
Total energy of a molecule is sum of electronic energy, vibrational energy, rotational energy
and translational energy.

ETotal = Eelec + Evib + Erot + Etrans

The translational energy is not quantised whereas all other three energies are quantised
and furthermore

Eelec >> Evib>> Erot>> Etrans

Translational energy is (only 4% of the total energy) negligible. Thus, the energy of
molecule is

ETotal = Eelec + Evib + Erot

These energies depend on the property of the molecule that is size, shape, flexibility as
well as on the type of motion. These energies are quantised that is they can change only by
discrete sums ( E = h ).

The various energy levels in the molecule are shown in Fig. 6.1. Suppose A and B are
the two electronic states indicated by electronic quantum number n (= 1, 2, 3, 4, .....). In each
electronic states there are vibrational energy levels indicated by vibrational quantum number
V (= 0, 1, 2, 3, 4, ....). Again for each vibrational state (energy levels), there exist several
rotational energy levels indicated by rotational quantum number J( = 0, 1, 2, 3, 4, 5, ....).

Translational energy is not quantised and changes in continuous manner.
There are two different means by which energy can be supplied to the molecules. First

changing the temperature produces a continuous increase in energy. Second a quantum of
energy may be absorbed by a molecule from electromagnetic radiation. These two modes of
energy input give rise to thermal chemistry and photochemistry.

When thermal energy is given to the molecules, molecules move more rapidly: that is
translational energy increases. A molecule can move with any velocity because translational
energy is not quantised. At a given temperature there will be an energy distribution among
the molecules, some molecules have higher velocity and some have lower velocity than the
average velocity of the molecule. Only a few molecules will have sufficient energy (known as
threshold energy) to react. At higher temperature a large  fraction of molecules will have
threshold energy and the rate will increase (Fig. 6.2).



  

  

  

  



































  

  

  

  



































  

  

 

      


 

 

 

      

 

      

As the temperature is raised, the molecules can acquire additional vibrational and
rotational as well as translational energy. Vibrational and rotational energy are quantised,
that is  they can change only by discrete sums (Fig. 6.1). This can be illustrated more simply
for a diatomic molecule by means of Morse curve (Fig. 6.3). If  we imagine two atoms coming
together from a distance they may eventually join to form a chemical bond and the energy of
the system will decrease and  will be minimum. If the internuclear distance decreases below
equilibrium position (that is  bond length between two atoms of the molecule) nuclear-nuclear



repulsion increase rapidly and energy rises. The molecule thus finds itself in a potential well
corresponding to chemical bond (Fig. 6.3).





   

 



  

     

 












Within the potential well molecule can occupy any of a number of discrete vibrational
energy levels. Solution of Schrödinger wave equation leads to the result that vibrational energy
levels are quantised with values

E = h  V
1
2

...(1)

where E is the vibrational energy and V is the vibrational quantum number.
These values are represented by equally spaced horizontal lines (Fig. 6.3). Note that

the minimum vibrational energy is not zero but 
1
2

 h .

  E = h  V
1
2

If V = 0 then E = E0,  = 0

E0 = h 0 0
1
2

E0 = 
1
2

 h 0 ...(2)



This energy E h0 0
1
2

 is called zero point energy. This confirms that molecule can

is still present.
When energy is supplied to the molecule, higher vibrational states (V1, V2, V3, V4 etc.)

may become populated. Only the exact amount of energy needed to go from V0 to V1, V2, V3 or
some higher energy level may be absorbed. In typical organic molecules V1 lies from 2 to 10
kcal/mole above V0. Molecule at room temperature have an average thermal energy content of
about 0.6 kcal/mole. It is thus obvious that most molecules are present in their lowest vibrational
energy level (V0) under these conditions. As the temperature is raised, some of additional
energy will go into populating higher vibrational levels. Many chemical reactions, specially
those that are intramolecular involve these higher vibrational energy levels.

At still higher temperature enough vibrational energy may be absorbed to bring about
rupture of bond. The minimum energy required to do this is known as bond dissociation energy
and is shown in Fig. 6.3. The amount of energy required to dissociate a bond varies widely
depending on the structure of the molecule and the nature of the atoms involved in the bond.

Another way of exciting the molecules involved absorption of electromagnetic radiation. The
amount of energy that such radiation contains depends upon its wavelength according to
relationship given below:

E = h ...(1)

 = 
C

...(2)

Therefore E = 
hC

...(3)

where  = frequency of electromagnetic radiation
 = wavelength of electromagnetic radiation

C = velocity of light
h = Planck constant

From equation (3)

E = 
2 62 104.

...(4)

This energy supplied by light of  254 nm equal to 113 kcal/mole (from equation (4)), an
energy sufficient to rupture most chemical bonds. (Table 6.1)

Table 6.1 Energy of some covalent single bonds and the
corresponding approximate wavelengths

Bond Energy in kcal/mole  in nm



Table 6.2 Type of electromagnetic radiation and energy
needed for different excitations

Region Wavelength Excitation energy Type of excitation
in kcal/mole

X-rays, cosmic rays

Ultraviolet
(i
(ii Electronic

Visible

Infrared
(i
(ii
(iii) Far 

Microwave 1 cm 10 Rotational

Radio frequency meters 10 Electron and
nuclear spin
transitions

Table 6.3 Symbols and definitions

Symbol Definition

UV Ultraviolet
IR Infrared
Å The unit angestron equal to 10  cm.

m The unit micrometer 1 m = 10  m.
nm The unit of nanometer 1 nm = 10  m.

order to know what wavelength of light we should employ in a particular photochemical
experiment, we must determine the UV absorption spectrum of the molecule we wish to study.
Such a spectrum measures the amount of incident light absorbed by the molecule as a function

of wavelength. The  fraction of light  absorbed 
I
I0

 is given by the -  law.

proportional to the number of absorbing molecules. The absorption at a particular wavelength
is defined by the equation

A = log 
I
I
0



where A = absorbance
I0 = intensity of the reference light
 I = intensity of the beam coming out of the sample cell
The absorbance by a compound at a particular wavelength increases with increasing

number of molecules undergoing transitions. Therefore, absorbance depends upon the electronic
structure of the compound and also upon the concentration of the sample and length of the
sample cell. For this reason energy absorption is reported as molar absorptivity, , also known
as molar excitation coefficient rather than actual absorbance. Often UV spectra are reported
to show  or log  instead of A. The log  value is specially useful when value for  are very
large.

 = 
A
Cl

where C = concentration of solution in mole/L
  l = length of tube in cm




















 
 

  



Absorption maxima of some compounds are given in Table 6.4.

Table 6.4 General wavelength ranges for lowest energy absorption
band of some classes of photochemical substrates

Substrate  max (nm)

Alkenes

Styrenes

Ketones

, 



If we wish to excite these molecules we must irradiate them with light in regions where
they absorb. We must therefore match the emission of our source usually a mercury arc lamp
to the absorption of the compound. Mercury arc lamp has three principle emission lines are
253.7 nm, 313 nm, 366 nm.

Filters are available which permit selection of either of these lines. For example, if
system is constructed so that light must pass through borosilicate glass (Pyrex) only wavelength

Pure fused quartz which transmits down to 220 nm must be used if the 254 nm radiation is
desired. Other materials have cut off points between those of quartz and pyrex. Filter solutions
that absorb in specific wavelength ranges can also be used to control the energy if light
reachening the sample.

As mentioned earlier molecule of any type is not only given in electronic state but also in a
given vibrational and rotational state. The  difference between two vibrational levels is much
smaller than difference between adjacent electronic levels, and the difference between adjacent
rotational levels is smaller still. A typical situation is shown in  Fig. 6.5 in the form of Morse
potential curves for the ground state (E0) and first excited state (E1) of polyatomic  molecule.

The excited state potential curve has minimum in it (V0) so the molecule will not break
(i.e., molecule will not fly apart on excitation). The minimum in the potential curve of the
excited state occurs at a larger inter nuclear distance (r  > r) than that of the ground state.
This is reasonable since the excited state has one electron in antibonding orbital and the
bonding will be weaker in the excited state. Secondly, the bond order of the molecule in excited
state is less than the  ground state.

  




 














  

















There is series of vibrational energy levels superimposed on potential curve for each
electronic state. Consider now the Morse curves for the ground state E0 and first excited state
E1 (Fig. 6.5). As mentioned earlier, at room temperature we have insufficient energy to populate
excited vibrational levels and most transitions will start from V0 of the ground state E0 (or S0).
The Frank-Condon principle tells us that during the electronic transition the interatomic
distance of molecule does not change because the time required for electronic transition
(  10 s) is very-very short as compared to the time required for  vibrational transitions
(  10 s).

Or
The most probable electronic transitions are those in which separation (internuclear

distance) and kinetic energy do not  change.
Thus, we have vertical excitation as shown in Fig. 6.5. Changes in molecular structure

(bond angles and bond lengths) will occur as the electronically excited molecule comes to thermal
equilibrium with its surrounding transition from V0 of ground state (E0 or S0) may terminate
in any of several vibrational levels of excited state. This is the reason for band spectra rather
than sharp lines in UV spectra. The energy of electronic transition is measured from V0 of
ground state to V0 of the excited state i.e., E = E1(V0 E0(V0) = h  when molecule absorbs a
quantum of light the electronic configuration changes to correspond to an excited state. Three
general points about this process should be emphasised.

1. The excitation promotes an electron from filled orbital to an empty orbital. In most
cases the promotion of electron is from the HOMO (highest occupied molecular orbital) to the
LUMO (lowest unoccupied molecular orbital i.e., antibonding MO).

2. At the instance of excitation, only electrons are reorganised (i.e., from HOMO to
LUMO). The heavier nuclei retain their ground state geometry according to Frank-Condon
principle.

3. The electron do not undergo spin-inversion at the  instant of excitation. Inversion is
forbidden by quantum-mechanical selection rules, which require that there be conservation of
spin during the excitation process. Although a subsequent spin state change may occur, it is a
separate step from excitation. Thus in the very short time (10 s) required for excitation, the
molecule does not undergo changes in nuclear position or in the spin state of the promoted
electron. After the excitation these changes can occur very rapidly when excited state comes
in thermal equilibrium with its surrounding.

Let us consider the different types of electronic excitations which take place on absorption of
light in UV and visible region. The ground state of organic compound contains valence electrons













  



in three principle types of molecular orbitals: Sigma ( pi (
bonding (n or p) orbitals. Both  and 

* and * orbitals associated with it.
An orbital containing nonbonding electrons or lone pair of electrons does not have an
antibonding MO because it is not formed by overlap between two atomic orbitals. Electron
transition involved the promotion of an electron from one of the three ground state ( ,  or n)
to one of the antibonding ( * or *

The usual order of energy required for various electronic transitions is as follows:
* > n * > * > n *

Out of four excitations the * and n *are more important in organic
photochemistry  than the other two * and  n *.

Table 6.5 Types of excitation given by class of organic compounds

Type of excitation Type of organic compound

(i) * Alkanes which have only  bonds
(ii) n * Alcohols, amines, ethers thioethers etc.

(iii) * Alkenes, carbonyl compounds
Aromatic compounds etc.

(iv) n * Carbonyl compounds, acids and acid derivatives

To understand the electronic excitation in molecular orbital terms is possible only if we

and the electronic configuration of ethylene in the ground state and excited state are shown in
Fig. 6.7.

      

 

     

 



    



    

  

    

  



Absorption of UV light similarly produces electronic transition in 1, 3-butadiene, a
conjugated multiple bond system. The lowest energy transition (HOMO-LUMO) occurs at
217 nm (132 kcal/mole). In this case also transition is *  transition. Fig. 6.8 shows
molecular orbital diagram of 1, 3-butadiene,

  

  

  

  

Fig. 6.8 shows relative energy and  max of the 





    

 

  

 



  

  



Thus conjugation decreases energy difference between HOMO-LUMO and hence max
increases. This is general phenomenon and it may be stated as follows:

More will be length of conjugation in the compound.



Less will be energy difference between HOMO and  LUMO.
More will be max of the compound.

Absorption maxima of some conjugation polyenes is given in the Table 6.6.

Table 6.6 UV absorption of some conjugated polyenes

Compound max (nm)

1, 3-Butadiene 217 nm

1, 3, 5-Hexatriene 245 nm

1, 3, 5, 7-Octatetraene 275 nm

The carbonyl group presents some new features of interest in terms of molecular orbital
view examination. Carbonyl group is constructed from sp2-hybrid carbon and sp-hybrid oxygen,
we shall assume the  (sigma) bond framework to be present, and  we shall direct our attention
to the non-bonding orbitals and the  (pi) molecular orbital. Before formation of 
have 2pz atomic orbitals on each carbon and oxygen. The 2pz orbital on more electronegative
oxygen atom is lower in energy than the 2pz orbital on a carbon atom; so the oxygen atom
contribute more to  than the more energetically carbon 2p orbital. Thus the bonding  MO
will be constructed from more than 50% of oxygen 2p atomic orbital and less than 50% of the
carbon 2p atomic orbital. Similarly we can see that * will be made up of more than 50% of
carbon 2p orbital and less than 50% of the 2p orbital of oxygen. The remaining orbitals (2px
and sp hybrid orbital) are doubly occupied and are non-bonding orbitals (Fig. 6.10).

      
 

  



 




 



 

 

  

 

  








   



  

 


 

 



  

 



 

    

The graphical construction of , * and  two non-bonding orbitals can be shown in short
as follows (Fig. 6.11):









 

   

  

 

The non-bonding orbital, 2px, is relatively high energy orbital and very important in
photochemistry whereas the non-bonding orbital (sp) is a low energy orbital and this is not









  

  

       

  

important in photochemistry (because excitation always takes place between HOMO and
LUMO). In simple energy level diagram the n(sp) orbital therefore is ignored and this for
photochemistry point of view carbonyl group can be represented as in Fig. 6.12.

The  n * transition is the lowest energy transition for most ketones and this is also
known as S0  S1 (first excitation) transition. The * is  higher energy transition and this
is also known as S0  S2 (second excitation) transition. So is the ground state whereas S1 and
S2 are excited states. These transitions can also be represented as follows:

 











 

Spin multiplicity of any species = 2S + 1
where S = sum of spins of the electrons

Case 1: Suppose all electrons are paired then S = 0 and spin multiplicity = 2 × 0 + 1 = 1.
If spin multiplicity is one then state of the species is known as singlet state. For example, methyl
carbocation has six electrons in its outer most orbit and all are paired hence it is in singlet
state.

Case II: Suppose all electrons are not paired. Take the example of methyl free radical






 



  





 



  




 



  



Spin state = 2S + 1 = 2 × 
1
2

 + 1 = 2

Spin state of methyl free radical is doublet.
Now take the example of carbonyl group:








 
    








 

             

Here spin state of this species is triplet.
There are even number of electrons in typical organic molecules and these electrons are

paired in ground state as demanded by the Pauli principle. Molecular states with all paired
electrons are thus called singlet states, Sn, where n = 0, 1, 2, 3, 4.

Therefore, S0 = ground state singlet
S1 = first excited state singlet
S2 = second excited state singlet

Absorption of light occurs without spin inversion and the initial excited state produced
is a singlet excited state. In this case two electrons no longer share an orbital and the promoted
electrons has the same spin as its former partner, i.e., ground state.



















      

     


   



  

Single excited state may undergo spin inversion giving a new excited state with two

electrons of same spin i e S. .,
1
2

1
2

1 . Molecular state with such species having

S = 1 is called triplet states (2S + 1 = 2 × 1 + 1 = 3), Tn, where n = 0, 1, 2, 3.

Therefore, T0 = lowest energy state
T1 = higher energy than T0

T2 = still higher energy than T1 and T0

The term singlet and triplet originate from the fact that singlet state does not split in a
magnetic field while triplet state does as it has a magnetic moment and has three possible



energy states which are distinguishable. Electronic transitions between states of same
multiplicity i.e., singlet-singlet and triplet-triplet are spin allowed and transitions between
states of different multiplicity, i.e. singlet-triplet and triplet-singlet are spin forbidden.

The most important difference between the lowest excited singlet state and the lowest
excited triplet state is the difference in energy of the two states. The triplet state is lower in
energy as a result of the greater electronic repulsion in the excited singlet state. A systematic
representation of this is given in the figure which shows an approximate energy level diagram
for a carbonyl compound.



  

   





  

   

Triplet states are not readily obtained directly by absorption of a photon since such a
absorption is strongly forbidden. Thus most observable spectra are singlet-singlet absorption
spectra. Some triplet states can be generated indirectly by absorption of light as a result of a
photophysical process referred to as intersystem crossing (ISC) from the initially generated
singlet state (see figure). A triplet state always has an energy lower than a singlet state with
the same electronic configuration but the singlet-triplet energy difference varies considerably.
This energy gap is much higher for , * states than for n, * states and so it is not usual for a
molecule with a lowest energy singlet state, S1, that is n * in nature have a lowest triplet
state T1 that is n *. The emphasis on the excited states of lowest energy arises because of the
observation formulated by Kasha. According to Kasha luminescene or photochemical reaction
normally occurs from the lowest energy singlet (S1) or triplet (T1) excited state rather than
from a higher energy state (S2 or T2 etc.).

Fluorescence almost invariably occurs from the S1 state and phosphorescence from the
T1 state.

A excited state of molecule can be regarded as a distinct species, different from the ground
state of the same molecule and from other excited states. It is obvious that we need some
method of naming excited states. One of the most common methods simply designates the



original and  newly occupied orbitals with or without a subscript to indicate singlet or triplet.
Thus, the singlet state  arising from promotion of a  to a *  orbital in 1, 3-butadiene or
ethylene would be the 1( , *) state or the , * singlet state.

Another very common method can be used even in cases where one is not certain which
orbitals are involved. The lowest energy excited state is called S1, the next S2 etc. and triplet
states are similarly labelled T1, T2, T3 etc. as mentioned earlier. In this notation the ground
state is S0.

Photochemistry occurs when a molecule is raised from its ground state to a higher state
which can differ in multiplicity, i.e., either singlet or triplet from ground state. The population
of such energy levels means that molecules are in states of shorter life time than usual and
have considerably more energy than the ground state from which they were formed. Thus the
molecule in the excited state are considerably more  reactive in the excited state. Deactivation
of an excited state occurs by a photochemical or photophysical  process, either
monomolecularily (intramolecularly) or bimolecularily (intermolecularly). There are several
paths by which deactivation can be achieved and it is these paths which will be discussed in
the text. The processes are:

1. Non-radiative processes between states.
2. Radiative processes between states.
3. Loss of energy by intermolecular energy transfer.
4. Chemical reactions.

When a molecule has been promoted photochemically to an excited state, it does not remain
there for long time. Most promotions are from the S0 to S1 state. Promotions to S2 and higher
singlet states (S2, S3, ....) take place, but in liquids and solids, these higher states usually drop
very rapidly to the S1 state because  the life time of  S2, S3 etc. is usually less than 10  to
10  sec. The energy lost when an S2 or S3 molecule drops to S1 is given to the medium. Such
a process is called an energy cascade. In a similar manner the initial excitation and the decay
from higher singlet states initially populate many of the vibrational levels of S1, but these also
cascade, down to the lowest vibrational level of S1. This  cascade is known as vibrational
cascade. All these processes will occur in about 10  to 10  sec. The thermally equilibrated
low-lying singlet excited state S1 (V0) has a relatively long lifetime (10  sec). Therefore, in
most cases, the lowest vibrational level (V0) of the S1 state is the only important excited singlet
state. This state can undergo various physical and chemical processes. Here we will describe
the physical pathways open to molecules in S1 and excited triplet states. These pathways are
shown in Jablonski diagram (Fig. 6.13).

1. A molecule in the S1 state can cascade down through the vibrational levels of the S0
and thus return to the ground state by giving  up its energy in small increments the surrounding
(i.e., environment), but this is generally quite slow because the amount of energy is large
between S0 and S1. The process of cascade is called internal conversion (IC). Because it is
slow, most molecules in the S1 state adopt other pathways.




























 

Note: Internal Conversions: Decay of S2 to S1 or S1 to S0 is known as internal conversion and this
process in non-radiative  and spin-allowed process. Internal conversion from S3, S2 to S1 is very-very
common whereas from S1 to S0 is not common.

2. The lifetime of S1 state is 10  to 10  sec. A molecule in the S1 state can drop to some
low vibrational level to the S0 (V2, V3, V4 but not V0) state all at once by giving off energy in the
form of light. This process, when generally happens within 10  sec, is called fluorescence.
This pathway  is not very common either (because it is relatively slow), except for smaller
molecules e.g., diatomic and rigid molecules (aromatic compounds are the main examples).
For compounds that show fluorescence, the fluorescence emission spectra are usually the
approximate minor images of the absorption spectra. This comes about because the fluorescing
molecules all drop from lowest vibrational level (V0) of S1 state to various vibrational levels of
S0 while excitation is from the lowest vibrational level (V0) of S0 to various vibrational level of
S1 (Fig. 6.14).





















      



between V0 (S0) and V0 (S1
the two states are solvated differently.

Because of the possibility of fluorescence any chemical reactions of S1 state must take
place very fast, or fluorescence will occur before they can happen.

3. Most molecules in the S1 state may drop to triplet state (T1). This is slow process as
a change in multiplicity (spin inversion) is formally forbidden process. However, if the singlet
state S1 is long lived, the S1  T1 conversion occurs by a process called intersystem crossing
(ISC). It is important phenomenon in photochemistry. For every excited singlet state there
exist a corresponding triplet state. Since transition from ground state singlet (S0) to triplet
state (T1) is forbidden, ISC is the main source of excited triplet state. This is one way of
populating  the triplet state. The efficiency in ISC depends on the difference in energy between
the low-lying singlet state (S1) and triplet excited state (the S1 T1 energy gap). When this
energy difference is small the ISC is efficient. When energy difference is large, spin forbiddeness
is quite important and ISC efficiency is low or zero. Generally speaking, ketones have high
ISC (benzophenone has 100% intersystem crossing) efficiencies, aromatic compounds have
intermediate to high ISC efficiencies and olefines have low ISC efficiencies. The presence of
heavy atoms (S, Cl, Br, I, etc.) in a molecule enhances ISC efficiency.

Since a singlet state usually has a higher energy than the corresponding triplet, this
means that energy must be given up. One way this to happen is for the S1 molecule to cross to
a T1 state at a high vibrational level then for the T1 to cascade down to its lowest vibrational
level (Fig. 6.13). This cascade is very rapid (10  sec). When T2 or higher states are populated,
they too rapidly cascade to the lowest vibrational level of the T1 state. Thus ISC is non-radiative
process.

4. Lifetime of T1 state is 10  to 10  sec. A molecule in the T1 state may return to the S0
state by giving up heat (ISC, non-radiative process) or light (this is called phosphorescence
radiative process). ISC and phosphorescence are very slow process (10  to 101 sec). This means
that T1 state generally have much longer lifetime than S1 states (lifetime of S1 is 10  to
10  sec, lifetime of T1 is 10  to 10  sec). When fluorescence and phosphorescence occur in
same molecule phosphorescence is found at lower frequencies than fluorescence (because of
the higher difference in energy between S1 and S0 than between T1 and S0) and is longer-lived
(because of longer lifetime of the T1 state).

5. For many molecules ISC (S1  T1) is not very efficient. If this is the only way to
produce T1 then T1 would be rather very-very limited.

Fortunately, triplet state can be populated by the use of donor molecule. Donor molecule
is a substance whose ISC efficiency is high. Donor molecule produces T1 in high yield by ISC
and then this molecule transfer its excitation energy to the second molecule (known as acceptor).

Excited state (S1 or T1) of donor molecule transfer its large amount of energy to the
acceptor molecule and in this process acceptor (A) species promoted to excited state and donor
(D) species return to the ground state.

     D h  D*
D* + A  D + A*

Although photons are absorbed by D, it is A which becomes excited. This phenomenon
is known as photosensitisation and D is referred as photosensitiser.



The basic requirement for energy transfer is that the energy of donor molecule should
be 5 kcal/mole more energy than the energy needed for excitation of acceptor molecule.

Thus there are two methods for molecule to reach an excited state, first by direct
absorption of light and second by transfer of energy from excited donor molecule to the acceptor
molecule.

Transfer of energy from excited singlet state produces singlet and transfer from excited
triplet produces triplet. In other words, if the acceptor molecule possesses a state of same
multiplicity and lower in energy than that of donor molecule, energy transfer will occur from
donor to acceptor. This provides a versatile method of forming triplet by triplet-triplet energy
transfer

D Dh *

  D DISC* *

  D A A D* *

A *  
Reaction

Photochemical
 Products (Sensitisation)

D   Products (Quenching)
*If  3A gives the products of interest this is called sensitisation mechanism.
There are several ways in which energy transfer can occur but one of those phenomenon

of triplet-triplet energy transfer is the most common because lifetime is maximum for triplet
state.

The method of sensitisation has proved to be of enormous value as it provides a new
group of potentially reactive intermediates. Aldehydes and ketones are particularly employed
as sensitisor in a wide variety of photo reactions. The sensitiser should meet the following
critaria:

1. It must be excited by the irradiation to be used.
2. It must be present in sufficient concentration and absorb more strongly than the

other reactants under the conditions of the experiment so that it is the  major light absorber.
3. The energy of triplet state of sensitiser (D* or 3D* or 3Sens*) must be greater than

that of the reactant. If this condition is not met, the energy transfer becomes endothermic.
4. It must be able to transfer energy to the desired reactant.
5. The sensitiser should possess high ISC, absorb at lower wavelength and does not

interfere with the analytical procedure.
Several photosensitisers in common use are given in Table 6.7.



Table 6.7 Common sensitisers and their energy in triplet state

Sensitiser Triplet energy (ET) in kcal/mole

Benzophenone 69

Acetophenone 74

Fluorenone 53

Benzene 85

Naphthalene 61

Biacetyl 56

Benzil 53

Several useful features of using a photosensitiser are that
(i) The reaction proceeding via singlet state can be avoided and the quantum yield of

the products increased.
(ii) Substances which are unable to absorb light of conveniently longer wavelengths may

often be sensitised by additives which do. In terms of energetics, it implies that com-
mon compounds whose upper singlet (S1) and (T1) are widely separated, thereby mak-
ing ISC difficult may be excited to their triplet states by sensitiser with appropriate
intermediate energy levels.

Different physical processes undergone by excited molecules are given in Table 6.8.

Table 6.8 Physical processes undergone by excited molecules

S0 + h  S V
1 Excitation

S V
1   S1 + Heat Vibrational relaxation

S1  S0 + h Fluorescence

S1  S0 + Heat Internal conversion, IC

S1  T1
v Intersystem crossing, ISC

T1
v   T1 + Heat Vibrational relaxation or Vibrational cascade

T1  S0 + Heat ISC

S1 + A(S0)  S0 + A(S1) Singlet-singlet transfer (photosensitisation)

T1 + A(S0)  S0 + A(T1) Triplet-triplet transfer (photosensitisation)

The subscript V indicates Vibrationally excited state

Let us consider now a specific example which illustrates the use of sensitisation in
photochemistry. Direct irradiation of 1, 3-butadiene in solution gives cyclobutene and
bicyclobutane with minor amounts of dimers. Intersystem crossing efficiency in 1, 3-butadiene
approaches zero and triplet derived products are not formed.



 





 

 






  

 



Triplet excited butadiene produced by energy transfer from triplet-excited benzophenone
gives only dimers.








     

    



 


     


     



Quenching
Intermolecular interaction between a molecule in its excited state and a molecule in its ground
state can lead to deactivation of the electronically excited state and the generation of the
excited state of other molecule. This phenomenon is known as quenching. Thus bimolecular
deactivation is known as quenching.

M* + Q  M + Q*
Quenching process is reverse to sensitisation process. In sensitisation process a molecule

in the ground state is raised to its excited state by energy transfer from other excited molecule
(known as sensitiser).

M + Sens*  M* + Sens
The component that accelerates quenching is known as quencher and represented by Q.

There are basically two major routes of quenching: ( i) Photochemical quenching and
(ii) photophysical quenching. In photochemical quenching the quincher transforms the
excitation energy into chemical energy and a product is formed. Photophysical quenching can
be divided  into (a) self quenching or concentration quenching and (b) impurity quenching.

We have said that when a molecule absorbs a quantum of light, it is promoted to an excited
state. Actually this is not the only possible outcome. Because the energy of visible and ultraviolet



light is of the same order of magnitude as that of covalent bonds (Table 6.1), another possibility
is that molecule may cleave into two parts, a process is known as photolysis. There are three
situations that can lead to cleavage:

1. The excitation may bring the molecule to a vibrational level so high that it lies above
right hand portion of E1 curve (line A, Fig. 6.15). In such a case the excited molecule cleaves at
its first vibration (absorbed energy is greater than bond dissociation energy).

2. Even where the promotion is to a lower vibrational level, one which lies wholly within
the E1 curve (such as V1 or V2), the molecule may still cleave. As Fig. 6.15 shows that equilibrium
distances are greater in excited states than in ground state. Promotion of an electron takes
place much faster than a single vibration. Therefore, when an electron is suddenly promoted,
even to low vibrational level, the distance between the atoms is essentially unchanged and the
bond finds itself in a compressed condition. This condition may be relieved by an outward
surge that is sufficient to break the bond.























3. In some cases the excited state is entirely dissociative (Fig. 6.16), i.e., there is no
minima in the Morse curve. In such case there is no distance where attraction outweighs
repulsion and the bond must cleave.



