Reminder: These notes are meant to supplement, not replace, the textbook and laboratory manual.

Introduction to Nuclear Magnetic Resonance

(See also the Gas Chromatography notes, which also apply to today's experiment. Notes for the
objectives of the two parts of thislab are in these two separate sections.)

5.

Proton magnetic resonance only studies the nuclei of the most common isotope of
hydrogen, 1H. Protonsthat are part of other nuclel do not give signalsin the pmr spectrum.
For example, compounds such as water (H,0) and table sugar (sucrose, C1o2H»>,011) do
give a pmr spectrum (from their H’s only); such compounds as NaCl, CO, and K>Cr,0O7
do not.

Every proton (that is, every 1H) in asample can giveasignal. If al of the protonsin a
sample are equivalent to one another, their signals will coincide, and chemists say that the
spectrum contains one signal. For example, the pmr spectrum of a sample of HCI contains
only one signal. When all the protons in the same molecule are equivalent, a sample of the
compound will give only one signal in the pmr spectrum. H,O is an examples of such a
compound; itstwo H’s are equivalent. Others are methane (CH4) and ethane (CH3CH3).
Methanol (CH30H) givestwo signalsin its proton nmr spectrum. The three protons of the
CH3 group are equivalent to one another, but the proton of the OH group is not equivalent
to the others.

Sample questions: How many signals are there in the proton nmr spectra of each of the
following molecules?

a) CH3CH,0OH b) CH3CH,0CH3 C) CH3CH,OCH,CH3
O

| ]
d) CH3CH2CH2CH2CCHs3 e) @CHzCHzCHzCHzCHs

Answers.

The three protonsin the CH3 group in ethanol are equivaent to one another. Thetwo
protons of the CH, group form a second set, and the OH givesathird signal. This
compound gives three signalsin its proton nmr spectrum, as shown here:

CH3CH20H

/
@ (b) (©)

b) The CH3 groups are not equivalent to each other. One of them is attached to the oxygen

atom, and the other is attached to a CH», group. This compound givesthree signals, as
shown here:

CH3CH20CH3

/
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c) Thistimeall six H'sin the CH3 groups are equivalent to one another. Both of the CH3
groups are bonded to CH, groups that are bonded to the O. The CH» group protons are
also equivalent. Thiscompound (diethyl ether) givestwo signas, as shown here:

/ (a) \
CH3CH20CH2CH3
\ /

(b)

The actual proton nmr spectrum of diethyl ether showstwo signals, as predicted. Thefine
structure of these signals (that is, the fact that they do not consist of single peaks) will be
addressed later in these notes (under #6). Hereis the proton nmr spectrum of diethyl ether:
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In addition to the two signals labeled aand b, the sharp-eyed reader will note asmall signal
directly above the O on the scale of units across the bottom. Thisisasignal from a standard
compound (TMS, see below) that was added to the diethyl ether. Ignore thissigna when
interpreting proton nmr spectra

For reasons why the signals fall where they do on the spectrum, see the next section (#6).



d) Thiscompound, 2-hexanone, is expected to give 5 signalsin its proton nmr spectrum, as
shown here.
O

CH3CH2CH20H2£3|CH3
S
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The actual proton nmr spectrum of this compound illustrates some of the practical problems
chemists encounter when interpreting real proton nmr spectra. The protonslabeled b and ¢
above are not equivalent to one another, but they are smilar enough that their signals overlap
in the spectrum, which is shown here. The signalsfor aand d are broad and complex.

Only the signal for eisasingle narrow peak.
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Once again thereisasignal at O; ignorethis. For reasonswhy the signalsfall where they
do on the spectrum, see the next section (#6).



€) Remember that molecules represented by bond-line formulas contain hydrogen atoms that
are not shown in the formula. This compound (pentylbenzene or n-amylbenzene) gives 8
signas, asindicated here.
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Here isthe actual proton nmr spectrum of this compound.
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The protonsa, b, and c attached to the benzene ring give three signalsin theory, but they are
so similar to one another that their signals overlap to give one relatively narrow peak. The
protons labeled g, f, and g are also similar to one another, and their signals overlap.

