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Introduction to NMR Spectroscopy

We begin by describing some magnetic properties
of nuclei. All nuclei carry a charge. In some nuclei this
charge “spins™ on the nuclear axis, and this circulation
of nuclear charge generates a magnetic dipole along the
axis (Fig. 4.1). The angular momentum of the spinning
charge can be described in terms of quantum spin num-
bers F; these numbers have values of 0, 1, 1, 2, and so
on (f{ = 0 denotes no spin). The intrinsic magnitude of
the generated dipole is expressed in terms of nuclear

magnetic moment, .

| Resonant magnetic field
Static magnetic field



FIGURE 4.1. Spinning charge on proton gencrates

magnetic dipole.
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Relevant properties, including the spin number /, of
several nuclel are given in Appendix H. The spin num-
ber [ can be determined from the atomic mass and the
atomic number as shown 1n the next column.

Spectra of several nuclel can be readily obtained
(e.g., 1H, {H, 2C, 5N, IUF, 1iP) since they have spin num-
bers I of ; and a uniform spherical charge distribution



Nuclear Magnetic Resonance Spectroscopy

Introduction to NMR Spectroscopy

« 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 atiny bar magnet.

 Normally, these tiny bar magnets are randomly oriented in space.
However, in the presence of a magnetic field B, they are
oriented with or against this applied field. More nuclel 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).
R soir With no external magnetic field... | In a magnetic field...
spinning proton
creates a magnetic field. n i A A
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Energy Differentiation

Difference in energy between the two states is given by:
AE=yhB,/2n

where:

B, — external magnetic field
h — Planck’s constant

Y — gyromagnetic ratio
When the energy of the photon matches the energy difference

between the two spin states , an absorption of energy occurs. We
call that phenomenon Resonance

AE=hv=vyhB,/2n So,v=yB,/2=n



THE ORIGIN OF NMR SIGNALS:

(THE NUCLEI OF NMR -” ACTIVE NUCLEI “ BEHAVE LIKE TINY BAR
MAGNETS)

Figure 13.1 (a) Nuclear spins ~~ (al [b)
are oriented randomly in (he '
absence of an external magnetic | .
field but (b) have a specific orien- l ;, < (ﬁ
tation in the presence of an Vo4 f
‘ /

1 .
S 4

external field, By, Some of the
spins (red) are aligned parallel to ‘7:' v Q. |
the external field while others . ™ (
(blue) are antiparallel, The paral- o

I8l spin state is slightly lower in o r (D
energy and therefore favored. 0 B
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Nuclei aligned with the magnetic field are lower in
energy than those aligned against the field.

The nuclei aligned with the magnetic field can be
flipped “spin-flip” to the higher-energy state if the
right amount of energy is added (DE).

When this spin-flip occurs, the magnetic nuclei are
said to be in resonance with the applied radiation
hence the name nuclear magnetic resonance

The amount of energy required depends on:
the strength of the external magnetic field
The identity of the nuclei.



Introduction to NMR Spectroscopy

* Thus, two variables characterize NMR:

- an applied magnetic field B, the strength of which is
measured in tesla (T), and

 the frequency v of radiation used for resonance,
measured in hertz (Hz), or megahertz (MHz)—(1 MHz =
10 Hz).

Absorbing RF radiation causes
the nucleus to spin flip.

I
—_— l — —  higher energy state
hv

s ANE ——
1

lower energy state —» — I — -
B.

* A nucleus is in resonance when it absorbs RF radiation and “spin flips” to a higher
energy state.



Chemical Shift-6

The electron density around each nucleus in a molecule varies
according to the types of nuclei and bonds in the molecule. The
opposing field and therefore the effective field at each nucleus
will vary. This is called the chemical shift phenomenon.

the greater the value of B, the greater the frequency difference.
This relationship could make it difficult to compare NMR spectra taken
on spectrometers operating at different field strengths.

The term chemical shift was developed to avoid this problem. The
chemical shift of a nucleus is the difference between the resonance
frequency of the nucleus and a standard, relative to the standard.



The operation of a basic NMR spectrometer is illustrated in Figure 13.4. An
organic sample is dissolved in a suitable sclvent (usually deuteriochloroform,
CDCly, which has no hydrogens) and placed in a thin glass tube between the poles
of a magnet. The strong magnetic field causes the 'H and 3C nuclei in the mole-
cule to align in one of the two possible orientations, and the sample is irradiated
with rf energy. If the frequency of the rf irradiation is held constant and the
strength of the applied magnetic field is varied, each nucleus comes into resonance
at a slightly different field strength. A sensitive detector monitors the absorption
of 1f energy, and the electronic signal is then amplified and displayed as a peak.

