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Introduction to NMR Spectroscopy

Nuclear magnetic resonance spectroscopy is a powerful analytical technique
used to characterize organic molecules by identifying carbon-hydrogen from
works within molecules. Two common types of NMR spectroscopy are used
to characterize organic structure: '"H NMR is used to determine the type and
number of H atoms in a molecule; '*C NMR is used to determine the type of
carbon atoms in the molecule.The source of energy in NMR is radio waves
which have long wavelengths, and thus low energy and frequency.When low-
energy radio waves interact with a molecule, they can change the nuclear spins
of some elements, including 'H and '*C.

When a charged particle such as a proton spins on its axis, it creates a magnetic
field. Thus, the nucleus can be considered to be a tiny bar magnet. Normally,
these tiny bar magnets are randomly oriented in space. However, in the
presence of a magnetic field Bo. they are oriented with or against this applied
field. More nuclei are oriented with the applied field because this arrangement

is lower in energy. The energy difference between these two states is very

small (<0.1 cal).
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In a magnetic field, there are now two energy states for a proton: a lower
energy state with the nucleus aligned in the same direction as B0, and a higher
energy state in which the nucleus aligned against B0.When an external energy
source (hz) that matches the energy difference (DE) between these two states
is applied, energy is absorbed, causing the nucleus to “spin flip" from one
orientation to another.
The energy difference between these two nuclear spin states corresponds to

the low frequency region RF of the electromagnetic spectrum.
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Thus, two variables characterize NMR: an applied magnetic field Bo, the
strength of which is measured in tesla (T), and the frequency n of radiation

used for resonance, measured in hertz (Hz), or megahertz (MHz)-(1 MHz =

106 Hz).

Absorbing RF radiation causes
the nucleus to spin flip.
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A nucleus is in resonance when it absorbs RF radiation and “spin flips" to a

higher energy state.
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Nuclear Magnetic Resonance Spectroscopy

The frequency needed for resonance and the applied magnetic field strength

are proportionally related:

v « B

The stronger the magnetic field, the larger the energy difference between the
two nuclear spin states, and the higher the v needed for resonance. NMR
spectrometers are referred to as 300 MHz instruments, 500 MHz instruments,
and so forth, depending on the frequency of the RF radiation used for
resonance. These spectrometers use very powerful magnets to create a small
but measurable energy difference between two possible spin states.

The sample is dissolved in

solvent in a thin NMR tube,
and placed in a magnetic field.
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NMR console

workstation

In the NMR probe, the sample is rotated
in a magneltic field and irradiated with a
short pulse of RF radiation.

An NMR spectrometer. The sample is dissolved in a solvent, usually CDCI3

(deuterochloroform), and placed in a magnetic field. A radiofrequency
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generator then irradiates the sample with a short pulse of radiation, causing
resonance. When the nuclei fall back to their lower energy state, the detector
measures the energy released, and a spectrum is recorded. The
superconducting magnets in modern NMR spectrometers have coils that are
cooled in liquid helium and conduct electricity with essentially no resistance.
Protons in different environments absorb at slightly different frequencies, so
they are distinguishable by NMR.
The frequency at which a particular proton absorbs is determined by its
electronic environment.The size of the magnetic field generated by the
electrons around a proton determines where it absorbs. Modern NMR
spectrometers use a constant magnetic field strength Bo. and then a narrow
range of frequencies is applied to achieve the resonance of all protons.
Only nuclei that contain odd mass numbers (such as 'H, 13C, '°F and 3'P) or
odd atomic numbers (such as 2H and 14N) give rise to NMR signals.

1H NMR-The Spectrum

An NMR spectrum is a plot of the intensity of a peak against its chemical

shift, measured in parts per million (ppm)
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Increasing chemical shift is plotted from left to right. Most protons absorb
between 0-10 ppm. The terms “up field" and "downfield” describe the relative
location of peaks. Up field means to the right. Downfield means to the left.

NMR absorptions are measured relative to the position of a reference peak at
0 ppm on the scale due to tetramethylsilane (TMS). TMS is a volatile inert
compound that gives a single peak upfield from typical NMR absorptions.
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The chemical shift of the x axis gives the position of an NMR signal, measured
in ppm, according to the following equation: By reporting the NMR
absorption as a fraction of the NMR operating frequency, we get units, ppm,
that are independent of the spectrometer.
Four different features of a IH NMR spectrum  provide information
about a compound's structure:

a. Number of signals Sl LEY) 2ae

b. chemical shift or Position of signals (Aibaassll Aa) Y1) 3 LAY &8 ga

c. Intensity of signals. 3Ly sad
d. Spin-spin splitting partten of JS & aadll 2ae)s L i) & 4
signals ( 3L
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1H NMR-Number of Signals

The number of NMR signals equals the number of different types of protons

in a compound. Protons in different environments give different NMR signals.

Equivalent protons give the same NMR signal.

CHy—0-CHs CH,4CH,~Cl
Ha Ha La Hb
All equivalent H's 21y '
: pes of H's
1 NMR signal 2 NMR signals

CHa_O o CH2CH3

T

H Hy H,

a

3 types of H's
3 NMR signals

To determine equivalent protons in cycloalkanes and alkenes, always draw all

bonds to hydroge
CICH2CH2CI ClCH2CH2CH28f
bt
Ha Ha Hb Hc
- ShLa) M
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1,1-dichloroethylene

1 type of H
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Cl /H“ ~— cisto Cl
c=C

/N =
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1-bromo-1-chloroethylene

2 types of H's
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2- methyl-2-butene- S
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Proton equivalency in cycloalkanes can be determined similarly.

