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* Nuclear magnetic resonance (NMR) spectroscopy is the
method of structure determination that organic chemists turn to
first (mapping a molecule’s carbon—hydrogen framework).
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* Infrared spectroscopy (IR): functional groups identification.
« Mass spectrometry (MS): mass determination
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» Taken together, mass spectrometry, IR, and NMR make it
possible to determine the structures of even very complex
molecules.
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* Many kinds of nuclei behave as if they were spinning about
an axis, much as the earth spins daily.
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» These spinning nuclei act like tiny magnets and interact with
an external magnetic field, denoted B, .
nhize Jia aa il O (S Cia o el Gudaiall @ gla (55l o2 @l

BO L_',AJB

« Fortunately for organic chemists, both the proton (*H) and
the 13C nucleus do have spins.
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 |In the absence of an external magnetic field, the spins of
magnetic nuclei are oriented randomly.
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« When a sample containing these nuclei is placed between
the poles of a strong magnet, however, the nuclei adopt
specific orientations: A spinning *H or 13C nucleus can orient
so that its own tiny magnetic field is aligned either with (parallel
to) or against (anti-parallel to) the external field.
* The parallel orientation is slightly lower in energy by an
amount that depends on the strength of the external field.
« This parallel orientation is very slightly favored over
the anti-parallel orientation (Figure 13.1).
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Figure 13.1 (a) Nuclear spins are oriented randomly in the absence of an

external magnetic field but (b) have a specific orientation in the presence of
an external field, By,. Some of the spins (red) are alipned parallel to the external

field while others (blue) are antiparallel. The parallel spin state is slightly lower
in energy and therefore favored. -
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« If the oriented nuclei are irradiated with eljéctromagnetlc
radiation of the proper frequency, energy is absorbed and spin
—flips from the lower-energy state to the higher-energy state
occur. Here the magnetic nuclel are said to be in resonance —
hence the name nuclear magnetic resonance NMR.
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* The exact frequency necessary for resonance depends both
on the strength of the external magnetic field and on the
identity of the nucleil.
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- If a stronger magnetic field is applied, the spin-flips occur at
higher-frequency radiation (rf: radiofrequency).

- If a weaker magnetic field is applied, spin —flips occur at
lower- frequency radiation (Figure 13.2).
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Figure13.2 The energy difference AE between nuclear spin states depends on the strength of the applied
magnetic field. Absorption of energy with frequency vconverts a nucleus from a lower spin state to a higher spin
state. (a) Spin states have equal energies in the absence of an applied magnetic field but (b) have unequal energies
in the presence of a magnetic field. At & = 200 MHz, AE = 8.0 % 10~ k|/mol (1.9 ¢ 10~ kcal/mol). (c) The energy
difference between spin states is greater at larger applied fields. At » = 500 MHz, AF = 2.0 % 10~% k)/mol.
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* Field strengths in the range of 4.7 to 7.0 T(tesla) are
commonly used.
« At a magnetic field strength of 4.7 T, radiofrequency (rf) energy
in the 200 MHz range (1 MHz = 10° Hz) brings a 'H nucleus into
resonance, and rf energy of 50 MHz brings a 3C nucleus into
resonance.
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* At the highest field strength currently available in commercial
Instruments (21.2 T), 900 MHz energy is required for 1H
spectroscopy.
* The energies needed for absorption in NMR are much smaller
than those required for IR absorption ; 200 MHz rf energy
corresponds to only 8.0 * 10 kJ/mol versus the 4.8 to 48
kJ/mol needed for IR spectroscopy.
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« 1H and *3C nuclei are not unique in

their ability to exhibit the NMR Table 13.1 The NMR Behavior
of Some Common Nuclei

phenomenon.
* All nuclei with an odd number of Magnetic  Nonmagnetic
protons (1H, 2H, 14N, 19F, 31P, ..... ) and nuclei nuclei
all nuclei with an odd number of 'H I2c
neutrons (13C, for example) show 13 60
magnetic properties. 2H 325
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* Only nuclel with even numbers of both
protons and neutrons (*¢C, 160, 32S) do

not give rise to magnetic phenomena
(Table 13.1).
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* In fact, the absorption frequency is not the same for all *H or
all 13C nuclei.