 










The photolytic cleavage can break the molecule into two smaller molecules or into two
free radicals. Once free radicals are produced by photolysis, they behave like free radicals
produced in any other way except that they may be in excited state and this can cause differences
in behaviour.

The photochemical processes are governed by the following laws:
1. First law or Grotthurs-Drapper law.
2. Second law or Einstein-Stark law of photochemical equivalence.

When light radiations fall on a substance, only the fraction of incident light which is absorbed
can bring about a chemical change; reflected and transmitted light do not produce any chemical
change.

The law is purely qualitative and does not give any relationship between the amount of
light absorbed by the molecules and the number of molecules which have reacted.

This law states that each molecule or atom activated by light, absorb only one quantum of
light, which causes activation.

Or
Each quantum of light absorbed by a molecule, activates only one molecule in the primary

step of photochemical process or briefly one molecule one quantum.
AB + h AB*

One One Activated molecule
molecule photon (excited molecule)

molecule will react per quantum of light absorbed, but that only one molecule is activated by
each quantum of radiation.

The efficiency of photochemical process is often expressed in terms of quantum yield ( ) which
is defined as the number of molecules reacting per quantum of light absorbed.

Mathematically

 = 
Number of molecules reacting in given time

Number of quantum of radiation absorbed in the same time
The energy E absorbed per mole of the reacting substance is called one einstein

E = NAh  = One einstein
The quantum yield of the product formation

= 
Number of molecules of product formed

Number of einstein of radiation absorbed



If the law is correct then the quantum yield should be unity. This however is very rare.
The quantum yield may be as high 106 or as low as 10  for several photochemical

reactions. The reason for low quantum yields are:
1. Excited molecules may get deactivated before they form products.
2. Collisions with excited molecules with non-excited molecules may cause the former

to lose their energy.
3. The primary photochemical process may get reversed.
4. The dissociated fragments may recombine to form the original molecule.

1. The primary process of absorption of radiation produces excited free radicals. They
undergo secondary processes. Each secondary process produces again excited free radicals.
This process continues unless it is checked. Thus by absorbing only one quantum of radiation,
several reactant molecules undergo chemical reaction. Hence  will be greater than unity.

2. Free radical gives chain reaction which increases quantum yield.

1. D.O. Crown and R.L. Drisko, Elements of Organic Photochemistry, Plenum, New York, 1976.
2. William M. Horspool, Aspects of Organic Photochemistry, Academic Press, New York, 1976.
3. Jan. Kopecky, Organic Photochemistry, VCH, New York, 1991.

1. Construct energy diagram of the carbonyl group.
2. On the basis of energy diagram show what is meaning of first and second excited states?
3. Define the following terms by the use of Jablonski diagram:

(i) Energy cascade
(ii) Vibrational cascade

(iii) Internal conversion
(iv) Intersystem crossing
(v) Fluorescence

(vi) Phosphorescence.
4. (i) What is the importance of photosensitiser in photochemistry? (ii) Which type of compounds

can behave as photosensitiser?
(ii) What criteria should be fulfilled by the compound to become sensitiser?

5. Write note on photolytic cleavage.
6. What types of excitations are possible in a compound containing carbonyl group on irradiation

with UV light? Give details of the transition requiring lesser amount of energy.
7. Comment upon the followings:

(i) Structure of carbonyl group.
(ii) Singlet and triplet states.



Saturated ketones exhibit four main bands in their ultraviolet absorption spectra. These bands
are centered on 280, 195, 170 and 155 nm. The most important band is at 280 nm for the
photochemistry of carbonyl group. This band corresponds to the n * transition. The
photochemical reactions of carbonyl group is initiated by n * transition. Promotion of an
electron will lead to either a singlet state or a triplet state. Photochemical reactions given by
carbonyl group takes place either by singlet state or by triplet state or by both states.

 





 


primary photochemical or photophysical processes of organic molecules in solution.
Carbonyl compounds give four type of reactions. These reactions include:
(i) -Cleavage.

(ii) -Cleavage.
(iii) Intramolecular and intermolecular hydrogen abstraction by carbonyl oxygen.
(iv) Addition of carbonyl oxygen atom to a carbon-carbon multiple bond.

In many cases the four processes are competitive and the major process followed is
sensitive to structural variations in the ketones and the choice of the solvents.

I

Norrish type I process is given by three type of ketones:
(i) Saturated acyclic ketones.

(ii) Saturated cyclic ketones.
(iii) -Unsaturated ketones.

Saturated carbonyl compounds undergo photoinduced decarbonylation in the gas phase. This
process was first observed by R.G.W. Norrish and is known as Norrish Type I or -cleavage

Saturated ketones exhibit four main bands in their ultraviolet absorption spectra. These bands
are centered on 280, 195, 170 and 155 nm. The most important band is at 280 nm for theare centered on 280, 195, 170 and 155 nm. The most important band is at 280 nm for the
photochemistry of carbonyl group. This band corresponds to the n * transition. The
photochemical reactions of carbonyl group is initiated by n * transition. Promotion of an
electron will lead to either a singlet state or a triplet state. Photochemical reactions given byelectron will lead to either a singlet state or a triplet state. Photochemical reactions given by

-Cleavage.
-Cleavage.

) Intramolecular and intermolecular hydrogen abstraction by carbonyl oxygen.
) Addition of carbonyl oxygen atom to a carbon-carbon multiple bond.



process. Norrish Type I process is commonly encountered in the gas phase. The solution phase
reaction of this type is uncommon.

Primary Processes
Norrish Type I process is characterised by initial cleavage of the carbonyl carbon and

alpha carbon bond to give an acyl and an alkyl radicals. This process is known as primary
photochemical process (Scheme 1).
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O

C CH

R

2
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O

C . + CH

R

.
2

The initially formed acyl radical is stabilised by one of the secondary processes
[(a c)] shown in the Scheme 2. Similarly the alkyl radical can be stabilised by recombination
or disproportionation (Scheme 2).

Secondary Processes

(a) Decarbonylation of acyl radical to give carbon monoxide and an alkyl radical. This
alkyl radical can recombine to give an alkane or can undergo intermolecular hydrogen
abstraction to form an alkane and an alkene [Scheme 2(a)].
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R

.
2  3 + R

Intermolecular hydrogen abstraction



(b) Intermolecular hydrogen abstraction by the acyl radical from the alkyl radical to
give an aldehyde and an alkene [Scheme 2(b)].

2

O

C. + R CH
.

CH2

2

O

C

This process can only be possible if alkyl radical has atleast one -hydrogen.
(c) Intermolecular hydrogen abstraction by the alkyl radical from the -carbon of the

acyl radical to form a ketene and an alkane [Scheme 2 (c)].

2

O

C. + R CH
.

CH2

C O + R 2 2

The main reaction of saturated acyclic ketones is decarbonylation.
Norrish Type I process is thus a two step radical mechanism. The first step is a primary

process and the second step is the secondary process. Formation of acyl and alkyl radicals can
be proved by trapping of these radicals by the use of suitable trapping agents.
2, 2, 4, 4-Tetramethylpiperidine-1-oxyl was used for the trapping and the radical fragments
produced by the fission of 1, 3-diphenylacetone were trapped as an ester and an ether
(Scheme 3).



          





                        












    







    

 

Formation of ether and ester confirms that there should be the formation of acyl and
alkyl radicals.

The formation of radical intermediates is also readily demonstrated by photolysis of a
mixture of  ketones (A) and (B) which give products from mixed radical combination.

Ph2

O

C 2 2

O

C 2

(A) (B)



Ph2 2 2 2 2 2
(Cross product)

 (93%)

This cross over experiment also confirmed the two steps radical mechanism.
Norrish Type I process occurs from both the excited singlet and the triplet states of

n  * transition. Photolysis of ditertbutylketone results in high yield of carbon monoxide (90%)
from both the excited singlet and triplet states. This clearly shows that the Norrish Type I

sec as compared with 0.11 × 10  sec for the excited triplet state. Since the reaction occurs
from both the singlet and triplet excited states, the Type I process must occur about 100 times
faster from triplet than from singlet excited state. Studies with triplet quenchers, such as
1, 3-cyclopentadiene, have also shown that Norrish Type I processes occurs from both triplet
and singlet excited states.



Norrish Type I cleavage is given mostly by those  ketones whose n * state is the
lowest excited states. In most of the cases, the n * state is the lowest excited state. However,

 cleavage in arylalkyl ketones and diaryl ketones is less efficient because n * excited
state is not the lowest excited state. In this case, there is a large barrier on the reaction
coordinate (Fig. 7.1).

   



   





In Norrish Type I reactions there is a preference for the formation of most stable alkyl
radical in case of unsymmetrical ketones.

     







 



         









 



       










In the above case, only -bond undergoes cleavage. If both alkyl substituents are same
then there is little selectivity of bond cleavage.

          





                       

 


 



The Norrish Type I process is mostly favoured by photolysis in the vapour phase and is
less pronounced for photolysis in the inert solvents. In inert solvent formation of solvent cage
takes place. Formation of solvent cage facilitates recombination of the initially generated radical
pair. Thus low quantum yield of products is obtained in inert solvents.

Norrish Type I process is efficient in liquid phase only if a stable radical is formed. The
stable radical includes allylic, benzylic, tert alkyl and acyl radicals.

          



   

            






          

Problem 1: Complete the following Norrish Type I reaction:

      





     

Solution: Compound is saturated acyclic ketone. It will give Norrish Type I process in
gases as well as in solution phase.
Primary process:

  


  

  

  




  

 
  




  


  



Secondary process:
(i) Decarbonylation

  


  


  

  
  




(ii) Recombination

  

  
  

  

  

 
      

     

 



I
Cyclic ketones, in contrast to the acyclic ketones, show a greater tendency to undergo -cleavage
to furnish acyl-alkyl biradicals. Norrish Type I cleavage of acyclic ketones take place by singlet
as well as by triplet excited state. In cyclic ketones, the reaction takes place exclusively by the
triplet state. It is possible, however, that inter system crossing in cyclic ketones is so rapid
that reaction from the singlet state would not be observed. The triplet state is atleast 100
times more reactive than the excited singlet state.

Available information indicates that the excited triplet state for Norrish Type I processes
is n * triplet state. This was demonstrated first for the irradiation of cyclopentanone in
both gases and in solution phases. Under both conditions, the product is 4-pentenal. Formation
of 4-pentenal takes place at 313 nm and 254 nm. The formation of the aldehyde can be quenched
by 1, 3-cyclopentadiene. This quenching experiment confirms the formation of the triplet state.

Norrish Type I process involves the initial cleavage of a carbonyl carbon-alpha carbon
bond. Subsequent secondary processes [(a) to (c)] correspond to those observed for acyclic
ketones.

(a) Decarbonylation of acyl-alkyl diradical to give carbon monoxide and a dialkyl radical.
The dialkyl radical can recombine to give a cycloalkane or it undergoes intramolecular hydrogen
abstraction to form an alkene. [Scheme 4 (a)].





   



 



 

  

 







 





  

 







 







  


 

 







(b) Intramolecular hydrogen abstraction by the acyl radical from the -carbon of the
alkyl radical to give an unsaturated aldehyde [Scheme 4 (b)].

 

  

 







 

 

 



 

(c) Intramolecular -hydrogen abstraction from the acyl radical by the alkyl radical to
produce a ketene [Scheme 4 (c)].

 

  

 







  

  

 



The biradical of cyclic ketones can undergo one of the two hydrogen transfer processes
[(b) and (c)] via a cyclic transition state in which a hydrogen atom is transferred to one radical
centre from the atom adjacent to other radical centre.

Photolysis of cyclic ketones in gases phase gives decarbonylation as well as intramolecular
hydrogen abstraction. Intramolecular hydrogen abstraction mainly leads the formation of
unsaturated aldehyde (Scheme 5).




 

 





 











In solution phase biradical pair is not usually stabilised by decarbonylation. In this
case, biradical is mainly stabilised by intramolecular hydrogen atom transfer. This
intramolecular hydrogen atom transfer leads to the formation of either unsaturated aldehyde
or a ketene or both (Scheme 6).








  



  

  



 

  



 



When photolysis is carried out in the presence of polar protic solvent than the main
species is ketene. This ketene than undergoes solvent addition to give carboxylic acid (with
water) or its derivative (ester with alcohol) as the only product.



















Problem 2: What will the product of the reaction when carvone camphor is irradiated
with UV light  in the presence of MeOH?
Solution: In the presence of polar protic solvent, cyclic ketone forms only ketene.








 











 









 

In case of unsymmetrical ketones, the -bond that produces more stable alkyl radical
cleaves preferentially.

Problem 3: Complete the following reaction:





 



 

Solution: The -bond that produces the more stable alkyl radical cleaves preferentially
in unsymmetrical ketone. The vapour phase photolysis gives decarbonylation and
intramolecular hydrogen abstraction.




 




In the liquid phase, the main reaction is intramolecular hydrogen abstraction which
leads the formation of unsaturated aldehydes.






 

  

   




 

  



According to the biradical mechanism, there is a possibility of a back recombination
reaction to reform the starting material.











Use of suitably -substituted cyclic ketones show that recombination reaction resulted
in epimerisation at the -carbon if -carbon is a chiral.

 



 

   

Experimently it has been found that photolysis product formation via route [(a c)]
is faster than the photochemical interconversion of the epimers. Since there is the
formation of epimeric mixtures each epimer afford the same mixture of products.


  




  














 





 

 





Each epimer affords the same mixture of products. This clearly indicates that the
configurational integrity of the -carbon is lost during the course of the reaction. This loss of
integrity is due to the free rotation about C2 3 bond in the diradical.


  




  





 

    


  


  









The recombination process is important even when hydrogen transfer reactions occur,
but loss of carbon monoxide in solution phase photochemistry is a major reaction pathway
only when the alkyl radical centres are stabilised by inductive effect, by -unsaturation or
by cyclopropyl conjugation. This reflects an increase in the rate of loss of carbon monoxide
from the acyl-alkyl biradical in these systems. 2, 6-Dimethyl-cyclohexanone gives carbon
monoxide on photolysis in solution at room temperature. 2, 2, 6, 6-tetramethylcyclohexanone
gives carbon monoxide in a yield greater than 70%, 7, 7, 9, 9-tetramethylbicyclo [4, 3, 0] non-
1, 6-en-8-one gives 100% yield of carbon monoxide and hydrocarbon products.











 



Problem 4: Complete the following reaction:







 

Solution:














(i)

















(ii)



  

  





I
Cyclopentanone also decarbonylates on irradiation in the gas phase at 147 nm. In this case
also a two step process is involved, affording a biradical which decarbonylates to another
biradical, which either fragment to ethylene or undergoes bond formation to cyclobutane. Fission
to ethylene is much more efficient in comparison to cyclobutane formation (Scheme 7).







 





    

In solution the loss of carbon monoxide from a cyclopentanone is a major path only
when the radical centres formed are stabilised by alkyl substitution, double bond or cyclopropyl
ring.










  













   

  
  

 



  

 



Problem 5: Give mechanism of the following transformation:




 

Solution:


 



 

 

-Cleavage is not given only by cyclic ketones. Other cyclic compounds such as lactones,
lactams and cyclic anhydrides undergo -cleavage to give a biradical species on photolysis in
gas or solution phase.





 

 





































Cyclobutanone also gives -cleavage reaction. The efficiency of -cleavage reaction of
cyclobutanone is ten times more than the cyclopentanone due to the angle strain. Angle strain
and steric strain increases the efficiency of -cleavage. The photochemistry of -cleavage of
cyclobutanone differs significantly from the photochemistry of -cleavage of other cyclic ketones.



Unlike other ketones, cleavage occurs from S1 (n *) and leads to the formation of a 1, 4-acyl-
alkyl diradical. There are three following different pathways for stabilisation of the diradical:

(i) Loss of carbon monoxide and formation of 1, 3-diradical that undergoes either
recombination to cyclopropane or an hydrogen abstraction to form propene.








 





(ii) By a subsequent -cleavage and formation of ethylene and ketene.



       

   

(iii) 1, 4-Acyl-alkyl biradical can undergo ring expansion by rebonding to oxygen to give
oxacarbene. This carbene can be trapped by polar protic nucleophile solvents. The over all
reaction is a ring expansion.

















Formation of 1, 4-acyl-alkyl radical can be proved by trapping experiment. 1, 4-acyl-

hexanone.










 





Ring expansion of unsymmetrical cyclobutanones is highly regioselective which indicates
the need for more stable alkyl radical to attack the oxygan atom of the acyl radical. Indeed
alkyl substitution does increase the yield of ring expanded products. Both 2, 2-dimethyl and
2, 2, 4, 4-tetramethyl-cyclobutanone forms ring-expansion products predominantly.











  
















  









 





Photolysis of cyclobutanone is also stereospecific reaction. Stereochemistry at C-2 is
retained during the rearrangement to the oxacarbene. Ring expansion reaction always exhibit
retention of configuration in methanol.













 

 



 







 

Problem 6: Identify (A) and (B) in this reaction:









 



  

Solution:





 



 









 










 







 



 











 



 







Problem 7: Give mechanism of the given reaction:












 











Solution:

























































Ring expansion reaction is also possible in those cases where hydrogen transfer process
are inhibited by steric factor. Certain tricyclic ketones such as Fenchone gives ring expansion
due to the steric strain in the molecule.










 







Some class of compounds have relatively weak C  bonds which can undergo cleavage as a
result of electronic excitation of the carbonyl group. Cyclopropyl ketones are one such class,
and evidence for interaction between the carbonyl and cyclopropyl groups, which provides a
mechanism by which energy may be transferred from the carbonyl group to the bond which is
broken, is found in the UV spectrum.

The mechanism of the reaction has been shown to involve the formation of a biradical
intermediate. Photolysis of acetylcyclopropane leads to cleavage of the cyclopropane ring, and
this is followed by a hydrogen shift.







 

  



   




  




   





   

 



In a similar way, bicyclo [4, 1, 0] heptane-2-ones undergo cleavage of one of the cyclopropyl

 (i)









  





 





(ii)











  

 

   

In some cases the -cleavage and -cleavage are often in competition as shown below:











 

In the above case, product (1) is formed due to the -cleavage and product (2) is formed
due to the -cleavage.

-Epoxy ketones have also a relatively weak C  bond which can be cleaved in the
excited state. Epoxy ketone reacts by way of -cleavage and alkyl migration on photolysis.
Mechanistically this reaction arises from a singlet n * state and result is the fission of the

via the

 (i)





















  



 





(ii)











  





Problem 8: Give mechanism of the given transformation:

 (i)















(ii) 

 

Solution: Both compounds are cyclopropyl alkyl ketone derivatives, hence both will give
-cleavage reactions.

 (i)















  









(ii) 

 





  



Problem 9: Complete the given reaction:






Solution:















 



 

Problem 10: Complete the following reaction:






Solution:















 

 



1, 3 (n, *) excited carbonyl compounds having an accessible hydrogen atom in the -position
undergo a characteristic 1, 5-hydrogen atom transfer by an intramolecular cyclic process with
the formation of ketyl like 1, 4-diradical.






 
  





  





  

Depending on the conformation of the initially formed 1, 4-diradical, two different
pathways to stabilisation are possible:

(i) If only the sp-orbitals of the radical centres can overlap, a cyclobutanol is the product.
(ii) If the sp-orbitals of the radical centres are parallel to the -bond, they participate in

the formation of two double bonds (one in the enol and one in the alkene), a result of the
cleavage of the -bonds.




















 













 









 









  



The second process of this reaction is known as Norrish Type II process which leads the
formation of alkene and alkenol.

Although the reaction occurs from both the singlet and the triplet states of n, *
transition, the quantum yields from the singlet state are generally lower than the triplet
state. In case of aryl-alkyl ketones, the reaction occurs only with the triplet state because
aromatic ketones can undergo rapid intersystem crossing. Solvents also affect the efficiency of
the reaction. The singlet state reactions are unaltered in the presence of polar solvents. Polar
solvents such as alcohol, on the other hand, enhance the reaction from the triplet state.

The quantum yield of the reaction is poor since radiationless deactivation from the S1
and T1 states and reversal of the hydrogen transfer can compete with reactions proceeding to
products. The reversal process is confirmed by using the optical active ketone (1) having a
chiral -carbon. Ketone (1) undergoes racemisation. Racemisation reaction confirmed that the
reaction intermediate is 1, 4-diradical. This also confirmed the back transfer of hydrogen
atom.






  




  




  





Back transfer of hydrogen atom i.e., photoracemisation can be quenched by the addition
of 1, 3-cyclopentadiene. This quenching experiment confirmed the formation of triplet state.

Participation of a 1, 4-diradical intermediate in the Norrish Type II reaction has been
confirmed by trapping experiments and spectroscopic techniques. Formation of 1, 4-diradical
has also been proven chemically. Photoracemisation of a ketone with a -chiral carbon atom
and loss of the chirality in the product was observed.










    















 












       







  
















   





The -hydrogen transfer to the oxygen atom has been shown to be intramolecular. The
transfer involves a six membered cyclic transition state. 5, 5-Dideuterohexan-2-one on
irradiation gives 2-deuteropropene and 1-deuteroacetone. Formation of these products confirms
that the transfer of hydrogen takes place from -carbon and process is intramolecular.





 

   





 



   



When a molecule has two -carbons both having hydrogens, transfer of hydrogen in the
Norrish Type II process is marked by a preference of cleavage of the weaker carbon-hydrogen
bond as in case of ketone (2).

  



 







  



 





       





 



Intramolecular hydrogen abstraction is not possible if -carbon has no hydrogen.

For alkylaryl ketones the electron donating groups such as p-methyl and p-methoxy
substituents decreases the rate and quantum yield for Norrish Type II cleavage. Following
this trend p-hydroxy, p-amino and p-phenyl substituents inhibit the reaction completely. This
is because in such cases energy for * excitation is less than the n * excitation.

The rate of radical recombination to give cyclobutanols compared with -bond cleavage
is often dependent on -substitution.



      

 



 















Substituents Cyclisation
R1 R2 H 10%
R1 H, R2 CH3 29%
R1 CH3, R2 CH3 89%

Thus substitution at -position favours cyclisation reaction.
On the other hand substitutions at -position favours Norrish Type II reaction. Thus

ketone (3) mainly gives Norrish Type II reaction i.e., elimination reaction. In other words if
1, 4-diradical is stable than this favours cyclisation reaction. If 1, 4-diradical is unstable than
this favours Norrish Type II reaction.

  

 






 






  






 

The singlet state photoelimination (Norrish Type II process) reaction occurs with a
high degree of stereospecificity in threo and erythro form of ketone (4). Threo form of (4) gives
trans product whereas erythro form gives cis product.






 






 


   






 

  

 




 




   







 

 


 

 

 



Problem 11: Complete the following:







Solution: Compound has hydrogen on -carbon which is an allylic carbon. Hence
1, 4-diradical has allylic character. This will lead the cyclisation.





 

Problem 12: Complete the following reaction:

     

 





Solution: -Carbon is allylic carbon, hence 1, 4-diradical will be allylic free radical. Thus
cyclisation will be main reaction.

       

 





  





 







normal ketones. But for certain compounds cyclisation is very efficient. Some of these are
systems where there are steric factors  promoting cyclisation, as with cyclododecanone.








 

Norborane also gives only cyclisation because alkene product is highly strained (highly
unstable).









   



 

Problem 13: Complete the following reaction:





  

Solution: Compound has rigid geometry and has hydrogen on -carbon, hence reaction
should be cyclobutanol formation.





   









While the normal reaction path of Norrish Type II process involves a six-membered cyclic
transition state, alternative reaction paths are fairly common. In these cases either larger or



small transition states provide diradicals which cannot fragment. Alternative routes are possible
when -carbon has no hydrogen or biradical is stabilised by hetero atoms.

-Hydrogen abstraction can only be possible if substrate has no -hydrogen and the biradical
is stabilised by the presence of hetero atoms.

(i)
  

 



 

 













(ii)        

      

    


     

      

    

    

    





  

 

Intramolecular -hydrogen abstraction by an excited carbonyl oxygen is approximately 20
times faster than - and -hydrogen abstraction. Nevertheless, the tendency of the half-occupied
n-orbital of the carbonyl oxygen to abstract a hydrogen atom from other position is considerable.
A necessary condition is the planarity of the transition state. An important example of this
class is cyclodecanone. In this case intramolecular hydrogen abstraction takes place from C-6.






















 

 

There are other systems where hydrogen abstraction through a six-membered cyclic
transition state is not possible because there is no suitable placed hydrogen atom
1-(8-benzylnaphthyl)-phenyl ketone is such a compound.

   



  

 

 

In the photolysis of alkyl esters of benzophenone-4-carboxylic acid, the planar transition state
is possible only for 10, which leads to the formation of a 1, 18 biradical whose recombination
produces a paracyclophane.

 



 

    


  



 



   



 




 

Problem 14: Complete the following reactions:

(i)

 

 (ii)

 



Solution: (i) In the compound position  is substituted and -position has hydrogen,
hence reaction will be cyclisation.



 



 

 



(ii) In the given compound, position  is not substituted hence reaction will be Norrish
Type II reaction.

 



 

  



   



The formation of photoenols arises by Norrish Type II process in ortho substituted aryl ketones
and are produced by the following mechanism:








 

































 



The photoenolisation can be quenched by molecular oxygen. This confirmed the formation
of triplet biradical. The product of the reaction behaves as diene  for Diels-Alder addition.
Thus photoenols can be trapped by addition of dienophile.

 


























Photo reduction of carbonyl compounds is one of the best known of photo reactions. In its
initial steps the mechanism involves transfer of a hydrogen atom to the oxygen atom of the
carbonyl excited state from a donor molecule which may be solvent, an added reagent or ground
state molecule of reactant. Ketone undergoes photo reduction in the presence of a variety of
hydrogen atom donor. Hydrogen atom donors are secondary alcohol, toluene and cumene.
This reaction is bimolecular reaction.

(i) (C6H5)2 O 
h

 S1(n *) 
ISC

 T1(n *) (C6H5)2 C O
. .

             



           



           



                   

   

     

(ii)       




   



  

 

       



  

     



  



The above reaction takes place when concentration of benzophenone is very small
(10  m).

Other examples are:










 

  






































 

 











 

 



 

 





  











One of the first photocycloaddition reactions to be studied was the formation of oxetanes from
addition of carbonyl compounds to alkenes. This reaction is known as the Paterno-Büchi
reaction. For example, benzophenone with isobutene gives a high yield of an oxetane.

       

   






   



 

Paterno-Büchi reaction can be studied under two categories and the categories depend
on the nature of alkenes.

Mechanistic studies have shown that the reaction pathway varies according to the type of
carbonyl compound and alkenes involved. Addition of simple aliphatic or aromatic ketones to
electron rich alkenes involves attack on ground state alkene by the n * triplet state of the
carbonyl compound in a non-concerted manner, giving rise to all possible isomers of the oxitane.
The reaction is non-concerted because the reactive excited state is a triplet state. The initial
adduct of this reaction is a triplet 1, 4-diradical, which must undergo spin inversion before
product formation is complete. Stereospecificity is lost if the intermediate 1, 4-diradical
undergoes bond rotation faster than ring closure (Scheme 8).

          





   

  

  





 

 

  

 

 



 

  

  













   

  

  



  











 

  

 

 



  

   



 

 

Although the reaction is not stereospecific, there is a preference for one orientation of
addition, which can be rationalised in terms of initial attack on the alkene by the oxygen atom
of the excited carbonyl group to give a biradical intermediate. The existance of biradicals has
been confirmed by picosecond spectroscopy. The more energetically stable of the two possible
biradicals is formed more readily. Thus reaction is regioselective reaction. The consideration
of biradical stability is certainly applicable to the prediction of the major product of the
cycloaddition (see Scheme 9).

Two important rules for the successful synthesis of oxitanes have been put forward.
These rules are as follows:

(i) Only carbonyl compounds with a low-lying n * state will form oxitanes.
(ii) The energy of the carbonyl excited state must be less than that of the alkene to

prevent energy transfer from the carbonyl excited state to the alkene.
As far as the addition of aromatic carbonyl compounds is concerned only the triplet

state is reactive (because inter system  crossing is very efficient in case of aromatic ketones)
and consequently a triplet biradical intermediate is produced.

The reaction of alkyl ketones can be complicated by the less efficient inter system crossing
thus permitting reaction of both the singlet and the triplet state. Both singlet and triplet state
show equal reactivity for the reaction. The singlet state reaction obtained at high concentration
of the alkene. On the otherhand triplet state reaction obtained at low concentration of the
alkene.

Photocycloaddition of aliphatic ketones to electron-deficient alkenes, particularly dicyano-
ethene, involves addition of singlet state (n *) excited ketone to ground state alkene. The
reaction is stereospecific and the stereochemistry of the alkene is retained in the product
oxitane.



  











 


 

 

 

  











 


 

 

 

The course of the  photocycloaddition of electron-deficient alkenes to ketones follows
certain rules. While oxitanes are formed only from S1(n, *) state, the T1(n, *) state
stereospecifically sensitises the cis-trans isomerisation of electron-deficient alkenes and does
not lead to oxitanes.









  



  

  








  








Stereospecificity of the oxitane formation with electron-deficient alkenes can be explained
as follows:

It is suggested that in case of electron-deficient alkenes, oxitane formation takes place
via formation of exciplex. Exciplex formation takes place between the singlet excited state of
ketone and ground state of alkene. Exciplex is stabilised by charge transfer as well as energy
transfer between the constituent molecules.