Figure 13.4 Schematic opera
tion of an NMR spectromaeter
A thin g'ass tube containing
the sample solution is placed
between the poles of a sirong
magnet and irradiated with
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NMR SPECTROSCOPY DIFFER FROM™ IR”
SPECTROSCOPY:

The energy needed for NMR is much smaller than that
required for IR Speciroscopy.



Turbid solution givs i |

poor spectrum

Clear solution gives
good spectrum

A large amount of
~ solvent gives a
~ good spectrum

~ but wastes
solvent

A small amount of

solvent will give a
bad spectrum



& Upfield
‘Z’ (shielded)
()
r Downfield Calibration peak |
- (deshielded) {(TMS) -
] 1 . T — —T ’
10 Q s 7 6 S 4 3 2 1 0 ppm
Low-field Direction of ficld sweep High-field

Figure 13.5 The NMR chart. The downfie!d, deshielded side is on the left, and the upfield,
shiclded side 1s on the right. The tetramethylsilane (TMS) absorption is used as reference point.

Shielding requires a higher magnetic field to bring the nucleus
into resonance - the signals are up field in the NMR spectrum

Lower electron density around a nucleus deshields the
nucleus from the external magnetic field

Deshielding causes absorption of energy at lower frequencies
— the signals are downfield in the NMR spectrum



A proton surrounded

An isolated proton by electron density

magnetic field induced

- by the electron
'|' (opposite to B,)
nucleus
5, 5,
The nucleus "feels” 5, only. The induced field decreases the strength
af the magnetic field "felt” by the nucleus.
This nucleus is shielded.
Shielding:

The higher the electron density around the nucleus, the higher the opposing magnetic field
to BO from the electrons, the greater the shielding. Because the proton experiences lower
external magnetic field, it needs a lower frequency to achieve resonance, and therefore,
the chemical shift shifts upfield (lower ppms) .

Deshielding:

If the electron density around a nucleus decreases, the opposing magnetic field becomes
small and therefore, the nucleus feels more the external magnetic field BO, and therefore it
is said to be deshielded. Because the proton experiences higher external magnetic field, it
needs a higher frequency to achieve resonance, and therefore, the chemical shift

shifts downfield (higher ppms)



* The less shielded the nucleus becomes, the more of the applied
magnetic field (BO) it feels.

* This deshielded nucleus experiences a higher magnetic field
strength, to it needs a higher frequency to achieve resonance.

* Higher frequency is to the left in an NMR spectrum, toward
higher
chemical shift—so deshielding shifts an absorption downfield.

* Protons near electronegative atoms are deshielded, so they
absorb downfield.



a. Shielding effects

s An electron shields the nuclaus.

+ The absorption shifts uofiald,

b. Deshielding effects

* Decreased electron density deshields a nucleus.
* The absorption shifts downfiald.

upfield

proton + electron

-

gf

CH,CI

downfield
——

CH,

Increasing chemical shift
Increasing v

Increasing chemical shift

Increasing v




A shielded nucleus | A deshielded nucleus

& : A
The nucleus “feels" | The nucleus ‘feels’
a smaller resultant field. “ alarger resultant field.
~ *— alarger induced magnetic field «— a smaller induced magnetic field
B, B,

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

* The absorption shifts upfield. * The absorption shifts downfield.



CHCHCl— # The Hy protons are deshielded because they are closer to the electronegative

ﬁlﬁ ah Clatom, so they absorb downfield from H.

BiOH,CHF ¢ Because Fis more electronegative than Br, the H, protons are more
ﬁ i'n deshielded than the H, profons and absorb farther downfield,
d

C|GHECTC|E ¢ The laroer number of electronegative CLatoms (two versus one) deshields H,
:1& , - mor than H_ so1t absorbs downfield from H,



TH NMR—Chemical Shift Values

+ Protons in a given environment absorb in a predictable region in an NMR
spectrum.

Copgright © The MoGraw-Hill Companies, Inc. Panmission required for reprodusction or displen.

Table 14.1 Characteristic Chemical Shifts of Common Types
of Protons

Type of proton Chemical shift (ppm) Type of proton Chemical shift (ppm)
L
c=C 4.5-6
~CG—H 0.9-2 PV AN
o’ sp°
« RCH; ~0.9 =
s R.CH; ~1.3 { —H 6.5-6
+ R,CH 1.7 >
Fi
W Q
—=H 1 1
.-‘G ¥ PSS o 910
R "H
2=C O, N
@
—C=C=-H ~2.5 G 10-12
R™ TOH
-||: 3 2.5-4
Eﬂ_-;fé RO-H or Ft—ril—H 1-5
Z=N,0, X 23




