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4.8 EQUIVALENCE AND NON-EQUIVALENCE OF PROTONS

4.8.1 Magnetic equivalence and non-equivalence of protons
Two nuclei are said to be magnetically equivalent if they exhibit the same chemical shift and the same

coupling constant to every other nucleus in the molecule. In other words, magnetically equivalent
protons possess the same frequency (isochronous) and only one characteristic spin-spin interaction
with the nuclei of a neighbouring group. They are usually also chemically equivalent but there may
be subtle differences. This is explained by taking into consideration, the following examples:

(i) The protons of a methyl group are magnetically equivalent since, as a consequence of the
rotation about the C—C bond, all the three protons have the same time-averaged chemical environment
and therefore the same resonance frequencies. The coupling constant to the protons of a neighbouring
CH, or CH group is likewise necessarily identical for each of the three protons as the three conformations
a, b and c are of equal energy and therefore equally populated. The geometric relation between the
individual methy! protons and their neighbours, which determines the magnitude of the coupling

constant. thus becomes identical for each of the three methyl protons.
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(iii) Similarly the protons in 1,1-difluoroethylene (f) as well as the two fluorine nuclel te::re . )
equivalent but magnetically non-equivalent for two different coupling constants are o S’ell:eﬂ at 1s
Ji3#J, 407 Jois # Jigans. In difluoromethane (g), on the other hand, the protons as well as the Tluorine

nuclei, are magnetically equivalent (J; 3 =J, 4 = Jo3= J2.4)-

Fino gt Hine
(- (2)

4.8.2 Chemically equivalent protons
Protons in chemically identical environments would often exhibit the same chemical shift. Thus, all

the protons in tetramethylsilane (TMS), benzene, cyclopentane or acetone will give rise to a single
absorption peak in their PMR spectra. The protons are said to be chemically equivalent.

H,
H C 5
H H Hzcl:/\(I:HZ i
H,C—C— .
H H HC—CH, CH; (CHj),Si

(Molecules giving rise to only one NMR absorpti
ption peak: (all protons ' ‘
T : chemically
On the other' hanc.i, molecules which have sets of equivalent protons, chemic: Y e.qu.,\ dle‘nl)
another, may give rise to an absorption peak pertaining to each set » chemically distinct from one

CH,
H H  H,c—CoocH, HyC—Coocy
23

H H
H,C
CH, ACO0CH; Hyc—0—cp

Molg}cules giving rise to two NMR absorption peaks: (two sets of h
c emically equi
quivalent protons
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4.8.3 Spin-Spin coupling or spin-spin splitting
The coupling interactiop betwef’,n. (WO or more protons, most oft
liting of the spectral.lmesi. Th1§ is called Spin-spin coupling. It is
;~ombin3ﬂ0“5 of the spin orientations of the neighbouring protons.
The magnitude of the spin coupling interaction between protons in general decreases as the
qumber of bonds between the coupled nuclei increases. The coupling consctant 1S finallvt u-edal;ed
the order of magnitude of the natural line width so that a splitting is no longer observed T:».-;f, ,
illustrated by comparing the PMR spectrum of benzyl acetate with that of ethyl formate (Fié. 4 U)

€n (hr“llgh the bonds. results in
related to the number of possible

CH;COOCH,CgH; -CH;
CeHs-
—~CH,—
i ||
HCOOCH,CH,
-CH,
0]
—Hg— -CH,-

T T T T -
8 6 4 2 0.§

Fig. 4.10 PMR spectra of benzyl acetate and ethyl formate.

Figure 4.10 exhibits not only a difference in the position of the resonance signals but also a
glfference in the multiplicity of the signals. In the case of benzyl acetate, singlets are observeq for
aﬁ:jh tl&c methy] anq methylene protons while in ethyl formate thej same protons give rise o E _trlsl:;
Struc?u::t?t 'C§Pethvely, each with a rather distinct intensity d13:tnbut10n. ‘The cause of t .IS'd1 l

'S Spin-spin coupling. It is brought about by a magnetic interaction between individua
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T Nuclear moment

l Magnetic polarization of the electron

Fig. 4.11 Schematic representation of nuclear spin-spin interaction through the bonding electrons (a) in
the HF molecule and (b) in a CH, group.

