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1.7: Equilibrium and pKa
Proton transfer reactions are very common. It's useful to be able to tell whether a proton is likely to be transferred from one
position to another. Researchers have worked very hard to work out information that will give them some insight into that problem.
The resulting data is often compiled into a pKa table, like the one below.

The table is organised into columns of compounds. On each compound, there is a hydrogen colored in blue. The pK  value listed
next to the compound is an index of how tightly that hydrogen is held by the compound. The bigger the pK , the more tightly that
proton is held.

A low pK  means the proton is given up easily. The compound is very acidic.
A high pK  means the proton is held very tightly. The compound is not very acidic.

For example, methanesulfonic acid, CH SO H, is quite acidic. It has a low pK . In this table, its approximate pK  is listed as -3.
What does that mean exactly? Well, the equilibrium constant for the ionisation of any compound is 10 . The equlibrium constant
for the ionisation of methanesulfonic acid is 10 , or 1000. That's the equilibrium constant for the reaction:

CH SO O-H = CH SO O  + H

Of course, you may already know that a proton is not likely to wander around on its own. It is normally bound to a lone pair. In
some studies, the lone pair is on a water molecule. Then the reaction would really look like this:

CH SO O-H + H O = CH SO O  + H O

In other studies, the lone pair is on another solvent molecule, such as DMSO, (CH ) SO. Then the reaction would really look like
this:

CH SO O-H + (CH ) SO = CH SO O  + (CH ) SOH

The actual value of the pK  varies depending on the conditions of the measurement. For example, a pK  measured in water is a
little different from a pK  measured in DMSO, but the trends are generally the same.

We can use the pK  table to compare the acidity of different compounds. Methanesulfonic acid is much, much more acidic than
butane, CH CH CH CH , which has a pK  of about 50. In addition, we can use the table to predict the direction of a reaction, or
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the equilibrium of a reaction. If a proton is being transferred from one position to another, a comparison of pKa values will tell us
whether the reaction will proceed or not.

For example, consider the transfer of a proton from ethane thiol, CH CH SH, to pyridine, C H N (it looks like a benzene with one
carbon replaced by a nitrogen). The pK  of the ethane thiol is 11. If the pyridine accepts the proton, it will form a pyridinium ion,
C H NH , with a pK  of 5. Qualitatively, we can already predict that the reaction will not proceed that well. The ethane thiol has a
higher pK  than the pyridinium ion, so it will keep its proton, not give it away. However, the difference between the numbers isn't
that large. Maybe there will be a measurable equilibrium, meaning an equilibrium in which there are measurable amounts of both
products and reactants.

It can be shown that the equilibrium constant for a proton transfer reaction is K = 10 , in which pK 2 is the pK  of the acid
on the product side and pK 1 is the pK  of the acid on the reactant side. The acid is simply the species on either side that might give
up its proton.

In this case,

K = 10  = 10 .

The equilibrium constant is really defined as the ratio of the product concentrations to the reactant concentrations.

K = [products]/[reactants]

In this case,

We have two numbers multiplied together in the numerator and two numbers multiplied together in the denominator. Each time an
ethane thiol and a pyridine react together and transfer a proton, we will get a thiolate anion and a pyridinium cation. In a simple
case, we can think of an equal number of thiolate anions and pyridinium cations forming (since the same proton went from one to
the other).

Then the equilibrium constant has a slightly simpler form:

in which x = the concentration of either the thiolate or the pyridinium and y = the concentration of either the thiol or the pyridine.

In that case, the ratio of products to reactants, x/y, is equal to the square root of the equilibrium constant. In this case, the ratio is the
square root of 0.000001. So the ratio of the products to the reactants is 0.001.

a) Predict the equilibrium constant for the reaction of pentane-2,4-dione, CH COCH COCH , with sodium tert-butoxide,
NaOC(CH ) .

Answer

K = 10  = 10

The table can often be used even if you don't see the compound you are looking for. Often, you can see something that looks pretty
similar to what you are interested in and you can estimate the pK  that you need.

a) Predict the equilibrium constant for the reaction of 2-pentanone, CH CH COCH CH , with sodium methoxide, NaOCH .

Answer
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K = 10  = 10

Note that this pK  table is organised so that similar sorts of structures are placed in a box together. That arrangement is supposed to
make it easier for you to look for trends and understand what kinds of factors make a proton more tightly held or more easily
released.

a. Compare a pair of compounds in the box of nitrogen compounds and explain why one has a higher pKa than the other.
b. Compare a pair of compounds in the box of hydrocarbons and explain why one has a higher pKa than the other.
c. Compare a pair of compounds in the box of O-H containing compounds and explain why one has a higher pKa than the

other.
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