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4.10 TYPES OF SPIN-SPIN COUPLINGS AND FACTOKS AFFECTING THE
COUPLING CONSTANTS

—

4.10.1 Geminal coupling constant (%))

The mll}‘l\“‘;l interaction between two non-equivalent protons on the same carbon atom 1s called

Q“mm\ coupling and (hc‘ mlu‘\lmg constant, dc:slgnulcd as .lw.m or “Jyy, may be positive but more
ally it has a negative sign. I'he general range is 20 to + 44 Hz. Thus, the geminal protons exhibit

the following ranges of J-values: terminal methylene groups, I =0-3 Hz; in cyclopropane rings J

_ 410 -9 Hz: in cyclobutanes, “J = =7 to —14 Hz; in cyclopentanes, *J = —10 to —14 Hz and~ n

ohexanes -1 = ~12 to ~14 Hz. )

usu

cycl

Factors affecting the geminal coupling constant
The variations in geminal copplmg constants are conveniently explained in terms of the theoretical
predictions of molecular orbital theory of coupling and may be summarized as follows:

©4.10.1.1 DEPENDENCE OF GEMINAL COUPLING CONSTANT ON HYBRIDIZATION OF
CARBON
The value of geminal counling constant depends on the mode of hybridization (s-character of orbitals)

of carbon bearing the protons. An increase in the H-C-H angle increases the s-character of the
orbitals and makes the coupling more positive.

Table 4.8  The systems in which it is possible to interpret the spin-spin splitting pattern of the NMR spectrum
in a simple way, according to the (N + 1) rule, are summarized as follows:

Appearance of Resonance

A. Spin System A Resonance
A singlet
A, singlet
A3 singlet
A, singlet
B. Spin System A Resonance X Resonance
AX 1:1 doublet 1:1 doublet
AX, 1:2:1 triplet 1:1 doublet
AXj 1:3:3:1 quartet 1:1 doublet
AX, (n + 1) memb. multiplet ~ 1:1 doublet
A:X, 1:2:1 triplet 1:2:1 triplet
A)X, 1:3:3:1 quartet 1:2:1 triplet
AX, (n + 1) memb. multiplet 1:2:1 triplet
ApX, (n + 1) memb. multiplet (m + 1) memb. multiplet
C. Spin System A Resonance M Resonance X Resonance
AMX pair of doublets pair of doublets pair of doublets
AMX, pair of triplets pair of triplets pair of doublets

AMX, pair of quartet pair of quartet pair of doublets
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Table 4.9
yes
S. No Svstem containing (Wo Fxamj
teracting nuclei .
—_— i, Cl 1] y 2-tetrachloroethane
C1-CH : _
| 2 Di hI(Ht““""”""‘hy(!’
. " ) Bromo-3 chlorothiophene
3 AB
Svsrems containing three
interacting nuclei CHAl, mclhylzl(‘c“"" contains two A, systems
_4 A, : |.2,"]‘ri(‘hI()I'O("h“"(‘; I‘l.2.3,3-pcnlachIoropmpane
h) :\\1~\\\l \~\ Vinyli](‘(‘lalc -
(-\ \g\ 2,3-dichloropyr1dme ' ] ,
' Ay - -o-xylene, 3-ni S
S ABC Acrylonitrile, ~ 3-Mitro0 Y nitrosalicyli acig
2,4-dinitrochlorobenzene ,
9 AB, or A,B . ,
a . 5-Nitro-m- lv2*4'tn- 2f5'dlCh10r0_ 6
xylene chloro- nitrobenzene iy,
benzene Yridin,
Four spin systems , I
10. AX, Difluoromethane; phepylethy af:eta'ue |
1. A;B, f-Chlorophenetole, B-iodopropionic acid, 2'Chl°r°°than01
12. AA" XX’ Difluoroethylene
13.  AA’BB’ p-Chloroaniline
Systems containing
Five interacting nuclei
14 AyX; Ethyl group in ethyl acetate
15, AzB; Terminal ethyl group in n-hexyl bromide
16.  ABB’MM’ Bromobenzene
—

For example, the geminal coupling constant changes from —12.4 Hz in methane (Sp>-hybridire:
methyl group) to + 2.5 Hz in ethylene (sp - hybridized methylene group). Cyclopro ar?e bz ndue;
its special bonding character, has an intermediate value. The geminal coupling in ¢ Iz:lob’ o
much different from that in methane whereas other strained ring systems exhibit 2Jyvaluel;t1;:ols :w

Hz as depicted below.