.

4.8.4 Multiplicity of splitting and relative intensity of lines in a multiplet

4.8.4.1 MULTIPLICITY OF SPLITTING
The degree of multiplicity, that is, the number of lines observed in the NMR signal for a group of
protons, and intensity distribution of lines within a multiplet may be derived from the relative
probabilities of different spin arrangement of nuclei in each group. This is illustrated by taking into
consideration the example of ethyl group in ethyl formate (Fig. 4.10). The number of lines in each
group, that is, their multiplicity, is larger by just one than the number of protons in the neighbouring
groups. The fact that the three protons of the methyl group can exist in four different magnetic states
leads to the observed quartet for the resonance of the methylene protons in which 1 :3: 3 : | intensity
distribution is a result of the relative probabilities of the different spin combinations of the nuclei
(Fig. 4.12). Completely analogous considerations apply for the structure of the methyl protons resonance.
The simple rules governing spin-spin splitting is described as follows:
(1) A group of n equivalent protons in the neighbour will split an N
(i1) When two neighbouring groups of protons are present such that
to the second group is different from that of the protons in the f;
group must be considered separately. Thus, if a nucleus Hy
nuclei Hy and Hy, the signal for Hy; would be split into
observed only if J,y and J,x were by chance identical.

MR signal into n + 1 peaks.

the chemical shift pertaining
rst group, the effect of the second
has two chemically different neighbouring
a doublet of doublet. A triplet would be
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-CH, CHy
(n)  Giroup present
l I (h) Une pht resonance
‘_ ,l I_ ,l I .] . . 1 ' J . (¢)  Position of lines in th multiplet
: N 3 | | ) 1 (d) Relative intensities of line m mult l’i’ {
1” Hl 1“ [[[ H H JJ (e) Spm arrangement of nuclei, responsible for splittin
Hro I
A
: 3 BB i i
aaQ :z};{: /;Iﬁﬂ(f BBA aa gg BB (f)  Possible combinations of magnetic quantum no
paa fap
2 -1 -3
::_1 izl = ¥ )i +0 —] (g) Total spins (mq)
Fig. 4.12 Spin-spin splitting diagram for ethyl group.
(iii) If a proton has, as neighbours, sets n,, ny, n. . . . of chemically equivalent protons, the

multiplicity of its resonance will be (n, + 1) (ny+ 1) (nc+ 1) . ..

(iv) When the nucleus, involved in spin-spin coupling, has a spin quantum number I greater than
1/2. the multiplicity and the intensity distribution of the splitting pattern deviates from the rules given
above. For example, a neighbouring deuteron (I = 1) splits a proton signal into a triplet, the lines of
which have equal intensity. This is due to the fact that the possible orientation of the deuteron’s spin
relative to an external field, namely m; = + 1, 0 and -1 are in practice equally probable. In general,
the multiplicity of an NMR signal caused by n neighbouring nuclei is given by 2n/ + 1.

4.8.42 RELATIVE INTENSITY OF LINES IN A MULTIPLET
The relative intensities of lines within a multiplet are given by coefficients of the binomial expression
(x + 1)" or by the use of Pascal’s triangle, where each term coefficient is the sum of the two terms

diagonally above it, as described below:

Number of equivalent protons " Multiplicity of Intensity distribution of
responsible for splitting observed signals lines within the multiplet
0 Singlet |
1 Doublet 11

2 Triplet 1 21

3 Quartet 1 3 3 1

4 Quintet 1 4 6 4 1

5 Sextet 1 510 10 5 1

4.8.5 Coupling constants

The coupling constant is a measure
between the nuclei. The spacing between
constant distance called the coupling constant, is denote

of the coupling interaction (spin-spin coupling or splitting)
he lines within a coupled multiplet is constant. This
d by J and expressed by Hertz (Hz).
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: served in unsaturated systems
(i1) Long range coupling over more than three bond.s 18 genera”ym?,:)ic  forriafion.
in which the 7-electrons prove to be effective transmitters of mag

) - in groups of the ty
(iii) Spin-spin coupling interaction can be transmitted through hetero-atoms in group ype
H-C-O-H and H-C-N-H.

