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Theoretical base of NMR spectroscopy
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FIGURE 3.1 Spinning charge on proton generates magnetic

dipole: 3
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Theoretical base of NMR spectroscopy
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FIGURE 3.18 NMR scale at 300 MHz and 600 MHz. Relatively few organic compounds show absor ption peaks to the right
of the TMS peak. These lower frequency signals are designated by ncgative numbers to the right (not shown in the Figure).
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Schematic diagram of an NMR spectrometer
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Handling
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Magnetic field
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FIGURE 3.7 Signal of neat chloroform with spinning side
bands produced by spinning rate of 6 Hz, (a), and 14 Hz (b).
(From Bovey. FA. (1969). NMR Spectroscopy, New York:
Academic Press, With permission.)
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Pulsed NMR
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Relaxation

Spin-Spin
Relaxation (T,)
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FIGURE 3.10 One spin, rotating at the same frequency as the rotating frame of reference with 7= relaxation in the 1y
plane. T, relaxation will dephase or spread the magnetization in the vy plane, which causes line broadening and decay
of the signals. T, effects are partially due to inhomogeneous magnetic fields,
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Shielding

these protons sense a
smaller effective magnetic
field, so come into resonance field, so come into resonance
] at a higher frequency at a lower frequency

N N

these protons sense a
larger effective magnetic

Intensity

deshielded nuclei shielded nuclei

"upfield"

A

"downfield"
Frequency
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NMR active nucleil (elements)

Odd number of protons and/or neutrons

IH , 2H (3H) (strongly depends on natural abundance)
13C
TABLE 3.1 Type of nuclear spin number, /. with various
15N combinations ot atomic mass and atomic number.
18 | Atomic  Atomic
O CheCk 1 Mass Number Example of Nuclei
19F Half-integer Odd Odd TH(3), H(3), 5N(3),
WF(), 14P(3)
ol i
P Half-integer  Odd Even 2C;), 2003), 158i()
Integer Even Odd “H(1), ¥N(1), YB(3)

Zero Even Even 2C(0), '80(0). F#S(0)

and many others

13
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Equivalent vs. Nonequivalent

nucleii

chemically
equivalent
protons

V

CH3CH2CH2BI'

chemically chemically
equivalent equivalent
protons protons
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Equivalent vs. Nonequivalent

nucleii

a
CH;

a b ¢ a b a a ¢ b a a a b
CH;CH,CH,Br CH;CHCH; CH;CH,OCH; CH;0CH; CH;COCH;
three signals l!ir three signals one signal (|]H3

two signals a
two signals
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Equivalent vs. Nonequivalent
nucleii
a
ﬁ C b a o H NOE
H H H
a b N/ N/ 2H He o cH He
CH;OCHCl, Cc=C C=C
two signals ch/ \H H/ \Br aH Ha aH Ha
a b b H H
two signals three signals a b
one signal three signals
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Equivalent vs. Nonequivalent

nucleii

its "H NMR spectrum
has five signals

Ha  /  H

) \ /
Hc\/ y \A{>Hd

Hy Cl
chlorocyclobutane

Hs; and Hp are not equivalent
Hc and Hyg are not equivalent
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Equivalent vs. Nonequivalent YMASE:

nucleil @TITTER

How many signals would you expect to see in the "H NMR spectrum of each of the following
compounds?
]
a. CH3CH,CH,CHj5 f. CH;CH,CH,CCH; k. CH3@—CH3
b. BrCH,CH,Br g. CH3CH2(|JHCH2CH3 1. By
Cl
Br
¢. CH,=CHCI h. CH3(|3HCH2(|3HCH3 m.<_:_>7NO2
CH; CH;
i
d. O . CH3(|:H© n. CH,—CHCH
Br
Cl Cl Cl CH;
Yo=c j. CH OOCH Yoec!
e. . J 0. =
/7 N\ ’ ’ /N
H H H H

18
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Equivalent vs. Nonequivalent
nucleii

PROBLEM 5

There are three isomeric dichlorocyclopropanes. Their 'H NMR spectra show one signal

for isomer 1, two signals for isomer 2, and three signals for isomer 3. Draw the structures
of isomers 1, 2, and 3.