H
<] o
H ClI
H np H ?iH?‘
| /H H‘—Ha
H H He——H
H
cyclopropane Chlorocyclopropane
All H's are equivalent. 3 types qf H's
1 NMR signal 3 NMR signals
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Number signals of Aromatic compounds
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3- 1,4- disubstituted benzene or p- disubstituted benzene
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1 H NMR-Position of Signals

In the vicinity of the nucleus, the magnetic field generated by the circulating
electron decreases the external magnetic field that the proton “feels"

Since the electron experiences a lower magnetic field strength, it needs a
lower frequency to achieve resonance. Lower frequency is to the right in an
NMR spectrum, toward a lower chemical shift, so shielding shifts the

absorption up field

An isolated proton | A proton surrounded |
i by electron density
- g& magnetic field induced
t | by the electron
nucleus (opposite to B.)
B
The nucleus “feels” B, only The induced field decreases the strength of

the magnetic field “felt" by the nucleus

This nucleus is shielded.

A shisiind maCleus A deshielded nucleus

The nucleus “feels”

maller resultant field. The nucleus “feels”

a larger resultant field.

r induced magnetic field
<— a smaller induced magnetic field
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As the electron density around the As the electron density around the nucleus
nucleus increases, the nucleus feels  decreases, the nucleus feels a larger
a smaller resultant magnetic field, resultant magnetic field, so a higher
so a lower frequency is needed to frequency is needed to achieve resonance.

achieve resonance. The absorption shifts downfield

The absorption shifts up field

The Hb, protons are deshielded because they are closer -

CH3CH,CI
|I| ITIb to the electronegative Cl atom, so they absorb downfield
a
from Ha
Because F is more electronegative than Br, the Hb,
BrCH,CH,F s
44 protons are more deshielded than the Ha protons and
Ha Hy .absorb farther downfield
The larger number of electronegative Cl atoms (two
CICH,CHCI, | |
A™ 4 versus one) deshields Hb more than Ha, so it absorbs
Ha Hp .downfield from Ha
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Type of proton Chemical shift (ppm) Type of proton Chemical shift (ppm)
H
\. /
C=C 4.5-6
-C-H 0.9-2 £ X
spa/ sp°
* RCH, ~0.9 —
. H:CHQ ~1.3 H 6.5-8
. RgCH ~1.7 \ /
Z\\c c[: H 15-2.5 0
/| c L. 9-10
R 'H
Z2=C,O,N
Q
—C=C-H ~2.5 £ 10-12
R™ "OH
i
—/—'(I)—H 2.5-4
sz RO-H or Fi—l'i.lmH 1=5
Z=N,0,X

1 H NMR-Chemical Shift Values

In a magnetic field, the six 7 electrons in benzene circulate around the ring
creating a ring current.The magnetic field induced by these moving electrons
reinforces the applied magnetic field in the vicinity of the protons.The protons
thus feel a stronger magnetic field and a higher frequency is needed for

resonance. Thus they are deshielded and absorb downfield.
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The circulating & electrons

h ﬂ / create a ring current.

H H < The induced magnetic field reinforces the

external field B, in the vicinity of the protons.

B, T T ﬂ The protons are deshielded.
The absorption is downfield at 6.5-8 ppm.

induced magnetic field

chemical shift values

In a magnetic field, the loosely held 7 electrons of the double bond create a
magnetic field that reinforces the applied field in the vicinity of the protons.
The protons now feel a stronger magnetic field, and require a higher frequency

for resonance. Thus the protons are deshielded and the absorption is

downfield.

2 < Theinduced magnetic field reinforces the
7 Y external field B, in the vicinity of the protons.

l

;,\/ ' The protons are deshielded.
fueed The absorption is downfield at 4.5-6 ppm.

1 H NMR-Chemical Shift Values
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In a magnetic field, the 7 electrons of a carbon-carbon triple bond are induced
to circulate, but in this case the induced magnetic field opposes the applied

magnetic field (Bo). Thus, the proton feels a weaker magnetic field, so a lower

The induced magnetic field opposes the
external field B, in the vicinity of the proton.

|
T The proton is shielded.
_ The absorption is upfield at ~2.5 ppm.
|
B, Binduced R Binduced

a0 Plammtas ARIMD mmambemmmmms

frequency is needed for resonance. The nucleus is shielded and the absorption
is up field
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Proton type Effect Chemical shift (ppm)
QH highly deshielded 6.5-8
\ \/ deshielded 4.5-6
a
—C=C—H shielded ~2.5
<«—downfield upfield —
—C=C—H
i
C
e | b A et o
0 H C=C —C H | spc— C CH| —CH
I AR A
R‘/C\‘H sp P’ Sp
Z:N,O,X Z:C;OIN
| [ | | [ [ [ | I
12 9 8 6.5 4.5 25 1.5 1 0
Increasing deshieldin _ . o
9 g chemical shift(ppm) Increasing shielding

Shielded protons absorb at lower chemical shift (to the right).
Deshielded protons absorb at higher chemical shift (to the left).
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I1H NMR of Methyl Acetate

2,3-Dimethyl-2-Butene
Methyl a,a-Dimethylpropionate

10 g 8 | 6 5 4

N1 Rennke/fala . Thamenn | aarninn Miaminnl shift (8)
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1HNMR -Spin Spin Spliting partten

BrCH,CHBr,
two peaks
doublet
three peaks
triplet <
| —CHs—
e / 2
N N
i
T T I O L L L R T T |
8 % 6 5 4 3 2 1