OH

H, NO;

H, H, H

Hb N02 ‘Hc
. A
Je O.1Hz) Jhe
e Ju» (2.8 Hz)
8.8 8.6 8.4 §2 738 73 716

Fig. 4.13 100 MHz PMR spectrum of 2, 4-dinitrophenol,

(b) Geometry of the coupling path, i.e. stereochemistry of the molecule
Some typical values of H-H coupling constants in
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Table 4.7

Proton spin spin coupling constants (#7)

Structural unit

N
NI

-SH»CH (free rotation)
\C=C

VIfH/)

12-15

6-8

11-18

6-14

4-10

6-11
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19. P
1
Htrans 63

H cis
20. o
H trans 38
3 72,3 2.0
21 4 I So 2 s
I , 12,4 0.9
. fo) ]2, 5 1.6
22 4 3 ¥ 20 2.6
| I ( ]3,4 34
5 2 J2,4 1.4
N 12,5 2.1
H
> 4 3 123 5.2
I 13,4 16
S 12,5 2.7
* . J2,3 5.5
X3 34 s
’ - 124 1.9
/ J 2.5 09
6 = 2 J3.5 L6
25 i 12,6 >
| J ortho 6-10
J meta 14
it 0-2
the STCFCOChemjst -_

ry of the molecule, F .

h . . or examp]ej is, .

OWCVEL, Jirans < Ji. Similarly in cyclohexane J. >’nsj 'n general, greater than J_,, In cyclopropane,
aa = Jee-
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(a) Both A and X are parallel 1o 17 S—
(b) A can be parallel to H, while X ¢an he antiparallel
(¢c) Acan be antiparallel o 1 while X can be parallel, an
() Roth A & X can be antiparatlel with respect to 1/
In the absence of spinspin coupling thege Iransitions A - i | -
o ~ ¢ N ) 2 2 IR wWill accur fo the nucleus A. Since
h\\(hlr;msutmnsnu olequal nergy, asingle resonance line reqn)y Int N |l ling
. )y 5O s ' ol J 3 L} resence o n {;,i']t{,li,]rl'&‘
however the ergen values ot the spin system are altere as shown in |h.‘ fig. 413} l; tates | ‘ nd
O " AR £ b re X W g b T he tate i) an
\Ill“““h‘d‘ﬂ“ spinsof A and X arcantiparallelto each othey are by convention the stable arrangement:

Ce e, SRS I ~ . N . stable arrangeme .
.md\‘\\H\CQ\N\‘““_\ the eigen valueofboth (”)‘”“l(lll)‘(lllclnﬂbil! Spincoupling are lowered while those
‘ i ih Thi ) g, ¢ oweredq wnilethose
of (1) and (iv) are raised (destabilized). This means that the transition (A{) and (A’ ) are no longer of

. { £ ) ) Are NO 1OnN g« )
- «ame energy but instead A{ becomes greater th: o e
the same encrgy g than A} Consequently, there will be two different

values of the applied |~ielq at which the nucleus A will com
a doublet. A similar consideration applies to X, which will alsq appear as a doublet

It may be mentioned that the protons attached to adjacent carbon -
quclear moments with respect to one another in the lowest energy state. The cb
between such protons are generally positive. On the other hand, protons attached to
atom tend to have their nuclear moments parallel to one another in the lower energy state (fig. 4.11b
the coupling constant between such geminal methylene protons are usually neo:tive‘ : '

In the case of non-aromatic annulenes containing 4n7 electrons, eg., [16fannu1en65. quantum
mechanics predicts a paramagnetic ring current effect (paramagnetic anisotropy) instead of the
diamagnetic effect which results in the opposite situation, i.e. inner protons are deshielded and outer
ones are shielded.