To identify unknowns from proton magnetic spectra, it is necessary to use three types of
information. Oneisthe number of signals (#5 above). The other two are the location of
signals (chemical shift in nmr terminology) and the appearance of signals (spin-spin

splitting).



A.

(1)

2)

3)

Location of signals. chemical shift.

The location of signals on a pmr spectrum is almost always expressed in units of parts per
million (ppm) on the d scale, which is given aong the bottom of the spectra shown above.
There are three main factors that influence the location of signals, also known asthe
chemical shift: (1) the presence of eectronegative atoms near the proton giving asigna, (2)
the presence of p bonds, and (3) the number of bonds between the proton and the
electronegative atom or p bond.

Effect of electronegative atoms. Protonsthat are part of CH3 groups far away from non-
carbon atoms or p bonds generally give d values between d 0.5 and d 1.0. For examples,
see the protons labeled a in the spectrum of 2-hexanone above and the protons labeled h in
the spectrum of pentylbenzene. In general, protonsthat are part of CH3, CH,, and CH
groupsthat are NOT directly attached to an sp2 carbon atom or heteroatom (that is, an atom
other than C or H) give signals that appear between d 0.5 and d 2.0. Other examples of this
in the spectra above include the CH3 group a in diethyl ether, the CH, groups b and cin 2-
hexanone, and the CH, groups g, f, and g in pentylbenzene.

Protons that are attached to carbon atoms that are attached to electronegative atoms such as
O, N, and the halogens appear at higher d values. For example, the protons in the CH,
group b in diethyl ether, which is attached to an O, giveasignal at about d 3.5. Protons on
groups attached to electropositive atoms give signals at low d values. The standard
compound tetramethylsilane (TMS), (CH3)4Si, gives asignal whose location is defined to
bed 0.

Effect of p bonds. Protonsthat are attached to sp2 carbon atoms (carbon atomsinvolved in
most p bonding) give signals that have high d values. The benzene ring protonsa, b, and ¢
in pentylbenzene, for instance, give asignd at approximately d 7.2. Similar protonsin
alkenes, aldehydes, and carboxylic acids give signals at high values of d.

Effect of distance. The farther aproton isfrom ap bond or electronegative atom, the lower
thevaue of d of itssignals. In pentylbenzene, the benzene ring protons a, b, and ¢ appear at
aboutd 7.2. Thesignal from the protonsd in a CH, group adjacent to the benzenering,
which are called benzylic protons, appears at about d 2.6. Similarly, in 2-hexanone, the
CH3 group protons a and the CH, group protons b that are part of groups directly adjacent
to the C=0O group givesignasat d 2.1 and d 2.5 respectively.

Appearance of signals: spin-spin splitting

In simple cases the number of signals can be predicted thisway: The number of peaksin a
signal isequal to the number of neighboring protons plusone. A proton countsasa
neighbor wheniit is (1) not equivalent to the proton you're looking at and (2) three (rarely 2)
bonds away from the proton you're looking at. There's another rule: (3) Protons on OH
and NH groups usually don't act as neighbors.



It'slikethis, in Simple cases:

number of neighbors signal
0 1 peak (called asinglet)
1 2 peaks (doubl et)
2 3 peaks (triplet)

And so on. Therest of the words are quartet, quintet, sextet, and septet.
Consider ethyl ether, the compound in question 5¢ above.

a b b a

H H H H
| | ||
a H—C—C—0—C—C—H a

| ||
H H H H

a b b a

The protons labeled aare all equivalent, so they give one signa and don't act as neighbors.
The sameistrue of the protons labeled (b). Each of the protonslabeled (a) has two
neighboring protons labeled (b), and therefore the a protons give 3 peaks, atriplet (2
neighbors plus 1 equals 3). Each of the protons labeled (b) has three neighboring protons
labeled (a), and therefore the (b) protons give aquartet. To see what they look like, see
Spectrum 1 above.