Dependence of %J values on carbon hybridization

H
C Hc=c{ H
AN TN D O
H

H H
=43 =1lt0-15 _s4 H

(4) 1 1%1.2 , EFrect oF SUBSTITUENTS
1) e substitution of ap
electronegati : !
and sp’methylene 8ative atom in the grpocitinm (; L . o
groups lea o C-position (j.e. ffective) 01
Psleads toapositve change in he geminal cc()upli?fr; ::2?122361; polysubsi®*
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methanes the effect of substi o )

substitu ot TS . e ) .
substituent is shown below ents, to a first approximation, is additive. The effect of electronegative

CH HaCL © - < .
4 CH3Cl CH)Cl, | >CH, RN=CH, O=CH, CH, O>(O
S s 4 H7H
R -1.5 +5.5 +16.5 4422 & 0

The influence of ox i ; .
hydrogen atoms. The : yge? n ethylene 0‘x1de results in a positive coupling constant for methylene
due to the fact \t‘h t hCSPe( ially large positive coupling constant in formaldehyde (*/ = + 42.2 Hz) is
hypereonfugativ ad the ‘non-bonded electron pair on the oxygen atom has the correct symmetry for
o ositjivf e l.onatlon. Thus, the reinforcement of the o and 7 effects brings about the very large
o tp;] . hcoup ing constf'mt observed in formaldehyde. The lower electronegativity of nitrogen

O:;h °r Wit the less effective 7 overlap in imines decrease the effect (*J = 16.5 Hz).

L C(l? steric orientation .of pgn-bonded electron pairs relative to the orientation of C—H bonds under
cf ZJ_ve:anr? is also gf si gmflc_:ance in the case of sp* -hybridized methylene groups. The comparison
0 alues in 1,3-dioxane with those in the conformationally more rigid formaldehyde dioxolane
illustrates this effect.

(i1) An electronegative f-substituent leads to a negative change in the value of the geminal

coupling constant. An electropositive substituent, on the other hand, leads to a positive change in the

magnitude of the coupling constant; the value varying from —3.2 Hz in vinyl fluoride to + 7.1 Hz in

- vinyllithium (Fig. 4.30).
(iii) 7-Bonds adjacent to the methylene group in question exert a marked influence on the magnitude

of geminal ccupling constants. They cause a negative change i.e. the absolute value of the constants
increases. Thus, the geminal coupling constant changes from 12.4 Hz in methane to 20.4 Hz in

malononitrile (Fig. 4.30).

H H H H H H H
Neel Moo s ot/ Nemo! H\C_C/H Neoo/
DAV S 7 N AN /TN

H H F H CH;0 H « H L H

+2.5 -32 -2.0 -14 +7.1
CH;—C=N N=C—CH,—C=N @'CH;;
-20.4 -145

-16.9

Fig. 4.30 The effect of substituent on geminal coupling constants.

(iv) A substituent which withdraws electrons from antisymmetric orbitals (i.e. hyperconjugative

effects) gives a negative contribution. |
The effect of hyperconjugative withdrawal of electrons is observed in allene, acetone and toluene.

The result of this hyperconjugative electron withdrawal is a more negative geminal coupling, -9Hz
in the case of 1,1-dimethylallene, as illustrated in the (Fig. 4.31).
2 carbon atom fall between the large positive value for

Most geminal couplings through a sp
formaldehyde and imines and the moderately negative value for allenes “nd ketenes.
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Irawal of electrons on geminal coupling Constang
Sin

Fig. 4.31 Effect of hyperconjugative withd
formaldehyde, imine and 1.1-dimethylallene.