It may be mentioned that the ring current effects are only discernible in planner conjugated cyclic
molecules. In nonpolar molecules e.g. cyclooctatetracne (Fig. ) which is tube shaped, the delocalization

of m-electrons is severely restricted, and the protons of cyclooctatetraene therefore resonate in the
normal olefinic region (6 5.80).

I”‘) ! ! t .

€ to resonance resulting in the formation of

ave antiparallel
upling constants
the same carbon

(c) (d)
Fig. 4.13a Relative orientations of the spins of nuclei A and X with respect to applied field ;.

4.8.6 Integration

Itis the process by which relative areas under spectral peaks, proportional to the number of equivalent
protons giving the signal, are measured. The NMR instrument integrates the area as follows:

When there is no signal, it draws a horizontal line. When the signal arrives, the line ascends and
levels off as the signal ends. The relative distance from plateau to plateau gives the relative area.
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Fig. 4.14 Integrated PMR spectrum of benzyl acetate.

The integration of resonance signals has been used to determine the constitution of mixtures or
percentage of an impurity present. For example, the mass M, of component A in a mixture can be
determined if an amount M of a known compound B is added to a weighed sample of the mixture
ar;d the signals assigned to A and B are integrated. The mass of A is then given by the following
relation:

Np Aq My
Ny Ap My

where N is the number of protons responsible for the si :
gnals chosen. A 4 ons
and M4 and Mp are the molecular weights of A and B, respectively e e e B

”IA =mB .
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49 ELECTRQN COl’JPuLVED SPIN—SPIN SPLITTING THEORY

Consider two vicinal protons similar to the alkene protons of cinnamic acid. /f, and H
4
= y Hy
C=cC
/ :
Hy Ncoon

The protons, having different chemical and magnetic environments, come to resonance at different
positions, thus giving rise to two doublets in the NMR spectrum. The spacing between the lines of
each doublet is constant and is called the coupling constant J.

The resonance position of H, depends upon its total magnetic environment: a part of which is
contributed by the nearby proton Hy. The proton Hycan either have its nuclear magnetic field aligned
with or against the proton H,. Thus, the proton Hy can either increase (if aligned) or decrease (if
opposed) the net magnetic field experienced by H,. These two spin orientations of Hy, therefore.
create two different magnetic fields around Hy and consequently the proton H, comes to resonance
not once but twice and thus splits into doublet.

The mutual magnetic interaction between the protons H, and Hyis not transmitted through space
but through the electrons in the intervening bonds. The nuclear spin of H, couples with the electron
spin of C-H, bonding electrons; these in turn couple with the C-C bonding electrons and then with
the C-Hy bonding electrons.

This electron coupled” spin-spin interaction operates strongly through one or two bonds, less
strongly through three bonds and rather weakly through four or more bonds.

4.9.1 Designation of nuclei in a spin system (nomenclature)

Spin system

The term spin system is used to describe a group of nuclei that are spin-spin coupled among each
other but not with any other nucleus outside the spin system. It is not necessary, however, for all the
nuclei within the spin system to be coupled to all the other nuclei. In many cases, the spin system
embraces the complete molecule, e.g., CH;CH=CHj is a spin system. On the other hand, a molecule
may consist of two (or more) parts insulated from each other and thereby giving rise to two or more
independent spin systems, e.g., CH;CH,~O-CH,CH,CH,. This contains two spin systems; the five-
spin ethyl group and the seven-spin n-propyl group.

Nomenclature
A simple nomenclature to designate a spin system is based on the relative chemical shifts and the size
of the chemical shift difference with respect to the coupling constant. J. The symbols used to designate
individual nuclei and spin systems are given below:

(1) A group of protons for which chemical shift difference is comparable to the spin-spin coupling
are denoted by letters A, B, C etc. (in the order of increasing shielding).

(i1) A group of protons having resonance positions well separated from A or B etc. are denoted by
the letters X, ¥, Z etc.

(ii1) The number of protons in each group is denoted by a subscript. The ethylgroup in ethyl acetate
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4.9.2 First order and non-first order sPIitting

rotons having large chemica] shif

First order splitting
ing of P
pling 6) is called first order SP‘itting.