It isalso possible to predict the appearance of singlets, doublets, triplets, and so on, in ideal
cases at least. It all startswith Pascal's Triangle. Here's how it works:
Pascal's

Triangle singlet: one peak by itself |
1 4 doublet: two peaks of equal area | |
1 1 _—— triplet: central pesk hastwice I |

1 2 1
1 3 3 1 the area of the outer two

[
1 4 6 4 1\ quartet: central pesks each have | |
e \ three times the area of the outer two | I
I

Peak (€) in Spectrum 2 isasinglet, peak (a) in Spectrum lisatriplet, and peak bin
Spectrum 1 isaquartet. Peaksaand d in Spectrum 2 and peaks d and h in Spectrum 3 are
distorted triplets. (Look at the structures and see why they're triplets).

quintet: you know how
thisworks now |
[

The signal labeled (a, b, c) in Spectrum 3 1ooks like asinglet, but there are three sets of
equivaent protons (5 protonstotal) under there. It'samultiplet (asignal that isn't smple or
ideal). Signd (b,c) in Spectrum 2 and signa (e, f, g) in Spectrum 3 are also multiplets.
Multiplets aren't something you'll be asked to predict on aquiz, but it's you'll have to desl
with multiplets when identifying unknowns.



C.

b)

Identifying unknowns from proton nmr spectra

Y ou will sometimes be asked to identify unknowns from real nmr spectra (or copies of
them). Sometimes you'll be given abbreviated lists of peaks, especialy on quizzes. Youll
also be given the molecular formula of the unknown.

Thereis no set algorithm for identifying an nmr unknown from its proton nmr spectrum.
Y ou look through the data you were given and find information that gives you ideas about
parts of the structure. Then you put the parts together and identify the whole. The most
fundamental information you need is something you already know. Carbon forms four
bonds, nitrogen forms three bonds (with one pair of nonbonded electrons), oxygen forms
two bonds (with two pairs of nonbonding electrons), halogens form one bond (with three
pairs of nonbonding electrons), and hydrogen forms one bond only (no nonbonding
electrons).

Here are two smple examples.

An unknown compound has the formula C3H~I. Its proton nmr spectrum consists of a
doublet, d 1.9, 6H, and aseptet, d 4.3, 1H. What is the structure of this unknown?

Theformulaisaclue. Theindex of hydrogen deficiency is zero, which meansthat the
compound contains no rings or double bonds. Looking at the spectrum, one of the signals
isadoublet given by 6H. Six equivalent hydrogens amost always means two methyl
groups. Thisisadoublet, so the 6H have one neighboring H. This makes sense because
the other proton in the spectrum is a septet (seven peaks, 6H neighbors). This givesyou the
following partial structure.

H H H
| | |
H—C—C—C—H

| |
H H

This partial structure and the formulatell you that there's something missing, thel. There's
only one placeto put it, and here's the answer:

H HH

|1
H—C—C—C—H 2-iodopropane, isopropyl iodide

||

H | H

An unknown compound has the formula C;Hg. Its proton nmr spectrum consists of a
singlet, d 2.3, 3H, and anarrow multiplet, d 7.2, 5H. What is the structure of this unknown?

Theindex of hydrogen deficiency is4. Most often this means that there is a benzenering
in the unknown—3 p bonds, 1 ring. The spectrum tells you the same thing. A peak at

d 7.2 aimost aways comes from a benzene ring. Thering has 5H on it (the spectrum tells
you that). Since benzene itself has 6H, there is one group other than H on our benzene

ri Tg. The other group has 3H, so it's almost certainly a methyl group. Thisunknownis
toluene:



A useful check: Doesthisfit the formula of the unknown? Yes, it does; the formula of
tolueneis C7Hg.

The key to identifying compounds from proton nmr spectrais practice. Y ou will find
proton nmr information in your lecture notes, your drill manual, your lecture textbook, and
other sources. Work problems.

The type of C-13 nmr spectrum you will seein this course shows only singlets, with no
spin-spin splitting information. This gives you information about the carbon skeleton,
information you don't get from proton nmr. The number of signalsis equa to the number
of sets of equivaent carbon atoms, and the location (chemical shift) of the signals gives you
information about the environment of these atoms. Y ou will be given atable of chemica
shifts to help you solve any C-13 nmr problems; a copy is given on thisweb site.

Infrared spectra give you information about functional groups. Thisisreview; there are
notes about IR spectra elsewhere on this web site.