Peaks are often split into multiple peaks due to magnetic interactions
between nonequivalent protons on adjacent carbons, The process is called
spin-spin splitting. The splitting is into one more peak than the number of H's
on the adjacent carbon(s), This is the “n+1 rule".The relative intensities are
in proportion of a binomial distribution given by Pascal's Triangle.The set of
peaks is a multiplet (2 = doublet,3 = triplet,4= quartet, 5=pentet, 6=hextet,
7=hontot.....)
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single'r‘--—L ”
1 1< doublet -------- \

1 8 8 1=

1 4 6 4 1|<———— pentet

1510 10 5 1=——— hextet M

16 15 20 15 6 1<——— heptet

Rules for Spin-Spin Splitting

Equivalent protons do not split each other

H B H
Ccl—Cc —Cc—cl
Cl—C—H / X
% H H
=

Three C-H protons are chemically Four C-H protons are chemically

equivalent; no splitting occurs. equivalent; no splitting occurs.

Protons that are farther than two carbon atoms apart do not split each other

. o H H
\ / y 1 7
—C—C— —G—O——
7 \ z 1 %

Splitting not usually observed
Spin-spin splitting occurs only between nonequivalent protons on the

same carbon or adjacent carbons .
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Ha | |
—c —C—C—

[
Hb Ha Hb

H, and H,, are on the same carbon. | Hjand Hy are on adjacent carbons.

Splitting is not generally observed between protons separated by more than

three o bonds.

I M hutannnna

(T/C\G HYH
SH= CHCH)0 splitting between H, and Hj,
Ha Hy

Ha and HbD are separated by four o bonds.
Ha and Hb are separated by four o bonds.

no splitting between H, and Hy
CH3-O-CH2CH3

ethyl methyl ether
Common Splitting Patterns Observed in 1 H NMR
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Pattern Analysis (Ha and H, are not equivalent.) Example
o
|
—ClJ-C— £ Hb Ha.one adjacent Hb proton two peaks a doublet
H, H H. H -
.. | ‘Hb:one adjacent Ha proton two peaks a doublet
[2] J‘ Ha:two adjacent Ho protons . | three peaks . a triplet
H, Hbl Hb:one adjacent Ha proton -— two peaks a doublet
' Hb
(3] JIIJL Ha:two adjacent Ho protons _ | three peaks a triplet
H, H
) b| Hb:twe adjacent HHa protons — | three peaks a triplet
J‘ H
A“l
[4] Hy H, Ha:three adjacent Hb protons four peaks B a quartet*
|
! H Hb:twe adjacent Ha protons three peaks a triplet
|
C-CHy ——
rlqd ,Lb u u Ha:three adjacent Ho protons four peaks a quartet*
Ha Hb [Hb:one adjacent Ha proton two peaks a doublet
*The relative area under the peaks of a quartet is 1:3:3:1.
['The relative area under the peaks of a quartet is 1:3:3:1.
?r Ha,
CHg_?_CHa
H
f
Ha Hb Ha
.
N )
i™ !

ppm
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~trichloro ethane2 1 1 <

¢ tripletsSs 40 5,LaY) L doublet Js¥) ¢ ili) Sal 138 Jany s

Y ISl el a0 oKa

(@) (b)
CI-CHz-CH-Cl;

b a

ALY cils ) A5 LaY) £ o
Ll Lalia ps A1) <l LYY aae Y gl aas (o)) casgy LAY & g8 AlanY :3daa e
CH3; - CH2 - CHs3

a b a
CH; - CH,-CH4
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Splitting pattern =n +1
a = Triplet (n=2)
b = septet (n = 6)

1- butanol- =S
CH; - CH2- CH, - OH

dndans 1) 3 ¥l (pe S jall anity GlIN 4 438Y) aaalaall 22c Ui

Alilaie palase 2a oY 4gle

a b c d
CH,-CH,1CH, - OH

Splitting pattern =n +1
a = Triplet (n =2)
b = Sextet (n = 5)
¢ = Triplet (n = 2)
d = singlet (n = 0)
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Ethyl acetate —S

CH; —CO-0O- CH2 - CHj3

dadans 1) 331 (e S jall aniy SN 5 4188 aaalanall 22 Lia

G Al Alilaie e CHj e sane O () Aildin palans 22 65 4le

Lﬁﬂa\)u\ﬁiﬁ)“ﬁj&mdﬂé—!ﬂj
CHa - CO -O- CH, - CHa
|

Splitting pattern =n +1
a = Singlet (n = 0)
b = Quartet (n = 3)
¢ = Triplet (n =2)
2- Methyl butane- S

H3C-H?—CH2—CH3
CH,
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H 3C _}:H +CH 2_C H 3

H2C

5,31 e Jiiall de gane o815 Alilaie e 31 el 8k Y Alilaie paalae 2a Y 4l

Led 3 slaall Jiiall de gana po dlilaia (552 A8

a b C d
H3C—HCII:—CH2—CH3
CHj
a

S ) Sl e | 1Al

Splitting pattern = n +1
a=Doublet (n=1)

b = Multiplet (n = 8)

¢ = Pentet (complex) (n = 4)
d = Triplet (n = 2)

1- bromo-2-chloromethylene butane- —S »

a bp d e

CH,CI
C
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Splitting pattern =n +1
a= Doublet (n=1)
b = Septet (n = 6)
¢ =Doublet (n=1)
d = Pentet (complex) (n =4)
e = Triplet (n = 2)
3,3- dimethyl-1-butanol- S