19
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Chemical Shift CH;

|
CH3 - ?1 - CH3
CHs;

tetramethylsilane

methyl [
protons

CH,
CH3(|ZCHQBr methylene
C, protons )
o = (427) B,
g 3 6 5 4 3 2 | 0
& (ppm)

<  frequency
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Chemical Shift

o = dist. down field from TMS (Hz) / op. frequency (MHz)

protons in electron-poor environments protons in electron-dense environments
deshielded protons shielded protons

downfield upfield

high frequency low frequency

large 6 values small 6 values

-« S ppm
~«—frequency
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Chemical Shift

PROBLEM 7

A signal is seen at 600 Hz downfield from the TMS signal in an NMR spectrometer with a
300-MHz operating frequency.

a. What is the chemical shift of the signal?
b. What would its chemical shift be in an instrument operating at 100 MHz?
¢. How many hertz downfield from TMS would the signal be in a 100-MHz spectrometer?

22
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Chemical Shift

PROBLEM 8«

a. If two signals differ by 1.5 ppm in a 300-MHz spectrometer, by how much do they
differ in a 100-MHz spectrometer?

b. If two signals differ by 90 Hz in a 300-MHz spectrometer, by how much do they differ
in a 100-MHz spectrometer?

23
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General Aspects — 'H NMR Spectroscopy

CH;CH,CH,CH,CH,F

4.50 ppm

i

04 ppm | |2.07 ppm

\ / 4.37 ppm

CH,CH,CH,NO,

CH;CH,CH,CH,CH,Cl ~ CH;CH,CH,CH,CH,Br  CH;CH,CH,CH,CH,I
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Chemical Shift

PROBLEM 10

a. Which set of protons in each of the following compounds is the least shielded?
O

|
1. CH;CH,CH,ClI 2. CH;CH,COCH; 3. CH;CHCHBr
Br Br

b. Which set of protons in each compound is the most shielded?

23
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Chemical Shift

O [
—(“3—H 1 e % C_(f_ (lj (lz H
C=C e H —C—C—
—g_OH vinylic Z=0, N, halogen C=C_(|j_ saturated
allylic
12 9.0 8.0 6.5 4.5 2.5 1.5 0

6 (ppm)
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Chemical Shift

Table13.1  Approximate Values of Chemical Shifts for '"H NMR?

Approximate Approximate
chemical shift chemical shift
Type of proton (ppm) Type of proton (ppm)
—CH; 0.85 |
I—(l:—H 2.5-4
—CH,— 1.20
| |
G 155 Br—(|?—H 2.5-4
—C=C—CH; 1.7 |
| @ ]—(lf—H 34
i
—C—CH, 2.1 |
F—C—H 4-45
I
QC“3 . RNH, Variable, 1.5-4
ROH Variable, 2-5
—C=C—H 24
ArOH Variable, 4-7
R—O—CH;4 33
e, 47 QH o
L 0
|
R—(|:=(|:—H 5:3 — 9.0-10
R R (0]
|
—C—0OH Variable, 10-12
i
—C—NH, Variable, 5-8
“The values are approximate because they are affected by neighboring substituents,

Copyright © 2007 Pearson Prentice Hall, Inc.
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Chemical Shift

methine proton

/

methylene proton

Copyright © 2007 Pearson Prentice Hall, Inc.

methyl proton

T/ v/
H—(lf—H H—(lf—H

& C
1.20 ppm 0.85 ppm

BOSTOMN

28



General Aspects — 'H NMR Spectroscopy 7,

BOSTOMN

Chemical Shift

(”3 Cb OCCCa
H;OCHCH;
CH,CH; “CHj |
a ¢ b CH;
butanone a

2-methoxypropane
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Chemical Shift

PROBLEM 11

In each of the following compounds, which of the underlined protons (or sets of protons)
has the greater chemical shift (that is, the higher frequency signal)?
a. CH,CHCHBr c¢. CH;CH,CHCHj; e. CH;CH,CH=CH,
]gir ]|3r (|31
O
b. CH;CHOCH; d. CH3CH(”3CH2CH3 f. CH;O0CH,CH,CH;
cH, i,

30
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Chemical Shift

Diamagnetic anisotropy

BOSTOMN

5.3 ppm

\
@—H CH;CH,CH=CH,
)\ I\

7.3 ppm

4.7 ppm
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I
CH;CH,CH

A

‘ methine proton ‘ ‘ methylene proton ‘ ‘ methyl proton ‘

8/~ B 7§ )

l
C—(]S—H H—£|‘.—H H—(|f H
C & €
1.55 ppm 0.85 ppm

9.0 ppm
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Chemical Shift

circulation of electrons

/\[//\

) Ei] /cf?\ =t ) y .
—yT—OH My Z=0, N, halogen d p pl |ed : X
; | maghnetic H H
12 9.0 8.0 6.5 4.5 . 4
& (ppm) field \ . / \ /i
Copyright ® 2007 Pearson Prentice Hall, | 7 \ ’
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By induced magnetic field is in the

same direction as the applied magnetic
field in the region where the protons

are located
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Chemical Shift Diamagnetic anisotropy

