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Chapter 13 
Nuclear Magnetic Resonance Spectroscopy 



  Two Nobel Prizes have been awarded for the 
development of NMR

•  Isidor Isaac Rabi (1938 Nobel Prize in Physics)

•  Felix Bioch and Edward Purcell (1952 Nobel Prize in 

Physics)


WHY ARE WE LEARNING ABOUT 
PHYSICS IN ORGANIC 

CHEMISTRY?!?




1H NMR is the most common spectroscopic technique

 used by organic chemists to determine structure, and 

is usually the primary mode of structure determination




  The Theory behind NMR is beyond the scope of 
what you are expected to know.  However, a 
general understanding of the underlying 
principles can help make sense of some of the 
phenomena. 


  Your primary objective should be to be able to 
interpret 1H NMR




  The following is a 1H NMR Spectrum of a molecule with 
the molecular formula C11H12.  Show a structure that is 
consistent with the information given
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  3 Pieces of Information can be gained from the NMR


•  Integration:  Number of Protons Corresponding to a given peak

•  Chemical Shift: Electronic Environment of Proton

•  Coupling:  What protons are nearby (on adjacent carbon)
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  Some nuclei (usually those with odd # masses 
such as 1H and 13C) create a magnetic field as 
they spin.


  Like the earth, the magnetic field is related to the 
direction of the spin.




  Nuclei in general have no inherent preference to 
spin one way or another.


  However, when a magnetic field is applied, nuclei 
will align themselves either with or against the 
field




  Nuclei aligned with magnetic field (α-state) are lower in energy 
then nuclei aligned against magnetic field (β-state), and thus 
there are more in α-state.  


  When subjected to electromagnetic radiation, α-state can be 
excited to the β-state, and this change can be observed.


  IN ORDER FOR A “FLIP” TO TAKE PLACE, ENERGY OF 
PHOTON MUST BE EQUAL TO THE ENERGY DIFFERENCE OF 
THE SPIN STATES 




•  The energy difference between allowed spin states 
increases linearly with applied field strength.


•  Values shown here are for 1H nuclei.


Thus, the energy needed to induce a “flip” will be different 
depending on field strength 




  The difference in the energy between the two states changes 
based on the local magnetic field strength at that nucleus.


  Two different internal factors can change the magnetic field

•  Electron density


•  Electrons circulating around the nuclei can serve as a buffer for the applied 
external magnetic field, thereby changing the .  The higher the electron 
density, the more “shielded” the nuclei is.  The lower amount of electron 
density, the more “deshielded the nuclei is.


•  Magnetic Moments Caused by Nearby Nuclei

•  The magnetic field caused by the rotation of nearby nuclei can slightly alter 

the magnetic field around a nuclei 


INTERPRETATION OF NMR RELIES ENTIRELY ON THE 
CHANGES THAT THESE PHENOMENON HAVE ON A NUCLEI




  Nuclei that are “deshielded” generally have 
electron-withdrawing groups nearby


  They show up at higher numbers on an NMR 
spectrum


Order the protons based on estimated electron density


CH3
H3C
H3C
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O
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H is an aldehyde proton.  Extremely deshielded.

H are on carbon connected to an oxygen, which is electron withdrawing and deshields 
slightly.

H are on carbon connected to carbon connected to another carbon.  Nothing particularly 
electron withdrawing in proximity to have a noticeable effect.
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In addition, in 1H NMR, areas underneath peak are 
directly related to # of protons represented by that peak




  Molecules with π bonds have distinct chemical 
shifts

•  H on sp2 hybridized carbons show up around 4.5-5.5 

ppm

•  H on sp hybridized carbons show up around 2-3

•  H on aromatic protons show up around 7-8.


  This is due to 2 effects

•  More s character of carbon attached to H makes 

carbon more electronegative

•  Diamagnetic effects from π bonds


•  Flow of electrons π bonds create a magnetic current that 
impacts the chemical shift




•  Magnetic induction in the π bonds of a carbon-carbon 
triple bond shields an acetylenic hydrogen and shifts 
its signal lower frequency.