The simple splitting pattern resulting from the cou 7 (A >

difference (Av) as compared to the coupling constant Fig. 4.15) are the exa
The PMR spectra oflziichloroacetaldehyde and l,l-dibromocthall'\e (Fig Mples of

sists of two protons of wida:
first order splitting (AX pattern) because the coupled S)’Stfrzei?;? the alphabet). By convjﬁflf”
different chemical shifts (indicated by the widely separated _e " e of the alphabet on,
the proton resonating at a lower field is denoted by the earlier

—CH;
Bf:)CH—
— Ho

(b).l“l

- ~
Hy

Av ol

(a)

Fig. 4.15 (a) Simplified PMR spectrum of dichloroacetaldehyde (b) simplified PMR spectrum of 1.

dibromoethane.
The values of the chemical shifts and the coupling constants may be measured directly from the

spectrum.

Rules and Conditions for first order splitting

Rules for first order splitting
The first order splitting is governed by the following rules:
1. The multiplicity of a signal arising from an adjacent group of equivalent nuclei of nuclear sp

/ is given by 2nal + 1, where n is the number of equivalent nuclei, causing the splitting. For protor
] = 1/2 so that the multiplicity is n + 1.
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Conditions for first order splitting rules
The first order splittine rules ar .

:;ﬂ Th:‘ c\h(en:ilclﬂlxll“\;?f:l;:; are applicable only if the following conditions are met.
. 5 tfierence between the interacting nuclei must be large compared with the
couphing constant (Av/J > ¢), B P

(b) Each nucleus of one TOu I '
group. ETOUP must interact equally with each and every nucleus of the second

Non-first order splitting

When.‘the chemical shift difference (Av) between t
coupling constant (J) between them, the first o
pattern of splitting in the multiplet becomes disto
this pattern of splitting (called non-first order spli
coupling constant values without the use of calc

he interacting nuclei becomes comparable with the
rder splitting rules are no longer applicable. The
rted and the bands are no longer symmetrical. With

tting) it is not possible to extract chemical shift and
ulations.

Non-first order splitting can be explained by taking into consideration the effect of changes in

AvlJ ratio on the PMR spectrum of a two proton AX system (Fig. 4.16).
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|

Fig. 4.16 Effect of changes in Av/J ratio on PMR spectrum of two protons of AX group.

The inner lines of each doublet increase in intensity at the expense of the outer ones and in the
extreme case the outer lines may become too weak to be observed and consequently the AB quartet
may be wrongly interpretted as a doublet. Thus, the chemical shift position of each proton is no
longer at the mid-point of the doublet and can be calculated by the use of the following relations:

Avap = (Vi = Vg)(Vy = Vs,
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Where vi vy vy and vy are the frequencies ked

ed
Suppose an AB system displays a pattern of four pe
shifts 34 and 8B can be calculated as follows:
5“\ - (S“ = \/(VI . R
- J(300 - 279)(290 - 289)
m = 4.0 Hz
(v) — Va) — AVaB
(v - Ve - — ==
da=V1- 2 ,
21 -4.6 _ 300 -82=291.8

=300 - —5

2
5, =291.8 - 4.6 = 287.2 Hz

VJ)(QZ - Vi)

I

’ -5-chlorothiophene (Fig. 4 {7y
A simple AB pattern is exhibited by the spectrum of 2-bromo 5

Av,p =470+ 02 Hz
Jup=39+02Hz AVl = 1.205

Fig. 4.17 PMR spectrum of 2-bromo-5-chlorothiophene

4.9.3 Systems containing two interacting nuclei (A, AX and AB systems)

(i) A, system
A system containing two equivalent nuclei i1s designated as A; system. The resonance of an A, system

is always a singjet despite any intraset coupling between the nucle;. A good example of an A; system
is 1,1,2,2-tetrachloroethane.

In general, the protons of a methylene group in an aliphatic chain and bearing no protons on
adjacent carbon atoms are equivalent and constitute an Aj system.