Table 4.10  Some geminal coupling constants (Hz)
Coupling coh’st'a'nts

G\inru-*o'umi\
(TH’*‘——H—#— - 124
(\5}'{1: == 12.6
CH;CCl; 130
CsHsCH; - 144
0 A
CH3—£—CH3 — 149
CH;CN _16.9
BrCH,CH,CN _ _175
C¢HsCH,CN _185
CH(CN): - 203
CH;0H ~108
CH,Cl - 108
CH;F _93
CH; _ :
H2C=C=C< | _9
CH;
0] H .
< -83
(0) H ‘ , .
O H
‘ -6.0
O H 5
H,C'=CHF ' ' 132
0 H
(X . ,
0] H |
e ’ +25
H,C=CH Li 71
CH;
H2C=N_é'—CH3 + 17

&,

H,C=
i +42.2




, . NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 245
4.10.2 Vicinal coupling constant ) B
Factors affecting the vicinal coupling mnxl'lr\t\

4.10.2.1  DIHEDRAL ANGLE RETWERN WO v ‘
The coupling constant between two vicipal \\l l:llNM ‘(
intervening bonds between the coupled ny ‘l|"( “'““« oo e s ke s e e
menenng clen) depends upon the dihedral angle ¢ between the two

H nonps

The relationship between dihedral an g
: : gle ¢ and the vicinal i I
Karplus equation, the simplest form of which is represented byct(})‘l;pfl(l);]]i vt?:gst:;mltl atJig: is given by

Tu = 8.5 cos? ¢ — 0.28 (D)

The variation of vicinal coupling constant wi i '
e Fig. 432, g nt with the dihedral angle ¢ is represented graphically in

-

7\

eclipsed

1 1 1 1 1 1

¢—0 40° 80° 120° 160°

gauche

Fig. 4.32 Dependence of 3] on dihedral angle ¢.

The value is at a maximum (~ 10 Hz) when ¢ is 180° (trans conformation) or 0° (eclipsed) and at
a minimum (~ zero), when ¢ is about 90° (gauche conformation).

The vicinal coupling constants for protons in cyclohexanes have been determined experimentally
and also calculated using Karplus equation resulting in the following important generalizations:

(i) In a saturated six-membered alicyclic ring, an equatorial proton resonates slightly downfield
(46.= 0.4 - 0.5 ppm) than the corresponding axial proton. Thi: may be due to the anisotropic
deshielding caused by the o electrons in the By bond as shown in the following Figure.
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Anisotropic deshie
protons caused by 0 €

Iding of equatorial
Jectrons in fY bonds.

onstant: Jo, = 810 14 Hz (calculations: ¢a, a = |g,
eas axial-equatorial (J a) OF diequatorial (J, ) pro i
o 5 Hz (calculation: ¢ ae =601, =4 Hz)) (;ns
following coupling constants. - For

(11) Diaxial protons display large coupling €
1, .= 11Hz according to Karplus equation) wher
exhibit smaller coupling constants, usually 1t

example, 4-t-butylcyclohexyl acetate shows the
OAc
H |
H
OAc
H H
H
H
Jaa=114Hz Jea=2.7THz
Jae=42Hz Jee=2.7Hz

(iii) The gauche vicinal coupling constants in six-membered rings are dependent on thie configurations
For example, the gauche coupling constants for a series of steroidal alcohols and their acetates ar.
found to depend on the relative orientation of the C-O bonds, as shown below: :

-

OR
Jac=5-Sil-OHZ Jae=2-5_3-2 HZ

Sundaralingham? I
ndar Onga ringsgfriesteg Fhat this dependence on drientation (with respect to the ring) of the
, on brings about small changes in the hybridization of that carbon

(iv) In olefinic s :
ystems, the ¢ .
protons. oupling of trans protons is always greater than that between ci

(v) In the B-form of
A : glucose, the anomeric pro : .
vicinal coupling constant than in the oz-formp 107 possesses, In addition to higher shielding, alarg

I M. '
Sundaralingham, J. Am. Chem, Soc. 87, 599 ( 1965)
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Hz). angle (0°) and hence o o Siﬁ( S
€ can be distinguished from J (1 —3H d

meta - 3Hz) and Jp,, (0 - 1

4.10.2.2 () B :
. OND LENGT
LENGTH BETWEEN Two VICINAL C—H
. C—H BonDSs

The vicinal couplj
upling con
) ) stants are ver
can give informati © IS very sensitiv —(
on regardin p sttive to small diff es i
‘ | th ‘ ' erences in —C )
factors are considered to be cugm( : deg_' ee of bond alternation in ¢ cl'the A A
stant. Since the 7 bond order. P MO o et
s Py, of MO theory correlates linearly

H
H
7

—

[

with the bond length, th
b and vicinal coupli also exists a linear relation for benzenoid aromati
pv € pling constants as per the equation (9) NS Compotiads. betwiesn

3
T = 12.4 _
7 (P - 0.71 ©)

Thus, the lengt
ngth of the central C—C bond (single or double) is proportional to .