« All nuclei in molecules are surrounded by electrons and
produce tiny local magnetic fields of their own that oppose to
the applied field. Hence the nuclei are said to be shielded from
the full effect of the applied field:

B effective — applied ~ B/oca/

« Thus considering a molecule having nuclei different in their

electronic environment, these nuclei can be detected distinctly
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The *H NMR spectrum of methyl acetate, CH,CO,CHj,

The two methyl groups themselves are nonequivalent, so

the two sets of hydrogens absorb at different positions.
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The 3C NMR spectrum of methyl acetate, CH,CO,CH,

Note: 'H and 13C spectra can’t be observed simultaneously on

the same spectrometer. The two spectra must be recorded
separately.
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Figure 13.4 Schematic operation of a basic NMR spectrometer.
A thin glass tube containing the sample solution is placed between the poles
of a strong magnet and irradiated with rf energy.
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NMR spectra are displayed on charts that show the applied field strength increasing
from left to right (Figure 13.5). Thus, the left part of the chart is the low-field, or
downfield, side, and the right part is the high-field, or upfield, side. Nuclei that absorb
on the downfield side of the chart require a lower field strength for resonance,
iImplying that they have less shielding. Nuclei that absorb on the upfield side require a
higher field strength for resonance, implying that they have more shielding.

Laa 52 J8Y) (5 sill 4 alici (mbdie Jis o3 Cindall lbhade (e ) cailall
SRV (sl 4 il adi pe Jia 5D Y] Culall s [ess shielding <l SV
(el ~ L 3G 3 gl alialial aaase o2, more shielding ba s

Figure 13.5.
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The position on the chart at which a nucleus absorbs is called its chemical

shift. The chemical shift of TMS is set as the zero point, and other

absorptions normally occur downfield, to the left on the chart.

NMR charts are calibrated using an arbitrary scale called the delta (8) scale, where 1
O equals 1 part-per-million (1 ppm) of the spectrometer operating frequency. For
example, if an instrument were operating at 200 MHz, 1 d would be 200 Hz. If we
were measuring the spectrum using a 500 MHz instrument, 1 & = 500 Hz.

The chemical shift of an NMR absorption in & units is constant, regardless of the
operating frequency of the spectrometer. A 1H nucleus that absorbs at 2.0 5 on a 200
MHz instrument also absorbs at 2.0 & on a 500 MHz instrument.
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I3C-NMR spectroscopy : Signal
syl bws Cl-  Averaging
And FT-NMR

« 12C, the most abundant carbon isotope, has no nuclear spin
and can’t be seen by NMR.
« Carbon-13 is the only naturally occurring carbon isotope with
a nuclear spin, but its natural abundance is only 1.1%. Thus,
only about 1 of every 100 carbons in an organic sample is
observable by NMR.
S0 O Ol ) %1,1 5o oandall o a5 () W) Lig s Lo pulaill 13- ¢y 5 S el
13-030 8 (e B3a) 550 Aol Sy Al (8 3353 50 05205 33 100 Jaal
a3 5 HLEY) ey olaaa ik sy olld e Gl (Says . NMR a2
Jleallde ju il FT-NMR aladiuly Sleal) doloa
« The problem of low abundance has been overcome, by the
use of signal averaging and Fourier-transform NMR (FT-NMR).
- Signal averaging increases instrument sensitivity,
- FT-NMR increases instrument speed..



I3C-NMR spectroscopy : Signal Averaging And
FT-NMR
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Figure 13.6 Carbon-13 NMR spectra of 1-pentanol, CH3CHzCHZCHZCHZOH. Spectrum (a) is a single run,
showing the large amount of background noise. Spectrum (b) is an average of 200 runs.