(i) AX system
Any molecule possessing two hydrogen atoms that are of w

g ‘ idely different chemical shifts, and that
couple together to give rise 0 2 pair of doublets with all

he four lines of equal intensity. Such 2
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ample, dichloroacetaldehyde exhibits two doublets of equal
ity moits PMR spectrum

inter and represents an AX system (Fig. 4.15).
The spectrum indicates that the coupled system involves two protops-of widely different chemical

shifts (widely separated letters of he alphabet), By convention, theeproton absorbing at a lower field
ﬁ given the earlier letter of the alphaber.

In such a system, the chemicaj shift difference between the protons A and X is measured from the
onters of doublets.
8

(iii) AB system

An AB system consists of two mutually coupled nuclej A and B, which
protons and have the chemical shift, difference (

constant J.

are not coupled to any other
64— 85) comparable in magnitude to the coupling

ay, however, be obtained readily by using the following
prescriptions.
(i) Numbering the bands serially from 1 (o 4, ip order of increasing shielding, the coupling
constant is given by

‘]AB= V| — V)= Vi — Vy
(ii) The chemical shift is readily obtained as

84 = 685(8,4p) = VOV = v))(vy = vy)

If I, = intensity of line x, then
(iif) The intensities are in the ratio

L _ 6L _(vi-vy)
4—11_(\’2—\’3)

Nuclei exhibiting these characteristics are said to
adjacent letters in the alphabet. Two such nuclei const

Atypical example of an AB system is furnished by the
(Fig. 4.18). The parameters obtained for the thiophen
ppm (100 MHz) and / = 6.0 Hz.

be strongly coupled and are designated by
itute an AB system.

PMR spectrum of 3-brorno-2-t—butoxythiophene
€ ring protons in this compound are §,5=0.17

4.9.4 Systems containing three interacting nuclei
(A3, AX, or A,X, AMX, ABX, ABC and AB, or A,B systems)

(i) Ay system

The resonance of an Aj system is always a singlet. The common examples are methyl iodide and

L, 1, 1-trichloroethane, Methy! acetate would be said to contain two Az systems at different chemical
shifts whereas p-xylene to consist of two Ay systems at the same chemical shift.

In general, the resonance of an A, system is always a singlet, despite any intraset coupling among
" members within the set.
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Fig.4.18 The 100 MHz PMR spectrum of 3-bromo-Z-t-butoxythiophen
upled to the third nucleus which is far

(i1) AX; or A;X system
The spectrum of 1,1,2-trichloroethane

In this system, the two magnetically equivalent nuclei are cO
removed in its chemical shift as compared to the other two.

(Fig. 4.19) is an example of AX, system.
= : : : ‘T——"—g— Hz
500 400 300 200 100
Cl Hy
| |
Ha —c——?— Cl
[
Cl Hx
J 4+
-

1.0 0

8.0 7.0 6.0 5.0 40 3.0 2.0

ppm ()
Fig. 4.19 PMR spectrum of 1,1,2-trichloroethane in CCl,.

The higher field methylene group is a doublet because the two equivalent protons are influenced

by the one-adjacent methine proton. The absorption due to the latter, however, appears asa 1 : 2 : |
triplet since there are three different ways of arranging the spins of the protons of the methylene

group. The protons of 1, 1, 2-trichloroethane can be described as an AX, spin system.
This notation means that there is one magnetically active nucleus at chemical shift A and two

magnetically equivalent nuclei are at a very different chemical shift X. In addition, it also implies that

each of the two possible interset coupling constants, J,, are exactly the same.
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Another example of an AN, (or A,X) spin system is 1,1,2,3,3 pentachloropropane
The PMR spectrum (Fig. 4.20) exhibits a 1 : 1 doublet for the two X protons and a 1 2 | triplet
for the A proton The interpretation of this compound is exactly analogous to that for the spectrum of
l.l‘Z-tm'hlnrnﬂh;m*

| | T =3 T - T }
| SO0 400 | 300 200 100 0 | Hz

Cl H, CI
[
™

Cl Cl cl
b|'
1 | Il | Il | 1 | |
80 70 60 50 40 30 20 10 0

ppm (§)
Fig. 4.20 PMR spectrum of 1,1,2,3,3,-pentachloropropane in CCl, solution.