4.1032.3 (1) VALENCE ANGLES BETWEEN C—-H anp C-C BONDS
3112? na?ii:if)?fi .Of vicinal coupling constants upon H-C—C valence angles is best described with the
Table 4.11 I?I 1ng constants across the double bond in cyclic mono olefins with different ring sizes
(Table 4. ). Here a constant dihedral angle of 0° and the absence of substituent effects may be

assumed.

ady increase in 3]s in passing from cyclopropene

The data in the Table 4.11 reveals that there is a ste
mum value being observed in the eight-membered ring. Consequently a
_C—C’ and C—C’-H’ in the fragment, H-C—_C’'-H’ or H-C=C’-H’ angles 6

lues of vicinal coupling constants.

to larger rings; the maxi
decrease in the valence H
and @ leads to an increase in the va

of substituents
coupling is observed
ted and

tant (?Jyy) and the
gen atom Wit

en an electronegative substituent is introduced

unsaturated systems. For substituted ethanes, the
electronegativity change, AE = E(X)
h a group X, is given by the

Effect of electronegativity
A decrease in the vicinal wh
at the H-C—C-H moiety in both satura
relation between the vicinal coupling cons

- E(H), caused by the replacement of a hydro

equation (10).
Ny =941 - 0.80 AE

(10)

for substituted ethylenes:
(11)

Similar relations (1) and (12) result
3 s = 19033 AE
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i ts on the angle
Table 4.11  The dependence of » icinal coupling mnsmn/

s Band 6

- —_— 3J].«{H (HZ)
Cyclic mono-olefins , e
H
|
;i 0.5-1.5
(|
(1
H
~H
‘ 2.5-3.7
I .
____(H
/ \ 5.1-7.0
>
/\/H
| | 8.8-113
I
\/\H
H
CI 9.0-12.6
H
/—\/ !
U 10.0-13.0
H

3. =117-4.7 AE

These effects are illustrated in the Table 4.12.

Effective nuclear charge

(12)

Since the Fermi contact mechanism for coupling between most common nuclei involves the pairing
of electron and nuclear spins, it is, therefore, reasonable to assume that the magnitude of coupling
should be a function of the amount of electron density at the nucleus. Furthermore the theoretical
expression developed by Ramsay and Purcell* involves the amount of s-electron density between the
coupled nuclei, the magnitude of coupling should be related to the amount of s-electron density

4. N.F. Ramsay and E.M. Purcell, Phys, Rev, 85 (1952), 143.
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Table 412  Effect of electronegarivis /
iy ¢ I \I ) ' { ]
systems of substituents on vicinal /'Il/)lmu constants in ullumlm/um/ unsaturated
/“_“—,‘_
] H
CH,CH,-R ”/“—'( g
‘ H 4
SR , '
__ % % J ']

Li 8.9 o o —~ -
SiR, 8.0 L b 0
CN 76 SiRy 14.7 204
al 79 (gh 10.0 168

OCH,CH; 7.0 ,’:l e o
4.7 12.8

between them. Grant and Litchman® have r roportional to the s
h eported that the coupling constant is prop i

. ) ) tl., l t t -
character (S) and the third power of the effective nuclear Charge as per the following relation:

Jo<S 27

13 1 .
For example, the *C~'H coupling constant for CH, is 125 Hz, while that for CHCl, is 209 Hz.

e to the effective nuclear charge at the carbon. In CHCl the electronegative

This difference may be du
uclear charge to the

chlorines remove the electron density from the carbon, thereby exposing more n

remaining electrons.
The dependence of coup
approximately sp3 hybridisation at the

ge for compounds that have

ling constant on effective nuclear char
he following Table 4.13.

carbon has been illustrated in t

Table 4.13 The dependence of effective nuclear charge on R JE clu

Compound J (Hz)
CH, : 125
(CH;),0 140
CH3F 149
CH,Cl, 178
CH,F, 185
CHCl; 209
238

o,

Number of intervening bonds ' o
separating the nuclei. This 18

The coupling constants are attenua

illustrated by the following examples. :
(i) The coupling constant for ortho coupled protons oo
— | — 3 Hz) which in turn is greater tha

meta coupled protons (Tt
(Jya =0 -1 Ha).

ted with increasing number of bonds

— 6-10 Hz) is higher than that of the
n that of the para coupled protons

87 (1965), 3994.