H Z

I
_S—H @ >C=C\ —(}3—H
_g_ OH vinyhic Z=0, N, halogen . \
applied - R
12 9.0 8.0 6.5 ;._lippmj magnetic C O \'H}
_ field
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induced magnetic field is in the
same direction as the applied magnetic
By— field in the region where the proton

is located
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Chemical Shift

Type of proton

Approximate
chemical shift
(ppm}

Diamagnetic anisotropy

—CH;

0.85

1.20

1.55

%

applied
magnetic
field

induced magnetic field is in the
direction opposite to that of the applied
magnetic field in the region where the
proton is located

/,

"
.

C

C

R

™\
./
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Chemical Shift Diamagnetic anisotropy

PROBLEM 14

[18]-Annulene shows two signals in its 'H NMR spectrum: one at 9.25 ppm and the other
very far upfield (to the right of the TMS signal) at —2.88 ppm. What hydrogens are
responsible for each of the signals? (Hint: Look at the direction of the induced magnetic
field outside and inside the benzene ring in Figure 13.6.)

35
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Inteqration

\ | ¥ C|jH3 t : : : ‘ ‘ |

r |integration| | |
line '

LY e Y]

[ 16

I HiCE i i

3 (ppm)
~<— frequency
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CH;—(le—Cl
Cl

1,1-dichloroethane
ratio of protons = 1:3

Copyright © 2007 Pearson Prentice Hall, Inc.

i

|
Cl

1,2-dichloro-2-methylpropane
ratio of protons 2:6 = 1:3

BOSTOMN
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Inteqration

PROBLEM 15«

74

BOSTOMN

How would integration distinguish the '"H NMR spectra of the following compounds?
CHj; CHj; CH,Br
CH3—(|Z—CH2Br CH3—(|Z—CH2Br CH3—C|—CH2Br
(|3H3 ]|3r (|3HzBr

38
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BOSTON
Integration
PROBLEM 17«
The 'H NMR spectrum shown in Figure 13.10 corresponds to one of the following compounds. Which compound
is responsible for this spectrum?
HCECOCECH CH3OCH3 CICH, OCHQ BrECHOCHBrQ
A B C D
..... ] [zsass
DI J T JL
8 7 6 5 4 3 2 1 0
& (ppm)
<— frequency
A Figure 13.10
The 'H NMR spectrum for Problem 17.
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Spin-Spin Coupling  splitting of the signals

CH,CHCl,

o
~1
™
Lh
14
5]
(o]
o

8 (ppm)
<«— frequency
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Spin-Spin Coupling  splitting of the signals

N+1 rule (H)

(21+1 in general) CH;CH,COCH;
a b C

Copyright & 2007 Pearson Prentice Hall, Inc
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Spin-Spin Coupling  splitting of the signals

CH3BI‘ C]CHQCH2C]
bromomethane 1,2-dichloroethane

each compound has an NMR spectrum that shows one singlet
because equivalent protons do not split each other’s signals

Copyright © 2007 Pearson Prentice Hall, Inc.
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FHFF

8 7 & 5 -} 3 2 1 0
o (ppm)
CH‘;CHC]Q -d—Ppi'equency
chemical shift of the signal for
direction of the methyl protons if there were
the applied no protons on the adjacent
field ,“v | carbon

if the magnetic field of the [ ]

methine proton is in the T i if the magnetic field

same direction as the of the methine proton is
applied magnetic field, it ~ — —— lined up against the applied
will add to the applied magnetic field, it will subtract
magnetic field, so the from the applied magnetic
adjacent methyl protons will field, so the adjacent methyl
show a signal at a slightly protons will show a signal at
higher frequency a slightly lower frequency

~—  frequency
Copyright © 2007 Pearson Prentice Hall, Inc.
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Spin-Spin Coupling

CH,CHCl,
S CH;CHCl,
! t A ananRil chemical shift of the methine
P | proton if there were no protons
EEEEEE ([ on the adjacent carbon
7 & 5 4 3 2 1 0 _,"" “‘\
& (ppm) i

~— frequency

l ‘ l ] signal for the methine proton
is split into a quartet

<«— frequency

Copyright © 2007 Pearson Prentice Hall, Inc.
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CH,CHCl,

chemical shift of the methine
| proton i r r

no protons ‘

Spin-Spin Coupling

all with all against

ARENER

2 with 2 against
and and
1 against 1 with
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Spin-Spin Coupling