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

RCH,—H R,CH—H R,C—H
~ 0.9 ppm ~ 1.3 ppm ~ 1.7 ppm

Increasing alkyl substitution
Increasing chemical shift



«— downfigld upfield —>
5 —C=C—H
I
A - ‘ z
R™ OH ,/=\.> N | 3 |
0 { 7—H| C=C —C—H | p*—= C-CH| —CH
I \ / /I s 3’2 ; / 7
R"C""H sp? P 5p
=N, 0O X Z=C,0,N
| | | | | | | |
12 9 B8 5.5 4.5 2.5 1.5 1 0
';.{1'."' ' . . ' . . . }.
Q‘\{ﬁ Increasing deshielding chemical shift (ppm) Increasing shielding ;};3

* Shielded protons absorb at lower chemical shift (to the right).
* Deshielded protons absorb at higher chemical shift (to the [eft).




14.5 'TH NMR—Intensity of Signals

- 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.




NMR integration |

CH,OC(CHs)4 B0

- 'T' s
J i’zlr:a
A i
CH3{:'" {CH3}3C_
| | | |
10 4] B 5 4 3 i

chemical shift (ppm)




Determine the Number of Protons Giving Rise to an NMR Signal

Example A compound of moleculas formula CH.. 0. gives the fallowing integrated "H MR soectiam. How many
prolons give Mse 1o sach signal ?

-
b
o%
33
23
- |I'._ - = - et

— 4 N =l

Sagmed &) signal [B]) segmel fBX]
LB B B B B B B B S B B B B O i BB i B e B e B B i e o i e o e e
B T & 5 4 =1 = 1 [

PO

Step (1] Determine the number of integration units per proton by dividing the total number of integration units by the
total number of pratons.

* Totad number of integration units: 54 + 23 + 33 = 110 urits
¢ Tota number of protons « 10
* Divide: 110 unite/10 prctons = 11 units per proton

Step (2]  Determine the number of protons giving rse 1o each signal.

¢ To daterming the number of H atoms giving rse 10 each Sicnal, divide each intearation value by the answer of Stap [1]
andd round 1o the nearsst whaole nuber,

Signal [A): ‘ Sipnal [B): Signal [C.)'

- son lent | B =21 « [3ul | B - [54]
Answer: T 49 811 | 11 2.1 2'I4_!| 1 3_"]




14.6 '"H NMR—Spin-Spin Splitting

 Consider the spectrum below:

BrCH,CHBr,
lwo peaks
doublet
three peaks
triplet <
Y
| -CH,—
—C—- / 2
P\
H «— J
LI T il B | 1RO | WS 5:5: 0418 T R | { Pl
7 8 5 4 3 2

ppm




"H NMR—Spin-Spin Splitting

+ Spin-spin splitting occurs only between nonequivalent protons on
the same carbon or adjacent carbons.

Let us consider how the doublet due to the CH, group on BrCH,CHBr,
occurs:

* When placed in an applied electric field, (B,), the adjacent proton
(CHBr,) can be aligned with (T) or against () B,.

« Thus, the absorbing CH, protons feel two slightly different
magnetic fields—one slightly larger than B, and one slightly
smaller than B,,.

+ Since the absorbing protons feel two different magnetic fields, they
absorb at two different frequencies in the NMR spectrum, thus
splitting a single absorption into a doublet.




The frequency difference, measured in Hz between two peaks of the doublet
is called the coupling constant, J.

How a doublet arises

With no adjacent H's: o
The absorbing H's feel only | — The NMT‘ Elgﬂéll‘l is
one magnetic field. 3 a single peax.
B, -
| I
| r
| r
v '
With one adjacent H: _
The absorbing H's feel two different fields, —» T“E‘”t"‘“ ziﬂﬂz'l li split
so they absorb at two different frequencies. ) f is INlo @ doubiet.
B B, 1:1
two different
magnetic fields

* One adjacent proton splits an NMR signal into a doublet.



Let us now consider how a triplet arises:

absorbingH —H H, «—

Br—(l‘,—(l}-Br 2 adjacent H's «— H, and H,, can each be aligned
|| |

with (4) or against (y) B..

* When placed in an applied magnetic field (B,), the adjacent protons H, and
H, can each be aligned with (T) or against (V) B,

+ Thus, the absorbing proton feels three slightly different magnetic fields—
one slightly larger than B,, one slightly smaller than B,, and one the same
strength as B,




+ Because the absorbing proton feels three different magnetic 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 B,
and one proton against B,—that is, T_.{, and {_T,—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 said to be coupled.

+ The spacing between peaks in a split NMR signal, measured by the
Jvalue, is equal for coupled protons.



