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13.6: 1H NMR SPECTROSCOPY AND PROTON EQUIVALENCE

After completing this section, you should be able to

e identify those protons which are equivalent in a given chemical structure.
o 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.

o diastereotopic
e enantiotopic
e homotopic

X STUDY NOTES

It is important at this stage to be able to identify equivalent protons in any organic compound given the structure of that compound.
Once you know the number of different groups of equivalent protons in a compound, you can predict the number (before coupling) and
relative strength of signals. Look at the following examples and make sure you understand how the number and intensity ratio of
signals are derived from the structure shown.

Structure Number of Signals Ratio of Signals
CH;0CH,CH,Br 3 A:B:C B3 232

3 A:B:C 2:2:6(r1:1:3)

2:4:2(or1:2:1)

4 A:B:C:D 3:2:2:3

A /%O[OPD

5 A:B:C:D:E 3:1:1:1:1

Proton equivalence in proton NMR refers to the concept that not all hydrogen atoms in a molecule produce distinct signals in the NMR
spectrum. Instead, chemically equivalent protons, meaning those that occupy identical environments within a molecule, yield the same
NMR signal. This concept is essential for interpreting NMR spectra accurately. Chemical equivalence is determined by the molecular
structure and symmetry of a molecule. If all protons in all organic molecules had the same resonance frequency in an external magnetic field
of a given strength, the information in the previous paragraph would be interesting from a theoretical standpoint, but would not be terribly
useful to organic chemists. Fortunately for us, however, 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, for example, there are two ‘sets’ of protons. The three protons labeled H, have a
different - and easily distinguishable — resonance frequency than the three Hy, protons, because the two sets of protons are in non-identical
environments: they are, in other words, chemically nonequivalent.

Ha (|)| Hb

| |
Ha—Cli—C—O—(l'J—Hb

Ha Hb

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 Hy, protons. These protons are considered to be homotopic. Homotopic
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protons are chemically identical, so electronically equivalent, thus show up as identical NMR absorptions.

The ability to recognize chemical equivalency and nonequivalency among atoms in a molecule will be central to understanding NMR. In
each of the molecules below, all protons are chemically equivalent, and therefore will have the same resonance frequency in an NMR

experiment.
hl H H H H
Ho _C. M o \ _C_ s
c” ¢ I I o H—C” ~C—H
(I:I é H\C/C\ ~H Ho..C..O C|: C|:
~ YN /N /N \ TN~
HT°C™ H H HH H HH HoS
H
benzene acetone pyruvate cyclohexane

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

[T e T

ring-flip process is fast compared to the NMR time-scale

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.

Each the molecules in the next figure contains two sets of protons, just like our previous example of methyl acetate, and again in each case
the resonance frequency of the H, protons will be different from that of the Hy, protons.

Hp /Hb
0 Hoa c=C H
Ho Hoo I N
RN N Ha\C/C\H Ha_?_c\\ //C_Cl:_Ha
NTG A b H, C—C H
H, H a s, A Ta
H, O a e Hp Hp
glycine acetaldehyde para-xylene

Notice how the symmetry of para-xylene results in there being only two different sets of protons.

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.

H-
Hy, H, H, CHs —=Hy
V4 N—"SN
H, CHs H— | PR
® /'Qﬂ/oe NTNT K
H, —— I
HN H—=s |
(0]
alanine adenine H
(an amino acid) (a DNA/RNA base)
Ha Hd
o HH CHs
o | [
O—P—O—Fl’—O K CH,
Oy Og . HH
[ =
Hy

isopentenyl diphosphate

seratonin (a neurotransmitter)
(a lipid building block)
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When stereochemistry is taken into account, the issue of equivalence vs 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 non-equivalent and have different resonance frequencies. In the alkene and cyclohexene structures below, for
example, H, is trans to the chlorine substituent, while Hy, is cis to chlorine.

Ha\ v
/CZC\ Ha
Hg Cl ¢ Hy

What is not so intuitive is that diastereotopic hydrogens (section 3.10) on chiral molecules are also non-equivalent:

non-equivalent

Hs . / (diastereotopic)
H, | Hr
®
HN" >coj
phenylalanine

However, enantiotopic and homotopic hydrogens are chemically equivalent. To determine if protons are homotopic or enantiotopic, you can
do a thought experiment by replacing one H with X followed by the other H by X. In pyruvate below, if you replace any of the Hs with an
X, then you would get the same molecule. These protons are homotopic. In dihydroxyacetone phosphate, this is not quite the case. If you
exchange Hy for X, then you would create a stereocenter with R configuration. If you exchange Hg for X, then you would create a
stereocenter with S configuration. The two "new molecules" would have the relationship of being enantiomers. Therefore Hg and Hg are
enantiotopic protons. The only way these protons will show up different under NMR experimental conditions would be if you used a solvent
that was chiral. Since most common solvents are all achiral, the enantiotopic protons are NMR equivalent and will show up as if they were

the same proton.
equivalent
ﬁ 0 H @(cn aniotopic) H 0 e
9O_P_O & R equivalent \C o
(5@ H S (homotopic) .7y,
H

OH H o]
dihydroxyacetone pyruvate
phosphate

v EXAMPLE 13.6.1

How many different sets of protons do the following molecules contain? (count diastereotopic protons as non-equivalent).
HO
o]
a) OH by
| =
@
~N
H 7 “oH
CHs CH,
pyridoxine DEET
(vitamin By) (an insect repellent)
H
|
N
o} O
c) d) <
& o
co;
=) (=]
OZC\H\/COZ
OH F
isocitrate paroxetine
(a citrie acid cycle intermediate) (an antianxietry drug, trade name Paxil)
Solution
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How many non-equivalent hydrogen are in the following molecules; how many different signals will you see in a H! NMR spectrum.
d. CH3CH2CH2BI‘
b. CH;0CH,C(CH3)s
c. Ethyl Benzene
d. 2-methyl-1-hexene

Answer
A.3;B.3;C.5;D.7
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