(iii) AMX systems

In an AMX system, the three protons are non-equivalent with large dv/J ratios (v > 6J). They are

equally coupled, thus, giving rise to three chemical shifts and three coupling constants, Jyu, Jyxand Jux.
The spectrum of an AMX system exhibits 12 lines of almost equal intensity arranged in three pairs

of doublets, from which the chemical shifts and coupling constants can easily be extracted by

inspection. The vinyl protons of vinyl acetate, for example, constitute an AMX system (Fig. 4.21)..

X M A
AN :" ‘\ AN
, 4 \\ ’I' \\‘ " \\
8 \
i\ i i i hoon
[ (Y i " h H
Y [ " ' 2]
R o i " :‘. ! !
Hy~ __ ,OAc/ \ {1} 3 ' ]
MA Hx J —» JAM -
AX

o X system).
Fig. 421 The PMR spectrum of the olefinic protons in vinyl acetate at 100 MHz (An AMX sy
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nce of X proton is split into a doubje,

The interpretaiion of the sphitting pattern 18 that the rcst)niy B cotiifing Wk
by coupling with the M proton and then further split into a patr of doublets :y S’(! 'F;w )ié ith the A
proton. Similarly, the resonance of M proton is split into a doublet by C”Ul’“n?f}:" ’] ' 'p"’“’“ and
then further split into a pair of doublets by coupling with the A pf““’"- e dpbpccu"]dnce of the
resonance of A proton is similarly accounted for in terms of success'wc splitting )|('[ Ie X and M
protons. The three coupling constants can be measured from the spacings at the Etiplets.

(1'\') ABX system J b
In an ABX system, the chemical shift difference (4v) and the coupling constant (J) etween two of
oupled to the third iucleys

the three interacting nuclei are of comparable magnitude and both are © H,and H
well removed in chemical shift. In the epoxide 1, for example, the two hydrogens fis and iz are nop.

(downfield) Hx I

equivalent due fo the restricted rotation of the epoxide system. The third hydrogen Hy s in a very
ifferent electronic environment and appears considerably downfield as compared to H, or Hy. The

~ystem is thus an ABX system. Other examples of this type of system include 2-chloro-3-aminopyridine

and 2'.3-dichloropyridine.

4HB s
I‘IA 5/ 3 NH2 HA‘ / Cl
Hy 6\N 2 Cl Hx \N Cl
]

2-Chloro-3-aminopyridine 2.3-Dichloropyridine

The spectrum for such a system often exhibits 12 lines. Fifteen are customarily listed, one of these

being of zero intensity and two others are usually too weak to be observed, since they represent
combination transitions to the simultaneous excitation of two nuclei.

The AB portion of the spectrum consists of eight lines, but in some cases an overlap of lines may

occur reducing this number. The X portion of the spectrum, which is symmetrical about the origin of

proton X, may-consist of four to six lines.

(v) ABC system .
In an ABC system, the chemical shift differences among the three protons are not large relative to the

corresponding coupling constants. The spectrum of such a system is complex with no element of
symmetry and exhibits a total of fifteen lines. Acrylonitrile represents a typical ABC system (Fig.

4.22).
Common example of an ABC system are:
(1) Monosubstituted olefins such as styrene, ethyl acrylate and vinyl chloride.

(11) Trisubstituted benzenes, such as 3-nitro-o-xylene (Fig. 4.23 a), 2, 4-dinitrochlorobenzene and

3-nitrosalicylic acid.
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NQO), NO) i
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Y Ntro-o - xylene V-NItrosaticylic acid ) A Dinitrochlorobenzene
”,\\ (‘N
,C=(
Hy 7 H,
i
{ATIlll[lrl'l"LLlll111111A1111111111A11;1j
8.0 7.0 6.0 5.0 4.0 30 20 1.0 0
ppm (5)

Fig. 422 PMR spectrum of acrylonitrile in CCl, solution.