How a triplet arises |

A
With no adjacent H's: .
The absorbing H feels only —> The l*:MFIi slgnalz s I
one magnetic field. a single peak.
B,
I |
I I
l |
' \
L |
' i - % tavo
With two adjacent H's: A
The absorbing H feels three different fields, — or The NTH ﬂt?in?l iy split
so it absorbs at three different frequencies. Into a triplet.
tato tato  Yam
B, 1:2:1

three different magnetic fields



Three general rules describe the splitting patterns commonly seen in
the '"H NMR spectra of organic compounds.

1. Equivalent protons do not split each other’s signals.

2. A set of n nonequivalent protons splits the signal of a nearby
proton into n + 1 peaks.

3. Splitting is observed for nonequivalent protons on the same
carbon or adjacent carbons.

If H, and H, are not equivalent, splitting is observed when:

e A L o
- = —4-

| \

Hp H Ha Hb

H, and H, are on the same carbon.  H, and H, are on adjacent carbons.




Splitting is not generally observed between protons separated by
more than three c bonds.

i
cCo

CH, CHCH CH,~OZCHCH,

cl Is; o] o

Ha  Hy Ha Hp
2-butanone ethyl methyl ether

H, and H,, are separated by four ¢ bonds. H, and H, are separated by four ¢ bonds.
no splitting between H, and H, | no splitting between H, and H,, |

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Table 14.3 Names for a Given Number of Peaks in an NMR Signal

Number of peaks Name Number of peaks Name
1 singlet 5 quintet
2 doublet 6 sextet
3 triplet 7 septet
4 quartet >7 multiplet
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Table 14.4 Common Splitting Patterns Observed in '"H NMR

Example Pattern  Analysis (H, and H,, are not equivalent.)
(1] —C C— jL J ¢ H,: one adjacent H, proton ==-- two peaks -=-- adoublet
H Hb ¢ H,:one adjacent H, proton -=-- two peaks ---- adoublet
l | .
2] —C-CH,— l e H,: two adjacent H, protons ----=  three peaks ---- atriplet
|t = R Hy: one adjacent H, proton ~~---=+  twopeaks ~---- adoublet
Ha Hy Hy H,
[8] —CH,CH,— ||| ||| e H,: two adjacent H, protons -—--+  three peaks ---- a triplet
! L 4 * Heitwoadjacent H, protons -=-- three peaks -~~~ atriplet
a b a b
[4] —CH,CHgq J ¢ H,: three adjacent H,, protons ---- four peaks ---- aquartet*
ltl J{ o H o H ¢ H,:two adjacent H, protons -=--  three peaks ----> a triplet
a b a b
|
[5] —C~CHg e H, three adjacent H, protons ————> fourpeaks ----> aquartet"
| 1 e H,: one adjacent H, proton ———— two peaks -—-—-—+ adoublet

Ha Hy Hya Hp




Whenever two (or three) different sets of adjacent protons are equivalent to
each other, use the n + 1 rule to determine the splitting pattern.

Figure 14.6 The 1H NMR spectrum of 2-bromopropane, [(CH,),CHBI]




When two sets of adjacent protons are different from each other (n protons

on one adjacent carbon and m protons on the other), the number of peaks in
an NMR signal = (n +1)(m + 1).

Figure 14.8 A splitting diagram for the H, protons in 1-bromopropane

" CHyCH,CH,—Br

] N
Ha Hb HC
/':’ \\\\\
rr \\‘ |
Three H, protons split the H,, signal Jap Jo, = the coupling constant
into 3 + 1 = 4 peaks. I l between H, and H,
__»‘“g
//T\\ ’/ | \\ ’/ 1 \\ ,/1\\\
[ I .
Two H,. protons further split the H,, signal : : } : : : : : : : a quartet of triplets
into 2 + 1 = 3 peaks. ! ! J_J_L J_ | |
| l | 1 _kA < J,. = the coupling constant

. between H, and H,
Total = 12 peaks

* The H, signal is split into 12 peaks, a quartet of triplets. The number of peaks actually seen for
the signal depends on the relative size of the coupling constants, J,, and J,.. When J, >> J,..,
as drawn in this diagram, all 12 lines of the pattern are visible. When J,, and J,,. are similar in
magnitude, peaks overlap and fewer lines are observed.




* Protons on carbon-carbon double bonds often give characteristic splitting
patterns.

+ A disubstituted double bond can have two geminal protons, two cis
protons, or two trans protons.

* When these protons are different, each proton splits the NMR signal of the
other so that each proton appears as a doublet.

* The magnitude of the coupling constant J for these doublets depends on
the arrangement of hydrogen atoms.