(CHs); C — CH, - CH,_OH

a b C d
(CH3) ,-CH-CH,-OH

Splitting pattern =n +1
a= Doublet (n=1)
b = Multiplet (n = 8)
¢ = Doublet (n=1)
d = Singlet (n =0)
acetic anhydride (CH3CO)2 O S »«

A ISV Al i el (o) (nl BV J20a L3 3 LAY i JaaSCH; JI de sene Lia

8aa) 93 LA) S yall 28 asy Gl



(CH;CO), O

CH3-CO-4-CO-CH g
a a

5as )5 5_LE) S all 13 daay 1Y
Splitting pattern =n +1
a = Singlet (n=0)
1-propene- S

H2C=CH—CH,

H2C:%H—CH3

Al b o) ang Al e gea (and¥ S yall 5 Aa 50 3l 3 ¥ 35a s e (Sl

age !l

Q\)L&\@J\k._\s‘)d\ \&‘;Eunﬂjﬂ
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Splitting pattern =n +1
a= Doublet (n=1)
b = Doublet (n=1)
¢ = Sextet (n = 5)
d =Doublet (n=1)
2-methyl-2-butene- —S

CH,

il 51 5 yuall (po S all anddy I3 4 3EY) aselanall 200 Lia
Al b o) a4 e g an¥ Sl Ao 3all BV s s (K

age !l

JU



Sl LE) g S all 138 ey I3

Splitting pattern =n +1
a = singlet (n =0)
b =singlet (n =0
¢ = quartet (n = 3)
d =Doublet (n=1)

2- butene S e

CH,-CH=CH-CH ,

Adans g1 5 _peall (e S pall aniy I 4 A8V palaall 22 Lin

CH3-CH%CH-CH3

— CH;— CH 0555 e s e il Uall 320 Y Gl 205 5 pen el S 5al ln

a b b a
CH;-CH$ CH-CH,

L8 Sl 13 ey Al
Splitting pattern =n +1
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a= Doublet (n=1)
b = pentet (n =4)
1,1 dichloroethene - S !

CClz = CHz

Jilai s A )l V) (S5 450 ja ) gm Syl anyY Ui

cuz% CH,

Baa 93 LA S yall a8 oy Gl
Splitting pattern =n +1

a= Singlet (n=1)
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Aromatic compounds

a5 e S el (5 siay Y e aie
] 8l )il Jax JWL 9 Al ol cl Alate Ugie Al guaz 055 Lo
Alag Y Akonll (§ Bockaa 9l B3ykie ol gl e oyl
Splitting pattern =n +1
a = Singlet or Multiplet (n = x) in benzene ring

M\é&h\}u@jﬂd};‘jm

Splitting pattern =n +1
a=Doublet (n=1)

b = Triplet (n =2)

¢ = Triplet (n =2)

b & ¢ «a i) O S al) 14 ey Gl

39



(dimethyl benzene (o-xylene-1,2) S

b & ¢ ca <l il e S ) aey Gl
Splitting pattern =n +1

a = Singlet (n=0)

b =Doublet (n=1)

¢ = Triplet (n =2)

1- chloro-2-methyl benzene- <

O 928l) (438 ¥ (G S pall sy (o 55 g2l (e (SN Q8 O Lay

3 cl . Cl
H { k _CH, H _CH,
b H d
c H
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AV L) S el 1 ey 4dle

d&e < sbcau"_abbi\:\.aamia._ﬁﬂ\@gﬂ]ﬁ

Splitting pattern =n +1
a=Doublet (n=1)

b = Triplet (n = 2)

¢ = Triplet (n = 2)

d =Doublet (n=1)

e = Singlet (n = 0)

(0 -1,3- dimethly benzene- Jis lilaia cilisay gail) ¢ 4S5 Laric

CHs CHJ

Splitting pattern =n +1
a = singlet (n = 0)
b = singlet (n = 0)
41



¢ = Triplet (n =2)
d =Doublet (n=1)
d& «¢c b ca&\_)\.ﬁa\‘u_j_)\ ‘._xS)AS\giu.gd.‘.ﬂ

1-chloro-3-methyl benzene - Jis 4dlida cilisay gail) ¢ oS5 Lanic

CHs

Splitting pattern =n +1
a = Singlet (n =0)
b = Singlet (n = 0)
¢ = Triplet (n = 2)
d =Doublet (n=1)
e = Doublet (n = 0)
d & € «c b ca DI L) dsed S jall amy Gl

1,3- dimethyl benzene- S

CH, CH,
[
H e H H e H
CH, CHy
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Oz g2l a3 pea¥) e S all andy (o ) Gl sadll e (AN A8 () Ly
Onlilaia iaal oy N

ALY O LaY) S ) ey 4le

b b
H SN /,.,.H
|'
= =y
- CH, ©°
CHs
a& b ol S ) ey Gl
Splitting pattern =n +1
a = Singlet (n =0)
b = Doublet (n=1)
4- chloro- toluene- S
CH, CHy
" | \\KH H | \\/H
I
HOSNF N BTN
Cl Cl

O 52l (B ) G S pall ansdy (a9 ) (g2l e SUI Q8N O e
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GV ol JLaY) S el e any 4de

b b

H r \\/H
L

H
Cl t,
ol

b & ¢ ca i) 3G S all any Gl
a = Singlet (n =0)
b =Doublet (n=1)
¢ =Doublet (n=1)

QI\How many signals and spilitting pattern for the following
compounds

1—Cl- CH, — CO- CHBr- CHj;
2-2—CH;z - CH, — CO - CH, CH4
Ph - COOH

P-HO — Ar— CHO

Bute-2-ene

2- Hexanol

Naphthalene

Succinicaid

Q2\Comparation between the pair compounds by using H

NMR Spectroscopy?
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1-Butane . 1-butanol