Table 13.2 Multiplicity of the Signal and Relative Intensities of the Peaks in

the Signal
Number of equivalent Multiplicity of Relative peak
protons causing splitting the signal intensities
0 singlet 1
| doublet 1:1
2 triplet 1:9: 1
8 quartet 1:3 v
4 quintet 1:4:6:4:1
3 sextet 1 10:5: 1
6 septet [ =6 201561

Copyright © 2007 Pearson Prentice Hall, Inc.
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'H NMR Spectroscopy

74

BOSTOMN

_n_Multiplicity Relative Intensity Spins Coupling Pattern
0 Singlet (s) ( N N
1 Doublet (d) o n=1 v @ | | | l
| w ) !
2 Triplet (1) o R r,z HT,,JLH 5 F__.r L
3 Quartet (q) ,f]xh A A =2 f
_ : 1/ \1 o |
4 Quintet IHVA 413 . " ,4 i l
5 Sextet ol 0. H 5 1. J ¥ by
6 Septet E \[/t ; 15 \fr\ll =S e |
QEPIE o S L | : |
AYYY Y Y Y il i i
7 Octet ,,,L_T,?‘.Tm 3:.\_1,3:&1,21& f:f\]/tw b it . :
o Nomet | 8 28 % 70 s6 28 8 1 W hri T ;

FIGURE 3.32 Pascal’s triangle. Relative intensities of first-order multipletsin = number of equivalent coupling

nuclei of spin 1/2 (e.g., protons).
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Spin-Spin Coupling long range splitting

H, and Hy may split each
H, and Hp, split each other’s H, and Hp do not split each other’s signal because they
signal because they are other’s signal because they are separated by four bonds
separated by three o bonds are separated by four o bonds one of which is a double bond
Voo N V v
H, 3 Hp Hg 1+ Hp H, Qé?/
A d _\lci(ljicﬁ Neze”
s AN s | ~ e N

Copyright © 2007 Pearson Prentice Hall, Inc.
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PR3

One of the spectra in Figure 13.15 is produced by I-chloropropane, and the other by I-iodopropane.
Which is which?

111" Spin-Spin Coupling

i
Wk |
33 3z a1 Pwm Sommmer e —
1 08P
- . S -~ _l_.
T T T T T

8 7 6 5 4 3 2 I 0
8 (ppim, ;
‘ LI REL Continued
A Figure 13.15 e
The 'H NMR spectrum for Problem 18. _ _ _ | L i
J

L]

8 7 6 5 4 3
& (ppm)

- frequency

A Figure 13.15

Continued 49
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PROBLEM 20«

The '"H NMR spectra of two carboxylic acids with molecular formula C3HsO,Cl are shown in Figure
13.16. Identify the carboxylic acids. (The “offset” notation means that the farthest-left signal has been
moved to the right by the indicated amount in order to fit on the spectrum; thus, the signal at 9.8 ppm off-
set by 2.4 ppm has an actual chemical shift of 12.2 ppm.)

) Spin-Spin Coupling

g S ! I
e
" 3
I
M
v e _,_-_ e |
282 ( Wt
1 i =l
— o o W EETPRRIY | R SEERIE 4L LA .:. I IL:”‘
10 9 8 7 6 3 4 3 2 1 0

8.0
LR WIS Continued

A Figure 13.16a
The '"H NMR spectra for Problem 20. b.
GO S S O ) SR BEF B IR
i '."’""
88100 ORI 0 0 0 I8 00 0 0 0 0 00 0 U0 ) I SIOA O 0 0 1 4 .1..
et A SRNN BEREER A0 EREE:
Offset: 1.7 ppn. J ‘ A w
JL,l'.lk___ 15t r_—__':l':r"':l__
............................................ 1 .
I ey 1), |
T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 0
8 (ppm)
- frequency
A Figure 13.16b 50
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Spin-Spin Coupling

[ [EE

-— frequency
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Spin-Spin Coupling

= 5 T EEaEEEEE pangy
O Gl B : o -
e c o | b i ; 1]

CH,CH,CH;—C—OCHCH,

| = L 5 i i _JII‘L i m T
M L o g : 13 12 11 PPM
. P i ]

6 (ppm)
-<— frequency
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Geminal Coupling

Spin-Spin

74

BOSTOMN

— 1| Coupling

8 (ppm)
~<— frequency

Copyright © 2007 Pearson Prentice Hall, Inc.