 


  
 





 







 



The exciplex (i.e., excited state cyclic complex) has considerable charge-transfer and
the stereospecific formation of products is accounted for if both new bonds are formed
simultaneously in the complex, or if the second is formed after the  first at a rate faster than
the rate of bond rotation. There is again a preference for one orientation of addition, but this
is opposite to that expected on the basis of the most stable biradical intermediate. The preference
reflects the preferred orientation in the exciplex which is governed by charge densities as
illustrated.













  

(A) With Dienes
Addition of carbonyl compounds to conjugated dienes is also feasible. The ET of dienes is usually
less than that of carbonyl compounds. However, the formation of oxetanes competes successfully
with excitation energy transfer because dienes quench the T1 (n *) state. Thus formation
of oxetanes occurs from the S1 (n *) state of the carbonyl compounds. Therefore, dienes
give stereospecific reactions with dienes. Examples are as follows:

(i)   
 

(ii)   
 










(iii)   
  



The third reaction takes place as follows:





   



 







  





 



(B) With Alkynes
Carbonyl compounds undergo photochemical cycloaddition reaction to alkynes to give oxetenes
which are usually not isolated but isomerises to -unsaturated carbonyl compounds in a
subsequent thermal reaction.

       







    

 






    





   

       



  

   

    



  

      

   





Intramolecular Paterno-Büchi reaction is mainly given by -enones. The efficiency of these
reactions can be attributed to the rapid rate of intraction between the excited C O group and
the ground C C group. This combination of substrates allows the formation of one regioisomer.
Thus yields are high and there is usually no byproduct(s). This reaction is highly efficient and
versatile method for the synthesis of variety of compounds that are difficult or impossible to
prepare by other methods.

Some examples are as follows:

(i)     





 



  




  



  








(ii)























(iii)

 






 



One of the most important reaction of this class is the preparation of azulene as follows:










 


  



Perhaps the most useful reaction of -unsaturated enones is the | 2 + 2 | photocycloaddition
reaction with alkenes which affords cyclobutane derivatives. A simplified mechanism is given
below:

  



















The biradical can be formed by bonding at the -carbon or the -carbon of the enone to
the alkene.









 



 





 



 







 







 

The reaction is regioselective with respect to unsymmetrical alkenes. Electron rich
alkenes give head to tail adduct whereas electron-deficient alkenes form head to head adduct.

 













 

    



 

















   

Excimer: A complex that is formed by the association of a ground state molecule with the excited
state of the same molecule is known as excimer. An excimer reverts into its constituents upon
demotion to the ground state.

Exciplex: A complex that is formed by the association of ground state molecule with the excited
state of a different molecule is known as exciplex. Thus exciplex is a heteroexcimer.

Norrish Type I Cleavage: A reaction originating from the carbonyl n, * state and proceeding
through the homolytic cleavage of the carbonyl alkyl groups (i.e., -bond) as the primary
photochemical process. Norrish Type I process finds synthetic utility in the ring cleavage of cyclic
ketones.

Norrish Type II Cleavage: A reaction originating from the carbonyl n, * state and proceeding
through a six-centered fragmentation initiated by -hydrogen abstraction. The product of the
fragmentation are an olefin and an enol which tautomerises to the carbonyl compound.

A similar reaction occurs in the mass spectral fragmentation of carbonyl compounds, where it is
identified as the McLafferty cleavage.

Paterno-Büchi Reaction: The cycloaddition reaction between an electronically excited carbonyl
group and a ground state olefin to yield an oxetane. This is the only good method for synthesising
four-membered ether rings.
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4. J.M. Coxon, B. Halton, Organic Photochemistry, Cambridge University Press, Cambridge,
1974.

5. P. de Mayo, ed. Rearrangements in Ground and Excited States, Vol. 3, Academic Press, New
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1. Absorption of photon by organic molecules leads two possible effects, primary and secondary.
Mention (with example) the primary and secondary effects given by the molecule.

2. Ketones mainly give four types of photochemical reactions. Give name of the reactions with
one example each.

3. Give mechanism of the Norrish Type I process. How many types of carbonyl compounds give
this reaction? Give one example for each compound.

4. Give mechanism of Norrish Type II reaction. Explain why cyclopropyl ketones are the
most common class of compound for -cleavage reactions?

5. (i) Give mechanism of intramolecular hydrogen abstraction reaction given by carbonyl
compounds.

(ii) Give mechanism of the given reaction:

     




     









6. Give mechanism of photo-enolisation. Explain why aromatic carbonyl compounds with an
alkyl group at ortho position undergo rapid and reversible photo-enolisation reaction?
[Hint: Photo-enolisation takes place by way of hydrogen abstraction from the methyl group
present at ortho position through a six-membered cyclic transition state].

7. Discuss the mechanism of the photo reduction of benzophenone leading to the formation of
benzpinacol.

8. Gas phase irradiation of 2-pentanone produces acetone, ethylene in about 88% yield along
with 12% 1-methylocyclobutanol. Account for the formation of these three photochemical
products.
[Hint: Compound gives Norrish Type II reaction and intramolecular hydrogen abstraction by
carbonyl oxygen].

9. What is Paterno-Büchi reaction? Discuss its mechanism along with the stereochemical conse-
quences.

10. Write note on photodimerisation of , -unsaturated ketones.
11. Suggest mechanism for the following photoreactions:

(i) C6H5

O

C 2 2 3
 C6H5 C

O

3 + CH2 CH2

(ii) CH3

O

C 2 2 2 CH2  

CH3

O

C 3 + CH2 CH2 + 



 









(iii)  


 




 

[Hint: Paterno-Büchi reaction].

(iv) 
 



  



[Hint: Norrish Type II reaction].

(v)







   

12. Suggest mechanism for the following photoreactions:

(i)













(ii)





 


[Hint: Formation of ketene derivative via -cleavage followed by addition of HX in I and
CH3OH in II].



Cyclopentenone mainly gives -cleavage reaction and | 2 + 2 | cycloaddition reactions.
5, 5-Disubstituted derivatives undergo rearrangement reaction to the cyclopropyl ketone. The
rearrangement arises from the n * singlet state and has to be carried out in dilute solution
to prevent dimerisation. The substrate first undergoes Norrish Type I cleavage leading to the
formation of a diradical. Recombination of this diradical leads to the formation of ketene.
Ketene reacts with protic nucleophilic solvent to give adduct.






 

































-Unsaturated cyclohexanones give two type of rearrangements. These rearrangements are
possible when bimolecular reactions (cycloadditions and dimerisations) are suppresed by the
use of dilute solutions. The two prominent rearrangements are the di- -methane type
rearrangement (path A) and the lumiketone rearrangement (path B). The rearrangements
are carried out mainly in the presence of tert-butyl alcohol.





 

  



 






 

 

  

   

 







 

 

 

Di- -methane type rearrangement arises by 1, 2-migration of an aryl group. Lumiketone
rearrangement arises without the migration of a group. In this case the carbon atom of the
cyclohexene ring migrates. Migration of aryl group of position-4 leads the formation of bicyclo
[3, 1, 0] hexen-2-one (lumiketone). Similarly migration of carbon atom of the ring (i.e., migration
of C-5 ring carbon atom) leads skeletal change. This skeletal change also gives bicyclo [3, 1, 0]-
hexen-2-one derivative.

Both type of rearrangements can be sensitised using propiophenone or quenched using
naphthalene. This shows that both reactions proceed via triplet excited species.  The
rearrangement with ring migration occurs from a ( *) triplet excited state, whereas
rearrangement with aryl migration occurs from an (n *) triplet excited state. This is supported
by the observation that a 4-alkyl-4-aryl cyclohexenone undergoes rearrangement with aryl
migration in benzene (i.e., non polar solvent) but with ring migration in aqueous methanol
(polar protic solvent).



 

    














 

 





Lumiketone rearrangement is mainly given by 4, 4-dialkyl cyclohexenones which involves the
shift of the C4 5 bond to C-3 and formation of a new C2 4 bond.



 






















 



The mechanism favoured by some workers involves a radical path shown in Scheme 1
for the transformation of 4, 4-dimethyl-2-cyclohexenone into 6, 6-dimethyl bicyclo [3, 1, 0]-
hexan-2-one, on photolysis in tert-butanol.



























 















   

   
 





 

   



As far as this molecular transformation is concerned, change of solvent to acetic acid
has profound effect on the products formed. Irradiation of enone in acetic acid gives mainly
the ketoacetate as well as rearrangement and elimination products.






























Lumiketone is not isolated from the reaction mixture because it is unstable to light in
the presence of acetic acid and is readily converted into 2-isopropylcyclopent-2-en-1-one.

It is proposed that an n * state favours radical intermediate in tert-butanol or in
non-polar solvent (Scheme 1) and * state predominantly favours Zwitterion intermediate
in acetic acid (Scheme 2).









 


 









 (i)




 





(ii)










 















This rearrangement is stereospecific. Optical activity at C-4 is atleast partially retained
in the product in some cases. This suggests that the bond-forming steps in the reaction sequence
occur at the same time as, or very shortly after, the bond breaking steps.

This reaction is quite general and also proceeds in the case of some 4-alkyl-4-
arylcyclohexenones.






 












 

Problem 1: Complete the following reaction:










Solution:








  

Di- -methane type rearrangement is given by 4, 4-diarylcyclohexenones. This rearrangement
is generally carried out in the presence of polar solvents. The rearrangement with aryl migra-
tion occurs from an n * triplet excited state in the presence of tert-butanol. 4, 4-
Diarylcyclohexenones undergo this rearrangement which involves the migration of aryl group
from C-4 to C-3 position and formation of a new C2 4 bond. The rearrangement is totally
analogous to the Di- -methane rearrangement except that the enone rearrangement can be
brought about by n * excitation which is not possible in the 1, 4-dienes.

The mechanism of this reaction involves a radical path shown in Scheme 3.





 


 



 








    



    

 



  

  







1, 2-Shift in Scheme 3 takes place intramolecularly as follows in Scheme 4.







 



 











In compounds in which the two aryl groups are substituted differently, it is found that
substituents which stabilise radical character favours migration. Thus, the p-cyanophenyl
substituent migrates in preference to the phenyl substituent.












  

One of the most important feature of the rearrangement is the remarkable stereospeci-
ficity of the process with a 140 : 1 preference for the formation of the trans isomer rather than
cis.



 

















 

In some cases rearrangement takes place via formation of zwitterion intermediate
particularly in the presence of tert-butanol.

This type of rearrangement is also given by C-4 vinyl substituted enones in which
migration of vinyl group takes place.





 





One of the most important dienones is the cross-conjugated dienones for photochemical
rearrangements. 4, 4-Disubstituted cross-conjugated dienone gives Type B rearrangement. In
the Type B rearrangement of cross-conjugated 4, 4-disubstituted-2, 5-cyclohexadienones, the
first photochemical step occurs with a high quantum yield (  = 0.85).





 



 
 








 
 

























The efficiency of the second step is substantially lower (  = 0.013). The formation of
bicyclo [3, 1, 0]-hex-3-en-2-one is formally analogous to a 1, 2-acyl shift and occurs from the T1
(n *) state. In all reported cases reaction proceeds from the n * triplet state. The
unsaturated acid arises from the S1 state of the bicycloenone (1). The phenols are produced
from the T1 state of the bicycloenone (1).

Zimmerman found that 4, 4-diarylcyclohexa-2, 5-dienones undergo a rearrangement
with velocity four times more than the 4, 4-dialkyl-2-cyclohexenone. The reactive excited state
is the n * triplet state of the dienone. The reaction is thought to involve C-3,-C-5 bond
formation in the excited state followed by inter system crossing and electron deactivation to
give Zwitterion intermediate. This Zwitterion intermediate is then rearranges to the observed
bicyclic product. The electron deactivation process is known as demotion. The reaction takes
place in the presence of sensitiser. The reaction is quenched by the quencher. In this reaction
photophosphorescence phenomenon is observed. These results confirm that excited state is
triplet and demotion process ( *  n) takes place during the course of the reaction. According
to the Zimmerman, the mechanism can be represented as follows (Scheme 5):







  
 



 


 



  
  



 

 

   



 



 

 









 




 





 

















 

  

   

  

 







 



















The necessity of *  n electron demotion step arises because the  (pi) system in the
n  * state is electron rich but the observed rearrangements are characteristic of migrations
to electron deficient centres. If demotion step will not take place then Zwitterion has the
following structure:



 



Thus reactive ground state Zwitterion (E) is an intermediate of the rearrangement and
this Zwitterion rearranges to the observed product. Conformation of the participation of
Zwitterion intermediate in the rearrangement is provided by the thermal preparation of the
photoproduct by the reaction of the 2-bromoketone (G) (Scheme 6):



 



 







 













 










Returning now to the example under discussion, we see that the product of the
rearrangement can itself react further since it still have enone system capable of undergoing
excitation. The following six structures represented the various states of electron distribution.











 

















 









































Among these (I) and (II) were proposed to be precursors in the formation of the starting
material itself and they should now lead to new products.

(III) and (IV) can undergo phenyl migration leading respectively to 2, 3 and 3, 4-diphenyl
phenols. Both of these phenols have been isolated from the reaction mixture.








 
















  








 















  

When photolysis is carried out in aqueous dioxane, 2, 3-diphenylphenol is the major
product and 3, 4-diphenyl phenol is the minor product. In the presence of acetic acid equal



amounts of 2, 3- and 3, 4-disphenylphenols are obtained. One possible reason for this difference
is the better electron delocalisation with (III) than with (IV) in the dioxane. In acetic acid
protonation of oxygen occurs and delocalisation is less significant factor.

Structure (V) can rearrange to a ketene and forms an acid in aqueous medium but (VI)
cannot.

In terms of mechanism given by Zimmerman, the various steps can be represented in
Scheme 7.









 

















 













 























The evidence for the Zwitterion (B) being an intermediate in the reaction follows from
the rearrangement of independently generated Zwitterion by non-photochemical means to the
same product (C).
















































Problem 2: Give mechanism of the given reaction:



 









Solution:



 








































Cross-conjugated dienone in the gas phase undergoes rearrangement by n *
excitation.

Rearrangement of 4, 4-disubstituted-2, 5-cyclohexadienones undergo rearrangement
via formation of Zwitterion reaction intermediate in the solution. The rearrangement of these
substrates in the gas phase occur via formation of biradical intermediates. The rearrangement
in gas phase closely resembles the di- -methane rearrangement.





 







 



A cyclohexan-2, 5-dienone with a good leaving group on C-4 undergoes a different reaction
in solvents with a readily abstracted hydrogen atom. Intermolecular hydrogen abstraction
followed by the elimination of the group from C 4 leads a phenolic product (Scheme 8).







 






  

     



 



 

     



 






  

     



Radical intermediates are also involved in the photochemical reaction of the
spirocyclopropyldienone. This also gives phenolic products in the solvent which is a good source
of hydrogen atom.





     



 



     





    



    

    

    









  



Natural products particularly terpenoids and steroids having cross-conjugated ketone
system undergo dienone rearrangement via formation of Zwitterion intermediate.
















 

In the presence of dioxane Zwitterion converts into lumiketone.


















Zwitterion intermediate gives two isomeric ketones (H) and (I) in acetic acid medium
(45% CH3COOH).
















 































  




 

Stability of intermediate cation (A1) and (A2) determines the reaction path in acidic
medium. When R1 is electron donating group and R2 is H then major product is fused ring
ketone (H). Similarly if R2 is electron donating group and R1 = H than major product is spiran
ketone (I).

, -unsaturation in a carbonyl compound promotes -cleavage because of allylic stabilisation
of the radical produced. , -Unsaturated ketones, in addition to undergoing normal
photochemical reactions of saturated ketones, undergo rearrangement reactions. Their
irradiation induces non-concerted sigmatropic reactions that are directed by the electronic
configuration and multiplicity of the excited state. The rearrangements are 1, 2-acyl shifts
(oxa-di- -methane rearrangements) which occur from the lowest triplet state of n * transition



and 1, 3-acyl, shifts which occur from direct irradiation from the S1 or T2 (n *) state with
formation of an acyl-alkyl radical pair. It has been suggested that, while at higher temperature
the radical pair is formed predominantely from the S1 state, at lower temperature the T2 state
is involved. Although both rearrangements involve biradical or biradical pair intermediates,
they are generally stereospecific.

In this rearrangement the primary step is the -cleavage which leads the formation of acyl
radical and allyl radical.

        



 



 










 





  


 

In the next step C2 4 bond formation takes place between acyl radical and allyl radical
which leads to the formation of 1, 3-diradical.



 




 



  





   



 







 



 







  





   



For 1, 2-acyl shift the substrate can be divided into two parts, the alkenyl chain and the
acyl group which is migrating group.

 

 





   

 

1, 2-Acyl shift in short can be represented as follows:

  

    

  
 



 









 







  

  

 




 



Since acyl group migrates from carbon-1 to carbon-2 of the alkenyl chain, the
rearrangement due to this reason is known as 1, 2-acyl shift. 1, 2-Acyl shift given by -
unsaturated ketones is known as oxa-di- -methane rearrangement. 1, 2-acyl shift leads the
formation of cyclopropane derivative.

In this rearrangement too the primary step is -cleavage which leads the formation of acyl
radical and allyl radical.

 

 







 
       



 



 



  
  


 

  

 






  

1, 3-acyl shift in short can be represented as follows:

  

 





  
  

 





In this rearrangement migrating group migrates from C-1 to C-3 of the alkenyl chain.
Due to this reason, the rearrangement is known as 1, 3-acyl shift. 1, 3-acyl shift leads
isomerisation.

2-cyclopentyl methyl ketones were the first examples of the rearrangement of -enones.
Photo CIDNP and radical trapping experiments indicate that the 1, 3-acyl shift is a radical
process that proceeds predominantly via cage radical pair which also leads to -cleavage
products.















  

















The stereospecificity of this reaction was shown by the following examples:











 

2-Cyclopentylmethyl ketones give 1, 2-acyl shift in the presence of triplet sensitiser.































Similarly bicyclo [2, 2, 2] octenone gives 1, 3-acyl shift by direct irradiation. In the
presence of triplet sensitiser it gives 1, 2-acyl shift.





































 

































Cyclic -unsaturated ketones undergo both 1, 2 and 1, 3-acyl shifts. 1, 2-acyl shift
leads to a cyclopropane derivative, while a 1, 3-shift leads isomerisation. Ring contraction
and/or isomerisation is main character of 1, 3-acyl shift.

Bicyclic ketone (I) gives isomerisation by 1, 3-shift.





   



 



 







 






On the other-hand compound (II) gives isomerisation as well as ring contraction reaction.





  





1, 3-Shift mainly results isomerisation and/or ring contraction. Sometimes it can also
result in ring expansion. Compound (III) gives ring expansion 1, 3-shift.

























The photolysis of homologous enones (4) and (5) are remarkable. Compound (4) gives
only 1, 2-acyl shift whereas compound (5) gives only 1, 3-acyl shift.










 


















The above example shows that oxa-di- -methane (ODPM) rearrangement is generally
much more efficient in rigid than in non-rigid systems. Similarly 1, 3-acyl shift is generally
much more efficient in non-rigid systems.

Since enone (4) has a much more rigid structure than enone (5), the plane of the carbonyl
group and the double bond in (4) are separated. As a result, -cleavage in the S1 state does not
compete efficiently with intersystem crossing to T1, from which -cleavage occurs with the
formation of a triplet biradical. Thus 1, 2-acyl shift occurs.

Enone (5) is a flexible molecule. Thus the overlap of carbonyl group and the double bond
in enone (5) increases the efficiency of the -cleavage. Thus it competes successfully with
intersystem crossing from the S1 state.

Generally seven membered enones (such as 5) in which double bond is present between
fused carbons are flexible and gives 1, 3-acyl shift. On the other hand six-membered ring
enones (such as 4) in which double bond is present between fused ring carbons are rigid and
gives 1, 2-acyl shift. Other type of enones give 1, 2 as well as 1, 3-acyl shifts.



Some of the enones which gives only 1, 2-acyl shifts are as follows:











 














 

Examples of enones which gives 1, 3-acyl shifts are as follows:
















  

 

Problem 3: Give mechanism of the given transformation:










Solution: Substrate can be treated as 1, 3-butadiene derivative. In the first step this
will give electrocyclic ring closure reaction.












  



1, 2-Acyl shift is given only by -unsaturated ketones. This rearrangement is not given by
aldehydes. The failure of aldehydes to undergo 1, 2-acyl shift (i.e., oxa-di- -methane
rearrangement) can be overcome by conversion of the aldehyde to an imine. Thus when aldehyde
is converted to the imine and irradiated under sensitised conditions, the normal cyclopropane
forming process takes place. The formation of the cyclopropane by this path is known as aza-
di- -methane rearrangement (Scheme 9).

   

     

   



       

            

   



              

   



 

     



   

  




     



 

  

  





 



A similar path has also been shown to be involved with the oxime acetate.

     

   



 

       

   



  

  

  



The most remarkable photochemical reaction of nonconjugated dienes is the di- -methane
rearrangement. This rearrangement is given by dienes having  (pi) system separated by an
sp3 hydridised carbon atom i.e., 1, 4-pentadienes. The rearrangement is also given by
3-phenylalkenes in which one of the double bonds is replaced by benzene ring. di- -methane
rearrangement is also known as Zimmerman rearrangement or Zimmerman di- -methane
rearrangement. Irradiation of the substrate induces rearrangement to a vinylcyclopropane or
phenylcyclopropane derivative.































 
 









This rearrangement is found in both cyclic and acyclic dienes. The rearrangement of
monocyclic and acyclic dienes occurs solely from the singlet state. Sensitised reaction of these
substrates lead cis-trans isomerisation or | 2 + 2 | cycloaddition.

Experimental results show that di- -methane rearrangement is concerted process, obeys
the Woodward-Hoffmann rules, retains configuration on atom-1 and -5 (a result of disrotatory
ring closure between C-3 and C-5), and inverts it on atom-3 (conrotatory mode). In actual
practice the reaction is represented as one involving a 1, 4 and 1, 3-diradical intermediates in
case of 1, 4-pentadiene since it is easier to follow the various steps necessary for the
rearrangement (Scheme 10).



  















  

 

   

  

 





 

 

  

  
 

 






 














 


 

Thus the di- -methane rearrangement involves a rearrangement of the pentadiene
skeleton with no alkyl or aryl group migration. Nevertheless, the reaction path that would
involve the more stable diradical is always followed (Scheme 11).

  



       

 

Route-a

 









  
 



 

 

  






  

   



  



 



Route-b

    









 

   

  

 



   

   







 

Formation of only one product (1) shows that there is retention of configuration at
carbon-1. Thus cis-trans isomerisation of the bond C1 2 must be slow by comparison  with
formation of cyclopropane derivative. Similarly formation of product (1) but not the (2) shows
that less stable radical participates in the three membered ring opening which gives more
stable 1, 3-diradical.

The di- -methane rearrangement has been studied in a sufficient number of cases to
develope some of the patterns regarding the substituent effects. When the central sp3 carbon
(C3 di- -methane rearrangement mechanism becomes less
favourable by mechanism given in Schemes 10 and 11. In such cases the route is the 1, 2-shift
and closure to a three membered ring. The case of 1, 5-diphenyl 2, 4-didentero-1, 4-pentadiene
is illustrative (Scheme 12).

 



 



 



 
 

  





 







 





The driving force for 1, 2-migration may be the fact that a more stable allylic radical
results.

The resistance of the unsubstituted system at carbon-3 to the di- -methane
rearrangement probably occurs of the second step of the rearrangement which leads the
formation of primary alkyl radical which is energetically unfavourable.

 

 





  

Thus substituents on the central carbon and terminal vinylic carbons are essential for
the occurrence of the di- -methane rearrangements.

 Monocyclic dienes also give this rearrangement. One of the most common example of
monocyclic 1, 4-diene is compound (1).



   



Problem 4: Complete the following reaction:







Solution:





  












A variant of the di- -methane rearrangement involves an aryl-vinyl interaction as in
the conversion of the propene derivatives (3-phenyl propenes, 1-phenyl propenes, and 1, 3-
diphenylpropenes) into cyclopropanes. In such cases rearrangement occurs via 1, 2-shift
(Scheme 13).





  

 







  

 







 
  

 

Examples of this category are as follows:

 (i)

 



 





 

 

 


(ii)

 





 



 

























Phenyl substituted propenes gives di- -methane rearrangement by singlet state.
Exceptions of this generalisation are found in the systems such as 5, 5-diphenyl-1,
3-cyclohexadiene for which direct irradiation causes electrocyclic ring opening, and triplet
sensitisation leads to a di- -methane rearrangement.











 


 





 









1-Phenyl-3-allyl-3-methylcyclohexene gives di- -methane rearrangement in the presence
of sensitisers.









  

 

 

In the above case vinyl group migrates because migrating power of vinyl group is more
than the phenyl group.

Problem 5: Complete the following:




Solution: Compound is 1-phenylpropene derivative hence it will give di- -methane
rearrangement.


 








 

  

  














 





3-Phenyl propene where position-1 is not substituted behaves as 1, 4-diene. In such
cases phenyl ring is part of the 1, 4-diene system.

 



 

 





 

  

In such cases regioselectivity operates in such a way as to regenerate the aromatic
system in the three membered ring opening process.

Unlike linear and monocyclic 1, 4-dienes, polycyclic dienes undergo the di- -methane
rearrangement from the T1 state. Barrelene was one of the first examples. A variety of barrelene
derivatives have been photolysed in the presence of sensitiser.














































 

 





 

Variety of aromatic compounds, aryl esters, aryl ethers, anilides etc., undergo photochemical
rearrangements. In these rearrangements acyl and alkyl groups migrates to ortho and para
positions on photolysis.



The most extensively investigated photo rearrangement is Photo-Fries rearrangement









 

 

 







This rearrangement is an intramolecular rearrangement. In this rearrangement
substrate undergoes dissociation into phenoxy and acyl radicals which combine within the
solvent cage to give intermediates which on aromatisation (or enolisation) give the product.
The phenol is produced by phenoxy radicals which escape from the solvent cage.










 





 



 












  





 





When this reaction is carried out in gaseous phase only phenol is obtained. This confirms
the formation of solvent cage.

Similar rearrangements are also obtained from the following compounds:



  

 



 

 




 
















     


  

  

Photo-Fries Reaction: The formation of a mixture of o-and p-acylphenols upon photolysis of
phenol ester in solution.

Di- -Methane Rearrangement: Molecules having the di- -methane moiety, i.e., having two
-systems bonded to a single sp3 carbon atom undergo a general liquid phase photochemical

transformation to vinylcyclopropane, called the di- -methane rearrangement.

Oxa-Di- -methane rearrangement: Di- -methane rearrangement given by ,  unsaturated
ketone is known as oxa-di- -methane rearrangement.

1. J.M. Coxon and B. Halton, Organic Photochemistry, Cambridge University Press, London,
1974.

2. P. de Mayo, ed. Rearrangements in Ground and Excited States, Vol. 3, Academic Press, New
York, 1980.

3. W. Horspool and D. Arester, Organic Photochemistry, A Comprehensive Treatment, Ellis,
Horwood/Prentice Hall, 1992.

4. J. Kopecky, Organic Photochemistry, A Visual Approach, VCH, Weinhim, Germany, 1992.
5. J. Kargan, Organic, Photochemistry, Principles and Applications, Academic Press, 1993.



1. Irradiation of 4, 4-diphenyl cyclohexenone (A) yields a mixture of two products (B) and (C).







  












  

Propose a suitable mechanism for this transformation.

2. Discuss the mechanism of Lumiketone rearrangement reaction.

3. Discuss Zimmerman mechanism for the rearrangement given by 2, 5-dienones.

4. Irradiation of 4, 4-diphenyl-2, 5-dienone yields a mixture of three products, (A), (B) and (C).












  



  



  


  



  

Propose a suitable mechanism for this transformation.
5. Suggest mechanism for the following photo rearrangements:

(i) 



 



(ii) 





     



  

(iii) 













6. Discuss di-  methane rearrangement and give its mechanism.
7. Suggest mechanism for the given reaction

(i)







(ii)


        

8. , -Unsaturated ketones on irradiation undergo rearrangement reaction. Give name and
mechanism of the rearrangement.



9. The given compounds give oxa-di-  methane rearrangement. Give product in each case.

(i) 



(ii) 



(iii) 








10. Di- -methane rearrangement is given by three types of compounds.
(i) Give structures of those compounds, and

(ii) Give mechanism in each case.



Photo reduction of carbonyl compounds is one of the most thoroughly investigated photochemical
processes. In fact, one can carry out the reduction of benzophenone  in benzene in a pyrex tube
by exposing it to sunlight for few days. The reduction takes place in the presence of benzhydrol.

C6H5

O
||
C 6H5 + C6H5

OH
|
CH 6H5 Pyrex

h
 C6H5

OH OH
| |

| |
C H C H

6 5

6 5 6 5

Benzpinacol

The first step is excitation of the benzophenone to the 1[n, *] state which intersystem
crosses to the 3[n, *] state. Hydrogen abstraction from alcohol gives two diphenyl hydroxy
methyl radicals which combine to form benzpinacol.

      



 



      

  



      

  

      



      



      

 

     

Ketones undergo photo reduction in the presence of a variety of hydrogen atom donors
other than secondary alcohols. The effect of substituents in the aryl ring can be quite dramatic
because of the changes in the electronic configuration of the low-lying triplet state. Hydrogen
atom abstraction is much more efficient for n, * than , * for ketones.