2-  T-butyl alcohol , 2-methyl 2-butane

3-  O-hydroxy benzoic acid ,P- hydroxy benzoic acid
4-  Dimethyl ether , 2-butanone

5-  2-chloro propanoic acid , 3-chloro propanoic acid
6- Phenol , benzene

7- Chloro benzene , to;uene

8-  Pentanal , 3-pentanone

tise O Aliall ) ALl sl adde lhy (M) A MUa Y ga ciphall Jaka LAY aBse
L bl 50 #535 Camgugll g5 o iy Sy padiall paall aluaialy palaaial)
43 iyl Ay SO i

2aly el Alasl) AaPU Ailisa 8 o Jsmall 5l Uad (gl Jsmn cuini (S
&)y ale aladn ) i 5o dll dahia Ay cplaline Y lae 22333 ) NMR sjeal g5 cdlaaly
Gl e aaly g58 e gt Lol Bale & Ay (Tetramethylsilan (TMS (Slw Jiis
gilge 2333 lgalul o ally jpall Ak lgie @l palaia¥) licly Gung yugl)
Al 8oLl e Ajlaally Lgaslid pall Balall 3 uligigalls Lualad) cilialaiaY)

Chemical shift values

The chemical shift of a C-H bond increases with increasing alkyl -

substitution

RCH2-H R2CH-H R3C-H
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~0.9 ppm ~1.3 ppm ~1.7ppm

ddbual Aal YY) Jo 555al ol @)

Factors effect on chemical shift
Inductive effect &= il

G e 58 23 g Cun Sl il DA (e 055 _nll Alelad) il AL Adass jall galaal) i
caall il
with drawl inductive «sball &)
Gan 93 (558 O sSabiad) ae Gaals dn il Culd (5 )N 5 )3 Adai yall ol JAl) e (5SS
&dla
donating inductive @3 &l
ALl ) e bl i e AL elirg )y se S e 4dali ) ie il in ) Sl el
Ay guimal) LS ) 8 Handndll Sl L e
Aglaasl) Aa) SV (g I (555l sm s ANV RSN (50 a5 ) ol jalls ol

Al Aa) 3V (e 255 O 55l s A g STV ASUS (g JI5 Al ol Al ) paalaall
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Electronegativity of selected elements according to Pauling,

H {21}

La i Be (1.5) B2 C (2.5) N{3np 035 F{4m

MNa ((L.9) Mg(l1.2) Al(LS) Si(1.8) P21 5(2.5) Cl{3.0)
Br (28]
1(2.5)

Jsn Ay SIY) AESH clb LS 5 glaal e ganall 4l ,eSH dudlad) ) LS G
Aibasll As) 3V ala 35 lasie 5 deshlieding o5 5! al 5 () 5350l
¥ Dl LAY e (e 5 yedas 2,2-Dimethyl-bromopropane «S e iad
el daljlaie el Jll g a s yall 3,0 ddag all CH A senal 408 5 ABLGWNICH; aalaal
A (o Jly g Adle Al S Anlles 53 4e sana a ) S oy CH; aelae (0
e (on el A 31 i (051 Ol ey I8 CH e sane 35550 s s <Y

D JSAl 8 LS BB dlesS dal 5l CH; gaslae yedad et

~— frequency
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0N s
a5l 334 ) AbuasSl A V) e Sis Gl e (e g2
<l g S bl il o3 s 1 -]
resonance deshields B proton 4de las
8% Aari ja Aa 53 e o5 B3 jie & Aas 50 Ja B peal 35 5 e Gaisll e g sill 108 eday dua
8 el Luilly B alsally da 0 30 3 pal 2sa s 2o o) Cu S ) Gaa g AL ) el

Jsa A s STV AN (e Iy S oS ) O 5 580 ) S ) 3,0 A yall A 53 3l

Alaas Al 31 312 55 G (g3 4 )

H H
s/ /
H.C—=C CH, HL—" CH,
\:{\ ,"' 2 \'\_ .”;
C—( — C=(
'Jv':; -'\\. ’f \
H 0 H 0

a-profon § — A2
B-proton § —~ 6.8

g I adlal) Ll 53 oy -2

resonance shields B proton 4se (sl
) OpnS ) 3% Alasi e 33 yie ol da g0 e Bpeal 3ga g e il e g sl IR eday s
G sl sl oS o) 3500 Al 0B @8 5all A 93 a3 eal D s g die 5l Qo S ) a0

SN B o555 I A5 SV RS (e 3y 50 Cus vinyl ether S e (& Jeday 5) Cu S )
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a3 A e V) 3 A Caalld) Gl il Gagw g O 53l oS0 Auilasll Aa) 3V J&

H o O85! AlesSl sl Y

| .«
H,C—C=C=20—CH,

H H
s/ 4
H.C—C H,.C—=C
Yy O @
G0 — C=0
/ / N\
H CH, H CH,
a-proton § = 6.2
B-proton § ~ 4.6

rdila g N g g sl Ao il il

A g g5y Halally Eajall Ao ganall g 58 anin Fla g W) i gl e i ) L el

resonance deshields sl 53 (e seaall US () 4S5 Ladie (Vs o ) 2a 55 Cun Ao ganall

0,0
) Ha
H3C O—"J
Hb H
o.p b 0.F
c
. m

ALl A Y e 2 35 Laa IS @l il g i< a5 03 e gandl) Sl L

85l 53l i sal) () g mall s ST AN ) 53 05Ky SIS ogan (53 (55l e
Y Ve a8 sl (535 all s para 1)k @ salls 53 g all &3 153 Y g o 55 ortho s