I3C-NMR spectroscopy : Signal Averaging And FT-NMR

« Sighal averaging: hundreds or thousands of individual runs are added together by a
computer and then averaged, (Figure 13.6b). Background noise, because of its
random nature, averages to zero, while the nonzero signals stand out clearly.
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* Fourier Transform NMR (FT-NMR): This technique is used by modern
spectrometers. All the signals are recorded simultaneously. A sample is placed in a
magnetic field of constant strength and is irradiated with a short pulse of rf energy that
covers the entire range of useful frequencies.

All *H or 13C nuclei in the sample resonate at once, giving a complex, composite
signal that is mathematically manipulated using fourier transform and then displayed
in the usual way.

This operation takes only a few seconds rather than a few minutes to record an entire
spectrum..
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Characteristics Of 3C-NMR spectroscopy
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« 13C NMR makes it possible to count the number of different

carbon atoms in a molecule (look at the spectra of methyl

acetate and 1-pentanol): a single sharp resonance line is

observed for each different carbon atom.
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Figure13.7 Chemical shift correlations for PC NMR.



Characteristics Of 3C-NMR spectroscopy
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« Carbon’s chemical shift is affected by the electronegativity of
nearby atoms: carbons bonded to oxygen, nitrogen, or halogen
absorb downfield (deshielded) Figure:13.7
O35S ) 3 Gt a3 slaall A Al 565 0 5 ST SbaasSl ~L 53Y) i
o JlE LY Cadall (e midiall Jiadl 8 s sla sl Gua s i ol (paiS ol dad yall
13.73s8) Lk (deshielded) 05 SU (&g SV g o) Coma
* sp3-hybridized carbons generally absorb from 0 to 90 9J,
while sp2 carbons absorb from 110 to 220 &.
« Carbonyl carbons (C=0) are always found at the low-field end of the
spectrum, from 160 to 220 0. (see figure 13.8)
» The 13C NMR spectrum of para-bromoacetophenone is interesting : only six
carbon absorptions are observed: molecule has symmetry plane that makes
carbons 4 and 4', and 5 and 5’ equivalent.
) aile 138 5 Al e Yoy laliaial Au () gisd il a5 30 1)k il 8 Jaady
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Characteristics Of PC-NMR spectroscopy
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Figure 13.8 Carbon-13 NMR spectra of (a) 2-butanone and
(b) para-bromoacetophenone



Characteristics Of PC-NMR spectroscopy

Worked Example 13.1

Predicting Chemical Shifts in 133C NMR
13.7 S8l ) g ga Il il ElesSl) cilaly 3y 5

130 « 180 6 ~B0 & ~1b &
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The actual absorptions are at 14.1, 60.5, 128.5,130.3, and 166.0 &.



Characteristics Of PC-NMR spectroscopy

Problem 13.6

Predict the number of carbon resonance lines you would expect in the PC NMR spectra of
the following compounds:

(a) Methylcyclopentane (b) 1-Methylcyclohexene
(c) 1,2-Dimethylbenzene (d) 2-Methyl-2-butene
B f) HC CH»CH
(e) (f) Hg S Ak Ak
C=C
H Ele HCH
0 3 3
A4
B:7
C:A4
D: 5
E:5

F: 7



Characteristics Of YC-NMR spectroscopy

Problem 13.8

Assign the resonances in the 3C NMR spectrum of methyl propanoate, CHyCH,CO5CH;
(Figure 13.9).
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Figure 13.9 3C NMR spectrum of methyl propanoate, Problem 13.8.