Excited ketones can be reduced by tertiary amines. The key reaction in this case is
electron transfer from the amine to the ketone producing ketyl radical and the cation radical
from the amine.



  
       

           



    

 

     


    

 

     

  


  

 
  



 





  





Many excited aromatic hydrocarbons like benzene, biphenyl, naphthalene, methoxy derivative
of naphthalene and anthracene react with amine to give reduction products and aminated
products. The reaction is initiated by the transfer of an electron from nitrogen lone pair orbital
to the half filled highest bonding molecular orbital of the excited aromatic compound.

       










   

 

 

 

 



Excited aromatics are also reduced by transfer of hydride ion by metal hydride or by
transfer of hydrogen atom by metal hydride.

 
 

 

  

   

Reaction takes place as follows:





 




 

 




 

 


 

Incorporation of oxygen in the presence of UV light is known as photochemical oxidation.
There are two mechanisms by which oxygen is incorporated in photochemical oxidation
reactions.

The first is the Backstrom mechanism which is also known as photosensitisation oxidation
mechanism. Its main characteristic is abstraction of hydrogen by the sensitiser (Sens) in its
excited triplet state followed by addition of oxygen to the  newly created radical. This type of
photooxygenation is known as type I photooxygenation.

Sens + h   Sens

   + 
      + O2   

 + AH   

   

Example of photosensitised reactions that take place by this mechanism are found among
the oxidation of secondary alcohols to hydroxy hydroperoxides which in aqueous medium
decomposes to form ketones and hydrogen peroxide.

 





  

   






 
    



Mechanisms:

(i) 








 








 





(ii) 





















 



(iii) 










(iv) 















 







The second mechanism known as photosensitised oxygen transfer involves the direct
combination of the substrate with oxygen. There are two proposals regarding the state of
oxygen involved. This type of photooxygenation is known as type II photooxygenation.

with triplet oxygen.

 Sens
h

3Sens
     3Sens + O2 

    A +  AO2 + Sens
Foote favours the idea of singlet oxygen being the sole agent in the transfer step:

 Sens
h

3Sens*

    O2 (Triplet) + Sens* (Triplet) O2 (Singlet) + Sens
    A + O2 (Singlet) AO2

Alkenes, dienes and polyenes are attacked by singlet oxygen. The singlet oxygen may be
generated by thermal methods (e.g., by the reaction of hydrogen peroxide with sodium
hypochlorite), by excitation of ground state oxygen (triplet oxygen) in a microwave discharge
or by the use of visible radiation and photochemical sensitiser such as methylene blue, Rose
Bengal, chlorophyll, riboflavin, fluorescein or halo fluorescein.

Acyclic or cyclic conjugated dienes gives 1, 4-cycloaddition reaction with singlet oxygen
to form six-membered cyclic adduct, i.e., cyclic peroxide.



  















  





   




  

 
 

The formation of hydroperoxides in photosensitised oxygen-transfer reactions that follow
the Schenck type of mechanism occurs only when hydrogen is present on allylic carbon. The
reaction has, moreover, some definite steric and electronic requirements. Oxygen always
becomes attached to one of the double bonded carbon, which then shifts into the allylic position.
The reaction is like ene reaction.





































  



   



 

 



  


  









  



The above reactions do not proceed through free radicals. The oxidation with singlet
oxygen occurs by concerted mechanism like the ene reaction.



 











  



Some substituted alkenes behave differently with singlet oxygen and form a dioxetane
in a cycloaddition reaction. Some dioxetanes are stable but others readily decompose to two
carbonyl compounds. Electron rich alkenes undergo this reaction and reaction is stereospecific.



  

 
    



 







  



 

 





  



 

 

The oxidative cyclisation of conjugated trienes to form aromatic system is one of the
more extensively studied photochemical oxidations. The conversion of cis-stilbene to
phenanthrene is a main example of such a ring closure. The reaction takes place in the presence
of hydrogen acceptors (O2, I2, FeCl3).



 





Mechanism of the reaction is as follows:







 



Photooxygenation: The light initiated reaction of triplet oxygen with radicals (Type I
photooxygenation), or of singlet oxygen with olefinic moieties (Type II photooxygenation)
is known as photooxygenation.
Photoreduction: The light initiated reduction of a variety of functional groups in the
presence of an electron donor or a hydrogen atom donor is known as photoreduction.



1. L. Salum, Electrons in Chemical Reactions, John Wiley and Sons, New York, 1982.
2. N.J. Turno, Molecular Photochemistry, W.A.10 Benjamin, New York, 1965.
3. J. Kopecky, Organic Photochemistry; A Visual Approach, VCH, Weinhim, Germany, 1992.
4. J.M. Coxon and B. Halton, Organic Photochemistry, Cambridge University Press, London, 1974.

1. Give mechanism of photoreduction of aromatic hydrocarbons.
2. Give mechanism of photoreduction of carbonyl compounds.
3. (i) Define photochemical oxidation.

(ii) Alcohol undergoes photooxidation by two types of mechanism namely photosensitisation
oxidation mechanism and photosensitised oxygen transfer mechanism. Sketch these two
mechanisms for secondary alcohol.

4. Write note on photooxidation of alkenes and polyenes by singlet oxygen.
5. Complete the following photooxidation reaction.

(i)
  

   

(ii)










  


(iii)
 



(iv)      
 





Electronic absorption spectra of simple alkenes consist of an intense broad band from 140 nm
to 190 nm (for ethylene) with absorption threshold of 200 nm (for ethylene) to 240 nm (for 2,
3-dimethyl-2-butene). The diffuse bands in the spectrum of ethylene are attributed to a *
transition. The absorption at 174 nm for ethylene is the first singlet Rydberg transition. This
Rydberg transition is due to the 2p 3s excitation.

The excited states of alkenes are complex because the different electronic states have
different electronic configuration. Although the nature of most electronic states of alkenes is
not known in detail, some are well understood. Alkenes have two low-lying excited singlet
states: The 1[2p , 3s] Rydberg state and the 1[ *] valence state. Calculation indicates that
there is apparently an additional state, i.e., the (2p , 3p) Rydberg state. The lowest triplet
state is practically pure 3( *) and T2 is essentially a pure Rydberg 3[2p , 3s] state (Fig. 1)

   

     

     

   

     



The singlet-triplet splitting (S-T splitting) is generally large for alkenes (ethylene 70
kcal/mole ). As a result, ISC is slow and inefficient. Therefore, direct irradiation of alkenes
induces singlet excited state reactions, and sensitisation is required for triplet state reactions.

Excitation of a planar alkene like ethylene results initially in the formation of planar
excited state molecule according to the Franck-Condon principle. The initially formed planar



excited state * species, wherever as a singlet or a triplet relaxes by rotation of the terminal

lowest energy conformation possible. Thus the molecule can rotate from the planar
configuration, produced by the Frank-Condon excitation, to reach an energy minimum. This
energy minimum is arrived at by rotation about the central bond so that the methylene groups
are at right angles to each other so relieving the unfavourable interactions between the singly-
filled orbitals on the carbon atoms. (Fig. 10.2)



     


     

Spectroscopic evidence has been obtained which shows that there is additional distortion
of the methylene groups from planarity as the carbon atoms tend towards tetrahedral (sp3)
hybridisation. In this energy minimum there is essentially no  (pi) bond, the electronic
interaction is at a minimum and the terminal carbon atoms are orthogonal.

Several modes of reactions can be predicted from the excited state olefin from this
orthogonal model. These are cis-trans isomerisation by rotation about central bond, hydrogen
abstraction by the half-filled orbitals on carbon, addition to other alkenes and rearrangement.

The most facile photochemical process of alkenes is cis-trans isomerisation.

The most commonly observed photochemical reaction of alkenes in solution in cis-trans
isomerisation which can occur by both direct and sensitised irradiation. This isomerisation
reaction is usually associated with * excited states.

Direct irradiation for the simplest alkenes (whose max is below 200 nm) is difficult to achieve
as a result of the high energy absorptions. However, with more substituted alkenes the UV
absorptions are pushed above 200 nm and so direct excitation can be more readily achieved.

The most common substrate for isomerisation is the stilbenes. The irradiation of either
cis- or trans- stilbene at 313 nm results in the formation of 93% cis- and 7% trans- stilbenes.
No matter how long, within reason, the irradiation is continued the ratio of products does not
alter and such a state is referred to as a photostationary state. The composition of the
photostationary state is determined by the excitation co-efficient of the two isomers at the
exciting wavelength. For most alkenes ( max) trans is greater than ( max) cis. Therefore, in an
equilibrium mixture more molecules of trans than cis isomer will reach the excited singlet
state, followed by rapid relaxation to S0. At photostationary state the rate of cis trans and
trans cis isomerisation becomes equal, no change in the composition of the reaction mixture
occurs upon further irradiation.



The energy of a * excited species is a function of the angle twist about the carbon-
carbon  (sigma) bond, as mentioned earlier, and trans-to cis- isomerisation is believed to be
effected by distortion of the trans- excited state initially produced, to an excited state common
to both cis- and trans isomers. This excited state is termed as a phantom state.

The mechanism by which the cis-trans isomerisation occurs, in terms of the sample
model involves the excitation of an electron to a planar excited state which subsequently relaxes
to the twisted state. A simple representation is given in the figure 10.3. A small activation
energy of 2 kcal/mole is required to twist the planar trans singlet to the twisted singlet state.
Decay from this twisted state can give either cis or trans stilbene.
























 

 

 
 







However, as mentioned earlier the trans form absorbs more light at the exciting
wavelength ( max trans = 16300) than does the cis form ( max cis = 2880) and consequently the
trans isomer is converted almost completely into the cis.

The synthetic utility value of trans-cis isomerisation lies in the fact that the more stable
alkene can be readily converted into the less stable alkene. Some examples of the result of
direct irradiation of alkenes are shown below:

 

  









 

  

 





 

 








 

 







 

     








 

     

 



 







 


 



 

 







 

Sensitised cis-trans isomerisation of an alkene can be brought about by the use of a triplet
sensitiser such as ketone. The sensitised isomerisation of stilbene is a typical example. The
composition of the photostationary state of the sensitised isomerisation varies with the energy
of the sensitiser employed. In this process if the donor species fulfils the conditions for effective
sensitisation and its  triplet energy is greater than that of either of the geometrical isomers
then triplet energy transfer to both cis and trans isomers and isomerisation takes place. The
initially formed cis and trans triplet excited species undergo distortion to a common phantom
triplet which, on collapsing to the ground state (S0) affords a mixture of isomers. Because the
sensitiser can excite both isomers, the proportion of cis-trans isomer in the photostationary
state from a sensitised reaction is lower than that obtained from direct irradiation. This is in
contrast to the unsensitised isomerisation. Sensitisers of high energy give photostationary
state with approximately the same composition of isomers (55% cis), while direct photolysis
results in a higher proportion of cis isomer (93%) in case of stilbene. As the sensitiser energy
is reduced anomalous results are observed.

     

    



   










   









 

 

The composition of photostationary state depends very much on the triplet energy
sensitiser. With sensitiser having triplet energy above 60 kcal/mole, cis-trans ratio is stightly
more than one but a range of sensitiser having triplet energy of 52 to 58 kcal/mole offered
much higher cis-trans ratio in the photostationary state. The higher cis-trans ratio in this
region results from the fact that energy required for excitation of trans isomer is less than for
excitation of cis isomer.

The sensitiser having triplet energies in the range of 52 to 58 kcal/mole, selectively
excites the trans isomer. Since the rate of trans-cis conversion is increased, the composition of
the photostationary state is then enriched in cis isomer.

Sometimes photochemical cis-trans isomerisation may also take place in the presence
of halogens. It appears that under these conditions there is a photochemical product of halogen
atoms which adds to the alkene yielding a radical. Elimination of halogen from this radical
yields a constant ratio of cis and trans isomers.

(i) 


  
 

(ii)  









  




















 

 









  









Reactions competing with cis-trans isomerisation at increased concentrations of the alkene(s)
are photocycloaddition reactions. An alkene in its S1 or T1 state reacts with either the same



(photodimerisation) or a different (photocycloaddition) alkene in the ground state to produce a
cyclobutane derivative.

Although the dimerisation of simple alkenes (whose max is equal or less than 200 nm)
is technically difficult, increase alkyl substitution of ethene  causes a bathochromic shift of
the absorption band, so that direct irradiation ( abs = 224 nm) of neat 2, 3-dimethyl-2-butene
gives the corresponding dimers.




The dimerisation reaction is stereospecific and this is demonstrated by the irradiation
of cis-2-butene which yields all cis dimer and the cis-anti-cis dimer while the trans-2-butene
affords the cis-anti-cis dimer and the trans-anti-trans dimer (Scheme 1).




 


  



  






 


  



 



Cyclohexene also dimerises, yielding a mixture of dimeric products while norbornene
affords two dimers (A) and (B) in a ratio of 1 : > 10 (Scheme 2)











Photosensitised dimerisation (triplet state dimerisation) occurs easily with cycloalkenes,
particularly with small ring alkenes because they cannot undergo cis-trans isomerisation.



Dimerisation appears to favour the formation of cis-trans-cis arrangement of rings in
the dimer. Example of dimerisation of cyclopropenes, cyclobutenes, cyclopentenes and
cyclohexenes have been reported.

The dimerisation of alkenes and cycloalkenes is best sensitised by aliphatic ketones.
Oxitane are formed from aromatic ketones.






 

 






 

 

 

 



 

 

 





Norbornene can also be made to dimerise on sensitisation and that is preferred for the
formation of the exo-trans-endo dimer.





 



Four dimers that differ in regio and stereochemistry are formed by photodimerisation
of indene. The ratio of dimers depends on the irradiation conditions. The triplet sensitised
dimerisation, as a step wise bond formation process, generally produces the thermodynamically
more stable exo products from the more stable 1, 4-biradical intermediate (head-to-head).





 

 


 

 


 

 


 

 

 






The photochemistry of nonconjugated dienes with isolated double bonds resembles with simple
alkenes. Such type of alkenes give intramolecular | 2 + 2 | cycloaddition reactions to give
bicyclic products. The products of sensitised intramolecular cycloadditions depend on the

2
is odd, e.g., 1, 4-pentadiene or 1, 6-pentadiene, the major product results from a normal | 2 + 2 |
cycloaddition.

  

 

 




  





         



If the number n is even e.g., 1, 5-hexadiene, the major product is formed via cross
i.e., x [2 + 2] cycloaddition to form two crossed  (sigma) bonds.

  

 

 




  





     





  





    

This feature is even more prominent in cyclic dienes, e.g., n = m = 2 (1, 5-cyclooctadiene)
in which x [2 + 2] cycloadduct is the only product.

 













If n = 1 and m = 3 or vice-versa (i.e., 1, 4-cyclooctadiene), the normal | 2 + 2 | cycloadduct
is formed.





The photoreaction of 1, 5-hexadiene from the T1 state follows the rule of five which
states that if triplet cyclisation can lead to rings of different sizes, the one formed by 1, 5 addition
is preferred kinetically. If there is several possibilities for 1, 5 addition leading to different
biradicals, the most stable one is formed.







 





 

 

 

  

 

  

 

Intramolecular | 2 + 2 | cycloadditions can produce cage structures which are molecules
of theoretical interest with respect to strain and bond angles. Norbornadiene (A) is a typical
example of such reaction. The UV spectrum of the compound exhibits absorptions at 205 nm,
214 nm and 220 nm and a shoulder at 230 nm in ethanol. Such a spectrum is not expected for
a non-conjugated diene. Molecular model also indicates that bonding is feasible between C-2
and C-6 and between C-3 and C-5 without too much strain. Due to these reasons compound
(A) undergoes | 2 + 2 | cycloaddition by direct irradiation and in the presence of sensitiser.















 

In the presence of sensitiser product formation takes place by triplet state.



    







Problem 1: Complete the following cycloaddition reaction:







Solution:







 

 

The | 2 + 2 | cycloaddition reaction of norbornadiene in the presence of sensitiser is a

2
change the relationship between isolated double bonds. In such type of compounds the reaction
is not reversible. The reaction is brought about by direct irradiation or sensitised irradiation.

























Conjugated dienes can give the following type of photochemical reactions:
(i) Cis-trans isomerisation

(ii) Sigmatropic shift
(iii) Disrotatory electrocyclic ring closure

(iv) Intramolecular x [2 + 2] cycloaddition

The above photochemical reactions of conjugated dienes depend to a large extend on the
excited state population, and on the phase in which reaction is performed. Singlet excitation
generally leads to intramolecular process (i.e., disrotatory electrocyclic ring closure and
sigmatropic rearrangement) whereas dimerisation and addition reactions are more common
from the triplet excited state. Reaction in the gas phase at low pressure often leads to greater
fragmentation than in solution.

The solution phase photolysis of butadiene leads to cyclobutene and bicyclobutane,
whereas in the vapour phase (gas phase) 1-butyne, methylallene, acetylene, ethylene, methane,
hydrogen and polymeric materials are produced.








  
 

                     



Intramolecular x[2 + 2] Cycloaddition Reaction
1, 3-Butadiene exists in solution as a rapidly equilibrating mixture of S-transoid (95%) and
S-cisoid (5%) conformers.

Irradiation of butadiene promotes an electron from HOMO to LUMO ( 2 3*) which
results in the increased bonding between C-2 and C-3 at the expense of C-1 and C-2 and C-3
and C-4. Thus the lower excited states of S-trans and S-cis butadiene should exhibit still
larger energy barriers to rotation about the C2 3 bond because of its double bond character.
Thus conformational character of butadienes are retained in the excited states.





 

 

The exact energies of the S1 states are not known, but cisoid S1 probably lies below
transoid S1. There is large energy gap between S1 and T1. Also inter system crossing does not
take place in this case. The energy gap between S1 and T1 accounts for the fact that inter
system crossing does not occur. Direct irradiation of 1, 3-butadiene in solution thus gives rise
to chemistry only from the S1 state.

The energy of the excited states of butadienes are shown in the Fig. 10.4.



 


 



 



 

 



Irradiation of butadiene in cyclohexane produces cyclobutene from an electrocyclic
reaction of the S-cis isomer, and bicyclo [1, 1, 0]-butane, the product of an intramolecular x
[2 + 2] cycloaddition of the S-trans isomer, in a ratio of 6 : 1.

 









 




Bicyclobutane formation is particularly important in systems that contain a rigid-S-
trans diene geometry.



   



However x [2 + 2] cycloaddition also occurs with cis fused dienes particularly in case of
cyclopentadiene.



Problem 2: Complete the following reaction:





Solution: Compound is S-trans diene hence cyclobutane formation will takes place via
x[2 + 2} cycloaddition reaction.







If a concentrated solution of 1, 3-butadiene is irradiated, some dimer formation can be
detected (maximum yield 10%). We expect dimer formation to be concentration dependent,
since it involves the bimolecular reaction of an excited butadiene with a ground state butadiene.
The ring closure reactions (i.e., formation of cyclobutene and bicyclobutane), on the other hand,
are unimolecular. Thus dimerisation can only be possible on high concentration of 1,
3-butadiene. Dimerisation gives four different dimers:

  1[CH2 CH2] + CH2 CH2
Excited state, S1 Ground state, S0


























When batadiene is treated in the presence of sensitiser, the product formation takes
place by triplet state.

The chemistry of the T1 state of 1, 3-butadiene is quite different from that of the S1
state. A mixture of dimers is formed in very good yield (  75%) and neither cyclobutene nor
bicyclobutane can be detected in the sensitised reaction (triplet reaction). The dimer mixture
obtained from triplet also differ significantly from that given by singlet. The dimer composition
in triplet state depends upon the energy of the sensitiser used to populate T1. The results for
the two sensitiser, acetophenone and benzil are given below:

Sensitiser ET (kcal/mole) % Composition of dimers


 



C6H5COCH3 74 82 14 4

C6H5COCOC6H5 57 49 8 43



The origin of this remarkable change in product composition lies in the relative energies
of the sensitiser. Acetophenone, with ET = 74 kcal/mole, is sufficiently energic to transfer
energy to either s-cis or s-trans butadiene. Since the s-tarns form predominates by a large
margin, and since energy transfer occurs at nearly every collision, the dimer composition from
the acetophenone sensitised experiment must represent primarily the reaction of  s-trans-T1.
Benzil (ET = 54 kcal/mole), on the other hand, is energetic enough to transfer energy to  s-cis
butadiene but not s-trans butadiene. Thus the dimer composition from the benzil-sensitised
experiment must represent primarily the reaction of s-cis-T1. If a sensitiser with a triplet
energy of less than 54 kcal/mole were used, no dimer formation would be observed.

Thus when acetophenone is the sensitiser, s-trans-T1 is the reacting species which reacts
with s-trans ground state to give dimer.



 

In benzil sensitised reaction, s-cis-T1 adds to s-trans ground state butadiene.



 

Benzene and substituted benzene undergoes valence isomerisation by irradiation. Selective
excitation into S1 gives preferentially meta and ortho product while excitation into S2 gives
para bonded products by valence isomerisation. These processes are described by biradical
intermediate for case of visualisation.





 

 

   

Irradiation of liquid benzene under nitrogen at 254 nm causes excitation to S1 state and
the products, benzvalene and fulvene are formed via 1, 3-biradical.



 



 

  





 

 





The formation of fulvene can now be considered to arise by reaction of the biradical (A)
by a 1, 2-hydrogen migration and bond breaking.



Formation of benzvalene can take place as follows:

 



Dewar benzene is formed via S2 state upon short wavelength irradiation (205 nm).




 

It has been confirmed that Dewar benzene is converted into prismane either by concerted
path or by formation of a biradical.

  





All these strained intermediates are thermally labile and ultimately isomerises into
benzenoid compounds.

Monocyclic aromatic compounds undergo remarkable photochemical rearrangements.
For example, o-xylene on irradiation gives mixture of o, m and p-xylenes.















 



Conversion of o-xylene into m-xylene and m-xylene into p-xylene is due to 1, 2-alkyl
group shift. Similarly conversion of o-xylene into p-xylene and vice-versa is due to  the 1,
3-alkyl group shift.

1, 2-Alkyl group shift takes place by benzvalene as well as prismane intermediates
whereas 1, 3-alkyl group shift takes place only by prismane intermediate.

1, 2-Alkyl group shift (rearrangement of the atoms in the benzene ring) takes place via formation
of benzvalene and prismane as reaction intermediate.

(A) Mechanism of 1, 2-shift via benzvalene intermediate















  

       


















 

   

    

    

      

 

       





 



   



















 
 









(B) Mechanism of 1, 2-alkyl group shift via prismane intermediate

















 



 

    















  

   

    

    

 

      

 

 

   





  

 










 
 






 







1, 3-Alkyl group shift takes place only via formation of prismane as reaction intermediate.














 














 





   

















  

    

   

    

   

   

   

   





 

 

 

 




  









The photo isomerisation of 1, 3, 5-trimethylbenzene to 1, 2, 4-trimethylbenzene is also
due to 1, 2-alkyl group shift. This has been confirmed by isotopic labelling experiments.
















Similarly, 1, 3, 5 tri-t-butylbenzene and 1, 2, 4-tri-t-butylbenzene are interconvertible
to each other by 1, 2-alkyl group shift. In this case interconversion takes place via benzvalene
as reaction intermediate.







Benzene and its derivatives in the S1 state undergo cycloaddition reactions with various (pi)
systems, specially alkenes, alkynes and dienes. The T1 state of aromatic compounds does not
give cycloaddition reactions because the T1 state of aromatic compounds is quenched by the
transfer of excitation energy to the alkene. Under certain structural and electronic
circumstances a reverse model, i.e., S1 alkene + S0 arene prevails. Three different modes of
cycloaddition reactions have been observed: 1, 2 or ortho, 1, 3 or meta and 1, 4 or para. The
1, 4-addition is the least efficient cycloaddition reaction. These reactions occur either
bimolecularly or intramolecularly. Thus there are atleast four broad mechanistic pathways
possible for these reactions. These are as follows:

(i) Interaction of excited aromatic with ground state alkene.
(ii) Interaction of excited alkene with ground state aromatic.

(iii) Formation of biradical intermediate from excited aromatic and reaction of the biradical
with alkene to give product.

(iv) Involvement of dipolar entities such as

(aromatic  ...... olefin ) or

(aromatic  ...... olefin ), obtained either by excitation of charge-transfer complexes
pre-existing in the ground state or by electron transfer in an exciplex.

Electron poor alkenes (alkenes having  electron withdrawing groups) give 1, 2-addition reaction
with arenes in addition to some 1, 4 products. The para product is the secondary product. The
formation of the ortho product is generally favoured by donor-acceptor interaction. The more
polar the interactions (charge-transfer) in the exciplex, the longer the proportion of ortho and
para cycloadditions.




 
  





The 1, 2-cycloaddition reactions are concerted reactions. The photocycloaddition of cis
and trans-2-butene to benzene in the liquid phase gives the 1, 2-adduct stereospecifically
showing that the reaction is concerted reaction. This also confirmed that the product formation
is taking place via formation of exciplex.















 





Thus benzene and its derivatives generally forms charge transfer complexes (exciplexes)
with dienophiles, and, upon irradiation, gives ortho-cycloaddition adducts. The adduct is usually
with exo orientation.










Problem 3: Complete the following sequence of reaction:

 



 


 


Solution:

 



 













 
















Irradiation of benzene in the presence of maleic anhydride yields an exo 1, 2-cycloadduct.
The product formation takes place via S1 state of a charge transfer complex. Exo-1, 2-adduct is
a result of a photochemical | 2 + 2 | ortho-cycloaddition reaction followed by a thermal | 4 + 2 |
cycloaddition.



 












 

 


















































The primary products from irradiation of alkynes, specially those with electron-
withdrawing groups, with benzene are the corresponding ortho cycloaddition products. These
adducts are often unstable at ambient temperature.

These unstable adducts undergo ring opening reaction (electrocyclic ring opening) to
give substituted cyclooctatetraene.




















This type of cycloaddition is more efficient by an intramolecular process. This reaction
is possible when alkyne moiety is linked to the arene by atleast a two carbon chain.


















This remarkable process leads to tricyclic system in which an olefinic double bond has added
across the meta-positions of a benzene ring.



The hypothetical presentation for 1, 3 addition can be shown as follows:

 












 














































The reaction seems to be restricted to double bonds bearing only alkyl substituents
such as 2-butene, norbornene, allene and cyclobutene. It occurs with 254 nm light in both gas
phase and liquid phase. It is stereospecific and it involves singlet excited benzene. It is known
that neither fulvene nor benzvalene is a precursor. Product formation takes place via formation
of prefulvene biradical.

In 1, 3-cycloaddition reaction, endo product is the major product.

 



In this reaction olefinic double bond has added across the para-positions of a benzene ring.









The reaction is concerted and therefore stereospecific and it involves singlet excited
state benzene. The reaction is similar to Diels-Alder reaction because benzene behaves as
diene in this case.







 

Butadiene also gives [4 + 4] cycloaddition reaction with benzene and reaction is
stereospecific.








  





The photoaddition of olefinic systems is not restricted to benzene and its simple
homologues. Analogous process occur with condensed aromatics such as naphthalene,
phenanthrene or anthracene. In the case of anthracene the cycloaddition is [4 + 2] while in
case of phenanthrene and naphthalene it is [2 + 2].

 



 



















 











  







  




  

Polynuclear aromatic hydrocarbons such as naphthalene and anthracene from transannular
peroxides when excited in the presence of oxygen, and the point of attack is substituent dependent.


















 





























 

 









Mechanistic studies indicate that the triplet excited state of the hydrocarbon excites
oxygen by energy transfer, into its 1 g state, and the singlet oxygen so produced adds thermally
to the ground state hydrocarbon. Thus reaction is [4 + 2] cycloaddition reaction.

Light-induced substitution in the aromatic compounds can occur either on a ring carbon atom
or on an atom of a substituent. These substitution reactions can proceed by heterolytic or
radical mechanism. The most common reactions are the heterolytic substitutions which can
be classified into two categories:

(i) Type A: In these reactions the orientation rules are different from those obtaining in
the ground state.

(ii) Type B: In these reactions the orientation rules are the same as in the ground state
but the process is accelerated by light absorption.

All these reactions seem to be functions of the lowest singlet excited state, and many
proceed in high quantum yield.



(i) Photonucleophilic Substitution: Nitro group is activating group and ortho and para
directing group for nucleophilic substitution reactions in the ground state. In the presence of
light (i.e., in the excited state) the nitro group is m-directing group.





   



  





  

   






















In many cases the cyano group behaves similarly, and analogous reactions are found
with substituted naphthalenes.

(ii) Photoelectrophilic Substitution: On irradiation in the presence of CF3COOD,
toluene gives mainly m-deuterio toluene instead of o-and p-derivatives.





 





Anisole also gives m-derivative whereas nitrobenzene gives p-derivative.





 









 





Notice that the observed orientation differs from that expected in the ground state, the
nitro group activates the p-position and the methoxy group activates the m-position.



Orientation rules for nucleophilic and electrophilic substitution reactions may be obtained
from simple considerations of the changes in electron density on making the transition
S0  S1. For simplicity consider benzyl carbocation as model for benzene substituted with
electron-withdrawing group and benzyl carbanion with electron-donating group.

The seven  molecular orbitals of benzyl system are related to those of benzene itself
and take the form of Fig. 10.1; where the number are the electron densities at the carbon
atoms. The 4 is the non-bonding molecular orbital, and the pairs 2, 3 and 4, 5 are no
longer degenerate.