(vi) AB; or A,B system

In an AB, system, two magnetically equivalent nuclei are coupled to a third nucleus which is not far
removed in its chemical shift. AB, spectra are observed for compounds that possess a two fold
symmetry.

An AX, system, as already mentioned, consists of five lines (a doublet for X protons and a triplet-
for A'proton); the chemical shift and coupling constant values can be measured directly from the
spectrum. However, as the ratio of chemical shift to coupling constant becomes small, each line of
the doublet splits into two and so also the centerline of the triplet splits into two, thus, producing a
total of eight lines in the spectrum. In addition, the simultaneous change of spin states of all the three
nuclei produces a weak signal which is detectable only if Av/J is extremely small. Thus, in an
AB, system, nine lines are possible. The actual appearance of the spectrum depends upon the ratio of
the chemical shift to the coupling constant. A typical AB, spectrum is given by 2,6-lutidine
(Fig. 4.23 b).

Compounds such as 5-nitro-m-xylene, 1,2,4-trichlorobenzene, 2,5-dichloronitrobenzene, pyrogallol
and 2,6-dichloropyridine are known to exhibit AB, or A,B spectral pattern.

4.9.5 The symmetrical four spin systems
(A2X,, A;B,, AA’XX" and AA’BB’ “vstems)
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1 /‘/', J J
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| itro-o- ¢ (ABC) and (b) 2,6-Lutidine(.\3.
Fig. 423 Aromatic protons in the PMR spectra of (a) 3-nitro-0-xylen

(a)

(a) A;X; system , ‘ ample, contains two sets ¢
An/ A;X« 5;stem is simplest but least common. Dlﬂuoromethancisf;J;:;ledllqua"y 1 cach fluomy
Hcmicahy equivalent nuclei: (H, H) and (F, F). Each hydrOgCn'ne spectra thus exhibit a tripler
nd the system is consequently A,X,. Both the proton anq ﬂuonvides a good example of an A.x.
The PMR spectrum of phenylethyl acetate [Fig. 4.24(i)] PY(ZV/J > 10). 22
system in which the two methylene triplets are well separated

System . .. P
;’L}’))efzéizp;unds containing the grouping -CH,~CH,— bearing sub§txtuents of ;lmclzrbzlrimf z?;nl}
at both the ends will present an A,B, spectrum PfOVideq the rotation aboqt t“e divalent g
bond is sufficiently rapid to make the hydrogens chemically and magnesicaty e(f]Av/J are. .

The splitting patterns of a four-proton system ~CH,~CH,~ for various FAROS Od AXo (AvI) S [l]()m
the (Fig. 4.25). The two systems shown in the Fig. are then A;B, (Av/J < 10) and A;X, (Av. ).

Some common examples of A,B, system are represented by the PMR spectra of S-chlorophenetole
(ii) 2-chloroethanol (iii) 2-phenoxyethanol (iv) (Fig. 4.25).

(c) AA" XX’ and AA” BB’ systems.
The spectrum of 1, I-difluoroethylene (Fig. 4.26) is considerably more complex due to the fact that
the two protons are chemically equivalent but magnetically non-equivalent.

Fyis coupled to H, to a smaller extent than H, (trans couplings are always larger than cis couplings)
and therefore the system is probably designated as AA’XX".

Aromatic compounds—substituted benzene rings

The ring protons of an unsubstituted aromatic system, in general, resonate near & 7.27. However,
electron withdrawing ring substituents (e.g. nitro, ¢

yano, carboxyl or carbonyl) will move the resonance
of these protons downfield (1,3, 5-trinitrobenzene: 6 9.5) and electron donating ring substituents
(e.g., methoxy or amino) will move the resonance of

| these protons upfield (p-ethoxyaniline: § 6.7).
A brief description of the resonance positions of various protons in substituted benzene rings is as
follows.
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Fig. 4.25 Splitting Patterns of -CH,~CH,~System for various ratios of Av/J.

34

10
Y, | D

Fig. 4.26 The 60 MHz spectrum of 1, 1-difluoroethvylene




{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }


{ "type": "Document", "isBackSide": false }