Characteristics Of 'H-INMR spectroscopy
Proton Equivalence
TH-NMR L3Uks &l js
SUgiy,l P
Problem 13.14
How many kinds of electronically nonequivalent protons are
present in each of the following compounds, and thus how
many NMR absorptions might you expect in each?
G Ay TGS jal) e S e IS Loy Al AL 6 jll Gliabiaia¥) dae oS
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(a) CH3CH-Br (b) CH30CH,CH(CH31); () CH3CH,CH,NO;
(d) Methylbenzene (e) Z-Methyl-1-butene (f) as-i-Hexene
A:
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WO AW



Chemical Shifts in 'TH-NMR spectroscopy
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* Nuclel that are more strongly shielded by electrons require a higher
applied field to bring them into resonance and therefore absorb on the
right side of the NMR chart.
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* Nuclei that are less strongly shielded need a lower applied field for
resonance and therefore absorb on the left of the NMR chart.

* Most 1H chemical shifts fall within the range 0 to 10 &, which can be
divided into the five regions shown in Table 13.2. By remembering the
positions of these regions, it's often possible to tell at a glance what kinds
of protons a molecule contains.
-0 e Jlaall g By pumall iy ) 555 5y alamal Ailpasl) Claly V) o
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Chemical Shifts in TH-NMR spectroscopy

Table 13.2 Regions of the TH NMR Spectrum
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* Protons bonded to saturated, sp3-hybridized carbons

absorb at higher fields, whereas protons bonded to sp2-hybridized carbons
absorb at lower fields.

4l Jsaall 3 sp3-hybridized aséie o5 S dagi yal &Uﬂ;ﬂ‘
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* Protons on carbons that are bonded to electronegative
atoms, such as N, O, or halogen, also absorb at lower fields (figure 13.3)



Chemical Shifts in 'H-INMR spectroscopy

Table 13.3 Correlation of TH Chemical Shift with Environment

Ty pe of hydrogen Chemical shift (§) Type of hydrogen Chemical shift (8)
Reference Si{CH3)a 0 Alcohol | 2.5-5.0
Alkyl (primary) —CHs 0.7-1.3 _T -
Alkyl (secondary) —CH,— 1.2-1.6
A e | L=t Alcohol, ether H 3.345
—CH— |
Allylic H 1.6-2.2 |
|
C=C —IZ|3—
Vinylic H 4.5-6.5
EC J
Methyl ketone 0 2.0-2.4 —
I /N
—C—CHg
Aryl Ar—H 6.5-8.0
Aromatic methyl Ar—CHs3 2.4-2.7
Aldehyde O 9.7-10.0
Alkynyl —C=C—H 2.5-3.0 I
—C—H
Alkyl halide H 2.5-4.0
—C—Hal Carboxylic acid *lil} 11.0-12.0
—C—0—H




Problem 13.16
Each of the following compounds has a single tH NMR

peak. Approximately where would you expect each

compound to absorb?
Cem JS QLS Jall (e JS (aiad

(a) ;”HW (b) clzclx (c) #j;,:’m]
S HaC” TCHy S
(d) CH4Cl, ©o  H (1) HaC,
Fj:—r;ﬂ N—CHs
H © H3C
a. 1.430
b: 2.170
c. 7.370 Py
‘Aalxdl) Aaall
d: 5.300 Aladl) o
e: 9.700
f: 2.120



Problem 13.17
ldentify the different kinds of nonequivalent protons in the
following molecule, and tell where you would expect each to

absorb:
adline Cligig 7 AU g iall 8 AABSIall jue Clighg pll dae oS



Integration Of TH-NMR Absorptions:Proton counting
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Figure 13.12 The *H NMR spectrum of methyl 2,2-dimethylpropanoate.
Integrating the peaks in a stair-step manner shows that they have a 1:3
ratio, corresponding to the ratio of the numbers of protons (3;9) responsible
for each peak. Modern instruments give a direct digital readout of relative

peak areas.
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Problem 13.18

How many peaks would you expect in the H NMR spectrum of
1,4-dimethylbenzene (paraxylene, or p-xylene)? What ratio of
peak areas would you expect on integration of the spectrum?