 











    

 

 

 

Consider first the ground state benzyl cation. The six electrons are accommodated in
1, 2 and 3. The HOMO in this case is 3. Hence the S0  S1 state corresponds to 3  4

transition. In 3 the electron density in the -position is zero and in 4 it is 0.57. Thus the
transition induces a very large increase in the charge density at the -position. Similarly, one
finds that excitation leads to the o-and particularly the m-position becoming more positive
(electron deficient) and the p-position becoming somewhat more negative (electron rich). The
results are reverse in case of benzyl carbanion (Table 10.1).

Table 10.1 Change in electron densities at different positions in benzyl
carbocation and benzyl carbanion on excitation

Position Change in electron density on excitation

Benzyl carbocation Benzyl carbanion

o
m

p

If one assumes that the rate of photosubstitution is correlated with the charge density

withdrawing substituent decreases electron density at m-position hence it is m-directing group
for nucleophilic substitution reaction. In valence bond terms this can be explained as follows:







 




 








   



Similarly electron donating group increases electron density at m-position therefore,
such groups are m-director for electrophilic substitution reactions.












 



   

These reactions takes place on irradiation but have orientation rules characteristic of the
ground state. In nucleophilic substitution reactions, nucleophile is always neutral. The detailed
mechanism of Type B reactions is not yet clear.





   











Haloaromatic compounds on irradiation undergo homolysis in ground state to produce radicals
which then give rise to products by well-established thermal pathway.

Ar + X
h

  

However, when chlorobenzene is excited in the liquid phase, the Ph and Cl radicals
seems to recombine within the solvent cage generating transient -chlorobenzene, and isomer
of chlorobenzene in which the chlorine atom forms a  complex with phenyl radical.

   


    

 





Halogen atom of  complex is more selective than halogen free radical.
The light-induced homolysis of aryl-halogen bonds has important synthetic implications.

Irradiation of lodinated aromatics in benzene often gives the phenylated aromatic in high yield.

  

   



 







  

   



  

  

 



Intermolecular reactions of this type can be used for the preparation of polynuclear
aromatic compounds.







 






 

Similar reaction is also given by iodoacetylenes.

C6H5 C H6 6

h
 C6H5 6H5

75% Yield

attributed to a n  * transition.

         

The corresponding excited states fragment readily to give molecular nitrogen and a
carbene and this is a widely used method for the generation of these divalent carbon species.
Direct irradiation leads initially to a singlet state of the diazo compound and hence to a singlet
carbene, although collisional deactivation give triplet carbene before further reaction occurs.
It may be important for those carbenes whose triplet state is lower in energy than the singlet
state, especially at higher pressure in the vapour phase or in solution. Triplet sensitised
decomposition of diazoalkanes gives rise directly to triplet carbene by way of the triplet excited
state. These processes provide a valuable route to carbene and  are employed for intramolecular
reaction as in the ring contraction of cyclic diazoketones and in -lactam formation from

-diazoamides.



  

  



 
  

  

  








 

  



 



 

  



  



Azides are similar to diazoalkanes. It also gives molecular nitrogen and nitrene in excited
state.

Aliphatic azides give aliphatic nitrene. Aliphatic nitrenes normally give imine by a
hydrogen shift.

CH3 2 2 3 
h

 CH3 2 2 N
Hydrogen shift

CH3 2 NH
Imine

If -carbon has no hydrogen then in that case alkyl shift takes place.

      






     





 

       



 

Intermolecular hydrogen abstraction from solvent can also occur to give an amine.

CH3 2 2 N 
Ether

 CH3 2 2 2

Singlet state nitrene gives addition reaction with olefines like carbenes to give aziridine.

     



 

  

  





Singlet state vinyl or aryl nitrenes undergo intramolecular cycloaddition to form a
1-azirine. In the aromatic systems this can lead to ring-expansion with eventual formation of
a 6H-azepine when a nucleophile is present. In the absence of nucleophile an azo compound
may be formed.




  

  





 



    




    

      

     

In the absence of nucleophile aryl nitrene undergoes coupling reaction to give azo
compound.





 



   

Photocycloaddition: A light-initiated reactions in which the termini of two multiple bond sys-
tems become joined through  bonds. The most common example of this type of reactions is the
formation of a cyclobutane ring from two ethylene moieties.
Rydberg Transition: Any transition or absorption process in which electron is promoted to an
orbital with a larger principal quantum number n than that of the initial orbital is known as
Rydberg transition. In ethylene the 2p -3S transition is a Rydberg transition.

1. P. de Mayo, ed, Rearrangements in Ground and Excited States, vol. 3, Academic Press, New
York, 1980.

2. J.M. Coxon and B. Halton, Organic Photochemistry, Cambridge University Press, London,
1974.

3. W. Harspool and D. Armester, Organic Photochemistry, A Comprehensive Treatment, Eillis
Horwood/Prentice Hall, 1972.

4. J. Kagan, Organic Photochemistry, Principles and Applications, Academic Press, 1993.
5. A. Gilbert and J. Baggott, Essentials of Molecular Photochemistry, CRC Press, Boca Raton,

Florida, 1991.



6. D.O. Crown and R.L. Drisko, Elements of Organic Photochemistry, Plenum, New York, 1976.
7. J. Kopecky, Organic Photochemistry: A Visual Approach, VCH, Weinhim, Germany, 1992.

1. Discuss briefly the following:
(i) Cis-trans isomerisation of alkenes by direct irradiation.

(ii) Sensitised cis-trans isomerisation.
2. Alkenes give two types of photodimerisation.

(i) Concerted [2 + 2] cycloaddition.
(ii) Nonconcerted cycloaddition
Give mechanism of both these reactions.

3. Discuss photochemistry of 1, 3-butadiene.
4. Irradiation of benzene yields a mixture of three products (A), (B) and (C).



 
  

  

Propose a suitable mechanism for this transformation.
5. Irrational of o-Xylene yields a mixture of m-and p-Xylenes. Propose a suitable mechanism for

this transformation.
6. 1, 3, 5-Trimethylbenzene on irradiation with UV light gives 1, 2, 4-trimethylbenzene. This

transformation is due to the 1, 2-alkyl group shift or 1, 3-alkyl group shift. Give mechanism
for this transformation.

7. 1, 2-Alkylgroup shift in alkyl substituted benzene takes place via formation of two thermally
unstable intermediates. Give mechanism for the formation of these reaction intermediates.

8. 1, 2-Dimethylbenzene on irradiation gives a mixture of 1, 3-and 1, 4-dimethylbenzene via the
formation of prismane as reaction intermediate. Given structures  of prismanes in both cases.

9. 1, 3-Butadiene in solution on irradiation gives chemistry only from S1 state. Explain.
10. Discuss the mechanism of dimerisation of 1, 3-butadiene in solution in the presence of

acetophenone and benzil as sensitiser.
11. Discuss the chemistry of photoaromatic nucleophilic substitution.
12. Discuss the chemistry of photoelectrophilic aromatic substitution reaction.
13. Explain why NO2 is meta directing for photo induced aromatic nucleophilic

substitution reactions.
14. Explain why methoxy group is meta-directing for photo induced aromatic electrophilic substi-

tution reactions.
15. Discuss the chemistry of photoaddition reaction between benzene and alkenes.
16. Complete the following reactions and give their mechanism:

(i) 











(ii)








(iii) 



  

  





(iv) 


(v)    



(vi)         



17. Discuss the photochemistry of
(i) Diazo compounds

(ii) Azides.



Chem 634  
 

Pericyclic Reactions

Reading: 
CS-B Chapter 6

Grossman Chapter 4



Pericyclic Reactions 

Definition: Continuous, concerted reorganization of electrons 

Fukui & Hoffmann: Nobel Prize in Chemistry, 1981, “for… their theories, 
developed independently, concerning the course of chemical 

reactions” (Woodward dies in 1979) 

cyclic 
transition 

state 

no intermediate, 
single transition state 

Bond breaking & bond making occur at the same time.  
 

Can be synchronous (equal extent of breaking & making in TS) or 
asynchronous (unequal extent of breaking & making in TS). 



5 Types 

1.  Electrocyclic 

2.  Cycloadditions 

3.  Sigmatropic 

4.  Chelatropic 

5.  Group Transfer 



3 Theories 

All 3 theories are correct! 

1.  Woodward–Hoffmann: Conservation of Orbital Symmetry 
•  1st historically 
•  Uses correlation diagrams 

2.  Fukui: Frontier Molecular Orbital Theory 
•  Easier than Woodward–Hoffmann (usually) 
•  Based on HOMO/LUMO interactions 

3.  Dewar–Zimmerman: Aromatic Transition State 
•  Easiest to apply for all reaction types, but not intuitive to understand why 

it’s valid 
 



3 Things Matter 

1.  Number of electrons involved 

2.  Stereospecificity 

3.  Conditions: heat (Δ) vs. light (hυ) 



Type 1: Electrocyclic Reactions 

-  Ring openings and closures 
-  Exchange π-bond for σ-bond 
-  Classified by number of electrons  

R R

favored by release of ring strain

R R

π-bond (~75 kcal/mol) –> σ-bond (~88 kca/mol)



Diastereoselectivity – Observations 

RR
Δ

R R(±)
4e-

R H H R
H

R

R

H

RR
hυ

R R4e-

R H H R
H

R

H

R

RR

Δ

6e-
R R

R HH R
R R

HH

RR
6e-

R R

hυ

(±)

R HH R
H R

HR

Case	  1:	  

Case	  2:	  

Case	  3:	  

Case	  4:	  



General Phenomenon… Woodward–Hoffmann Rules 

Number	  of	  electrons	   Thermal	   Photochemical	  

4n	   Con	   Dis	  

4n+2	   Dis	   con	  

(n = integer) 

6 points for a touchdown –> 6e-, thermal, disrotatory 

... But why??? 



Theory #1: Woodward–Hoffmann Correlation Diagrams 

 Angew. Chem. Int. Ed. 1969, 8, 781. 
 

•  Consider all molecular orbitals (MO’s) involved 
•  Consider symmetry of MO’s in starting material, product, and transition state. 
•  Orbitals of different symmetry can cross (orthogonal orbitals). 
•  Orbitals of same symmetry cannot cross (extreme energetic cost). 
•  We are about orbitals where electrons end up. 



Example of W–H Correlation Diagrams 

conrotatory TSdisrotatory TS



σ

σ∗

π

π∗

Example of W–H Correlation Diagrams: Thermal Conditions 

conrotatory TSdisrotatory TS

σ-plane of symmetry C2 axis of symmetry

σSM σP

S 

S

S 

S 

A 

A 

A 

A 

Ψ1

Ψ2

Ψ3

Ψ4



σ

σ∗

π

π∗

Example of W–H Correlation Diagrams: Photochemical Conditions 

conrotatory TSdisrotatory TS

σ-plane of symmetry C2 axis of symmetry

σSM σP

S 

S

S 

S 

A 

A 

A 

A 

Ψ1

Ψ2

Ψ3

Ψ4

C2-SM  C2-P 

A 

A 

A 

A 

S 

S 

S 

S 

con pathway 
disfavored 



W–H Conservation of Orbital Symmetry Shortcut 

conrotatory TSdisrotatory TS

σ-plane of symmetry C2 axis of symmetry

Ψ2

(HOMO)



Cycloadditions & Cycloreversions 

-  Union of 2 π-systems 
-  Exchange π-bonds for σ-bonds 
-  Classified by [m+n], m & n = # of conjugated atoms in each π-system 

[4+2]

4 atoms 2 atoms

Diels–Alder Reaction! 
Note: 6 e- 

Great way to make cyclohexenes & cyclohexanes 



diene dienophile

E nonbonding level

HOMO

LUMO

HOMO

LUMO

Fukui: Frontier Molecular Orbital (FMO) Theory 
The idea: Use FMO’s (HOMO + LUMO) 

Which HOMO & LUMO? 

E EA – EB

ΔE

ΔE ∝ orbital overlap
EA – EB

geometrical/spatial 
overlap

If closer in energy,
then more stability 

by forming a 
covalent bond.

In this case, it doesn’t 
matter… HOMO/LUMO 

gaps are the same. 



Types of Diels–Alder Reactions 

Normal electron demand = HOMO of diene + LUMO of dienophile 
 

Inverse electron demand = HOMO of dienophile + LUMO of diene 



Net Bonding Interaction? 
The idea: Use FMO’s (HOMO + LUMO) 

diene dienophile

E nonbonding level

HOMO

LUMO

HOMO

LUMO



Diastereoselectivity: Endo vs. Exo 

[4+2]

Me

Me
Me

O

OMe+

Me

Me
Me

O

OMe

Me

Me
Me

O

OMe+

minor
exo

major
endo

(favored)

Me

Me

Me
OMe

O Me

Me

Me

O
MeO



Why? … Secondary Orbital Interactions 
Me

Me
Me

Me

Me

O

OMe

HOMO LUMO
Me

O

OMe



Regioselectivity & Rates: Substituent Effects 

Rates depend on HOMO/LUMO gap. 

Perturba4on	   HOMO	   LUMO	  

extra	  conjuga7on	   !	   "	  

electron-‐withdrawing	  group	   "	   "	  

electron-‐dona7ng	  group	   !	   !	  

Effects apply to both dienes & dienophiles. 
Effect of substitution is biggest if on C1 of diene. 

R1

R2 12
3

4

bigger effect



Examples 

O O

O

O

O

O

+
rt, 24 h

100%

+
165 °C

12,600 psi
17 h 78%



Regioselectivity 

Related to polarization of HOMO and/or LUMO 

+

major

OMe

H

O OMe O

H vs.

OMe

O

H

minor

Quick prediction: “imaginary intermediate” 
(push arrows to get maximum effect of substituents) 

OMe

H

O OMe O

H more stable

OMe
OMe

CH2

O

H H

O

… but remember 
these reactions  
are concerted!!! 



Lewis Acid Effects 
One of the first Lewis acid-accelerated organic transformations! 

+ O

O

O
CH2Cl2
25 °C

O
O

additive
none

AlCl3 (1 equiv)

t1/2
2400 h
< 1 min

O

+ OMe

O

CO2Me

H
H

endo H

CO2Me
H

exo

+
additive

none
AlCl3·OEt2 (1 equiv)

endo:exo
82 : 18
99 : 1

+ OMe

O

OMe

O

OMe

O

+

Ph
Ph

Ph
additive

none
AlCl3

1,4 : 1,3
80 : 20
97 : 3

1,4 1,3

Lewis acid increases rate, endo/exo selectivity & regioselectivity! 

Yates, Eaton. JACS 1960, 82, 4436 



Why??? 

MO perturbation! 

Houk JACS 1973, 95, 4094 

OMe

O AlCl3
OMe

O AlCl3

more reactive, more like O

Explains rates, but what about selectivity issues??? 



Why??? 

Houk JACS 1973, 95, 4094 

Lower LUMO = faster rate 

Bigger difference in lobe size on C1 
vs. C2 = better regioselectivity 

Bigger lobe on C=O carbon = 
bigger 2° orbital interactions = 

better endo/exo selectivity 



One More Consideration: S-cis vs. S-trans 

vs.

S-cis
reactive

S-trans
not reactive! + O

O

O

O

O

O

+ O

O

O

O

O

O

Me Me

+ O

O

O

O

O

O

Me

Me

+ O

O

O O
O

O

H
H

krel

1

4

10–3

103

Me

Me
H



[2+2] Cycloadditions 

FMO Analysis:  •  No net bonding… “forbidden” 
•  This geometry is suprafacial on both 

π bonds => [2πs + 2πs] 

Suprafacial = same face of π-system 
 
Antarafacial = opposite faces of π-system 



Alternative Transition State Geometry 

HH

H HH H
H H

Problem: Steric Hindrance! 

Solution: Remove steric hindrance! 



Sigmatropic Reactions 

•  Reorganization of σ and π bonds (migration of a σ-bond) 

•  Number of σ and π bonds remains constant 

•  Classify by [m,n]-rearrangement or [m,n]-shift (m, n = number of atoms in 

fragment) 



[1,3]-Sigmatropic Rearrangement 

Does this rearrangement proceed under thermal conditions? 

Supra- or antara-facial?? 

For FMO, break into HOMO and LUMO: 



[1,3]-Sigmatropic Rearrangements 

Alkyl Shift? 

FMO: 



[3,3]-Sigmatropic Rearrangements 

Suprafacial on both components!  
Highly predictable TS –> “chair-like” (can predict stereochem) 



Claisen Rearrangement 



Oxy-Cope 



Theory #3: Dewar–Zimmerman: Aromatic Transition State 

Steps:  
1.  Choose basis set of 2p AO’s (or 1s for H atoms) 
2.  Assign phases (any phases) 
3.  Connect orbitals that interact in the starting material 
4.  Connect lobes that begin to interact in the reaction 
5.  Count the number of phase inversions 
6.  Identify topology 

1.  Odd # of phase inversions = Möbius 
2.  Even # of phase inversions = Hückel 

7.  Assign Transition State as aromatic (thermally allowed) or antiaromatic 
(photochemically allowed) 

System/Topology	   Aroma4c	   An4aroma4c	  

Huckel	   (4n+2)	  e-‐	   (4n)	  e-‐	  

Mobius	   (4n)	  e-‐	   (4n+2)	  e-‐	  



Example of D–Z Theory 
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1.  Learning Outcomes  

After studying this module, you shall be able to 

• Know what are pericyclic reactions 
• Learn about classification of pericyclic reactions 
• Identify electrocyclic reaction, cycloaddition and sigmatropic shifts 
• Evaluate application of Woodward-Hoffmann rules to pericyclic reactions 
• Analyze which type of pericyclic mechanism is operative in a reaction  

2. Introduction   

Based on mechanism, chemical reactions are broadly classified as ionic, free radical and 
pericyclic reactions. Pericyclic reactions are a unique set of reactions that takes place through a 
cyclic transition state in a concerted fashion and exhibit high levels of stereospecificity. 
Additionally, for pericyclic reactions no intermediates have been isolated and the reactions are 
free from changes in solvent polarity, free radical generators and even catalysts (although lately 
Lewis acid catalysis has been reported for some reactions). All these reactions are potentially 
reversible in nature.  

Unlike ionic reactions, for pericyclic reactions there is no definite sense of direction to the 
movement of electrons as the electrons move in a cyclic manner. There is also a difference 
between a synchronous reaction and a multi-stage concerted process as in synchronous reaction 
all bond-making and bond-breaking events take place simultaneously, but in  a multi-stage 
concerted process  some events precede others without producing an intermediate state. Most of 
the pericyclic reactions are concerted and may or may not be synchronous. 

Though some of the pericyclic reactions occur spontaneously, but in major of them introduction 
of energy either in the form of heat or light is required. Moreover product depends on the source 
of energy used. 

3. Classification of pericyclic reactions 

All pericyclic reactions share common features discussed above. They are classified into 
following four categories 
 
3.1 Electrocyclic reactions 

3.2 Cycloaddition 

3.3 Sigmatropic rearrangements 

3.4 Group transfer reactions 

 

 Let us understand each type of these reactions in detail 
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3.1 Electrocyclic reactions 
 
Electrocyclic reactions are characterized by the creation of a ring from an open chain conjugated 
system, with a σ bond forming across the ends of the conjugated system or opening of a cyclic 
system under ring strain to give rise to a diene. Electrocyclic reactions are unimolecular in nature. 
 

 

 

 

Most of the electrocyclic reactions are ring closing and a few are ring opening in 
conformationally strained systems such as cyclobutene. Electrocyclic ring closing reactions have 
been observed for cationic and anionic polyene species such as allyl cations as well.  

If we look at the stereochemistry of electrocyclic reactions, in the following reaction one 
stereoisomer gave rise to one specific product only. 

CH3

CH3

CH3

CH3

H

H

CH3 CH3

H

H

CH3

CH3

trans, cis, trans triene cis

trans, cis, cis triene trans  
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The stereospecificity of electrocyclic reaction can be explained based on Frontier molecular 
orbital (FMO) theory, especially considering the HOMO of the triene, the mode of bond rotation 
decides stereochemistry of product formed.  
 
There are two known modes of bond rotation namely conrotation and disrotation as shown below.  
 
 

 
 

If we consider termini of the HOMO of the triene system, it can be seen that the end groups must 
rotate in a disrotatory manner (twist in opposite directions, when observed front-on) to form the 
bond. On the other hand, when photoactivated, an electron moves from the HOMO of triene to 
the next orbital, the LUMO (now this orbital contains an electron and it is no longer unoccupied).  
In this photo excited system ring will close in the opposite direction as compared to the thermal 
system and moreover the groups will conrotate i.e., they will twist in the same way to form the 
sigma bond. 

As electrocyclic reactions are reversible, whether ring opening/closing will take place is 
determined by thermodynamics. However, the stereochemistry of product formed is not 
influenced by the thermodynamic stability rules.  

In another example, thermal ring opening reaction of 3,4-dimethylcyclobutene (which may exist 
as cis and trans isomers) gives hexadiene (which may be cis, cis/ cis, trans/ trans, trans isomers). 
In the reaction, cis 3,4-dimethylcyclobutene on ring opening gave only cis, trans product, while 
trans 3,4-dimethylcyclobutene isomer, leads to formation of trans-trans diene. 

 

These reactions take place via conrotatory motion about the C3-C4 bond in a four-member cyclic 
transition state.  
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3.2 Cycloaddition reaction 

Cycloaddition reactions involve concerted combination of two π-electron systems to form a ring 
system. Cycloaddition reactions are described  as [i+j] additions, when a system of “i” conjugated 
atoms combines with a structure consisting  of “j” conjugated atoms. In cycloaddition reactions  
carbon–carbon bond formation takes place without any  use of a nucleophile or electrophile. 
Among the pericyclic reactions, cycloadditions are most abundant and useful set of reactions.  
 [4+2] cyclization is most common type of cycloaddition reaction .Diels-Alder reaction falls in 
this category of cycloaddtion reactions. The utility of this reaction lies in two simultaneous C-C 
bond formations, which, with suitable substrates may lead to creation of four new stereogenic 
centers in the product. In Diels-Alder terminology the two reactants are referred to as the diene 
and the dienophile.  

OAc

OAc

+

H3COOC

COOCH3

[4+2]
Benzene, 80 °C

OAc

OAc

COOCH3

COOCH3

 
  Diene  Dienophile   Adduct 
Cycloaddition reactions involve bond formation at the ends of both the reacting molecules. This 
requires proper orientation of orbitals so that effective overlap may give rise to product 
formation.  
Reactions where the new bonds being formed are on the same surface are called suprafacial on 
that component. For the [4+2] cycloaddition reaction, since the new bonds are being formed at 
the same surface so the reaction is suprafacial on both the diene and dienophile as well. 
Following are various arrangements of orbitals in [4+2] π system that may give rise to suprafacial 
and antarafacial orbital overlap to give rise to bond formation. 

1
2

3
4

1'

2'

1
2

3
4

1'

2'
Suprafacial components

2

3
4

1'
1 2

3
4

1
1'

2' 2'

Antarafacial components

 

Orbital orientation for [4+2] cycloaddition 
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On the other hand, antarafacial reaction requires bond formation between orbitals at two different 
surfaces. Almost all pericyclic cycloaddition reactions go by suprafacial mode on both the 
components as antarafacial overlap would require a most unusually long and flexible conjugated 
system. This suprafacial approach therefore makes stereochemistry of products predictable. That 
is, if the diene with substituents at each end forms new bonds to one surface, the product will 
have a preserved stereochemistry. 

1,3 dipolar cycloaddition are another important class of cycloaddition reactions. In this reaction, 
molecules with 1,3 dipoles (azides, ozone, nitro compounds) react with alkenes or alkynes or 
their hetero atom substituted analogues in a [3+2] cycloaddition fashion, giving rise to a cyclic 
products. As an example of [3+2] cycloaddition, substituted ethyne undergoes 1,3-dipolar 
addition with azides to give triazoles. 
. 

N N

COOMe

NN

COOMe

0 °C, 12-16h
98 %

 
For photochemical cycloaddition if the total number of electrons is 4n then the cycloaddition is 
feasible. As a result, alkenes give four member ring in photo cycloaddition reactions by self 
coupling or by cross coupling. 

 

Chelotropic reactions are a special group of cycloaddition in which the two bonds are made or 
broken to the same atom. Thus sulfur dioxide adds to butadiene to give an adduct, for which the 
sulfur has provided a lone pair to one of the σ bonds and has received electrons in the formation 
of the other.  
 

+ :SO2 SO2

 
 

It is an oxidative addition to the sulfur dioxide, changing oxidation state of sulfur from +4 to +6. 
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3.3 Sigmatropic shift 

Sigmatropic rearrangements are a class of pericyclic reactions defined by the migration of a σ 
bond adjacent to one or more π systems, with the π systems becoming reorganized in the process.  
In the reaction the total number of σ or π-bonds does not change as the reactant and the product 
have the same number of bonds. The σ bond that migrates may be in the middle of the system or 
at the end of the system. These reactions are intra-molecular in nature and generally do not 
require a catalyst for their completion. These type of  rearrangement reactions  are labelled by 
using  two numbers which are  set in brackets [i, j], these numbers refer to  the relative distance 
(in atoms) at each end of the σ-bond which  has moved. Sigmatropic rearrangements [1, n] are 
common for hydrogen atom shift with known examples of n = 2, 3, 4, 5, 6, 7 and even for longer 
chains.  

 

H

R

H

R
[1, 3]

H

R

[1, 5]

H

R

H

R

[1, 7]

H

R

1

2
3

1

2

3
4

5

1

2

3

4 5

6

7

 
 
If the hydrogen leaves one surface of the conjugated system, and arrives at the other end of the 
same surface, the reaction is said to be suprafacial. On the other hand, if the hydrogen leaves one 
surface and arrives on the opposite surface, it is called antarafacial reaction.  
 
For these reactions the feasibility of reactions due to stereo chemical constrains is governed by 
the total number of π electrons present in the substrate and mode of reaction. If the total number 
of π electrons is (4n+2) than suprafacial pathway is allowed and if the total number of π electrons 
is 4n, than antarafacial pathway is allowed.  
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The [3,3] sigmatropic rearrangement of 1,5-dienes or allyl vinyl ethers, known respectively as the 
Cope and Claisen rearrangements, are among the most common and important sigmatropic 
reactions. 
 
 

O

CH3

H3C

250  °C
[3, 3] shift

O

CH3

H3C

CH3

H3C

OH

O
CH3

O

CH3
120 °C

[3, 3] shift O

CH3

H

Claisen rearrangement

Cope rearrangement
 
3.4 Group transfer reactions 

Unlike all the pericyclic reactions that we have discussed so far, group transfer reactions involves 
a pericyclic process where one or more atoms/group of atoms gets transferred from a molecule to 
another. Therefore, group transfer reactions do not have a specific conversion of π bonds into σ 
bonds or vice versa. Group transfer reactions are less common than other types of pericyclic 
reactions. Like all other pericyclic reactions, they too are concerted and follow the Woodward-
Hoffmann rules. Ene reaction is among the most studied example of group transfer reactions. 
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The reaction between an alkene which has an allylic hydrogen which is known as the ene and a 
compound containing a multiple   bond i.e the enophile is known as ene reaction which is also 
termed as Alder-ene Reaction. They resemble [1, 5] sigmatropic rearrangement since a σ bond 
moves, and they also resemble cycloadditions like Diels-Alder reaction, with one of the π bond of 
the diene being replaced by a σ bond. Nevertheless, since the reaction is bimolecular and no ring 
is formed, they are neither sigmatropic shifts nor cycloaddition reactions.  Following are 
examples of ene reactions. 

R H COOMe

230 °C, 50h +

R COOMe R

COOMe

CH2

H
O

OMe

AlCl3

25°C, 48h

COOMe

+

 

Electron withdrawing groups on the enophile and electron donating groups on the ene favor the 
reaction. Lewis acid catalyst such as AlCl3 also lead to rate enhancement for ene reactions. 

4.  Woodward Hoffmann rules and Pericyclic reactions 

Out of the four types of pericyclic reactions, three types of reactions can be distinguished by the number of 
σ bonds made or broken. The following diagram gives a summary of number of bonds formed or broken. 
 

 
 
Another unifying theme for pericyclic reaction is the Woodward-Hoffmann rules that govern 
feasibility and stereospecificity of pericyclic reactions. According to the Woodward-Hoffmann 
rules, the reactions in which symmetry of molecular orbital (MO) is conserved involve a 
relatively low energy transition state and thus are symmetry allowed. In contrast, in the reactions 
where symmetry of orbitals is destroyed by bringing one or more orbitals out of phase, the energy 
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of transition state becomes too high because of antibonding interaction & therefore  reaction 
becomes symmetry forbidden.  
 
Another important rule is the fact that thermally allowed reactions are forbidden photochemically 
and vice versa. Also the products formed as a result of thermal tractions have opposite 
stereochemistry than products of a photochemical reaction. 
 
Table 1: Woodward-Hoffmann selection rules applied to various pericyclic reactions  
 
 Thermal  Light  
Electrocyclic reaction    
4n Con Dis  
4n+2 Dis Con  
Cycloaddition reaction [p+q]   
4n ps+qa or pa+qs ps+qs or pa+qa 
4n+2 ps+qs or pa+qa ps+qa or pa+qs 
Sigmatropic shift [i, j]   
4n is+ja or ia+js is+js or ia+ja 
4n+2 is+js or ia+ja  is+ja or ia+js 
 
Here a; antarafacial, s; suprafacial 
 
It is important to note that symmetry forbidden reaction might as well proceed if sufficient energy 
is provided to the reaction. 
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5. Summary  

Ø Pericyclic reactions are a group of reactions that takes place via a cyclic transition state in 
a concerted fashion. 