4l )l eV s il (0 <o) Gie ganall ST 55 ) ) & sally ay S yall JSS (30 Ha 05354

Al e senall )by (A5 de saall 55 )5 a8 sally 2y S jall JSG e Hb 555 A8lasS
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Uiso sl gy 53 Ho (o dslsasS Aaljl Slely 555l 0 A1 53 Hage 081 58 <l ((p <o

(m em) Gl e sanall Uiz s 1 oW de sanall

== ==
Ha Hb Hc

00, Op , mm

resonance shields 56 53 (ic ganall SIS () 5 Laaie —

0,0
Ha
0 0
s
HC \CHo
Hb Hb
0
S He o,p
m,m

e 5 ALasl Aal V) e JIE LaaDIS cllal i g I wdls 80 53 (e gaaall OIS ) Loy
S5 @sall qy (A G5 g ol O g ymall g JBAa) ) 53 0 5Sa SS) A o g (g2 (59l
Ol Y Ve o8 sl 0 5355 5 para 1 )b &8 salls o535 3155 SV 58 & &S5 ortho
AilasS Aal )l B8 4 Gl (0 <0 )otie saaall ST ) 5) & gally ady oS all S5 (e Ha
((p <0 4l de sanall | jls (A g¥) Ao saall 5 )5) a8 5ally 2y oS jall JSE (e Hb 55504,
dc ganall lise a8 gall oy (s2l) He (e Al Aa 3 Jil5 53550 cu i) 53 Hage J3S) 58 <l

(m «m) 4l de sanall la g (I 5V
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== =
Hc Hb Ha

mm , op, 00

53 6 AY de gaaall s resonance deshields USG5 (e sanall (saa) (5 6S5 Ladie —

resonance shields &b

0,0
Ha 0
0
<
H,C CH,
o,p i H
’ He 0,p
m,m

g I Canl 5l 53 (5 AN 5 il S bl il 53 (e ganall (saa) ol Lay

aliall Ll 53 gl can) 5ils g oyl ils a5 (s a1 5l Al Leaasl) (8 Gl
Ll Al i g LS (e Al S Al S3SI (s W15 50 058 (A ol gy Lia, i 5 yiSI
o O U 81 3,0 Al Eaall s L il o) La s Jiso )WSH (e S0 A W) oy 5

glaS dal ) eyl

Sl Laa ST 81 (51 (0 <0 (e sanall ST 5 ) ol a8 gally 2y S yall JSG (e Ha 053540
oY) Ao saall b aBsall ady S el S5 (e Hd 05l 4basS dal)l o) s

Ol 3 Hage J8) 58 QA ((p <o (CmansS Y1 3,3) 4l de sanall 55505 (s <Y
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S5l @8sall 2y (53 Hb (e 4basS dal 3l S8V HA Gsisodly Lo sanall 815 55 ) )
4al)) ASIHD Ol s (OpanS 51 5 3) Al de gaaall | b5 (Jsi s )ll) (5Y) de sanall
33) 400 de ganall | )by (s lSl) (dg¥) Ao sanall 6 ) ) a8 gall a8 (3l He (e 4ibiasS

(m «m) Ofie saaal) AST Uie a8 salls He (585! et (CpnnsS 5!

olo2,02pl,o0lp2, mim2
58 53 6 AV de saadll sresonance shields 8l 53 Ouie saaddl (sas) () 5 Ladice —

donating inductive

0,0
Ha
HLC
2 O\
CHa
H
d Hb
0,
p He o,p
m.m

Laa DS ol @l aally (5 Y15 i il (W) il S0 wily 53l 53 (ytie saaall (saal o)) Ly
o 1 S i W 5 03 a1 80 (958 (1 oliii¥) cong Ui Al A Y (e JISS
JEN e ST a3V e SIS (GaaS 5Y1 5 ,3) Lald Canll il 30 JSIV) e ganae
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AT Laa SIS 81 (51 (0 0 e sanall IS 55 ) ) & gl a8y S jall US55 (e Ha O 58504
(JSIY) (A s¥1 Ao saall | )b a8 sally s S jall IS (00 Hb 05850, 48laS Aal 51 JBY) a
CURY 5 s ) 53 Hage J3S) sa <Al ((p co (nanS W) 33) 4l de ganall 65 )5l
Al de senall 1)l a8 sall ady (52l Hb (0 4basS dal ) S HA 055508l 5. Ofie sanall
He e 400esS 4al 31 B8 Hd @55l 5 (0S¥ 33) (A5Y) de ganall 6405 (JSIVY)
Ly (ComnS 51 5,3) o) e swmall 15 (QLSIV) 2080 e panall S5y 5) b sl o (52

(m em) Oie sanal) ST e 28 50l He 5554

mlm2, o2pl,olp2 ,o0lo02

The area under an NMR signal is proportional to the number of absorbing
protons.An NMR spectrometer automatically integrates the area under the
peaks, and prints out a stepped curve (integral) on the spectrum.The height of
each step is proportional to the area under the peak, which in turn is
proportional to the number of absorbing protons. Modern NMR spectrometers
automatically calculate and plot the value of each integral in arbitrary
units.The ratio of integrals to one another gives the ratio of absorbing protons

in a spectrum. Note that this gives a ratio, and not the absolute number, of

absorbing protons.
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How a doublet arises

%
With no adjacent H's:
The absorbing H's feel only = —»
one magnetic field.