H H
A O NEA,
C=GC C=C C=C
/" h /" \ L\
geminal H's cis H's trans H's
Jﬂemiﬁal < Jois * Jirans
0-3 Hz 5-10 Hz 11-18 Hz
A

| |

characteristic coupling constants for three types of disubstituted alkenes




Figure 14.9 'H NMR spectra for the alkenyl protons of (E)- and (Z)-3-chloropropenoic acid

cl H, Ho, Mo
-C_Cx /C _C
H, COOH Cl  COOH
(E)-3-chloropropenoic acid (£)-3-chloropropenoic acid
Jipans = T4 HZ="| [*=  =*| |* Jyans = 14 H2Z Jog=8Hz=* |*=—*| |*~J.s =8 Hz
| I
Ha Hb HH Hh

* Although both (E)- and (2)-3-chloropropenoic acid show two doublets in their 'H NMR spectra
for their alkenyl protons, Jyuns > Jeis.



Figure 14,10 The "H NMR spectrum of vinyl acetate (CH,=CHOCOCH,)

Caopyright © The McGraw-Hill Companies, Inc. Permission required for repreduction or display.

H, H
S\ s He
R
CH4
vinyl acetate
UlUL l
|
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T 5 4 3 2 1




Splitting diagrams for the alkenyl protons in vinyl acetate are shown below.
Note that each pattern is different in appearance because the magnitude of
the coupling constants forming them is different.

Figure 14.11 Splitting diagram for the alkenyl protons in vinyl acetate (CH,=CHOCHOCH,)

Copyright € The MeGraw-Hill Companies, Inc. Permission required for reproduction or display.

Hd HI;I c
HI.,-“'.\' Hd - & N . o & . Ay :
c=¢ 0O d “* d 3 £ One nearby H splits the
H.; HO Cf; L Jod J } | Jod { LJC-d" signal into a doublet.
\"GHEI_ Jlﬁ-"\ P Jh- 1 Jh-" 'Jhr‘ I | Jhl’:

e \ hy o NI
Ljﬁd LJM \. / \I‘ V The second nearby proton

| | splits the doublet into a

Jpe = 1.2 Hz (geminal) doublet of doublets.

Jog = 6.5 Hz (cis)
Jyg = 14 Hz (trans) /

JU ,./’J jh j‘/a o }fl/bﬂu

- S — N

E—

doublet of doublets  doublet of doublets doublet of doublets
due to Hy due to Hy, due to H,




14.9 Other Facts About’H NMR

14.9A OH Protons

* Under usual conditions, an OH proton does not split the NMR signal
adjacent protons.

* The signal due to an OH proton is not split by adjacent protons.
Figure 14.12 The 'H spectrum of ethanol (CH,CH,OH)

Copyright @ The MeGraw-Hill Companies, Ine. Permission required for reproduction or display.
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CH4CH,OH Ha
|
Ha Hp Hc
He
Ht.l -—
AN i
S e . —
I [TT T T T T T | TTT T'TT | T T1 [T T T T T
8 ri =] 5 4 3 2 1




+ Ethanol (CH,CH,OH) has three different types of protons, so there
are three signals in its NMR spectrum.

» The H, signal is split by the two H, protons into three peaks (a
triplet).

+ The H, signal is split only by the three H, protons into four peaks, a
quartet. The adjacent OH proton does not split the signal due to H..

+ H_ is a singlet because OH protons are not split by adjacent protons.

* Protons on electronegative atoms rapidly exchange between
molecules in the presence of trace amounts of acid or base. Thus,
the CH, group of ethanol never “feels” the presence of the OH
proton, because the OH proton is rapidly moving from one molecule
to another.

+ This phenomenon usually occurs with NH and OH protons.




"H NMR spectrum in Figure 13.3a shows only two peaks, however, even though
methyl acetate has six hydrogens. One peak is due to the CH3C=0 hydrogens,
and the other to the —~OCH3 hvdrogens. Because the three hydrogens in each
methyl group have the same electronic environment, they are shielded to the
same extent and are said to be equivalent. Chemically equivalent nuclei always show
a single absorption. The two methyl groups themselves, however, 2re nonequiv-
alent, so the two sets of hydrogens absorb at different positions.

i 2
C")"‘C—o—c“; TR
A
- - -

0 ppm

-
o
-
® -
~
>
Bl
-
-
"~
-

Chaemucal shin 44)



To define the position of an absorption, the NMR chart is calibrated and a
reference point is used. In practice, a small amount of tetramethylsilane [TMS,
(CH3),S1] is added to the sample so that a reference absorption peak is produced
when the spectrum is run. TMS is used as reference for both 'H and 1C mea-

This material has several advantages: it 1s chemically inert,
symmetrical, volatile (bp 27°C), and soluble in most or-
ganic solvents: it gives a single, intense, sharp. absorption
peak, and i1ts protons are more “shielded™ than almost all
organic protons. When water or deuternum oxide 1s the
solvent, TMS can be used as an “external reference™ 1n a
concentric capillary or the methyl protons of the water-
soluble sodium 2, 2-dimethyl-2-silapentane-5-sulfonate
(IDSS), (CH,)-.SICH-CHLCH-L.S(O:Na, are used as an inter-
nal reference (0.015 ppm ).