Az giall dpill = glaudl alag $eplans )l Cinla 8 adidll 22e sala

;::,:ﬂ - 3
J T p-Xylene
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Spin-Spin Splitting in 'TH-INMR Spectra
LB B e — e sl2s¥1 TH-NMR
« It often happens that the absorption of a proton splits into multiple peaks,
called a multiplet. For example, in the *H NMR spectrum of bromoethane
shown in Figure 13.13, the -CH,Br protons appear as four peaks (a
quartet) centered at 3.42 d and the -CH, protons appear as three peaks (a
triplet) centered at 1.68 o .
b i multiplet saaic a8 Lgle (3lhay add sae ) () 5 gl 488 gall dadll dadii L ) i
5S <ie quartet el dad JSi e jedai -CHLBr (55 481 sall 4adll o ans (i) ga 5
triplet 46 4d J<5 e s -CH, lisig ol 48 sl dadll o)) (a4 3428 e
1.68 0 e 38 e

Chem. Ral. -
shit area ,f”
168 150
342  1.00
IET l l ______J/I \ !
L . |
= Ul . TMS
s
CH;CH,Br B I L
10 a 8 7 B b 4 3 2 1 0 ppm

_ Chemical shift ()
Figure 13.13 The *H NMR spectrum of CH,;CH,Br.



Spin-Spin Splitting in 'TH-NMR Spectra
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» Multiple absorptions of a nucleus are caused by the interaction, or coupling,
of the spins of nearby nuclei.
* In other words, the tiny magnetic field produced by one nucleus affects the
magnetic field felt by a neighboring nucleus.
* Look at the-CH, protons in bromoethane, the equivalent -CH, protons are
neighbored by two other magnetic nuclei of -CH,Br group.
« Each of the neighboring -CH,Br protons has its own nuclear spin, which can
align either with or against the applied field, producing a tiny effect that is felt
by the -CH3 protons.
* There are three ways in which the spins of the two -CH,Br protons can
align, as shown in Figure 13.14. If both proton spins align with the applied
field, the total effective field felt by the neighboring -CH; protons is slightly
larger than it would otherwise be. Consequently, the applied field necessary to
cause resonance is slightly reduced. Alternatively, if one of the -CH,Br proton
spins aligns with the field and one aligns against the field, there is no effect on
the neighboring - CH; protons. ( two ways of alignment)). Finally, if Both
-CH,Br proton spins align against the applied field, the effective field felt
by the - CH; protons is slightly smaller than it would otherwise be and the
applied field needed for resonance is slightly increased.



Spin-Spin Splitting in TH-NMR Spectra
BT 2 s — e sty TH-NMR
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Figure 13.14 The origin of spin—spin splitting in bromoethane.
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The nuclear spins of neighboring protons causing the splitting of
absorptions into multiplets.
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» As a general rule, called the n +1 rule, protons that have n equivalent
neighboring protons show n +1 peaks in their NMR spectrum
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Figure 13.15 The *H NMR spectrum of 2-bromopropane
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Table13.4 Some Common Spin Multiplicities

Number of equivalent
adjacent protons Multiplet Ratio of intensities
0 Singlet 1
1 Doublet 1:1
2 Triplet 1:2:1
3 CQuartet 1:3:3:1
4 Quintet 1:4:6:4:1
6 Septet 1:6:15:20:15:6:1
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Rule 1
Chemically equivalent protons don’t show spin—spin splitting. The

equivalent protons may be on the same carbon or on different

carbons, but their signals don’t spilit.
pda IS ¢ g i u-‘-’“(C)\)-‘M ))\L&Y\ LiliasS 58Sl Gl 6 gyl (s Y
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H H Cl
Three C-H protons are Four C—H protons are
chemically equivalent; chemically equivalent;

no splitting occurs. no splitting occurs.
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Rule 2

The signal of a proton with n equivalent neighboring protons is split into a
multiplet of n +1 peaks with coupling constant J. Protons that are farther than
two carbon atoms apart don’t usually couple, although they sometimes show
small coupling when they are separated by a = bond.
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Splitting observed Splitting not usually observed
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Rule 3
Two groups of protons coupled to each other have the same
coupling constant, J.
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