-9

With one adjacent H: % ]
The absorbing H's feel two different fields, -»

s0 they absorb at two different frequencies. ) '

B B

two different magnetic fields

absorbingH —H H,«~——
Br-C—C-Br 2adjacentH's <
Br Hy*

The NMR signal is
a single peak.

1
|
|

A

J| | The NMR signal s spiit
into a doublet.
11

. H, and H,, can each be aligned
with (4) or against (y) B..

thus, the absorbing proton feels three slightly different magnetic fields-

Let us now consider how a triplet arise

fields, it absorbs at three different frequencies in the NMR spectrum, thus

splitting a single absorption into a triplet. Because there are two different ways
to align one proton with Bo, and one proton against Bo-that is,favb and |, 1
o -the middle peak of the triplet is twice as intense as the two outer peaks,

making the ratio of the areas under the three peaks 1:2:1.Two adjacent protons

split an NMR signal into a triplet. When two protons split each other, they are
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said to be coupled.The spacing between peaks in a split NMR signal,

measured by the J value, is equal for coupled protons.

How a triplet arises |

With no adjacent H's: : .
The absorbing H feels only —> The NMR signal is |
one magnetic field. a single peak. !
Bo
1 |
| |
| |
v v
. ; : Ya¥p
With two adjacent H's: : - .
The absorbing H feels three different fields, — or The NMR saqnelal is split
so it absorbs at three different frequencies. into a tripiet.
fafb *a?b ‘a*b
B, 1:2:1
three different magnetic fields
H b Hb
= C = (: T ™~ ™ B | Al
| _(J (J_ _(J (J_ HI)
Ha H b
N A H a H b H.‘ Hb
a € b <
k A

Spin-spin Spin-spin Spin-spin

coupling coupling coupling

One Hb atom Two equivalent Three equivalent

Hb atoms Hb atoms
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Example A compound of molecular formula COH1002 gives the following
integrated 'H NMR spectrum. How manyprotons give rise to each signal?
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54

__JL\ J =
signal [A] signal [B] signal [C]

LIS L A O O

8 7 6 5 4 3 2 1 0

Step[ | | Determine the number of integration units per proton by dividing the
total number of integration units by the total number of protons

.Total number of integration units: 54 +23+33=110 units

‘Total number of protons=10

Step[2] Determine the number of protons giving rise to each signal.

To determine the number of H atoms giving rise to each signal, divide each
integration value by the answer of Step [1] and round to the nearest whole

number.

57



1H NMR-Spin-Spin Splitting
When ever two (or three) different sets of adjacent protons are not equivalent
to each other, use the n + 1 rule to determine the splitting pattern only if the

coupling constants (J) are identical:Free rotation around C-C bonds averages

coupling constant to J=7Hz

2
When ever two (or three) different sets of adjacent protons are not
equivalent to each other, use the n + 1 rule to determine the splitting pattern

only if the coupling constants (J) are identical:




1H NMR-Spin-Spin Splitting

When ever two (or three) different sets of adjacent protons are not

equivalent to each other, use the n + 1 rule to determine the splitting

pattern only if the coupling constants (J) are identical:

absorption| ppm Iintegration
[A] triplet | 1.1 15
[B] quartet | 2.3 11
[C]lsinglet | 3.7 14
[._r [7\._
() B [A]
14 11 15
J b .IL_‘._ J S
SRR ERELEEEEEE R EE AR R B L L L . L L L L L R LR
8 7 6 5 4 3 2 1
ppm
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1H NMR-Structure Determination

Use 'H NMR Data to Determine a Structure Example Using its 'H NMR
spectrum, determine the structure of an unknown compound X that has
molecular formula C4H80O2 and contains a C=0O absorption in its IR
spectrum.

Step[ 1 |Determine the number of different kinds of protons.The number of

NMR signals equals the number of different types of protons.This molecule
has three NMR signals ([A],[B], and [C]) and therefore three types of protons
(Ha,Hb,and Hc).

How To, continued . . .

Step[2] Use the integration data to determine the number of Hatoms
giving rise to each signal (Section 14.5).

-Total number of integration units: 14+11+15=40 units

-Total number of protons=8

‘Divide:40 units/8 protons=5 units per proton

Then,divide each integration value by this answer (5 units per

proton) and round to the nearest whole number.
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1_;’- = | 3H, protons »%1 = 2.2 = | 2 H, protons 155- = 2.8 = | 3 H, protons

signal [A] signal [B] signal [C]
Three equivalent H’s usually Two equivalent H's usually Three equivalent H's usually
means a CH; group. means a CH, group. means a CH; group.

How To, continued . . .

Step[3] Use individual splitting patterns to determine what carbon atoms are
bonded to each other.- Start with the singlets. Signal [C] is due to a CH3 group
with no adjacent nonequivalent H atoms. Possible structures include:or

Because signal [A] is a triplet, there must be 2 H's (CH2 group) on the adjacent
carbon.Because signal [B] is a quartet, there must be 3 H's (CH3 group) on

the adjacent carbon.-This information suggests that X has an ethyl group ---

— CH3CH2-.

due to 3 absorbing H's
due to 2 absorbing H's eyl
i |, CH3CH-
An adjacent CH, group An adjacent CH, group
causes the splitting. causes the splitting.
signal [B] signal [A]

signal[B]

To summarize,X contains CH3-,CH3CH2-,and C=0 (from the

IR).Comparing these atoms with the molecular formula shows that one O

61



atom is missing. Because O atoms do not absorb in a 'H NMR spectrum, their
presence can only be inferred by examining the chemical shift of protons near

them. O atoms are more electronegative

How To, continued . . .