Ø Pericyclic reactions are induced either thermally or photochemically. 
Ø Pericyclic reactions are highly stereospecific. 
Ø Pericyclic reactions are classified into four different classes namely; electrocyclic 

reactions, cycloaddition reactions, sigmatropic rearrangements and group transfer 
reactions. 

Ø Electrocyclic reactions are characterized by creation of rings from open chain conjugated 
systems or opening of cyclic molecules under ring strain. 

Ø The stereochemistry of electrocyclic reactions is decided by conrotatory or disrotatory 
motion of orbitals for effective overlap. 

Ø Cycloaddition reaction involves concerted combination of two π electron system to form 
a cyclic product. 

Ø Stereospecificity in cycloaddition reactions is maintained by suprafacial or antarafacial 
interactions of orbital overlap. 

Ø Sigmatropic reactions are defined by movement of a σ bond adjacent to one or more π 
systems with reorganization of π system in the process. 

Ø Group transfer reactions involve transfer of one or more groups or atoms from one 
molecule to another in a pericyclic reaction fashion. 

Ø Woodward-Hoffmann rules governs all the pericyclic reactions. 
Ø A reaction forbidden by Woodward-Hoffmann rule may still take place with input of 

large amount of energy.   
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1.  Learning Outcomes  

After studying this module, you shall be able to 

• Know what are cycloaddition reactions 
• Learn mechanism of cycloaddition reactions 
• Identify factors influencing Diels Alder reaction 
• Evaluate mechanism of 1, 3-dipolar cycloaddition 
• Analyze stereochemistry of product formation in cycloaddition reactions 

2. Introduction   

Cycloaddition reaction is a reaction in which two reactants form a cyclic product. Cycloaddition 
of two different, π bond-containing molecules to form a cyclic compound are a special class of 
pericyclic reactions. For cycloaddition reaction, each of the reactants loses a π bond, and the 
resulting cyclic product has two new σ bonds. With a few exceptions, cycloaddition are concerted 
reactions. As a class of addition reactions, cycloaddition allows carbon-carbon bond formation 
without the use of a nucleophile or electrophile. Among the pericyclic reactions, cycloaddition 
are most abundant and useful set of reactions. Following is an example of [4+2] cycloaddition 
known as Diels-Alder reaction. 

+

 
             Diene Dienophile   Adduct 
 
3.  Stereochemistry and Woodward-Hoffmann rules for cycloaddition 

Cycloaddition reactions involve bond formation at the ends of both the reacting molecules i.e 
diene and dienophile. This requires proper orientation of orbitals so that effective overlap may 
give rise to product formation. For the Diels Alder reaction between butadiene and ethene, the p-
orbitals must therefore approach each other head on. Of note is the fact that the two new bonds 
forming at C-1 and C-4 of the diene are being formed at the bottom surface of the conjugated 
system. 
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1
2

3
4 1'

2'
 

 

Reactions where the new bonds being formed are on the same surface are called suprafacial on 
that component. Since for the dienophile also the new bonds are being formed at the same surface 
so the reaction is suprafacial on both the diene and the dienophile as well. On the other hand 
antarafacial reaction requires bond formation between orbitals at two different surfaces. 
Diagrammatically this is depicted below. 

1
2

3
4

1'

2'

1
2

3
4

1'

2'
Suprafacial components

2

3
4

1'
1 2

3
4

1
1'

2' 2'

Antarafacial components

 
Orbitals overlap required for 4+2 cycloaddition 

The Woodward-Hoffmann rules for cycloaddition predict feasibility of reaction and 
stereochemistry of product formed. Both, supra/supra and supra/antara combinations are allowed 
based on orbital symmetry however the geometric constrain associated with antara process makes 
it impossible for the reaction to take place.  Therefore, almost all pericyclic cycloaddition 
reactions go by suprafacial mode on both the components. That is, if the diene with substituents at 
each end forms new bonds to one surface, the product will have a preserved stereochemistry. In 
the following example the trans, trans diene and diethyl acetylene dicarboxylate give the adduct 
which has cis phenyl substituents on the cyclohexane ring.  
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Table 1: Woodward-Hoffmann rules for cycloaddition 
 

i+j Thermal Photochemical 
4n supra,antara 

antara, supra 
supra,supra 

antara, antara 
4n+2 supra,supra 

antara, antara 
supra,antara 
antara, supra 

Another example of Diels Alder reaction with preserved stereochemistry of products is reaction 
of maleate and fumarate esters with butadiene to give diastereomeric products. 

 

Such reactions where, one stereoisomer gives rise to only one stereoisomeric product are called 
stereospecific in nature. This is among the most important features of Diels-Alder reaction, as the 
reaction involves creation of four new stereocentres with stereospecificity.  

In Diels Alder reaction when a conjugated system carries a substituent Z, then during the 
reaction, it may orient itself pointing away from the conjugated system of the other component or 
it may sit under it. The first situation is called exo mode of attack and the second one endo mode 
of attack. In the endo conformation, there might be repulsion between the substituent Z and the p-
orbitals, however for Diels-Alder reactions such endo mode of attack has been experimentally 
observed.  
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The most widely accepted explanation for the origin of Endo mode of attack is a favorable 
interaction between the dienophile substituent's π system and the diene's though dipolar and van 
der Waals attractions which are collectively called as secondary orbital effects.  

 

4. Classes of cycloaddition reactions 

Now let us look at the important classes of pericyclic cycloaddition reactions.  

4.1 Diels-Alder reaction 
4.2 1, 3-dipolar cycloaddition 
4.3 [4+2] cycloaddition of cations and anions 
4.4 [2+2] addition of ketenes 

4.1 Diels-Alder reaction 

The most important type of cycloaddition reactions are Diels-Alder reactions. It is defined as the 
cycloaddition between a conjugated diene and a dienophile [4+2] leading to formation of a cyclic 
product. 

 

Like other pericyclic reactions, Diels-Alder reactions are concerted and stereospecific, i.e. 
stereochemical information in the reactants is retained in the products. The dienophiles which are 
in configuration  E- and Z, results in  adducts which has stereochemistry Syn or anti respectively. 
The reaction is slow for unsubstituted dienophiles and rate of reaction is enhanced by attaching 
suitable electron withdrawing substituents (carbonyl, nitrile and nitro) at the terminal alkenes. 
Substitution on the diene also enhances rate of reaction, provided the substituents are electron 
donating (methyl, alkoxy and amine). Following are examples of some reactions, where due to 
change in nature of the dienophile, there were drastic changes in the rate of reaction. 
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For the dienes along with electron donating substituents, cyclization also greatly enhances the rate 
of cycloaddition reactions, owning to proper geometric orientation of double bonds. This is 
because a diene can participate in Diels Alder reaction only when it is in the s-cis conformation. 
If it were to react in the s-trans conformation then the resulting cyclohexene would have a trans 
double bond in the cyclohexene system which is very high energy. 

The regioselectivity of Diels Alder reaction depends on the number and nature of substituent on 
diene and dienophile along with the reaction conditions such as catalyst, temperature, pressure, 
solvent etc. Generally 1- and 2- substituted butadienes reacts with mono-substituted dienophiles 
to give mainly ortho and para adducts, respectively. Even with a small substituent such as methyl 
the degree of regioselectivity is high. The important feature of this pattern is the fact that whether 
a substituent is electron withdrawing or donating, it holds good for almost all combinations.  

+

COOMe

20 °C, 1 year
84%

COOMe COOMe

+

+

COOMe

20 °C, 7 months
54%

COOMe

+

COOMe

1-substituted 
diene

2-substituted 
diene

Major

Major

 

Although by definition pericyclic reactions don’t need catalyst, nevertheless it has been shown 
that Lewis acids such as ZnCl2, SnCl4, and AlCl3 etc. can enhance rate of a normal Diels–Alder 
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reactions by coordination to the dienophile. In some cases Lewis acid catalysis has also been 
shown to enable Diels-Alder reactions to proceed at low temperatures, i.e. without thermal 
activation.  

Hetero Diels-Alder reactions are also known, where at least one of the reactant (diene or 
dienophile) has a hetero atom (such as N, O, S) taking part in the cycloaddition reaction.  

N

Ph

COOEt

NC

+

COOMe

r.t, -120 °C
1-8d, 40-92%

+

Ph

NC COOMe

COOEt

Ph

NC

COOEt

COOMe

Hetero-diene            Dienophile  

Diels-Alder reactions can be made to take place in reverse direction i.e. retro Diels-Alder 
reactions when the products do not react with each other rapidly. The retro Diels-Alder reaction 
proceeds with ease, if the diene or dienophile has some special stabilization present in the diene 
or dienophile such as extrusion of stable N2 molecule.  

NH

NH HgO 20 °C

N

N +
N

N

 

Although Diels-Alder reactions are reversible, they find utility in synthesis of a number of 
important natural products such as cortisone (steroid), tetracycline (antibioric), taxol (anticancer 
agent), reserpine (alkaloids) and secondary metabolites such as prostaglandins. 

4.2 1, 3-dipolar cycloaddition 

Molecules with 1, 3 dipoles react with alkenes or alkynes or their hetero atom substituted 
analogues in a [3+2] cycloaddition fashion, giving rise to cyclic products. Such reactions are 
quite useful in the synthesis of alkaloids, including asymmetric syntheses. The dipolar 
compounds have a sequence of three atoms a–b–c, of which “a” has a sextet of electrons in the 
outer shell and “c” an octet with at least one unshared pair. 

C C

a
b

c

CC

a

b

c
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1,3- Dipolar compounds can be classified into 2 major types: 

a) Those compounds where, the double bond in the canonical form is  on the sextet atom and the 
other canonical form has a triple bond on that atom 

Nitrous oxide O N N O N N

Nitrile ylid CR2 N CR' CR2 N CR'

Azide R N N N R N N N 
 
b) Those molecules in which the dipolar canonical form has a single bond on the sextet atom and 
the other form	  has	  a	  double	  bond.	  

Azomethine 
imine

CR2 N NR'

Azoxy 
compounds

Carbonyl 
oxide

R"

CR2 N NR'

R"

O N NR'

R

O N NR'

R

O O CR2 O O CR2 
 

 
 
The structure of alkenes undergoing 1, 3-dipolar addition influences the cycloaddition reaction as 
well. The reactions are concerted one step and proceed with stereospecific syn mechanism. As 
with all other pericyclic reactions, the mechanism and rate of cycloaddition do not vary much 
with changes in solvent although, for some reactions, rate acceleration has been reported in ionic 
liquids. 
 
As an example of [3+2] cycloaddition, substituted ethane undergos 1, 3-dipolar addition with 
azides to give triazoles. 
 

N N

COOMe

N
N

COOMe

0 °C, 12-16h
98 %
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Ph

N
O

COOMe

110 °C, 21h
99 %

O

NPh

COOMe 
 

The 1, 3-dipolar reagents may be generated by the in situ opening of a three-member ring system. 
As an example, aziridines open to give a zwitterion, which can add to activated double bonds to 
give pyrrolidines. 

 
 
1,3-dipolar molecules can be generated in situ. For e.g. nitrile oxide can be generated in situ to 
react with methyl acrylate to give the cyclic product.  

 

Cl

N
OH

Et3N, 5 °C
1h N O

COOMe

93 %

N

O

COOMe
 

 
 
 
4.3 [4+2] cycloaddition of cations and anions 
 
Conjugated ions like allyl cations, allyl anions and pentadienyl cations are also capable of 
cycloaddition reactions. In the following reaction, allyl cation is generated in situ and it acts as a 
2 electron component.  

 
 
4.4 [2+2] addition of ketenes 
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Ketenes react with dienophiles to give [2 +2] four-member or larger rings under thermal 
activation. Conjugated ketenes may participate  as 4π partners in [4+2] cycloaddition reactions as 
well.  

 

The unique transition state geometry of [2+2] ketene cycloadditions has important stereochemical 
consequences as ketenes are able to undergo cycloaddition via antarafacial geometry. This 
geometry allows heavier substituent on the ketene to end up on the more sterically hindered face 
of the cyclobutanone ring. In the transition state for cyclization, the small substituent points 
toward the alkene.  

There are some cycloaddition reactions that involve more than 6 electrons. Notably [8+2] and 
[6+4] reactions have been observed in suitable substrates. As an example, heptafulvalene react 
with dimethyl acetylenedicarboxylate to give the [8+2] adduct. 

 

A thermal pericyclic cycloaddition is allowed if the total number of electrons is [4n+2], where n 
is an integer. When the electron count  is 4n then the reaction is forbidden. For photochemical 
cycloadditions reverse is true, i.e. if the total electron count is  4n then the cycloaddition is 
feasible. As a result alkenes give 4 member ring in photo cycloaddition by self coupling or by 
cross coupling. 
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The difficult part in such photochemical reactions is the fact that photo activation can put lot of 
energy into the electronically excited state of the molecules therefore secondary reactions also 
become feasible. 

5. Summary  

Ø Cycloadditions are reactions between two different π bond containing molecules, a diene 
(electron rich) and a dienophile (electron deficient) to form a cyclic product. 

Ø Diels Alder reactions are [4+2] cycloaddition that are stereospecific and regioselective. 
Ø Cycloadditions are allowed with both supra, supra and supra, antara combination. 
Ø Diels Alder reactions are regioselective where 1- and 2- substituted butadienes react with 

mono substituted dienophiles to give mainly ortho and para products respectively. 
Ø The hetero-Diels Alder reaction allows formation of six member ring by interaction of 

heterodienes and/or dienophiles. 
Ø Retero Diels Alder reactions also take place when the diene or dienophile has some 

stabilizing factors such as extrusion of stable molecules such as nitrogen or formation of 
aromatic ring. 

Ø Molecules with 1, 3-dipoles react with alkenes or alkynes or their hetero atom substituted 
analogue in a [3+2] cycloaddition fashion giving rise to cyclic five member products. 

Ø Ketenes are able to undergo [2+2] cycloaddition via antarafacial geometry. 
Ø Cycloaddition reactions with more than 6 electrons such as [8+2] or [6+4] are possible.  



Pericyclic reactions

In pericyclic reactions the breaking and making of bonds occur simultaneously by the way of 
a single cyclic transition state (concerted reaction). 
There are no intermediates formed during the reaction.

Cycloadditions
Electrocyclic reactions
Sigmatropic rearrangements
Group transfer reactions



Prediction of pericyclic reactions

Several theories have been established in order to predict whether a pericyclic reaction will proceed under
given conditions or not (allowed or forbidden reaction).

FMO theory
The FMO theory was proposed by Kenichi Fukui in 1952. The prediction of pericyclic reaction is based on
the interaction between frontier molecular orbitals (FMOs).
This theory will be discussed more detailed during this class.

Woodward-Hoffmann rules
In 1965, Robert Woodward and Roald Hoffmann introduced a set of rules to predict the outcome of pericyclic
reactions. Their concept is based on the assumption that orbital symmetry is conserved during a pericyclic
reaction. Despite its brilliance, the application of the Woodward-Hoffmann rules can be tedious and
complicated.

Huckel-Möbius theory
The Huckel-Möbius theory provides an alternative to the Woodward-Hoffmann rules. The theory is relatively
simple: Pericyclic reactions with an aromatic transition state (4n+2 electrons) are thermally allowed, whereas
reactions with Möbius topology (4n electrons) are photochemically allowed.



Introduction to FMO theory
Fukui realized that for a good approximation of reactivity it is not necessary to look at all the orbitals,
but just at the so called frontier molecular orbitals.

Following rules can be established:
1) The number of molecular orbitals has to be equal to the number of atomic orbital (in the case of
ethene: two 2p orbitals form two molecular orbitals)
2) The molecular orbital with the lowest energy has no nodal plane
3) The relative energy of the molecular orbitals increases with the number of nodal planes
4) The molecular orbitals are occupied by two electrons, starting from the energetically lowest one









Cycloadditions

Diels-Alder reaction
The Diels-Alder reaction is a [4+2]-cycloaddition between a conjugated diene and an alkene (dienophile) to
form a cyclohexene system. As all pericyclic reactions the Diels-Alder reaction proceeds in a single step.

Two new σ-bonds are formed at the same time during a Diels-Alder reaction. Therefore two filled p-orbitals
and two empty p-orbitals have to be available. Expressed in FMOs this means the interaction between the
HOMO of the diene and the LUMO of the dienophile (or vice versa). It is important to note that in
cycloadditions the two molecules approach each other in a co-planar way (see below).



[2+2]-cycloadditions
Despite the Diels-Alder reaction the thermal reaction between two alkenes does not provide any cyclobutane
product. However under photochemical conditions cyclobutane is formed.

We say [2+2]-cycloadditions are thermally forbidden.



Diels-Alder Reactions
The Diels-Alder (DA) reaction is a reaction between a diene and a dienophile (an olefin) forming sixmembered
ring products.

-the diene has to be in the s-cis conformation to react

- 2 π-bonds disappear, and 2 new σ-bonds and 1 new π-bond is formed (the formation of the σ-bonds is the
energetic driving force, making even Diels-Alder reactions forming strained ring systems possible)

- Since the reaction is exergonic, it can be concluded from the Hammond postulate that the transition states
are early (i.e. substrate-like). Therefore, we can use the frontier orbitals (HOMO and LUMO) of the starting
materials to describe the orbitals of the transition state of the Diels-Alder reaction (see section 3.1.1).



Diels-Alder reactions with normal and inverse electron demand

When the frontier orbitals (HOMO and LUMO) involved in the DA are considered, we can use the HOMO of
the diene and combine in with the LUMO of the dienophile to get bonding interactions leading to the
products. (See Scheme on the left) However, the reverse case (LUMODiene with HOMODienophile) is also
possible: This is called a DA reaction with inverse electron demand..



Selectivities

Consider the following case of a DA reaction between a donor-substituted diene and a acceptor-substituted
dienophile. (DA reaction with normal electron demand) 
Of the many (16) possible isomers, only this one (and it’s enantiomer) is observed.
There are several selectivities involved in this reaction, which are typical for DA reactions…

Regioselectivity
Stereospecificity (E/Z, one-step vs two-step reactions)
Endo vs exo selectivity



Regioselectivity
We now consider the constitutional isomers of the possible products with respect to which carbon atoms of
the diene and the dienophile are forming the new sigma bonds. This leads to possible “ortho, meta and
para”-like products.
One of the products (“para”) is favored with respect to the minor product (“meta”). This effect is even more
pronounced if a Lewis acid (for example AlCl3) is added to the reaction.

The substituents of the reaction partners not only have an effect on the energy of the frontier orbitals
they also change the coefficients of the molecular orbitals at the different carbon atoms. 



This is represented by an orbital with a different size (the larger the coefficient, the larger the lobes).
- in a DA reaction, the carbon atoms with the highest orbital coefficients (red numbers in scheme) will tend to
react preferentially with each other (as this leads to a better orbital overlap and therefore a better
stabilization).
- The larger the energy difference for the transition states leading to the different regioisomers is, the larger
the regioselectivity for one of the products becomes.
- Additional activation, for example by coordination of a Lewis acid to the electron-withdrawing group of a
dienophile, will result in an even larger orbital coefficient, and therefore in a higher regioselectivity of the
reaction.



One way to predict the reactivity is to draw the reaction in a stepwise, ionic mechanism. (Keep in mind that
this is not the real mechanism, but for the prediction of the regioisomers this is a helpful mnemonic). 
Take the electron-rich substrate and react it with a generic electrophile and take the electron-poor reaction 
Partner and react it with a generic nucleophile. (Take a look at the possible resonance structures, as they clarify
where to find the nucleophilic and electrophilic positions.) 
The combination of the two gives the expected DA reaction.



Stereospecificity (E/Z, one-step vs two-step reactions)



Endo vs exo selectivity- “Alder endo rule”.



Along the same lines, both the diene and the dienophile can contain heteroatoms, furnishing heterocycles as
products.

Hetero-Diels-Alder reactions



[2+2] Cycloadditions

photochemical [2+2]



Thermal [2+2] cycloadditions
There are some examples of thermal [2+2] cycloadditions, leading to four-membered rings. (Which are in
principle not allowed by the rules explained above) However, this reaction can take place under thermal
conditions if the carbon taking part in the cycloaddition is also carrying a second double bond (as in an allene
or an isocyanate, for example). Ketenes are a very prominent group of reagents for these transformations,
however, only few are isolable, for example diphenylketene or dichloroketene. The smaller derivatives are so
reactive that they spontaneously will undergo a thermal [2+2] cycloaddition with themselves.



Dichloroketene can be made from dichloroacetyl chloride by elimination. If it is synthesized in the presence
of cyclopentadiene, a thermal [2+2] cycloaddition takes place. It is interesting to note that in this case, no
[4+2] Diels-Alder reaction with cyclopentadiene takes place. Therefore, the [2+2] cycloaddition must be much
faster.

How can we explain that these special substrates do indeed undergo a thermal [2+2] cycloaddition?



additional bonding interaction has a stabilizing effect that
accounts for the thermal [2+2] cycloaddition being possible for these kind of substrates.



One practical application of this chemistry is the synthesis of β-lactams, which are prominent structural

features of antibiotics.



[3+2] dipolar Cycloadditions

In addition to making 6-membered rings with Diels-Alder reactions, and 4-membered ring systems by [2+2]
cycloadditions, cycloadditions can also furnish 5-membered rings. This reaction is called the 1,3-dipolar
cycloaddition. The reagents used for these reactions are called 1,3 dipoles, because of one of the possible
resonance structures of these reagents carry a positive and a negative charge in a 1,3 relationship.

The 1,3-dipoles react with olefins to make the 5-membered rings, and in analogy to the DA reaction, the 

olefins are now called dipolarophiles.

1,3-dipoles always have the general structure X-Het-Y (where X and Y are carbons or heteroatoms, Het
stands for heteroatom). There are two structurally different classes, linear ones (of the “propargylic anion”
type) and bent ones (of the “allyl anion type”). 











 

                                PERICYCLIC REACTIONS NOTES 

 
 

They are reactions in which “all first order changes in bonding relationships takes place 
in concert on a closed curve” (Woodward & Hoffmann). 

 
More simply, the term “pericyclic” covers all concerted reactions involving a cyclic flow 
of electrons through a single transition state.  
These reactions do not involve ions, free radicals and any catalyst. 
The reactions occur in thermal and photochemical conditions where molecular orbital 
symmetry is of great concern. Pericyclic reactions are highly stereospecific. 
 
Pericyclic reactions can be predicted and controlled to a great degree, which makes 
them very useful in synthesis. 

 
There are broadly four classes of pericyclic reaction: 

 
Sigmatropic – 
These are unimolecular isomerisations, and involve the movement of a s-bond from one 
position to another. An illustration would be the first step of the Claisen Rearrangement: 

 
Note the nomenclature of this reaction, being described as a [i,j] shift. For example, this 
following is a [1,7] shift: 

 
Electrocyclic – 

These are unimolecular. They are characterised by ring opening or closing with a s- bond 
forming at one end. Ring closing is more common, since this is formation of a 
s-bond at the expense of a p-bond, but ring strain can lead to opening. Two examples are: 

 
Cycloaddition – 
This is the largest class of pericyclic reaction. It is characterised by two fragments coming 
together to form two new s-bonds in a ring. Some examples are Diels-Alder and 
Ozonolysis reactions, which are described below. 

 
Chelotropic reactions are a specific type of cycloaddition, where the two bonds are made 
or broken at the same atom. The classic example of this is carbene addition to a double 
bond. 

 



Group Transfer – 
There are only a few of these reactions, the most common of which is the ene reaction 
(see further down). They resemble [1,5] sigmatropic shifts, since a s-bond moves, and 
they also resemble Diels-Alder, but replacing a p-bond with a s-bond. 

 

Huckel Molecular Orbitals for Linear p-Systems 
 

1) Count the contributing p-orbitals. Total = n. 

2) Count the electrons held in these orbitals; two for each double bond, two for a 
carbanion or lone pair, one for an unpaired electron, zero for a carbocation. Total 
= m. 

3) For n contributing p-orbitals there will be n molecular orbitals. 
4) Draw n horizontal lines stacked on top of each other to represent the molecular 

orbitals and feed in the m electrons two at a time from the bottom (lowest 
energy) up (highest energy). 

5) Identify the HOMO, the LUMO, and, for radicals, the SOMO. These are the 
Frontier Molecular Orbitals (FMOs). 

6) Each molecular orbital yk is considered to be a linear combination of atomic 
orbitals fi [ where i designates the atom position with the p-system (an integer in 
the range 1-n) ]. 

 

Aromatic Transition State 

All thermally induced pericyclic reactions have transition structures involving a total of 
4n+2 electrons. This explanation in terms of an aromatic transition state can be extended 
to cover all situations (including those involving antarafacial thermal reactions) using 
Frontier Orbitals. 

 
Frontier Molecular Orbitals 
These are the HOMO of one component and LUMO of the other 

 

 
 
 

The above diagram shows a [2+2] addition – not allowed due to the repulsion 
(antibonding effects of opposite sign of wavefunction). The other two show a [4+2] 
addition (the difference is the LUMO and HOMO are reversed – still both allowed). Note 
that barrier to [2+2] addition is only present when both bonds are trying to form at the 
same time – stepwise is allowed, but not pericyclic. 

 
An alternative would be for the upper lobe of the C1 in the [2+2] addition to interact. This 
would represent an antarafacial reaction, which is allowed. However, this requires a long 



flexible conjugated chain. 

 
From a photochemical viewpoint, one molecule has an electron promoted from HOMO 
to LUMO, and this excited state molecule reacts with a molecule in the ground state. The 
excited LUMO may react with the LUMO of the ground state molecule, or the excited 
HOMO with the ground state HOMO. Both of these are the 

 

lowest energy transition states, and can be depicted as ends of the [2+2] addition and it 
is thus allowed photochemically. 

 
This can be shown in the following diagram, where the pair on the left represent a [2+2] 
addition and the pair on the right a [4+2]: 

 
Frontier Orbital Theory is however only of any use for selectivity and small differences in 
reactivity. It is also inherently bimolecular. Thus, for unimolecular sigmatropic and 
electrocyclic reactions it is no use, nor does it explain why the barrier to forbidden 
reactions is so high. 

 
MOs for Ethene 

 
 calculate cki at each position within y1 and y2 (c11, c12 and c21, c22) 

 represent this as a picture showing p-orbitals with the upper lobe shaded where 
the coefficients are positive and with the lower lobe shaded at positions with 
negative coefficients. This gives a representation of the relative phase properties 
of the atomic orbitals contributing to a particular MO. 

 
 the HOMO of ethene (p) has no sign inversions (no nodes), the LUMO (p*) has 

one node. 
 

MOs for 1,3-Butadiene (n=4, m=4) 



 
 

The number of nodes increases by one on going to the next higher MO and, in general, 
the number of nodes within a particular MO (yk) is k-1. In a linear p-system if the number 
of nodes is Even then the terminal orbital coefficients will be of Equal sign (i.e. both 
positive or both negative); if the number of nodes is Odd the terminal coefficients will be 
of Opposite sign. 

 

p-MOs for Allyl Systems [n=3, m=2 (cation), 3 (radical), 4 (carbanion) ] 

 
 

Orbital Symmetry Control in Electrocyclic Ring Opening of Cyclobutenes 

 
 consider the p-orbitals that comprise the s-bond as this bond breaks; there are 

two modes of rotation of the methyl groups as the reaction proceeds (neglect the 
possibility of the two methyl groups swinging towards each other). 

 In the first case both the bonds rotate in the same direction; this is conrotatory 
ring opening. Throughout this process the molecule retains a two-fold axis of 
rotation (the axis passes through the plane of the molecule and through the 
breaking s-bond). 

 
 in the second case the bonds rotate in opposite directions – disrotatory ring 

opening – and the molecule retains a plane of symmetry throughout (the plane is 
perpendicular to the plane of the molecule and passes through the breaking 
s-bond). 



 
The orbitals directly-involved in the cyclobutene and butadiene product are designated 
as symmetric (S) or antisymmetric (A) with respect to these symmetry operations; 
rotation about C2 for the conrotatory case and reflection in m1 in the disrotatory case. 
Orbitals of like symmetry are then correlated with one another, as follows. 

 
Correlation Diagrams 

 

Correlation Diagram for Electrocyclic Ring Opening of Cyclobutenes 

 
 

 

 
In the conrotatory mode all bonding orbitals in the cyclobutene correlate with bonding 
orbitals of the diene; this is thermally allowed (“favoured” is a better term). In the 
disrotatory mode one of the bonding orbitals correlates with an anti-bonding orbital; this 
is thermally forbidden (“disfavoured”). 

 
Correlation Diagram for the Diels-Alder Reaction 

 
In this reaction a plane of symmetry m1 is preserved throughout the process 
(perpendicular to the molecular planes of both diene and dienophiles and passing 
through the double bond of the dienophiles and the central single bond of the diene) 
therefore the orbitals are designated S or A after reflection in this plane. In the product 
there are two new equivalent s-bonds which are not proper symmetry combinations 
with respect to the plane m1; they have therefore to be taken as s1 + s2 and s1 - s2 
combinations as shown: 



 
Thus all the bonding orbitals are correlated with bonding orbitals, all the antibonding 
orbitals correlate with antibonding. Thermally allowed. 