e UL

a quartet a doublet of doublets
relative intensities: 1:3:3:1 relative intensities: 1:1:1
Copyright © 2007 Pearson Prentice Hall, Inc.
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Spin-Spin Coupling

. EEEEEER FEE pERE T B
eH - e e
el e

8 (ppm)
-— frequency
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Spin-Spin Coupling

& (ppm)
-— frequency

Copyright © 2007 Pearson Prentice Hall, Inc.
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Spin-Spin Coupling

Identify each compound from its molecular formula and its "H NMR spectrum:
a. C9H12

¥ T i i e e [1 . i i e i T I S G T e ¢ L4 | T =¥ T T = ¥
: 1 ]‘ L ! ! ! ! 1.1 10 08 0B PPM | |
1 st _‘I_:__.ﬁ-—--—""—_r i [ Il 1\ | J | :

10 9 8 7 6 5 - 3 2 1 0

-<— frequency
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Spin-Spin Coupling

AN WA Continued
b. CsH,,0

JJTTLW;‘J — -}

10 9 8 7 6 5 + 3 2 1 0

-<— frequency
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Spin-Spin Coupling

PROBLEM 27«

Identify the following compounds. (Relative integrals are given from left to right across the
spectrum.)

a. The '"H NMR spectrum of a compound with molecular formula C4H;(O, has two singlets
with an area ratio of 2 : 3.

b. The 'H NMR spectrum of a compound with molecular formula C¢H 7O, has two singlets
with an area ratio of 2 : 3.

c¢. The 'H NMR spectrum of a compound with molecular formula CgHgO, has two singlets
with an area ratio of 1 : 2.




General Aspects — 'H NMR Spectroscopy m

BOSTOMN

Spin-Spin Coupling — Coupling Constant

T
: | |

a
CH,CHCI,

<«— frequency
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Spin-Spin Coupling — Coupling Constant

Approximate value of J,, (Hz)

15 (trans)

10 (cis)

1
(long-range
coupling)

Table 13.3 Approximate Values of Coupling Constants
Approximate value of J,;, (Hz)
P|Ia H, F
| Hb
Ha Hb
IIIH Iilb =0
- il
[ H, -

T Et
L ) e
s 2

H,
= 2
H, (geminal coupling)
Copyright © 2007 Pearson Prentice Hall, Inc.
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Spin-Spin Coupling — Coupling Constant

I

a
Jba=14HzL7 &Jab:MHZ J’ba:9Hz|——/ %Jabngz

b C b a ?f\
HOC, | 180° H\c—c/ o H\C—C/H M
/TN /TN
Cl H Cl COOIEI
a
c1 H trans-3-chloropropenoic acid cis-3-chloropropenoic acid c1COH

Copyright © 2007 Pearson Prentice Hall, Inc.
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Spin-Spin Coupling — Coupling Constant

b Hb Ha
b b a ?‘\
HO,C H‘\ H\ /COOH H\ H i1 H
. , 180 c=C Cc=C
| e ~ Ve
') Cl I;] Cl COOH
cH trans-3-chloropropenoic acid cis-3-chloropropenoic acid 1 COH

Copyright @ 2007 Pearson Prentice Hall, Inc.

PROBLEM 29

Why is there no coupling between H, and H,. or between H;, and H, in cis- or trans-3-
chloropropenoic acid?
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Spin-Spin Coupling — Splitting Diagram

Cl Cl
a bl |
CH,CHCHCHCI

CH;
1,1,2-trichloro-3-methylbutane

e . chemical shift of the signal for the
a splitting diagram H% H_ proton if there were no splitting

l¥l <]2 splitting by the H, proton
cb
l 1 L ‘l% splitting by the H; proton
ch ch

a doublet of doublets

-<— frequency

Copyright © 2007 Pearson Prentice Hall, Inc.




General Aspects — 'H NMR Spectroscopy m

BOSTOMN

Spin-Spin Coupling — Splitting Diagram
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Spin-Spin Coupling — Splitting Diagram
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PROBLEM 31

Draw a splitting diagram for H;, where

a. J,, = 12 Hz and J,,. = 6 Hz. b. J,, = 12Hz and J,. = 12 Hz.
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Diastereotopic hydrogens
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Diastereotopic hydrogens
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Time dependence - slow method
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Time dependence - slow method
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Time dependence - slow method
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Effect of the medium
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Resolution of spectra
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FIGURE 3.18 NMR scale at 300 MHz and 600 MHz. Relatively few organic compounds show absorption peaks to the rig
of the TMS peak. These lower frequency signals are designated by negative numbers to the right (not shown in the Figure),
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