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5.4: Types of Protons

After completing this section, you should be able to:

1. identify those protons which are equivalent in a given chemical structure.
2. use the H NMR spectrum of a simple organic compound to determine the number of equivalent sets of protons present.

Make certain that you can define, and use in context, the key terms below.

diastereotopic
enantiotopic
homotopic

If all protons in all organic molecules had the same resonance frequency in an external magnetic field of a given strength, H NMR
would not be terribly useful to organic chemists. Fortunately for organic chemists, resonance frequencies are not uniform for all
protons in a molecule. In an external magnetic field of a given strength, protons in different locations in a molecule have different
resonance frequencies, because they are in non-identical electronic environments. In methyl acetate, below for example, there
would be two peaks in the H NMR spectrum, which means there are two types of protons. The three protons labeled H  have a
different - and easily distinguishable – resonance frequency than the three H protons, because the two sets of protons are in non-
identical environments: they are, in other words, chemically nonequivalent.

On the other hand, the three H  protons are all in the same electronic environment, and are chemically equivalent to one another.
They have identical resonance frequencies. The same can be said for the three H  protons.

A good test to determine if hydrogens are chemically equivalent is by doing a thought exercise. In the thought exercise, you replace
hydrogens by X to determine what the "thought molecules'" relationship would be to each other. If the protons in the two "thought
molecules" are identical, then the protons are said to be homotopic. Homotopic protons are identical protons and will be
chemically equivalent. This means that they will show up at the same location in the NMR spectrum. 

Are the protons in methane, CH , homotopic, enantiotopic, or diastereotopic?

Solution

Let's do the thought experiment. Two of the hydrogens in methane have been labeled a and b. 

C
Ha

Hb

H

H

Now exhange replace each with X to form two separate "thought molecules". If we exchange H  for X, then the molecule
would be

C
X

Hb

H

H

 .

Doing the same with H , the resulting molecule is
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C
Ha

X

H

H
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The next step is to determine the relationship between these two molecules. Both "thought molecules" are identical, so the
protons are homotopic. 

You might expect that the equatorial and axial hydrogens in cyclohexane would be non-equivalent, and would have different
resonance frequencies. In fact, an axial hydrogen is in a different electronic environment than an equatorial hydrogen. Remember,
though, that the molecule rotates rapidly between its two chair conformations, meaning that any given hydrogen is rapidly moving
back and forth between equatorial and axial positions. It turns out that, except at extremely low temperatures, this rotational motion
occurs on a time scale that is much faster than the time scale of an NMR experiment.

H

H

In this sense, NMR is like a camera that takes photographs of a rapidly moving object with a slow shutter speed - the result is a
blurred image. In NMR terms, this means that all 12 protons in cyclohexane are equivalent.

The next example we will consider is bromochloromethane. Are the protons of the CH  chemically equivalent?

Are the protons in bromochloromethane, C H BrCl, homotopic, enantiotopic, or diastereotopic?

H Br

ClH

Solution

Start with the same thought experiment that we did with methane and exchange one of the hydrogens with X to make one
"thought molecule" and then repeat with the other hydrogen. The two molecules you get are:

 H Br

ClX

 and X Br

ClH

.

The relationship between the two molecules is that they are enantiomers. These protons are considered enantiotopic. 

In Example 5.4.2, the "thought" molecules were enantiomers of each other. The hydrogens are termed enantiotopic and like
enantiomers the protons are only different in the presence of something that is chiral. The solvents typically used for NMR
spectroscopy are achiral. Therefore, the two methylene protons are equivalent protons and will have the same chemical shift. For
bromochloromethane, one would expect there to be one NMR absorption for the CH  group. In summary, enantiotopic protons will
be chemically equivalent. This means that they will show up at the same location in the NMR spectrum. 

The final type of protons to discuss is diastereotopic protons.

Are the methylene protons in 2-bromo-2-chlorobutane, C H BrCl, chemically equivalent?
Cl Br

Solution

Start with the same thought experiment that we did with methane and exchange one of the hydrogens with X to make one
"thought molecule" and then repeat with the other hydrogen. The two "thought molecules" are:
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Cl Br

H X  and 

Cl Br

X H .

The relationship between these two molecules is diastereomers. These protons are considered diastereotopic protons.
Diastereomers have different chemical properties, which means these protons are not chemically equivalent.

Overall, 2-bromo-2-chlorobutane will have four different types of hydrogens: the two methyl groups will be different giving two
NMR absorptions and the CH  will give two NMR absorptions. In general, diastereotopic protons occur when there is a chirality
center already present in the molecule. In summary, diastereotopic protons will be chemically different. This means that they will
show up at different locations in the NMR spectrum. 

When stereochemistry is taken into account, the issue of equivalence versus nonequivalence in NMR starts to get a little more
complicated. It should be fairly intuitive that hydrogens on different sides of asymmetric ring structures and double bonds are in
different electronic environments, and thus are nonequivalent and have different resonance frequencies. In the alkene and
cyclohexane structures below, for example, H  is trans to the chlorine substituent, while H  is cis to chlorine. H  and H  in both the
alkene and cyclohexane structures would give different absorptions in the NMR spectrum.

Most organic molecules have several sets of protons in different chemical environments, and each set, in theory, will have a
different resonance frequency in H-NMR spectroscopy. The ability to recognize chemical equivalency and nonequivalency among
atoms in a molecule will be central to understanding NMR.

Exercise 

Are the labeled protons homotopic, enantiotopic, or diastereotopic?

a.  

Cl

F

Ha

Hb

b. 

HbHa

HO

Answer
a. Diastereotopic
b. Diastereotopic

How many non-equivalent hydrogens are in the following molecules? How many different signals will you see in a H NMR
spectrum?

a. 
Cl

b. O
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c.  

Answer
a. 1-chloropropane has three non-equivalent hydrogens and would have 3 signals in an H NMR spectrum.
b. Diethylether has two non-equivalent hydrogens and would have 2 signals in an H NMR spectrum.
c. Ethylbenzene has five non-equivalent hydrogens and would have 5 signals in an H NMR spectrum.

5.4: Types of Protons is shared under a not declared license and was authored, remixed, and/or curated by Steven Farmer, Dietmar Kennepohl,
Lauren Reutenauer, & Lauren Reutenauer.
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