5. DM. Grant and W.M. Litchman, J. A™- Chem. Soc.,
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H
0 I (ortho) =6~ 10 Hz

[—\ ” I, (meta) = 1 1 Hz
] H,,, 1., (para) =0 | Hz

H,
is from 100 to 250 Hz while the |
W,

ii)Th‘v‘ e ) .
bon(d IBCt |EA neral range for one bond "'C-"H coupling constants
= H couplings range from 10 to + 10 Hz

Effect of hvbridisation

When an element other than hydrogen is involved in the coupling, the coupling constant is proportiop,,

to the product of the amount of s character in the hybrid orbital used by eaclh;elemem, in forming h

bond. The following relation has been observed for a variety of one bond *C~""C couplings
J(Cy— C,) =73 [(% Sy) (% 5,)/100] — 17

Hz for ethylene whereas the obs
IH coupling constants is depicted in the Table 4.14.

erved value is 157 Hz. Tp,

The equation predicts a value of 165

effect of hybridisation on one bond Be-
13C—'H coupling

Table 4.14  Effect of hybridisation on one bond
constant (! J13C_1 u)

Compound J (Hz)
CH, 125
H,C=CH, 157
CeHg 159
HC=CH 249

The percent s character is given by the relation, % s =027 (*C-'H)

For cubane J(13C - 'H) = 160 Hz
Therefore % s = 0.2 X 160 = 32%
which corresponds to sp” hybridisation.

4.10.3 Long range coupling
The coupling through four or more bonds is often called long range coupling. The coupling constants
are obviously quite small, the usual range is 0 — 3 Hz. Long range coupling occurs in the following

types of systems:

4.10.3.1 LONG RANGE COUPLING IN 7T SYSTEMS
When a double or triple bond is one of the four intervening bonds, the coupling is called allyli

coupling. Allylic coupling constants may range from 0.3 to 3 Hz.

6. F.J. Weigert and J.D. Roberts. J. Am. Chem Soc., 94 (1972) 6021.
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H-C=C_(y HO-C=C-CH HCmC (H
Allylic coupling Homoallylic coupling Allylic
=033 Hz) (J=0-15Hy) (J=2-3Hz)

Stereochemical requirements
Careful examination of (he m

| agnitude of )
indicates that the value of J depends upon 1

allylic for a double bond incorporated in a ring clearly

he 7bond. That is. 1€ extent of overlap of the carbon-hydrogen a bond with
ond. Thatis, allylic coupline i : T
the lylic coupling is dependent upon stereochemical factors. This 1s well illustrated

by taking the example of two Structures (a) and (b) in Fig. 4.33, only the one in which the allyhc

carboﬂ-h.\'d“‘gt‘ll bf\nd 1S axial, and therefore nearly parallel with the p-orbitals of the 7 bond.
exhibits a doublet for the vinyl proton (J=1.5-2.00 Hyz)

H

H (@)  X=CH;,OH,Br,0Ac H

(b)

Fig. 4.33  Stereochemical requirements for allylic coupling (a) favourable (b) unfavourable.

difficult to observe.

4.10.3.2  LONG RANGE COUPLING THROUGH FOUR O BONDS (W-

COUPLING)
Long range coupling in completely saturated systems involves coupling through four & bonds that are
oriented in the form of W,

The W effect in saturated systems is well illustrated in cis and trans decalins.

H

J=THz J=3Hz J=1Hz

Long range coupling through four ¢ bonds

The singiet pertaining to the angular 9-methyl group in the spectrum of 9-methyl-trans-decalin is
broadened because of the long-range coupling to several protons as shown in the Fig. 4.34.
In 9-methyl-cis-decalin the methyl peak is a sharper singlet because onl

y one W-arrangement of
H—C——c g is possible for methyl carbon-hydrogen bonds.
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