14.4 TH NMR—Chemical Shift Values

* In a magnetic field, the six © 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.

The circulating n electrons

/ create a ring current.

The induced magnetic field reinforces the

H_\_/-H‘_ external field B, in the vicinity of the protons.

o g l

The protons are deshielded.

B.
. T T . The absorption is downfield at 6.5-8 ppm.
induced magnetic field |

25



* In a magnetic field, the loosely held = 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.

H . : :
) The induced magnetic field reinforces the
\H

7 L ‘ external field B, in the vicinity of the protons.

The protons are deshielded.

B:
Induced The absorption is downfield at 4.5-6 ppm.




* In a magnetic field, the n electrons of a carbon-carbon triple bond are
induced to circulate, but in this case the induced magnetic field opposes

the applied magnetic field (B,).

+ Thus, the proton feels a weaker magnetic field, so a lower frequency is
needed for resonance. The nucleus is shielded and the absorption is upfield.

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, Bnguced R Binduced
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Table 14.2 Effect of 1 Electrons on Chemical Shift Values

Effect Chemical shift (ppm)
highly deshielded 6.0-8
\G:C/ deshielded 4.5-6

C=C-H shielded ~25




Table 133 | Correlation of 'H Chemical Shift with Environment

Type of hydrogen

Chemical shift (£}

Type of hydrogen Chemical shift (3)
Reference SHCH.); 0 l
Alky! (primary) —CH, 0.7-1.3 Alcohol —?-0"“ 25-50
Alkyl (secondary) —CH,— 1.2-1.6
H
|
Alkv] (tertiary) —(I:H— 1.4-18 Alcohol, ether —(II—O— 33435
H
| H
Allylic Cc=C—C— 1.6-2.2 N/
i Vinvlic C=C 45-6.5
AR
g Aryl Ar—H
Methyl ketone —C—CHs 2.0-24 o
a
Aromatic methyl Ar—CH; 24-2.7 Aldehvde -—(lj— H 9,7-10.0
Alkynyi —C=C—H 25-30 o
|
" Carboxylic acid —C—0—H 11.0-12.0
Alky! halide 2540



RATIONALIZATION AND PREDICTION OF APPROXIMATE
CHEMICAL SHIFT DEPENDING ON INDUCTIVE EFFECT &
DIAMAGNETIC ANISOTROPY

1. In an a,B-unsaturated ketone, resonance deshields
the B-proton;

H o H
CH,—C=C—C—CH,«~— CH,— C—C=C—CH,
N = | ' | O H '
O O
e-proton = &6 —6. 2
B-proton — § —6.8

2. In a substituted wvinyl ether, the oxygen atom de-
shields the o-proton by an inductive effect and
shields the g-proton by resonance.

H

CH,— C—C=20—CH,
GG .
H \;"'_".}, i H =)
H ' e w\m T

x-proton = & —6,
-4,

2
B-proton = & —4.6



3. The shifts of protons ortho, meta, or para 10O a sub-
stituent on an aromatic ring are correlated with clec-
tron densities and with the effects of electrophilic
reagents (Appendix Chart ID.1). For example, the or-
tho and para protons of phenol are shielded because
of the higher eclectron density that also accounts for
the predominance of orrtho and para substutution by
clectrophilic reagents. Conversely, the orthio and para
protons of nitrobenzene are deshielded, the orthio
protons more so (sce Figure 3.23).

Since chemical shift Increments are approxi-
mately additive, it is possible to calculate the ring pro-
ton shifts in polysubstituted benzene rings from the
monosubstituted values In Appendix Chart D.1. The
chemical shift increments for the ring protons of
m-diacetylbenzene:



SOLVENT SELECTION:

Characteristic of the ideal solvent:
1. should contain no protons

2. inert

3. low boiling

4. inexpensive

5. Deuterated solvents are necessary for modern instruments
because they depend on a deuterium signal fo lock or
stabilize the B° field of the magnet.

Solvent used in NMR spectroscopy:

1. CCl4: because g/ it is contain no hydrogen.
b/ good solvent for many organic compounds.
c/ cheap and readily available.