 
Correlation Diagram for Alkene Dimerisation 

 
The natural (thermal) approach for [2+2] cycloaddition (one double bond stacking 
directly on top of the other) is disallowed since there is cross-correlation between 
bonding and antibonding orbitals. Note again the use of orbital combinations with 
equivalent pairs and that there are two planes of symmetry throughout the process: 

 

 

 
 

Perturbation Methods and Frontier Orbital Treatments 

 Allow easier practical prediction and understanding of pericyclic processes but it 
must not be forgotten that these are equivalent (although less rigorous) 
statements of the requirements of orbital symmetry and state correlation. 

 The most important interaction between two molecules or molecular 
components is that between empty orbitals in one component and filled orbitals 
in the other. 



 
For thermal reactions the significant interactions are as shown: 

 
Component A Component B 

 
Unoccupied MO Unoccupied MO 

 
 

Occupied MO Occupied MO 
 
 

For photochemical reactions in which one molecular component (A) has been 
excited: 

 
 

 When the occupied MOs in one component lie lower in energy than the 
unoccupied MOs in the second component (the usual situation) the stabilising 
interaction will be greater when these orbitals are closer in energy; this implies 
that the dominant interactions will be between the FMOs, i.e. the HOMO, the 
LUMO, the LSOMO, and the HSOMO as follows: 

                       
                       HSOMOA ↔ LUMOB LSOMOA ↔ HOMOB 
                       Photochemical Reactions 
 
                       HOMOA ↔ LUMOB LUMOA ↔ HOMOB 
                          Thermal Reactions 
 

 

 The interacting orbitals must possess phase properties that allow only bonding 
interactions; overlap of opposite orbital phases is antibonding and unfavourable. 

 
Woodward-Hoffmann Rules 

 



1) A ground state pericyclic change is symmetry-allowed when the total number of 
(4q+2)s and (4r)a components is odd. 

2) A photochemical pericyclic change is symmetry-allowed when the total number 
of (4q+2)s and (4r)a components is even. 

 
q and r are integers and the subscripts s and a denote suprafacial and antarafacial 
respectively. 

 
The components of the cycloaddition are obviously the two separate electron systems 
(molecules) coming together. Looking at these components, we have to then consider: 

 
1) How many electrons? 
2) Suprafacial or antarafacial? 

3) Which can be expressed as 4q+2 and which as 4r? 
 

Suprafaci al and 
antarafacial refer to modes of bond formation that are respectively on the same face and 
on opposite faces of a molecular component. 

 
 

             A pericyclic reaction in which 2 separate conjugated, overlapping arrays of 
             orbitals combine. Cycloadditions proceed by way of a cyclic transition 

state, and 2 sigma bonds are formed during the course of the reaction. 
A suprafacial process ("s")  is one in which the bonds made or broken lie on the 
same face of the orbital array undergoing reaction. In an antarafacial process ("a"), 
the newly 
formed or broken bonds lie on opposite faces of the reacting orbital array. 
Woodward-Hoffmann Rules for Cycloadditions 
Stereochemical Course: 
Electrons         Thermal Mode                    Photochemical Mode 
4n + 2              [s + s]                              [s + a] 
4n                 [s + a]                              [s + s]  

 
Because an s-orbital has no nodal properties all its reaction modes are suprafacial. 

 

For example, the Diels-Alder has two components, one of 4 electrons and one of 2. They 



both undergo reaction in a suprafacial sense. The diene, with 4 electrons, can be 
expressed as 4r, and the dienophile can be expressed as 4q+2 (q=0). 

 
Thus, the total components that are (4q+2)s and (4r)a is 1, because there are (4q+2)s and 
(4r)s only. Thus Diels-Alder is symmetry allowed thermally (which we knew). It is typically 
described as a [4s+2s] cycloaddition as established. This can be further enhanced by 
describing the location of the electrons in question – both p orbitals in this case, so the 
reaction becomes [p4s + p2s]. 

 
Note also that by considering the diene as two separate individual alkenes instead, the 
description then becomes [2s+2s+2s], but the W-H Rule still shows it is allowed. 

 
One final piece of notation: when an atomic orbital is a significant component of a 

pericyclic process the symbol w is used to designate this. 

 
Cycloadditions 

 

Two or more molecules or molecular components (from now on, “components”) react 
together to form two or more bonds in a new ring. 

 
It should be noted for a sense of completeness that not all cycloadditions are pericyclic, 
and that they can occur in a stepwise manner. This allows the selection rules to be 
broken (i.e. [2+2] additions etc. can occur). The reactions can be made stepwise by 
equipping one reagent with a powerful electron-donating group (nucleophilic) and the 
other with a powerful electron withdrawing group (electrophilic). 

 
In assigning a cycloaddition to a class we assign descriptors p-, s- or w- to the electrons 
directly involved in the process (i.e. those that move when curly arrows are drawn), count 
how many electrons are involved in each component, and identify whether the 
components are reacting in suprafacial (s) or antarafacial (a) modes. 

 
Allowed and Forbidden Cycloadditions 
 

Not all cycloaddition reactions are allowed. For example, [2+2] reactions are not. This is 
due to a kinetic barrier to reaction (2 alkenes forming a 4 membered ring is 
thermodynamically favourable, but kinetically impossible). 

 
Generally, a thermal pericyclic reaction is allowed if the number of electrons involved can 
be expressed as 4n+2. 4n is forbidden. Crudely, an odd number of curly arrows is allowed 
while an even number is forbidden. 

 
Conversely, photochemical pericyclic reactions are allowed if the number of electrons is 
4n, but not if it is 4n+2. Note though that when putting that much energy into a reaction, 
other mechanisms may take precedence. 

 
Diels-Alder Reaction 



 
 

Constructive overlap is complete whichever way round we take the HOMO and LUMO 
interactions. The reaction is suprafacial with respect to both components, therefore it is 
a [p4s + p2s] cycloaddition and is thermally allowed by the W-H Rules (and 
photochemically disallowed) as mentioned earlier. 

 
The reaction above would be very, very slow however. Electron-donating groups on the 
diene and electron-withdrawing groups on the dienophile greatly accelerate it. Also, the 
more powerful the electron-donating or withdrawing substituents, the more 
regioselective the reaction (see below). 

 
Note that the diene must have the cis conformation to react – a trans diene would lead 
to a trans double bond forming in a ring, which is too high in energy to occur. 

 
As with all pericyclic reactions, the path is determined by thermodynamics. Thus, 
studying the reverse retro-Diels-Alder reaction can often make determining the product 
easier. 

 
Stereoselectivity 

 

There are two possible ways of attacking suprafacially, and these are described as ENDO 
and EXO. This usually governs speed of the reaction (since both are allowed by the rules 
above) and is affected mostly by substituents present. The two approaches can be 
illustrated: 

 
The favoured transition structures are those with electron-withdrawing substituents in 
the more hindered environment, but these are thermodynamically less favoured. This can 
be explained by looking at the Frontier Orbital approach, best depicted as: 



 
The bold line shows an additional bonding interaction in the endo form which favours this 
route. 

 
This leads to kinetic vs. thermodynamic control, depending on conditions. For example, 
the endo rule would suggest that at 0oC in ether: 

 
However, refluxing in THF leads to further reaction of the above product, first by 
retro-Diels-Alder and then re-addition to form the thermodynamic product: 

 

 

 
Endo-Selectivity 
The preference for kinetic formation of the endo- adduct (which is less stable than the 
exo- adduct) has been described deceptively convincingly by “secondary orbital overlap”. 
This is a stabilising interaction of in-phase orbitals in the transition state that does not 
lead to new bonds. In cases where the reaction readily reverses – for example with 
stable dienes such as furans – the thermodynamically preferred exo- adducts are usually 
obtained. 

 



 
 
There is not a great deal of evidence for this in general; high-level ab initio molecular 
orbital calculations have been unable to detect such effects. It is likely that charge 
transfer from the nucleophilic diene to the electrophilic dienophiles leads to the 
possibility for maximum Coulombic interaction when the electronegative activating 
group is folded under the diene. This is still a matter of debate. 

 
1,3 dipolar cycloadditions: tend to show a much lower degree of endo/exo 
stereoselectivity. 

 
Regioselectivity 

 

This applies when the dienes or dienophiles are unsymmetric. The outcome can usually 
be predicted by considering an extreme case of mechanism, where resonance puts a 
negative charge on one end of the diene, and positive charge on one end of the 
dienophile. Thus, 

 
 
 

The above does not constitute a hard and fast rule, however, since Woodward- 
Hoffmann rules must be considered. 

 
Also, “ortho” and “para” products tend to dominate in Diels-Alder reactions: 

 
The first example might be expected (on arrow-pushing grounds) but in the less obvious 
cases knowledge of the orbital coefficients, cki, at the atoms to which new bonds are 
made is important. Orbital interaction (and hence transition state stabilisation) is 
maximised when large orbital coefficients pair (leaving the two smaller coefficients to 
pair), i.e. Large-Large + Small-Small > Large-Small + Small- Large. Generalising: 



 
Energies 

1) Electron withdrawing groups (Z, e.g. carbonyl) lower both the HOMO and LUMO. 
2) Electron donating groups (X, e.g. methoxy) raise both the HOMO and LUMO. 
3) Merely conjugating groups that do not significantly withdraw or donate electron 

density (C, e.g. C=C, Ph) raise the HOMO and lower the LUMO, i.e. they reduce 
the HOMO-LUMO gap. 

 
Coefficients 
Qualitative pictures of the dienophiles (derived from experiment and theoretical 
combinations of ideal substituents) depict top views of the p-system with larger circles 
representing larger coefficients. 

 
 in all substituted cases the coefficient on the b-carbon is larger in the HOMO; in 

the LUMO the b coefficient is larger for Z and C cases, smaller for X cases. 
 

For dienes there are size generic cases (only the coefficients of the terminal positions are 
shown): 

 
 

The diene HOMO-dienophile LUMO interaction usually dominates; for 1-substituted 
dienes the larger HOMO coefficient is at the remote terminal carbon; for 2-substituted 
dienes the larger HOMO coefficient is at the closer terminal carbon. 

 
Taking the second example above, a 1-Z-substituted diene reacts with a Z- substituted 
dienophile, i.e. 

 
The same result would be predicted if the diene LUMO and dienophile HOMO had been 
considered. 

 
Lewis Acid Catalysis 

Diels-Alder reaction are usually accelerated by Lewis Acid catalysis and an increase in the 
regio- and stereoselectivity is often observed. 

 



Rate Enhancement 

 
Improved Regioselectivity 

 
Adding a Lewis Acid results in reversible complexation to Lewis basic sites. Complexation 
to the dienophile increases the electron withdrawing ability of the activating substituent; 
the LUMO is lowered and the HOMO(diene)- LUMO(dienophile) gap decreases resulting 
in a more favourable transition state and a faster reaction. 

 
Complexation of the Z substituent on the dienophile imparts some of the orbital 
characteristics of an allyl cation, and the coefficients are altered accordingly: 

 
 

 
There is a larger difference between the orbital coefficients in the LUMO which results in 
an enhancement of the regioselectivity. 

 
Lewis Acid complexation also enhances the endo- selectivity of Diels-Alder reactions, but 
arguments involving favourable secondary interactions may not be valid; increasing 



favourable electrostatic interactions may be of more importance. 

 
[2+2] Cycloadditions 

 

When considering the overlap of the HOMO of ethene and the LUMO of a second 
molecule of ethene it is clear that a suprafacial-suprafacial interaction is disfavoured (no 
net bonding): 

 
However, if the two components approach in a crossed-transition state favourable 
overlap can be achieved: 

 
This approach is suprafacial with respect to the HOMO component and antarafacial with 
respect to the LUMO component. This [p2s + p2a] cycloaddition is therefore favourable in 
terms of overlap of the orbitals but is difficult to achieve in practice since the 
substituents on one alkene have to be oriented directly towards the molecular plane of 
the second alkene which is sterically unfavourable. 

 
Photochemically induced [2+2] cycloadditions can (but often don’t) proceed through a 
concerted [p2s + p2s] pathway since under these conditions one of the alkenes will be 
excited; illustrating with ethene itself: 

 

 

 
Unsaturated components that form part of a cumulated p-system (allenes, ketenes, and 
heteroatom analogues) undergo rapid [2+2] cycloaddition at or below room 
temperature. In this case of [2+2] cycloadditions of ketenes it is insufficient to consider 
the ketene molecular orbitals as merely two orthogonal p-systems since orbital mixing 



with the C-H bonds and oxygen lone pairs is significant: molecular orbital calculations 
show the FMOs to have the form shown: 

 
Because the terminal carbon atom in the C=C bond is the site of a node (a zero orbital 
coefficient) in the LUMO the significant interaction of the second alkene component’s 
HOMO must be with the next available unoccupied MO (NLUMO) if bonding to that 
carbon is to be achieved. Thus the orbital picture for the cycloaddition looks like: 

 
This [p2s + p2a] orientation has further consequences: 

1) in reactions with an unsymmetrical alkene the less sterically demanding C=O part 
of the ketene will be oriented above the larger alkene substituents; 

2) if an unsymmetrical ketene (R1R2C=C=O) reacts with an alkene the favoured 
transition state will have the larger of the two substituents oriented away from 
the plane of the alkene; 

3) applying the rule of favoured bonding between atoms bearing larger orbital 
coefficients allows the regioselectivity of the process to be predicted. 

 
A useful example that illustrates all of these points is the reaction between chloroketene 
and cyclopentadiene which reacts to give a single [2+2] cycloadduct, the regiochemistry 
being dictated by the large NLUMO coefficient on the ketene central carbon and a large 
HOMO coefficient on the terminal carbon of the butadiene substructure in 
cyclopentadiene. 

 
 

 



 
 

But it not be as “simple” as this. Recent experimental and theoretical work showed that, 
at least for the case of diphenyl ketene and cyclopentadiene the reaction is not a 
genuine [2+2] cycloaddition but a stepwise process consisting of Diels-Alder reaction 
following by a Claisen rearrangement (see below). 

 
In this reaction mode, just the C=O bond of the ketene is involved in the first (regio- and 
stereochemistry dictating) step, therefore the diene HOMO may usefully interact with 
the ketene LUMO. The ketene can orient itself with the large group away from the plane 
of the diene to result in a specific stereochemistry in the adduct. Subsequent Claisen 
rearrangement (a [3,3] sigmatropic process which is suprafacial in all components) gives 
rise to the same product that we predict on the basis of a [2+2] cycloaddition: 

 
It is too early to say whether this is the preferred mode in the majority of ketene “[2+2]” 
cycloadditions. 

 
Vinyl Cations 

 

Related to ketene cycloadditions are the group of cycloadditions with vinyl cation 
intermediates, e.g. the reaction of allene with hydrogen chloride: 

 
Vinyl cations, like ketenes, have two p-orbitals at right angles to each other, and overlap 
can develop to each simultaneously, just as with ketenes. In a sense, a ketene is merely a 
special case of a vinyl cation, with the carbonyl group a highly stabilised carbocation. 

 
 

1,3-Dipolar [3+2] Cycloadditions 

 



The 1,3 dipole reacts with alkene/alkyne to form a hetero-atom containing double/triple 
bond in a ring. The dipole is isoelectronic with an allyl anion, and so can usually be made 
up by many combinations of S, N, O and C. 

 
Generally, the mechanism may occur as: 

 
Note that ozone has a 1,3 dipole, and so Ozonolysis is an example of this type of 
reaction. 

 
Ozone 

 
 

Azomethine Ylids 

 
TCNE Oxide (a carbonyl ylid, similar) 

 
 

Chelotropic Reactions 
 

These are cycloadditions and their reverse (extrusion) during which two s-bonds are 
made to a single atom. Examples include extrusion of carbon monoxide from 
oxabicycloheptanes: 

 
Of more importance are singlet carbene additions to alkenes generating Cyclopropanes. 
Even with dienes Cyclopropanes are formed; the reaction is stereospecific: 



 
A side-on approach can accommodate simultaneous HOMO-LUMO overlap in either 

combination. This is a [p2s + w2a] process: 

 
Both of these processes are essentially irreversible; reversible Chelotropic reactions are 
seen in the chemistry of sulphur dioxide; in this case orientation of SO2 is head- on (in 
contrast to carbenes). Extrusion of SO2 occurs from episulphones during the 
Ramberg-Backlund alkene synthesis. 

 
Reaction with 1,3-dienes is reversible; the sulphones are useful precursors for controlled 
formation of dienes. 

 
 

 

 
This is suprafacial with respect to both diene and sulphur atom, [p4s + w2s]. The extrusion 
process is disrotatory. 

 
With trienes the extrusion process dominates but considering the reverse process the 
reaction must be antarafacial with respect to the alkene p-system and suprafacial with 
respect to the sulphur atom, [p6a + w2s]. This results in conrotatory ring opening during 
the extrusion with the result that certain bicyclic sulphones undergo SO2 extrusion 
extremely slowly (probably via diradical mechanism): 



 
 

Electrocyclic Reactions 

 

These are pericyclic processes in which a ring is formed or opened in an intramolecular 
way. Woodward & Hoffmann provided an early (workable) means for predicting the 
stereochemistry of these processes (a simplification of the correlation diagram approach 
discussed earlier). 

 
This modifies the Woodward-Hoffmann Rules slightly, since this con/dis consideration 
must be added. Basically, all thermal reactions involving 4n+2 

 

electrons are allowed if disrotatory, and all thermal reactions involved 4n are allowed if 
conrotatory. Photochemical reactions are then the opposite. 

 
In this analysis the mode of rotation is determined by the phase properties of the HOMO 
(in the ring closure process). Thus, although cyclobutene opens thermally to butadiene, 
its mode of ring opening is inferred by analysing the reverse process. 

 
The HOMO for the thermal case is y2 (one-node); that for the photochemical case is 



y3 (two nodes) giving the complementary stereochemical outcome. 

 
This approach is essentially a truncated version of the FMO method which may be easily 
applied to both the forward and reverse reactions: 

 
Cyclobutene Ring Opening 

 
Note that this process may equally well be designated as [p2a + s2s] or as [p2s + s2a] 
depending on how the matching lobes are chosen. 

 
Butadiene Ring Closure 

 

Have to designate one alkene to be the HOMO component and one as the LUMO 
component (entirely arbitrarily). Since a new double bond is being made the phases at 
this position must be set to match for this to work. [p2s + p2a]: 

 
 

Hexatriene Ring Closure (and the reverse) 

 
Ring closure is the preferred mode for the thermal reaction. The FMO approach is similar 
to that used above: 

 
Thermal Ring Closure 



 
Photochemical Ring Closure 

 
FMO theory is a little clumsy in these electrocyclic reactions and it may be found easier to 
use the Woodward & Hoffmann “HOMO” method. 

 
Cyclopropyl Halide Solvolyses 

 

The cyclopropyl cation to allyl cation conversion is a [s2s + w0s] electrocyclic process that 
proceeds with disrotatory opening. 

 
The ionisation of cyclopropyl halides and tosylates is a concerted process (i.e. that does 
not proceed through a discrete cyclopropyl cation) and can be viewed as an internal 
elimination in which the s-bond electrons (HOMO) feed into the (empty) s*- orbital 
(LUMO) of the C-X bond. Thus, not only is the ionisation disrotatory, but the sense of 
rotation is specified; this has important consequences for the reaction rate: 

 

 



 
Endo- substituents A, C are brought together in the transition state, whereas exo- 
substituents B, D are moved apart. This is reflected in the relative acetolysis rates shown; 
whilst more phenyl substituents allow additional mesomeric stabilisation of the allyl 
cation. Their effect is greatest when they are sited exo- with respect to the leaving 
group. 

 
A further consequence of this sense of disrotatory opening is that diastereomeric fused 
bicyclic cyclopropyl halides behave dramatically differently when heated; only leaving 
groups in the endo- position are capable of being ejected in a concerted manner. 

 
 

Sigmatropic Rearrangements 

 

A sigmatropic change of order [i,j] was defined by Woodward & Hoffmann as the 
migration of a s-bond, flanked by one or more p-electron systems, to a new position 
whose termini are i-1 and j-1 removed from the original bonded atoms, in an 
uncatalysed intramolecular process. 

 
Illustrated for [i,j] hydrogen shift: 



 
 

- number the breaking s-bond as 1, and count out to the position at which the new 
bond is made. This number gives the order of the change. In the more general 
case: 

 
[i,j]-Hydrogen shifts must be suprafacial with respect to the hydrogen atom, but whether 
a shift is suprafacial or antarafacial with respect to the polyene component will be 
determined by orbital symmetry. 

 
With groups other than hydrogen, a p-orbital is involved in the shift and suprafacial and 
antarafacial descriptors need to be applied to the migrating bond as well as the polyene 
component: 

 
Two equivalent methods are used to predict which operates for a particular shift, either 
the FMO (HOMO-LUMO) approach or Dewar’s NBMO approach. 

 
Consider a thermal [1,3] hydrogen shift; is it predicted to be suprafacial or antarafacial? 

 
FMO Method 

 
Dewar’s Method 

 
In this treatment the molecule is mentally split, at the s-bond that breaks, into two 
radicals; the SOMO for each component is drawn and the symmetry requirements 
deduced. This predictive formalism implies nothing about the mechanism. 



 
This method also predicts an antarafacial [1,3] hydrogen shift, a [p2a + s2s] process. 
However, in practice it is almost impossible for bonding to be maintained in an 
antarafacial [1,3] H-atom shift and the reaction is not seen thermally. This is an example 
of a symmetry allowed but geometrically unfeasible reaction. 

 

 

Photochemical [1,3] H-atom shifts are common because these are [p2s + s2s] processes. 

 
Thermal [1,5] hydrogen shifts are common; the example is a demonstration of the suprafacial 

nature of the change. [p4s + s2s]: 

 
 
 
Thermal [1,5] H-atom shifts are particularly fast when the termini are close together 

as in monosubstituted cyclopentadiene derivatives; here isomerisation is rapid even at 
0oC. 

 
Thermal [1,7] H-atom shifts are predicted to be antarafacial [p6a + s2s] processes; with 
acyclic trienes there is enough flexibility in the linking chain to allow the antarafacial 
transfer to proceed through the required helical transition state: 

 
Where a helical transition state cannot be achieved, suprafacial [1,5] H-atom transfer 
occurs instead: 



 
 

Thermal [1,2] shifts of alkyl groups are also pericyclic processes; one component is a 

s-bond, the other an empty p-orbital, i.e. [s2s + w0s]: 

 
Thermal [1,3] alkyl shifts occur suprafacially with respect to the alkene component 
which requires inversion at the migrating group (antarafacial). Classic demonstration of 
this: 

 
The Dewar method can be easily applied to explain this result, but here the FMO method 
is illustrated: 

 
Other alkyl shifts abound; an interesting case is the degenerate thermal [1,4] alkyl shift 
within bicyclic cyclopropyl allyl cations: [p2s + s2a] 

 



 
 

 
Thermal [3,3] sigmatropic rearrangements form a large class of reactions. examples: 

 
Cope 
1,5-diene. 

  
Claisen 

Allyl vinyl ether. 

 
Ireland-Claisen Allyl 
ester enolate. 

 
 

Johnson Orthoester-Claisen Allyl 
alcohol + orthoester. 

 
Eschenmoser-Claisen Allyl 
alcohol + orthoamide. 

 
Carroll Rearrangement 



Enol of an allyl b-ketocarboxylate. 

 
Often such sigmatropic processes form a key step within a more complex sequence, e.g. 

 
The Dewar procedure can be used to show that these [3,3] sigmatropic rearrangements 
are suprafacial in all components, i.e. [p2s + p2s + s2s]. 

 
Since y1 of an allyl radical is filled, a chair-like transition state is preferred to avoid destabilising 
non-bonded interactions between the central atoms … 

 
In the FMO treatment of thermal [3,3] shifts we can go a step further and note that there 
is antibonding interaction in the boat-like conformation not present in the chair- like 
conformation. Once more, because this is a three-component reaction, we need 

 

to take s2-p2 combination to generate a HOMO with four electrons and view its 
interaction with a two p-electron LUMO: 

 
This preference for a chair conformation is strongly followed unless there are steric 
constraints that impose a boat-like transition state. The requirement for substituents to 
adopt equatorial sites is a secondary preference as shown by the Cope rearrangement of 
anti-dimethyl penta-1,5-diene which gives none of the E,Z product that would arise 



through a boat transition state: 

 
 

Ene Reaction 

 

Although not a sigmatropic reaction, the ene reaction is mechanistically related to a [1,5] 
H-atom shift except the two alkene components are not connected with a s- bond (and 
are therefore not conjugated). As for the [3,3] shift, the FMO treatment takes s2-p2 
combination (the ene component) and views the interaction with the second alkene (the 
enophile). 

 
Reactions with SeO2 are often ene reactions as well, such as: 

 
Note that this is then followed by a [2,3] shift. 

 
Ab initio calculations for the simplest case (propene + ethene) suggest a flattened chair 
or envelope conformation for the transition state. 

 
Many examples of both inter- and intramolecular ene reactions are known, e.g. 

 

Synthesis of Chiral Acetic Acid 

 
Carbonyl Ene 

(responds well to Lewis Acid catalysis to lower the enophile LUMO energy). 



 
Conia Ene Reaction 

(of enol tautomers of unsaturated carbonyl compounds). 

 
 
 
 

 
 



Although most organic reactions take place by way of ionic or radical intermediates, a number of 
useful reactions occur in one-step processes that do not form reactive intermediates.

• A pericyclic reaction is a concerted reaction that proceeds through a cyclic transition 
state.

Pericyclic reactions require light or heat and are completely stereospeci! c; that is, a single 
stereoisomer of the reactant forms a single stereoisomer of the product. We will consider two 
categories of pericyclic reactions: electrocyclic reactions and cycloadditions.

An electrocyclic reaction is a reversible reaction that can involve ring closure or ring opening.

• An electrocyclic ring closure is an intramolecular reaction that forms a cyclic product 
containing one more ! bond and one fewer " bond than the reactant.

!

1,3,5-hexatriene
3 " bonds

1,3-cyclohexadiene
2 " bonds

new # bond

• An electrocyclic ring-opening reaction is a reaction in which a ! bond of a cyclic 
reactant is cleaved to form a conjugated product with one more " bond.

!

Cleave this # bond.

cyclobutene
1 " bond

1,3-butadiene
2 " bonds

• A cycloaddition is a reaction between two compounds with " bonds to form a cyclic 
product with two new ! bonds.

!

new " bond

new # bond

new # bond

The Diels–Alder reaction in Chapter 16 is one example of a cycloaddition.

Two features determine the course of the reactions: the number of " bonds involved and 
whether the reaction occurs in the presence of heat (thermal conditions) or light (photochemical 

C
Supplementary 
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Pericyclic Reactions

  C-1

Stereospeci! c reactions were 
! rst discussed in Chapter 10.
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C-2 Topic C   Pericyclic Reactions

conditions). These reactions follow a set of rules based on orbitals and symmetry ! rst proposed 
by R. B. Woodward and Roald Hoffmann in 1965, and derived from theory described by Kenichi 
Fukui in 1954. 

To understand pericyclic reactions we must review and expand upon what we learned about the 
molecular orbitals of systems with " bonds in Chapter 17.

 Problem C.1 Classify each reaction as an electrocyclic reaction or a cycloaddition. Label the ! bonds that are 
broken or formed in each reaction.

a.     c. 

b. ! H2C CH2

O O

 C.1 Background on Molecular Orbitals 
In Section 17.9 we learned that molecular orbital (MO) theory describes bonds as the math-
ematical combination of atomic orbitals that forms a new set of orbitals called molecular orbit-
als (MOs). The number of atomic orbitals used equals the number of molecular orbitals 
formed.

Since pericyclic reactions involve " bonds, let’s examine the molecular orbitals that result from p 
orbital overlap in ethylene, 1,3-butadiene, and 1,3,5-hexatriene, molecules that contain one, two, 
and three " bonds, respectively. Keep in mind that the two lobes of a p orbital are opposite in 
phase, with a node of electron density at the nucleus. 

Ethylene
The " bond in ethylene (CH2 –– CH2) is formed by side-by-side overlap of two p orbitals on adja-
cent carbons. Two p orbitals can combine in two different ways. As shown in Figure C.1, when 
two p orbitals of similar phase overlap, a " bonding molecular orbital (designated as #1) results. 
Two electrons occupy this lower-energy bonding molecular orbital. When two p orbitals of oppo-
site phase combine, a "* antibonding molecular orbital (designated as #2*) results. A destabiliz-
ing node occurs when two orbitals of opposite phase combine. 

Figure C.1
The " and "* molecular 

orbitals of ethylene

p atomic orbital

energy of
p atomic orbital

opposite phases
interacting

+

"$ antibonding MO

node

%2$

%1

E
ne

rg
y

like phases
interacting

+

=

=

" bonding MO

The electrons reside
in the bonding MO.
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 C.1  Background on Molecular Orbitals C-3

1,3-Butadiene
The two " bonds of 1,3-butadiene (CH2 –– CH – CH –– CH2) are formed by overlap of four p orbit-
als on four adjacent carbons. As shown in Figure C.2, four p orbitals can combine in four differ-
ent ways to form four molecular orbitals designated as #1–#4. Two are bonding molecular 
orbitals (#1 and #2), and two are antibonding molecular orbitals (#3* and #4*). The two bonding 
MOs are lower in energy than the p orbitals from which they are formed, whereas the two anti-
bonding MOs are higher in energy than the p orbitals from which they are formed. 

• In the ground-state electronic arrangement, the four " electrons occupy the two 
bonding molecular orbitals. 

