what will happen when we mix an
aldehyde with an alcohol and add a drop or two of an acid catalyst.

We want to use our mechanism to predict the structure of the product. Recall the mechanism of acid-catalyzed addition of water
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If we follow closely the bonding changes that happen around the water oxygen, we notice that one of the hydrogens always stays
attached. That bond doesn't break. That bond could just as well be a C-O bond as is the situation in an alcohol. What would happen
if we just replaced water by methanol in the mechanism for acid-catalyzed hydration?

Indeed, the same mechanism seems to work just fine. The OH group in methanol is a nucleophile just like the OH group in water.
Another way to say this is that the functional group of water is the same as the functional group of any alcohol, an OH group. If we
learn a reaction for one alcohol, it will work very much the same way for any other alcohol - often including water as the smallest
possible alcohol.

Acetal Formation 

When we do the experiment to test our prediction, we find that yes, the product we have predicted is formed. But, we also find
another product, one which hadn't been predicted.

(The new product is called an acetal. The one we predicted is called a hemiacetal.) Since the hemiacetal seems to be about halfway
to the acetal, we'll explore converting the hemiacetal into the acetal.

If we look closely at the differences between these two products, we see that to do this, we need to replace the OH group of the
hemiacetal with the OCH  group of the acetal. (We can rule out the seemingly simpler alternative of replacing the H with the CH
because isotopic labelling experiments show that the O-CH  bond is not broken and the bond between the central carbon and the
OH oxygen is broken.) This reaction is also acid catalyzed, so we may begin by making a bond between H  and the OH oxygen,
using the Lewis base electrons of the oxygen (electron pairs are often symbolized by bars).

In the next step the bond between the central carbon and the oxygen we have just broken is broken. This produces water and leaves
the central carbon atom with only three bonds and a vacancy in its valence shell. A formal charge calculation tells us that this atom
is also positively charged, but it is the electron pair vacancy which is more important.

The central atom is consequently an electrophile, open to making a bond with a nucleophile. The nucleophile is the oxygen of
another molecule of methanol, whose unshared electron pair becomes the new carbon oxygen bond.
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It remains to break the bond between the hydrogen and the positively charged oxygen which produces the acetal and replaces the
H  to regenerate the catalyst.

Just to have the whole process in one place, here's the full mechanism from the aldehyde through the hemiacetal to the acetal:

Some Principles 

There are a couple of general ideas we can extract from what we did in working out this mechanism.

Charge and Reactivity: Let's contrast two positively charged molecules we found in this mechanism, one with three bonds to
oxygen and one with three bonds to carbon.

Both molecules are positively charged, and formal charge calculations tell us where that charge is. But there is an important
difference in their structures and that difference makes an important difference in their reactions.

The positively charged cation (we call it a carbocation) with three bonds has only six electrons in its valence shell. It is an
electrophile. It makes a fourth bond using electrons from a nucleophile (the methanol oxygen atom here).

The positively charged oxygen (we call it an oxonium ion) has three bonds and an unshared pair. It has a complete octet in its
valence shell. It needs no more electrons so it makes no more bonds. It is not an electrophile. Its reaction is to break a bond,
keeping the electrons, by dropping off an H .

This distinction is important. The charge alone does not tell us what to expect. It does provide a means of determining whether a
positively charged atom has a vancancy or not. From that we can decide whether a such an atom is an electrophile -- ready to
accept electrons to make a bond -- or not.

ROH as Nucleophile: Notice that whenever we used an alcohol (general formula, ROH) as a nucleophile, the order of the steps
was:

1. Reaction of the unshared pair on oxygen to form a new covalent bond. The oxygen gets a positive charge.
2. Then an H  is lost from the positively charged oxygen (oxonium ion).

Students often wonder why we don't reverse the order so that the H  comes off first to make RO , which would then act as the
nucleophile. This does not happen because the reaction is occuring in an acidic solution. A srong base like RO  (about as basic as
OH ) would be immediately consumed by reaction with the acid and would not survive. The alcohol (weaker base, about as basic as
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water) is the solvent, so there are many alcohol molecules surrounding the carbocation. This makes its reaction with an alcohol
rather than RO  (called an alkoxide ion) very likely.

Intermediates: The aldehyde, the methanol, the hemiacetal, and the acetal are all stable molecules. They can be isolated and
studied over a period of time. All the other molecules in this mechanism are much less stable. They have relatively high energies
and thus short lifetimes. When they are formed, they react quickly. The main clue to this in their structures is that they have unusual
bonding patterns such as three bonds to carbon (with a positive charge) instead of four, or three bonds to oxygen instead of two.
Such molecules are called reactive intermediates; reactive because their unusual bonding pattern suggest that a change in bonding
will happen, and intermediates because they appear between the reactants and the products.

Resonance 

To finish up, let's return to one of our carbocation intermediates. Recall that we began thinking about acid catalyzed reactions of
aldehydes by using a C-O pi bond to supply the electrons to make a new bond with H .

There is an alternative. We could also think about using one of the unshared electron pairs on the oxygen atom.

Let's compare the two molecules we obtain in this way.

Notice first that the "connectivity" of these two structures is identical. That is, each atom is connected to exactly the same atoms in
one structure as it is in the other. Then, notice that the only difference is in the location of an electron pair. On the left, an electron
pair is shown as unshared on the oxygen. On the right, that pair is shown as making a pi bond.

When two (or more) structures differ only in the location of electrons, without changing which atoms are bonded to which other
atoms, those structures are different ways of describing a single molecule. The symbols differ, but there is only one molecule being
described. The notation for this is to connect the two structures by a double headed arrow, which does not imply equilibrium. (We
can use the curved arrow symbol to keep track of the formal electron motions.)

This situation is called resonance. When resonance is involved the real structure (called a resonance hybrid) is more stable than any
of the formal (called contributing) structures we might draw. This is called resonance stabilization.

Often, I will only draw one structure and expect that you will recognize that resonance is involved and know what other structures
might be included in describing the resonance hybrid. The structure presented will be the one which most directly connects to the
reaction being described.

We will use resonance many more times during the semester, so there will be many opportunities to clarify your understanding.

This page titled 1.4: Acetal Formation, Mechanism, Resonance is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or
curated by Kirk McMichael.
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