- B0 @8



e SO @O MSE O CE Ll group are usually
diastereotopic If:

* On an unsymmetrical double bond
* 1 On opposite sides of a substituted ring

* 1 There Is a chiral center in the molecule

Cl H 1 - H
RC_C-""# replacenwent """-C_C.-"-‘{J 4 """-..C_E‘..-""
A TN by € TN A TN

H H H H H Q

——l

N =i e sl e R




2. the position of the signals (chemical shift in H-NMR
Spectroscopy)

We said previously that differences in cheinical shifts are caused by the small
local magnetic fields of electrons surrounding the different nuclei. Nuclei that
are more strongly shielded by electrons require a higher applied held to bring
them into resonance and therefore absorb on the right side of the NMR chart.
Nuclei that ate less strongly shielded need a lower applied held for resonance
and therefore absorb on the left of the NMR chart.

'
: | : H !
M X Y ™ TSC—M | N
l'/ l _ \c P p 4 e T
| I 5 R - T 6. E

- Aromatic - Vinyilic ‘, Y o= O, N, | Allylic . Saturated |
I ' ' | Halogen | ' J
T . 11 v -} G — T

» T T = ' 4 |
B v G L5 4 3 2 1 (o]
Chamical shift (&)



FACTORS EFFECTING CHEMICAL SHIFT:

1. Inductive effect;

Jable 13.3 shows the correlation of 'H chenical shilt with electronic env
ronment in more detail. In general, protons bonded to saturated, sp*-hybridize
carbons absorb at higher fields, whereas protons bonded to sp*-hybridized ca)
bons absorh at lower fields, Protons on carbons that are bonded to electre
negative atoms, such as N, O, or halogen, also absorb at Jower fields.

2. anisotropic effect

3. vanderwaals deshielding: proton (a) is not effected by proton (b),
but if we substituted proton (b) by CH3 — repulsive because of steric

effect with the proton (a) — deshielding — down field.
Ha Ha

Yo e



4. Hydrogen bonding:

They cause decrease the density around the hydrogen —
deshielded by inductive effect.

The intensity of intermolecular hydrogen bonding dependiné

on: ; ) . j
. The concentration: increase concentration — Increase

H-bonding — increase deshielding.

o The temperature: increase temperature — breakdown the H-
bonding — high field.

o The purity.

o Polarity of the solvent: the solvent should be deuterated
(CDClg) and also should not polar.



 Inframolecular H_ bonds are less affected by their
environment than are intermolecular H _ bonds.



4. MULTIPLICITY: "SPIN_ SPIN COUPLING" OR SPIN_ SPIN
SPLITTING IN H NMR SPECTRA:

pling. This can be described as the indirect coupling of
proton spins through the intervening bonding electrons.
Very briefly, it occurs because there is some tendency
for a bonding clectron to pair its spin with the spin of
the nearest proton; the spin of a bonding electron hav-

ing been thus influenced, the electron will affect the spin
of the other bonding electron, and so on, through to the
next proton. Coupling i1s ordinarily not important be-
yvond three bonds unless there is ring strain as in small
rings or bridged systems, delocalization as in aromatic
or unsaturated svstems, or four connecting bonds in a

W configuration.

As a general rule, called the n + 1 rule, protons that have n equivalent
neighboring protons show n + 1 peaks in their NMR spectrum.



In the 'H NMR spectra we’ve seen thus far, each different kind of proton in a
molecule has given rise to a single peak. It often happens, though, that the
absorption of a proton splits into multiple peaks, called a multiplet. For exam-
ple, 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 § and
the —CHj; protons appeat as thiee peaks (a triplet) centered at 1.68 9.

intensity

CrigCHBr

Al

; T : ' = T - | 1
10 9 8 7 6 5 4
Chemical shift {(5)

O ~

ppm

Figure 13.13 The "H NMR spectrum of bromoethane, CH3CH,Br. The —-CH,Br protons
appear as a Quartet at 3.42 5, and the —CH3 protons appear as a triplet at 1.68 5.



spectrum of 2-bromopropane in Figure 13.15 shows a doublet at 1.71 4 and a
seven-line multiplet, or septet, at 4.28 5. The septet is caused by splitting of the
-CHBr~ proton signa! by six equivalent neighboring protons on the two
methyl groups (1 = 6leadsto 6 + 1 = 7 peaks). The doublet is due to signal split-
ting of the six equivalent methvl protons by the single —CHBr— proton (n = 1
leads to 2 peaks). Integration confirms the expected 6:1 ratio.