Step[4] Use chemical shift data to complete the structure. Put the structure
together in a manner that preserves the splitting data and is consistent with the
reported chemical shifts. In this example, two isomeric structures (A and B)

are possible for X considering the splitting data only:

Structural pieces Possible structures
o ] 9 9
i C or C
He ., CHECH "OCH; CHy” “OCH,CH,
_ 1 f } Pt
C?ac?z —0— Hy Hy H, He Hy H,
Hy Hy A B

Chemical shift information distinguishes the two possibilities. The
electronegative O atom deshields adjacent H's, shifting them downfield
between 3 and 4 ppm. If A is the correct structure, the singlet due to the CH3
group(Hd)should occur downfield, whereas if B is the correct structure, the
quartet due to the CH2 group(Hb) should occur downfield.

Because the NMR of X has a singlet (not a quartet) at 3.7, A is the correct

structure.
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TH — NMR: <laglia al iy oS jal) quS 5 alag) 48y 5k
Gaadal Hlie W)yl AV sy TH — NMR b slaa e S all (S 53 alaay
2 g a1 O Jalad B it LA axy Ladie -]

HiG—G—CH
CHg

255 Hin e OH Jalati 83 ydie 3 LA amy Ladie 2

HaC—C—CHj
or

HsC—O0—CHj
or

HyC—C—CHj
0

o il Apala) (g Hi ABls 3 ga g Jan 138 SH Jalad Baax%a ) B2 i 3 LA aay Ladie 3

G

OH 4c sa3s 352 5 2 128 (broad singlet) L e 33 jiia 3 L3 oy lavie 4

Ay S Jaa Singlet 33 a5 Hlal -g
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Singlet = due to CH3 - Z or OH or NH,
Clisig n iV ie gaan =7
22 13 Triplet 4335 s Doulet 4l 5 L3 -p

Doublet = due to R — CH

Triplet = due to R — CH;

Bia de sana o duanil (yie sanall (o R sy o
-CH
- CH,

—» CH-CH,
O3S 33 a5 S ) pudly BUanall 430 jall drpall e 6 )laally il dilee 22y -6
i s S Ao sane dsa 5 (i 108 Blaxall 40 Jall dapally (S 513,50 2 55834 j3asl
(C=0)
A0 @ JLaY) el CyHRO A Aty jal) dapall A oS e ;b
Singlet¢ Triplet and Quartet

s Jadl

Singlet = due to CHs - Z

Triplet = due to R — CH;

Quartet = due to R — CH;
e diani 3 & 2 (fie senall (e R aaalae adas
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CHz—CH3 and CH3—Z
Slo st Lanall g s S i, EE Lal Gl aa J)sudly sUasal) Zaall g 4 laally

Ao sana da s S AN drpally panS ) aa g Baal 5 50 Gl i S Gl )

ale 5 Jyi g S
Z=C=0
Ll iy

CH;-CH;and CH;-C=0

A A Sl A€ Al e

@)

H3C_C_CH2-CH3

Ol Gl d e ae alESAl e g el s e )W Gl 2ae G Al Me L7
Os SN Gl Hd 2o dselias Cang 2aall Caiad ga (3l (S g slaral) sl (s 5 520
Sl (g el 5

A0 @l W) el CyH 00 A Ak ad) dipall A @S ja 1l

Triplet and Quartet

:Jal)
Triplet = due to R — CH;
Quartet = due to R — CH;
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o Jani 3 & 2J) (e panall (e R palaa Ldidas
CH; — CH;
Aapall s a5 2 Gl )3 el 5 O 5 (3 Ll Gl 2a I el Bllazall dasall ae 45 Al
S Caiaill ga (3 a1l (ay 138 5 (a5 )28 D )38 e 5 (s IS D3 ) e (s siai A Jall
Ll ey 5 O 5 o) 5 050 ST ) dae Ade Lian oy
CH; - CH; and CH: — CH3

@ A S el s il dapall e
CH;3; - CH:- O — CH: - CH;

(55l 2de 5 Ailaas clal 3l 5l HLE1) ALl il slae ) gaalls e | 131 Adaa
ENEP T
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7.32 ppm (doublet), 6.91 ppm (doublet), 3.82 ppm (Quartet), 2.90 ppm
(singlet), 1.23 pp (Triplet) the integration for this peaks as follow 20: 20: 20:

§ S el S 5 20230: 30 respectivelly

Slaxall Lapall 8 s g yuel) dae e andi g Integration »8)) o -1

120
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f

1
=10
L g3 yall GA:\SJ\ 2axll e Jiasid GJU!\ Integration ?GJ‘ ?.-.ns.a 2

2:2:2:3:3
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Sl JLEY) @Bl el s -3

7. 32 due to aromatic protons
6. 91 due to aromatic protons
3. 82 due to hetero atom (inductive)
2.90 due to hetero atom (inductive)

1.23 due to saturated hydrocarbon
1 el il LEY) s -4

Doubletn =1
Doubletn =1
Singletn =0
Triplet n =2

Quartetn=3

7. 32 (doubletc 2H) due to aromatic protons
6. 91 (doubletc 2H) due to aromatic protons

3. 82 (quartet« 2H) due to CH, - CH3

2.90 (singlet< 3H) due to CH3 - Z

1.23 (triplet« 3H) due to CH; — CH»
e dhaniagle 5 il 3 45 jaall die sas) 5 230 Alaia (3 & 5) b ddaiil) ol Ly -1

© And CH3-Z And  CH,-CH,
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C =0 JiinSic gana

CH;—C=0 W CH3—Z 3% saaaJsadiy
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A S el adle ) L

G O'CHz'CHa
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