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5.11: Spin-Spin, J-Coupling or indirect dipole-dipole coupling (all the same
phenomenon)

By a mechanism not discussed here, the magnetic moment induced by nearby nuclear spin can be felt as a contribution to the
magnetic field at a nuclear undergoing resonance. Thus if the B spin had two orientations (I=1/2 had only two possible
orientations), two possible local fields at A would results and this resonance would be split into two resonances - J.

The frequency, J 4p is independent of H, (internal forces only), while & for two different

nuclear is proportional to H,. That is how we can tell chemical shifts splitting from spin-

spin splitting.
The resonance frequencies (or field position) of a proton is influenced not only by the shielding parameter, but also by the
orientations of other nuclear spins in the molecules with which it is communication (like a correlation length for UV excitations).

The interaction between nuclear spins in a molecule is called spin-spin coupling. This leads to structure in the NMR spectra in
addition to the intrinsic chemical shift differences discussed above.
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The splitting patterns found in various spectra are easily recognized, provided the chemical shifts of the different sets of hydrogen
that generate the signals differ by two or more ppm. The patterns are symmetrically distributed on both sides of the proton chemical
shift, and the central lines are always stronger than the outer lines. The most commonly observed patterns have been given
descriptive names, such as doublet (two equal intensity signals), triplet (three signals with an intensity ratio of 1:2:1) and quartet
(a set of four signals with intensities of 1:3:3:1). Four such patterns are displayed in the following illustration. The line separation is
always constant within a given multiplet, and is called the coupling constant (J). The magnitude of J, usually given in units of Hz,
is magnetic field independent.
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The fine structure pattern of CH3 protons is due to the fact that the CH3 protons sense different orientations of the nearby CHj
protons (through bond coupling) in the field.
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The coupling constant in Hz is Jg_q.c.g or 3T (superscript indicates that the coupled atoms are 3 bonds apart). The CH, protons
are split by the same coupling constant 3Jy;_y into a quartet with an intensity ratio of 1:3:3:1. There are two methylene protons of

them, and each can have one of two possible orientations (aligned with or opposed against the applied field). This gives a total of
four possible states;
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In the first possible combination (left), spins are paired and opposed to the field. This has the effect of reducing the field
experienced by the methyl protons; therefore a slightly higher field is needed to bring them to resonance, resulting in an upfield
shift. Neither combination of spins opposed to each other has an effect on the methyl peak. The spins paired in the direction of the
field produce a downfield shift. Hence, the methyl peak is split into three, with the ratio of areas 1:2:1.

Similarly, the effect of the methyl protons on the methylene protons is such that there are eight possible spin combinations for the
three methyl protons;

L Spin arientations of
Applied field methyl protons

Out of these eight groups, there are two groups of three magnetically equivalent combinations. The methylene peak is split into a
quartet. The areas of the peaks in the quartet have the ration 1:3:3:1.
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The spin mulitplet pattern of NMR spectra contain much structure info, as witnessed by CoHsOH. The intensity patterns of groups

of equivalent nuclei of 1=1/2 that split a resonance can be obtains by Pascal’s triangle (handy way to remember binomial
coefficients):
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Pascal's Triangle Pascal's Triangle
The Fibonacci Series

Any number is given as the sum of the two adjacent numbers on the preceding row. Each row is the number of nuclei equivalent
protons are coupled to starting at 0.

Non [=1/2 splitting

The intensities of the individual lines is given by the spin I of the coupling nucleus (not the observed one). The relative intensities
of the lines can be derived from Pascal's triangle and similar arrays:
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When done properly, there are 12 distinct main transitions in the CH; group and 13 in the CH3 group of ethanol, but all of them are
never resolved. The distance between the different transitions depends on the magnetic field in such a way that at higher fields they
are too close to be observed and several transitions often contribute to the same peak.
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Higher resolution showing greater splitting in the bands in ETOH
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Measureable J’s are usually observed between protons separated by up to 3-bands. 4 bands and > coupling are usually not
observed. So splitting of CH3 by OH (four bands) is not seen (with the exception of aromatic molecules).