The distance between peaks in a multiplet is called the coupling constant,
denoted /. Coupling constants are measured in hertz and generally fall in the
range 0 to 18 Hz. The exact value of the coupling constant between two neigh-
boring protons depends on the geometry of the molecule, but a typical value for
an open-chain alkane is [ = 6 to 8 Hz. The same coupling constant is shared by

both groups of hydrogens whose spins are coupled and is independent of

Spectrometer field strength



Two__ bond coupling is termed geminal; three _ bond coupling is
termed, vicinal,;

H—C—H H—C C H
Geminal coupling Vicinal coupling
2 bonds (3J7) 3 bonds (3J)

Spin- spin splitting In H NMR can be summarized by:
Rulel:

Chemically equivalent protons do not show spin-spin splitting. The equiv-
alent protons may be on the same carbon or on different carbons, but their sig-
nals don't split

Ci C!
\ -
o e LC—-C
1 4 ' \
' Ci
Three C-H protons are Four C-H protons are
chemically equivalent, chemically equivalent;

no splitting occurs. no splitting occurs



Rule2: [hesignal of a proton that has n equivalent neighboring protons is split
into a multiplet of n + 1 peaks with coupling constant /. Protons that are

farther than two carbon atoms apart don't usually couple, although they some-
times show small coupling when they are separated by a = bond.

H o H ' \c/ ;
\

L=y R -
/ \\ /\ /\\

Splitting observed Splitting not usually observed



Rule3: Two groups of protons coupled to each other have the same coupling con-
stant, /.
e.g. CHsCH2Br  multiplets of CH2Br and CH3 have the same J

value.
"If V1 = chem. Shift of CH3
V2 = chem. Shift of CH2
AV = distance between chem. Shift of non equivalent protons in the

molecule.
As AV/ J goes down — the distance between different peaks of 2

non equivalent protons smaller (peaks approach each other)
When AV =J — the two peaks of two protons are the same, i,e the
two protons are equivalent.
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Rule4: The relative intensities of the peaks of a

mulfiplet depend on (n):

Table 13.4  Some Common Spin Multiplicities

Number of equivalent adjacent protons Multipiet Ratio of imensities
0 Singlet
] Doublet |
2 Triplet :2:1
3 Quartet 3435
-4 Quintet 4:6:4:1
6 Septet :6:15:20:15:6:1



We can now appreciate the three main features of
an NMR spectrum: chemical shifts, peak intensities, and
spin splittings that are first order or that approximate
first-order patterns. The term “weakly coupled™ is used
for first-order coupling (Aw/J = — 8) and “strongly cou-
pled” is used for couplings whose Ax/J ratio is less than
about eight.

Example: Compound (A) has the chemical formula of C10H1202:
NMR spectrum showed the following signals (0 ) :
7.93 (doublet), 6.91 (doublet), 3.84 (singlet), 2.93(quartet), &

1.20(triplet). The integration for the peaks is as follows: 20:20:30:20:30
respectively. Find the structure of compound (A), and then draw its

spectrum chart.




Intensity

0 ppm

i O F_'f
V/4 i
CH;O0— ")—C—CH,CH,
T b | J
— g 21 « = |
10 9 8 7 S 4
Chemical shift (3)
Figure 13.16 The 'H NMR spectrum of para-methoxypropiophenona.

Propose a structure for a compound, CsHy50, that fits the following "H NMR data:
0.92 6 (3 H, triplet, ] = 7 Hz), 1.20 8 (6 H, singlet), 1.50 & (2 H, quartet, ] = 7 Hz),

1.64 6 (1 H, broad singlet).
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L The five aromatic proton signals (black in Figure 13.19) overlap into a com-
plex pattern with a large peak at /.42 § and a broad absorption at 7.57 8.

The aldehyde proton signal at C1 (red) appears in the normal downfield position
at 9.69 § and is split into a doublet with | = 6 Hz by the adjacent proton at C2.

The vinylic proton at C3 (green) is next to the aromatic ring and is therefore
shifted downfield from the normal vinylic region. This C3 proton signal
appears as a doublet centered at 7.49 §. Because it has one neighbor proton at
C2, its signal is split into a doublet, with J = 12 Hz.

The C2 vinylic proton signal (blue) appears at 6.73 § and shows an interesting

four-line absorption pattern. It is coupled to the two nonequivalent protons at

C1 and C3 with two different coupling constants: Jy.» = 6 Hzand /.3 = 12 Hz.
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4.9.1.3 Phenols The behavior of a phenolic proton
resembles that of an alcoholic proton. The phenolic pro-
ton peak is usually a sharp singlet (rapid exchange, no
coupling), and its range, depending on concentration,
solvent, and temperature, is generally to the left (6 — 7.5
to 8 — 4.0) compared with the alcoholic proton. A car-

F.6.7.5 Carboxylic Acids Carboxylic acids exist
as stable hvdrogen-bonded dimers 1in nonpolar solvents
cven at high dilution. The carboxylic proton therefore
absorbs Iin a characteristic range & —13.2—-86 —10.0
and is affected only slightly by concentration. Polar
solvents partially disrupt the dimer and shift the peak
accordingly.

O---H—O

R— J—R

O—H---O