•  Magnetic induction in the π bond of a carbon-carbon 
double bond deshields vinylic hydrogens and shifts 
their signal higher frequency.




•  The magnetic field induced by circulation of π 
electrons in an aromatic ring  deshields the hydrogens 
of the aromatic ring and shifts their signal to higher 
frequency.




  The location of the peaks on an NMR are related 
to the electronic environment surrounding that 
proton, and will shift to higher numbers or lower 
numbers based on deshielding or shielding 
affects, respectively.


HOMEWORK: MEMORIZE THE APPROXIMATE 
LOCATION OF ANY PROTON ON AN ORGANIC 

MOLECULE






  Average values of chemical shifts of 
representative types of hydrogens.




  Nearby nuclei with magnetic moment 
can have a subtle effect on the shift of 
the peaks.


  Protons with identical chemical shifts 
split one another, but the spectra 
almost* never show it.


  Focus on Blue Hʼs.  

•  They will all have identical chemical 

shifts, and have one H Adjacent to 
them (H)


   This H will be spinning either against 
or with the magnetic field, and thus can 
shift the peak either left or right on the 
spectrum


CH3

H3C OCH3
H

H C C
H

Before splitting


After Splitting


vicinal


H
C
H

geminal


* In the context of this course, they will 
never split one another
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Note that H is split into a doublet, and H is a singlet.

What is going on with H? 




H split by 1 H

CH3

H3C OCH3
H

doublet

(1+1 = 2)


H split by 6 H


septet

(6+1 = 7)


When split equivalently 
by multiple protons, an 
NMR will split to a 
pattern of n+1, where n 
is the number of 
protons doing the 
splitting
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  Pascalʼs triangle.

•  As illustrated by 

the highlighted 
entries, each entry 
is the sum of the 
values immediately 
above it to the left 
and the right.
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Note the septet splitting pattern of H.  Once it gets to the 
corners it becomes difficult to see because the outermost 

peaks are so small 




•  1H-NMR spectrum of 1,1-dichloroethane.




•  The quartet-triplet 1H-NMR signals of 3-pentanone 
showing the original trace and a scale expansion to 
show the signal splitting more clearly.








•  Complex coupling that arises when Hb is split by Ha 
and two equivalent atoms Hc.






•  In ethyl propenoate, an unsymmetrical terminal alkene, 
the three vinylic hydrogens are nonequivalent. 




•  Tree diagram for the complex coupling seen for the 
three alkenyl H atoms in ethyl propenoate.




•  An example of peak overlap occurs in the spectrum of 
1-chloro-3-iodopropane.


•  The central CH2 (Hc)has the possibility for 3 x 3 = 9 
peaks (a triplet of triplets) but because Jab and Jbc are 
so similar, only 4 + 1 = 5 peaks are distinguishable.
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  Depending on the symmetry of a molecule, 
otherwise equivalent hydrogens may be

•  homotopic.

•  enantiotopic.

•  diastereotopic.


  The simplest way to visualize topicity is to 
substitute an atom or group by an isotope; is the 
resulting compound

•  the same as its mirror image?

•  different from its mirror image?

•  are diastereomers possible?




  Homotopic atoms or groups


•  Homotopic atoms or groups have identical chemical 
shifts under all conditions.




  Enantiotopic groups


•  Enantiotopic atoms or groups have identical chemical 
shifts in achiral environments.


•  They have different chemical shifts in chiral 
environments.




  Diastereotopic groups

•  H atoms on C-3 of 2-butanol are diastereotopic.

•  Substitution by deuterium creates a chiral center.

•  Because there is already a chiral center in the 

molecule, diastereomers are now possible.


•  Diastereotopic hydrogens have different chemical 
shifts under all conditions.
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•  1H-NMR spectrum of vinyl acetate.






•  1H-NMR spectrum of 1-propanol.








  Spectral Problem 1; molecular formula C5H10O.




  Spectral Problem 2; molecular formula C7H14O.