Coupling Constants (I): 2J(H,H) and 3J(H,H) Coupling Constants of Organic Compounds

The following is a list of H,H coupling constants observed for different structural fragments. Many different fragments give
coupling constants in the range of 2-10 Hz so that coupling constants in this range are of limited value as a diagnostic tool for
structure elucidation.
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X The following general rules summarize important requirements and characteristics for spin 1/2 nuclei

1. Nuclei having the same chemical shift do not exhibit spin-splitting. They may actually be spin-coupled, but the splitting
cannot be observed directly.

2. Nuclei separated by three or fewer bonds (e.g. vicinal and geminal nuclei ) will usually be spin-coupled and will show
mutual spin-splitting of the resonance signals (same J's), provided they have different chemical shifts. Longer-range
coupling may be observed in molecules having rigid configurations of atoms.

3. The magnitude of the observed spin-splitting depends on many factors and is given by the coupling constant J (units of
Hz). J is the same for both partners in a spin-splitting interaction and is independent of the external magnetic field
strength.

4. The splitting pattern of a given nucleus (or set of equivalent nuclei) can be predicted by the n+1 rule, where n is the
number of neighboring spin-coupled nuclei with the same (or very similar) Js. If there are 2 neighboring, spin-coupled,
nuclei the observed signal is a triplet ( 2+1=3); if there are three spin-coupled neighbors the signal is a quartet ( 3+1=4). In
all cases the central line(s) of the splitting pattern are stronger than those on the periphery. The intensity ratio of these lines
is given by the numbers in Pascal's triangle. Thus a doublet has 1:1 or equal intensities, a triplet has an intensity ratio of
1:2:1, a quartet 1:3:3:1 etc.
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The interpretation of the 1%t order spectra is relatively straightforward. Not so for spectra in which the relative chemical shifts are
similar to Jyp. These give very complex spectra that are hard to interpret. The best solution is to use the strongest applied field as
possible to induce the greatest chemical shifts allowing for separation of 6 from J (bigger is better).

Spin-spin coupling isn’t limited to protons with protons, but will all nuclei that have magnetic fields (for example '*C will couple
with 'H or 13C with N).

Distance Dependence of Coupling Constants

While 17, 2 or 3J coupling is commonly observed for H,H coupling, coupling constants *J or higher are usually too small to be
observed.

H—H H—CHz—H H—CH2=CHz—H H—(CHz2)3—H

276 Hz 12,4 Hz 8,0 Hz <1 Hz

A notable exception are *J coupling constants in rigid frameworks:
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Geometric considerations in J Coupling

The 3J(H,H) coupling constants of aliphatic H-C-C-H fragments depend on the dihedral angle. The quantitative relationship is
given by the Karplus equation, named after Martin Karplus (Harvard), which describes the correlation between 3J-coupling
constants and dihedral torsion angles in nuclear magnetic resonance spectroscopy:
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where J is the 3] coupling constant, ¢ is the dihedral angle, and A, B, and C are empirically-derived parameters whose values
depend on the atoms and substituents involved. The relationship may be expressed in a variety of equivalent ways e.g., involving
cos? o rather than cos 2¢ —these lead to different numerical values of A, B, and C but do not change the nature of the relationship.
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The Karplus equation is extremely important tool for the elucidation of 3D structures via NMR methods.

v/ Example 5.11.1: Sugars

The Karplus equation is a useful tool to distinguish between the equatorial and axial protons present in many natural products.
In the following example, the 3J(H,H) coupling constants used to distinguish between a-D-Glucose and b-D-Glucose:

H cHy0H H oH,0H
HO =S HO S
HO \ H HOL Bt~ —oH
Ho O on Ho MO

a-0-Glucose [?-D-Glucose

(Y, = 3,0 Hz) (You = 7,6 HZ)
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