Also recall from Section 17.9:

• The highest energy orbital that contains electrons is called the highest occupied 
molecular orbital (HOMO). In the ground state of 1,3-butadiene, #2 is the HOMO.

• The lowest energy orbital that contains no electrons is called the lowest unoccupied 
molecular orbital (LUMO). In the ground state of 1,3-butadiene, #3* is the LUMO.

The thermal reactions discussed in Section C.2 utilize reactants in their ground state electronic 
con! guration.

When 1,3-butadiene absorbs light of appropriate energy, an electron is promoted from #2 (the 
HOMO) to #3* (the LUMO) to form a higher energy electronic con! guration, the excited state. In 
the excited state, the HOMO is now #3*. In the photochemical reactions in Section C.2, the reac-
tant is in its excited state. As a result, the HOMO is #3* and the LUMO is #4* for 1,3-butadiene.

All conjugated dienes can be described by a set of molecular orbitals that are similar to those 
drawn in Figure C.2 for 1,3-butadiene.

 Problem C.2 For each molecular orbital in Figure C.2, count the number of bonding interactions (interactions 
between adjacent orbitals of similar phase) and nodes. (a) How do these two values compare for a 
bonding molecular orbital? (b) How do these two values compare for an antibonding molecular orbital?

p atomic orbital

hE
ne

rg
y ground state LUMO

ground state HOMO

excited state LUMO

excited state HOMO

Ground state Excited state

%4$

%3$

%2

%1

&

Figure C.2
The four " molecular 

orbitals of 1,3-butadiene
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1,3,5-Hexatriene
The three " bonds of 1,3,5-hexatriene (CH2 –– CH – CH –– CH – CH –– CH2) are formed by overlap 
of six p orbitals on six adjacent carbons. As shown in Figure C.3, six p orbitals can combine in 
six different ways to form six molecular orbitals designated as #1–#6. Three are bonding molec-
ular orbitals (#1–#3), and three are antibonding molecular orbitals (#4*–#6*). 

In the ground state electronic con! guration, the six " electrons occupy the three bonding MOs, 
#3 is the HOMO, and #4* is the LUMO. In the excited state, which results from electron promo-
tion from #3 to #4*, #4* is the HOMO and #5* is the LUMO.

 Problem C.3 (a) Using Figure C.2 as a guide, draw the molecular orbitals for 2,4-hexadiene. (b) Label the HOMO 
and the LUMO in the ground state. (c) Label the HOMO and the LUMO in the excited state.

 Problem C.4 (a) How many " molecular orbitals are present in 1,3,5,7,9-decapentaene 
(CH2 –– CH – CH –– CH – CH –– CH – CH –– CH – CH –– CH2)? (b)"How many are bonding MOs and how 
many are antibonding MOs? (c) How many nodes are present in #1? (d) How many nodes are 
present in #10*?

p atomic orbital

E
ne

rg
y ground state LUMO

ground state HOMO

excited state LUMO

excited state HOMO

h

Ground state Excited state

%6$

%5$

%4$

%3

%2

%1

&

Figure C.3  The six " molecular orbitals of 1,3,5-hexatriene
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 C.2  Electrocyclic Reactions C-5

 C.2 Electrocyclic Reactions
An electrocyclic reaction is a reversible reaction that involves ring closure of a conjugated 
polyene to a cycloalkene, or ring opening of a cycloalkene to a conjugated polyene. For 
example, ring closure of 1,3,5-hexatriene forms 1,3-cyclohexadiene, a product with one more ! 
bond and one fewer " bond than the reactant. Ring opening of cyclobutene forms 1,3-butadiene, 
a product with one fewer ! bond and one more " bond than the reactant.

Ring-closing reaction

Ring-opening reaction

!

1,3,5-hexatriene 1,3-cyclohexadiene

new # bond

!

cyclobutene 1,3-butadiene

To draw the product in each reaction, use curved arrows and begin at a " bond. Move the " electrons 
to an adjacent carbon–carbon bond and continue in a cyclic fashion. In a ring-forming reaction, this 
process forms a new ! bond that now joins the ends of the conjugated polyene. In a ring-opening 
reaction, this process breaks a ! bond to form a conjugated polyene with one more " bond.

Whether the reactant or product predominates at equilibrium depends on the ring size of the 
cyclic compound. Generally, a six-membered ring is favored over an acyclic triene at equilib-
rium. In contrast, an acyclic diene is favored over a strained four-membered ring.

 Problem C.5 Use curved arrows and draw the product of each electrocyclic reaction.

a. !           b. !           c. !   

Stereochemistry and Orbital Symmetry
Electrocyclic reactions are completely stereospeci! c. For example, ring closure of 
(2E,4Z,6E)-2,4,6-octatriene yields a single product with cis methyl groups on the ring. Ring 
opening of cis-3,4-dimethylcyclobutene forms a single conjugated diene with one Z alkene and 
one E alkene. 

CH3

CH3

CH3

CH3

CH3

CH3

!

(2E,4Z,6E )-2,4,6-octatriene cis-5,6-dimethyl-1,3-cyclohexadiene NOT formed

cis product only

CH3

CH3

!

cis-3,4-dimethylcyclobutene

CH3

CH3

(2E,4Z )-2,4-hexadiene

(2E,4Z ) diene only

CH3

CH3

NOT formed
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C-6 Topic C   Pericyclic Reactions

Moreover, the stereochemistry of the product of an electrocyclic reaction depends on whether 
the reaction is carried out under thermal or photochemical reaction conditions—that is, with heat 
or light, respectively. Cyclization of (2E,4E)-2,4-hexadiene with heat forms a cyclobutene with 
trans methyl groups, whereas cyclization with light forms a cyclobutene with cis methyl groups.

trans product only

cis product only

!

h&

CH3

CH3

CH3

CH3

(2E,4E )-2,4-hexadiene

CH3

CH3

To understand these results, we must focus on the HOMO of the acyclic conjugated polyene that 
is either the reactant or product in an electrocyclic reaction. In particular, we must examine the p 
orbitals on the terminal carbons of the HOMO, and determine whether like phases of the orbitals 
are on the same side or on opposite sides of the molecule. 

like phases on the same side like phases on opposite sides

• An electrocyclic reaction occurs only when like phases of orbitals can overlap to form a 
bond. Such a reaction is symmetry allowed.

• An electrocyclic reaction cannot occur between orbitals of opposite phase. Such a 
reaction is symmetry forbidden. 

To form a bond, the p orbitals on the terminal carbons must rotate so that like phases can interact 
to form the new ! bond. Two modes of rotation are possible.

• When like phases of the p orbitals are on the same side of the molecule, the two 
orbitals must rotate in opposite directions—one clockwise and one counterclockwise. 
Rotation in opposite directions is said to be disrotatory.

clockwisecounterclockwise new # bond

disrotatory

• When like phases of the p orbitals are on opposite sides of the molecule, the two 
orbitals must rotate in the same direction—both clockwise or both counterclockwise. 
Rotation in the same direction is said to be conrotatory.

clockwiseclockwise new # bond

conrotatory

Thermal Electrocyclic Reactions
To explain the stereochemistry observed in electrocyclic reactions, we must examine the sym-
metry of the molecular orbital that contains the most loosely held " electrons. In a thermal reac-

Electrocyclic ring closure 
generally forms either an 
achiral meso compound or a 
mixture of chiral enantiomers. 
When enantiomers form, only 
one enantiomer is drawn in 
these reactions.

smi75624_topicC.indd   C-6smi75624_topicC.indd   C-6 6/1/10   12:16 PM6/1/10   12:16 PM



 C.2  Electrocyclic Reactions C-7

tion, we consider the HOMO of the ground state electronic con! guration. Rotation occurs in 
a disrotatory or conrotatory fashion so that like phases of the p orbitals on the terminal carbons 
of this molecular orbital combine.

• The number of double bonds in the conjugated polyene determines whether rotation is 
conrotatory or disrotatory.

Two examples illustrate different outcomes.

Thermal electrocyclic ring closure of (2E,4Z,6E)-2,4,6-octatriene yields a single product with cis 
methyl groups on the ring.

!

counterclockwise clockwise

(2E,4Z,6E )-2,4,6-octatriene

cis-5,6-dimethyl-1,3-cyclohexadiene

cis product

H

CH3

H

CH3

H
CH3

H
CH3

disrotatory

Cyclization occurs in a disrotatory fashion because the HOMO of a conjugated triene has like 
phases of the outermost p orbitals on the same side of the molecule (Figure C.3). A disrotatory 
ring closure is symmetry allowed because like phases of the p orbitals overlap to form the new 
! bond of the ring. In the disrotatory ring closure, both methyl groups are pushed down (or up), 
making them cis in the product.

This is a speci! c example of the general process observed for conjugated polyenes with an odd 
number of " bonds. The HOMO of a conjugated polyene with an odd number of " bonds has like 
phases of the outermost p orbitals on the same side of the molecule. As a result:

• Thermal electrocyclic reactions occur in a disrotatory fashion for a conjugated polyene 
with an odd number of " bonds. 

In contrast, thermal electrocyclic ring closure of (2E,4E)-2,4-hexadiene forms a cyclobutene 
with trans methyl groups.

!
H

H
conrotatory

trans-3,4-dimethylcyclobutene
trans product

CH3

CH3

clockwise clockwise

(2E,4E)-2,4-hexadiene

H H
CH3CH3

Cyclization occurs in a conrotatory fashion because the HOMO of a conjugated diene has like 
phases of the outermost p orbitals on opposite sides of the molecule (Figure C.2). A conrotatory 
ring closure is symmetry allowed because like phases of the p orbitals overlap to form the new 
! bond of the ring. In the conrotatory ring closure, one methyl group is pushed down and one 
methyl group is pushed up, making them trans in the product.

This is a speci! c example of the general process observed for conjugated polyenes with an even 
number of " bonds. The HOMO of a conjugated polyene with an even number of " bonds has 
like phases of the outermost p orbitals on opposite sides of the molecule. As a result:

• Thermal electrocyclic reactions occur in a conrotatory fashion for a conjugated polyene 
with an even number of " bonds. 

Since electrocyclic reactions are reversible, electrocyclic ring-opening reactions follow the same 
rules as electrocyclic ring closures. Thus, thermal ring opening of cis-3,4-dimethylcyclobutene—

The conrotatory ring closure of 
(2E,4E)-2,4-hexadiene is drawn 
with two clockwise rotations. 
The conrotatory ring closure 
could also be drawn with two 
counterclockwise rotations, 
leading to the enantiomer of 
the trans product drawn. Both 
enantiomers are formed in 
equal amounts.
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C-8 Topic C   Pericyclic Reactions

which ring opens to a diene with an even number of " bonds—occurs in a conrotatory fashion to 
form (2E,4Z)-2,4-hexadiene as the only product.

H conrotatory

counterclockwisecounterclockwise
(2E,4Z )-2,4-hexadienecis-3,4-dimethylcyclobutene

H H
H

CH3 CH3

CH3 CH3 !

 Sample Problem C.1 Draw the product of each thermal electrocyclic ring closure.

a. 
!

(2E,4Z,6Z )-2,4,6-octatriene

CH3

CH3

                  b. 

B

CH3O2C CO2CH3
!

Solution
Count the number of " bonds in the conjugated polyene to determine the mode of ring closure in a 
thermal electrocyclic reaction.

• A conjugated polyene with an odd number of " bonds undergoes disrotatory cyclization.
• A conjugated polyene with an even number of " bonds undergoes conrotatory cyclization.

a.  (2E,4Z,6Z)-2,4,6-Octatriene contains three " bonds. The HOMO of a conjugated polyene with 
an odd number of " bonds has like phases of the outermost p orbitals on the same side of the 
molecule, and this results in disrotatory cyclization.

!

counterclockwise clockwise

(2E,4Z,6Z )-2,4,6-octatriene

trans-5,6-dimethyl-1,3-cyclohexadiene

trans product

H

CH3 H

CH3
H

H
CH3

CH3

disrotatory

b.  Diene B contains two " bonds. The HOMO of a conjugated polyene with an even number of " 
bonds has like phases of the outermost p orbitals on opposite sides of the molecule, and this 
results in conrotatory cyclization.

!
H

H
conrotatory

trans product
clockwise clockwise

B

H H
CO2CH3

CO2CH3

CH3O2C

CH3O2C

 Problem C.6 What product is formed when each compound undergoes thermal electrocyclic ring opening or ring 
closure? Label each process as conrotatory or disrotatory and clearly indicate the stereochemistry 
around tetrahedral stereogenic centers and double bonds.

a. 

C6H5

C6H5

         b.          c.          d. 

 Problem C.7 What cyclic product is formed when each decatetraene undergoes thermal electrocyclic ring 
closure?

a.     b. 
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 C.2  Electrocyclic Reactions C-9

Photochemical Electrocyclic Reactions
Photochemical electrocyclic reactions follow similar principles as those detailed in thermal 
reactions with one important difference. In photochemical reactions, we must consider the 
orbitals of the HOMO of the excited state to determine the course of the reaction. The 
excited state HOMO has the opposite orientation of the outermost p orbitals compared to 
the HOMO of the ground state. As a result, the method of ring closure of a photochemical 
electrocyclic reaction is opposite to that of a thermal electrocyclic reaction for the same 
number of " bonds.

Photochemical electrocyclic ring closure of (2E,4Z,6E)-2,4,6-octatriene yields a cyclic product 
with trans methyl groups on the ring.

clockwise

h&

clockwise

(2E,4Z,6E )-2,4,6-octatriene

trans-5,6-dimethyl-1,3-cyclohexadiene

trans product

H

CH3 H

CH3
CH3

conrotatory
H

CH3
H

Cyclization occurs in a conrotatory fashion because the excited state HOMO of a conjugated 
triene has like phases of the outermost p orbitals on the opposite sides of the molecule (Figure 
C.3). In the conrotatory ring closure, one methyl group is pushed down and one methyl group is 
pushed up, making them trans in the product. This is a speci! c example of the general process 
observed for conjugated polyenes with an odd number of " bonds.

• Photochemical electrocyclic reactions occur in a conrotatory fashion for a conjugated 
polyene with an odd number of " bonds. 

Photochemical electrocyclic ring closure of (2E,4E)-2,4-hexadiene forms a cyclobutene with cis 
methyl groups.

H
disrotatory

cis product
clockwise counterclockwise cis-3,4-dimethylcyclobutene

(2E,4E )-2,4-hexadiene

H H
CH3

H
CH3

CH3 CH3h&

Cyclization occurs in a disrotatory fashion because the excited state HOMO of a conjugated 
diene has like phases of the outermost p orbitals on the same side of the molecule (Figure C.2). 
In the disrotatory ring closure, both methyl groups are pushed down (or up), making them cis in 
the product. This is a speci! c example of the general process observed for conjugated polyenes 
with an even number of " bonds. 

• Photochemical electrocyclic reactions occur in a disrotatory fashion for a conjugated 
polyene with an even number of " bonds. 

 Problem C.8 What product is formed when each compound in Problem C.6 undergoes photochemical 
electrocyclic ring opening or ring closure? Label each process as conrotatory or disrotatory 
and clearly indicate the stereochemistry around tetrahedral stereogenic centers and double bonds.

 Problem C.9 What cyclic product is formed when each decatetraene in Problem C.7 undergoes photochemical 
electrocyclic ring closure?
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Summary of Electrocyclic Reactions
Table C.1 summarizes the rules, often called the Woodward–Hoffmann rules, for electro-
cyclic reactions under thermal or photochemical reaction conditions. The number of " bonds 
refers to the acyclic conjugated polyene that is either the reactant or product of an electrocyclic 
reaction.

Table C.1 Woodward–Hoffmann rules for electrocyclic reactions

Number of " bonds Thermal reaction Photochemical reaction

 Even Conrotatory  Disrotatory

 Odd Disrotatory Conrotatory

 Sample Problem C.2 Identify A and B in the following reaction sequence. Label each process as conrotatory or 
disrotatory.

CH3C6H5

CH3C6H5

! h&
A B

Solution
Ring opening of a cyclohexadiene forms a hexatriene with three " bonds. A conjugated polyene 
with an odd number of " bonds undergoes a thermal electrocyclic reaction in a disrotatory fashion 
(Table C.1). The resulting hexatriene (A) then undergoes a photochemical electrocyclic reaction in a 
conrotatory fashion to form a cyclohexadiene with cis methyl groups (B).

CH3

disrotatory
!

conrotatory
h

C6H5C6H5

trans CH3 groups

H

CH3H

CH3

B

C6H5C6H5

cis CH3 groups

H

CH3

H

CH3

C6H5C6H5

A

H
H

CH3
CH3

excited state HOMO

C6H5C6H5

H
H CH3

&

 Problem C.10 Draw the product formed when each triene undergoes electrocyclic reaction under [1] thermal 
conditions; [2] photochemical conditions.

a.               b. 

 Problem C.11 What product would be formed by the disrotatory cyclization of the given triene? Would this 
reaction occur under photochemical or thermal conditions?

 Problem C.12 Consider the following electrocyclic ring closure. Does the product form by a conrotatory or 
disrotatory process? Would this reaction occur under photochemical or thermal conditions?

H

H
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 C.3  Cycloaddition Reactions C-11

 C.3 Cycloaddition Reactions
A cycloaddition is a reaction between two compounds with " bonds to form a cyclic product 
with two new ! bonds. Like electrocyclic reactions, cycloadditions are concerted, stereospeci! c 
reactions, and the course of the reaction is determined by the symmetry of the molecular orbitals 
of the reactants.

Cycloadditions can be initiated by heat (thermal conditions) or light (photochemical conditions). 
Cycloadditions are identi! ed by the number of " electrons in the two reactants. 

The Diels–Alder reaction is a thermal [4 + 2] cycloaddition that occurs between a diene with 
four " electrons and an alkene (dienophile) with two " electrons (Sections 16.12–16.14). 

!
CO2CH3 CO2CH3

CO2CH3CO2CH3

diene dienophile Diels–Alder product
4 "

electrons
2 "

electrons
(new # bonds shown in red)

[4 + 2] Cycloaddition

A photochemical [2 + 2] cycloaddition occurs between two alkenes, each with two " elec-
trons, to form a cyclobutane. Thermal [2 + 2] cycloadditions do not take place.

!

H

H

h&

2 "
electrons

2 "
electrons (new # bonds shown in red)

O

O

O

O

O

O

CH2

CH2[2 + 2] Cycloaddition

 Sample Problem C.3 What type of cycloaddition is shown in each equation?

a. + CH2 CH2   b. + CH2 CH2

Solution
Count the number of " electrons involved in each reactant to classify the cycloaddition.

a. [2 + 2] Cycloaddition b. [4 + 2] Cycloaddition

 
2 "

electrons
2 "

electrons

CH2

CH2

         
4 "

electrons
2 "

electrons

CH2

CH2

 Problem C.13 Consider cycloheptatrienone and ethylene, and draw a possible product formed from each type of 
cycloaddition: (a) [2 + 2]; (b) [4 + 2]; (c) [6 + 2].

+ CH2 CH2O

cycloheptatrienone
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Orbital Symmetry and Cycloadditions
To understand cycloaddition reactions, we examine the p orbitals of the terminal carbons of both 
reactants. Bonding can take place only when like phases of both sets of p orbitals can combine. 
Two modes of reaction are possible.

• A suprafacial cycloaddition occurs when like phases of the p orbitals of both reactants 
are on the same side of the " system, so that two bonding interactions result.

Suprafacial bond
formation or

• An antarafacial cycloaddition occurs when one " system must twist to align like phases 
of the p orbitals of the terminal carbons of the reactants. 

180° twistAntarafacial bond
formation

like phases on
opposite sides

Because of the geometrical constraints of small rings, cycloadditions that form four- or six-
membered rings must take place by suprafacial pathways. 

Since cycloaddition involves the donation of electron density from one reactant to another, 
one reactant donates its most loosely held electrons—those occupying its HOMO—to a vacant 
orbital that can accept electrons—the LUMO—of the second reactant. The HOMO of either 
reactant can be used for analysis.

• In a cycloaddition we examine the bonding interactions of the HOMO of one 
component with the LUMO of the second component. 

[4 + 2] Cycloadditions
To examine the course of a [4 + 2] cycloaddition, let’s arbitrarily choose the HOMO of the diene 
and the LUMO of the alkene, and look at the symmetry of the p orbitals on the terminal carbons 
of both components. Since two bonding interactions result from overlap of the like phases of 
both sets of p orbitals, a [4 + 2] cycloaddition occurs readily by suprafacial reaction under 
thermal conditions.

suprafacial
!

HOMO of the diene

LUMO of the alkene
two new # bonds

Thermal [4 + 2]
cycloaddition
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 C.3  Cycloaddition Reactions C-13

This is a speci! c example of a general cycloaddition involving an odd number of " bonds (three 
" bonds total, two from the diene and one from the alkene). 

• Thermal cycloadditions involving an odd number of " bonds proceed by a suprafacial 
pathway.

Because a Diels–Alder reaction follows a concerted, suprafacial pathway, the stereochemistry 
of the diene is retained in the Diels–Alder product. As a result, reaction of (2E,4E)-2,4-hexa-
diene with ethylene forms a cyclohexene with cis substituents (Reaction [1]), whereas reaction of 
(2E,4Z)-2,4-hexadiene with ethylene forms a cyclohexene with trans substituents (Reaction [2]).

cis product only

+ =
H

CH3 H
CH3H

CH3 H
CH3

[1]
CH3

HH

CH3

CH3
H

CH3
H

CH3

H

H

CH3

suprafacial
!

(2E,4E )-2,4-hexadiene

trans product only

+ =
H

CH3 HCH3

[2]
suprafacial

!

(2E,4Z )-2,4-hexadiene

 Problem C.14 Show that a thermal suprafacial addition is symmetry allowed in a [4 + 2] cycloaddition by using the 
HOMO of the alkene and the LUMO of the diene.

 Problem C.15 Draw the product (including stereochemistry) formed from each pair of reactants in a thermal [4 + 2] 
cycloaddition reaction.

a. + CH2 CH2              b. +
CN

CN

[2 + 2] Cycloadditions
In contrast to a [4 + 2] cycloaddition, a [2 + 2] cycloaddition does not occur under thermal condi-
tions, but does take place photochemically. This result is explained by examining the symmetry 
of the HOMO and LUMO of the alkene reactants.

In a thermal [2 + 2] cycloaddition, like phases of the p orbitals on only one set of terminal car-
bons can overlap. For like phases to overlap on the other terminal carbon, the molecule must 
twist to allow for an antarafacial pathway. This process cannot occur to form small rings.

LUMO of the second alkene

HOMO of one alkene

like phases on opposite sidesThermal [2 + 2]
cycloaddition

In a photochemical [2 + 2] cycloaddition, light energy promotes an electron from the ground 
state HOMO to form the excited state HOMO (designated as #2* in Figure C.1). Interaction of 

In Section 16.13, we learned 
that the stereochemistry of the 
dienophile is retained in the 
Diels–Alder product. 

smi75624_topicC.indd   C-13smi75624_topicC.indd   C-13 6/1/10   12:16 PM6/1/10   12:16 PM



C-14 Topic C   Pericyclic Reactions

this excited state HOMO with the LUMO of the second alkene then allows for overlap of the like 
phases of both sets of p orbitals. Two bonding interactions result and the reaction occurs by a 
suprafacial pathway.

Photochemical [2 + 2]
cycloaddition

LUMO of the second alkene

excited state HOMO of one alkene

suprafacial

two new # bonds

h&

This is a speci! c example of a general cycloaddition involving an even number of " bonds (two 
" bonds total, one from each alkene). 

• Photochemical cycloadditions involving an even number of " bonds proceed by a 
suprafacial pathway.

 Problem C.16 Draw the product formed in each cycloaddition.

a. +C6H5C6H5
h&

            b. + h&

O

CN

CH2 CH2

Summary of Cycloaddition Reactions
Table C.2 summarizes the Woodward–Hoffmann rules that govern cycloaddition reactions. The 
number of " bonds refers to the total number of " bonds from both components of the cycload-
dition. For a given number of " bonds, the mode of cycloaddition is always opposite in thermal 
and photochemical reactions.

Table C.2 Woodward–Hoffmann rules for cycloaddition reactions

Number of " bonds Thermal reaction Photochemical reaction

 Even Antarafacial  Suprafacial

 Odd Suprafacial Antarafacial

 Problem C.17 Using the Woodward–Hoffmann rules, predict the stereochemistry for each cycloaddition: 
(a) a [6 + 4] photochemical reaction; (b) an [8 + 2] thermal reaction.

 Problem C.18 Using orbital symmetry, explain why a Diels–Alder reaction does not take place under 
photochemical reaction conditions.
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 C.4 Summary of Rules for Pericyclic Reactions
Table C.3 summarizes the rules that govern pericyclic reactions, and in truth, this table holds 
a great deal of information. To keep track of this information, it may be helpful to learn one 
row in the table only, and then note the result when one or more conditions change. For 
example,

• A thermal reaction involving an even number of " bonds undergoes a conrotatory 
electrocyclic reaction or an antarafacial cycloaddition. 

• If one of the reaction conditions changes—either from thermal to photochemical 
or from an even to an odd number of " bonds—the stereochemistry of the reaction 
changes to disrotatory or suprafacial. 

• If both reaction conditions change—that is, a photochemical reaction with an 
odd number of electrons—the stereochemistry does not change. A conrotatory 
electrocyclic reaction or an antarafacial cycloaddition occurs.

Table C.3 Summary of the stereochemical rules for pericyclic reactions

Reaction conditions Number of " bonds Electrocyclic reactions Cycloadditions 

Thermal Even Conrotatory  Antarafacial 

 Odd Disrotatory Suprafacial

Photochemical Even Disrotatory Suprafacial

 Odd Conrotatory Antarafacial

 Problem C.19 Using the Woodward–Hoffmann rules in Table C.3, predict the stereochemistry of each reaction.
a. a [6 + 4] thermal cycloaddition
b. photochemical electrocyclic ring closure of 1,3,5,7,9-decapentaene
c. a [4 + 4] photochemical cycloaddition
d. photochemical ring opening of 1,3,5-cyclooctatriene

 Problem C.20 Draw the product of each Diels–Alder reaction and indicate the stereochemistry at all stereogenic 
centers.

a. 
OO O+ !

  b. +
OO O !

 Problem C.21 Draw the product (including stereochemistry) formed in each pericyclic reaction.

a. CH2 CH2+CO2CH3

CH3O2C h&  c. !2

b. !
D

D
 d. h&

D

D

 Problem C.22 Draw the product formed when diene M undergoes disrotatory cyclization. Indicate the 
stereochemistry at new sp3 hybridized carbons. Will the reaction occur under thermal or 
photochemical conditions?

M
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 Problem C.23 (a) What product is formed when triene N undergoes thermal electrocyclic ring closure? (b) What 
product is formed when triene N undergoes photochemical ring closure? (c) Label each process as 
conrotatory or disrotatory.

N

 Problem C.24 What type of cycloaddition occurs in Reaction [1]? Draw the product of a similar process in 
Reaction [2]. Would you predict that these reactions occur under thermal or photochemical 
conditions? 

+ +

C6H5

C6H5

[1]

O

O
[2]

O

 Problem C.25 What cycloaddition products are formed in each reaction? Indicate the stereochemistry of each 
product.

a. 2
h&               b. 2

h&

 Problem C.26 The bicyclic alkene P can be prepared by thermal electrocyclic ring closure from cyclodecadiene 
Q or by photochemical electrocyclic ring closure from cyclodecadiene R. Draw the structures of Q 
and R, and indicate the stereochemistry of the process by which each reaction occurs.

H

H
P
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Cycloaddition Reactions: 
Woodward Hoffmann 
Correlation Diagram 

Dr. Tripti Gangwar



• The Frontier Molecular Orbital (FMO) theory is a simpler way to look at 
the molecular orbitals of a conjugate system based on 

• highest occupied molecular orbital (HOMO) of one component and 

• lowest unoccupied molecular orbital (LUMO) of the second componentis
considered in a pericyclic reaction. 

• These are the closest MO in terms of energy and make a significant 
contribution to lowering of transition state energy as they interact.

• HOMO and LUMO of any given compound have opposite symmetries. 
HOMO and LUMO are referred to as frontier molecular orbitals. Thus 
bonding takes place when lobes of equal phase on two different 
molecules overlap with each other.



FMO: [2+2] cycloaddition [4+2] cycloaddition [4+2] 
cycloaddition



FMO

• [2+2] Cycloaddition    Thermal state     HOMO  1    LUMO  2  Supra -
.                                                                                                          Antara

• Photochemical    HOMO 2    LUMO 2  Supra-Supra

• [4+2] Cycloaddition  Thermal   HOMO 2  LUMO 2   Supra – Supra

• .                         Photochemical  HOMO 3  LUMO 2  Supra-Antara



• New molecular orbitals are generated by linear combination of 
atomic orbitals. Linear combination of orbitals is also known as 
Perturbation Molecular Orbital (PMO) theory. Linear combination 
always takes place between two orbitals (two atomic orbitals, two 
molecular orbitals or one atomic and one molecular orbitals) having 
minimum energy difference.

• This implies that one need to consider only at the results of the π ± π 
and π* ± π* interactions and do not have to consider π ± π* as these 
are too far apart in terms of energy.



Correlation Diagram

• The correlation diagrams are used to identify preferred reaction 
pathways or experimentally observed products for a given set of 
molecules.

• Correlation diagrams use elements of symmetry as a guiding rule 
which should be preserved throughout the reaction.

• It is assumed that an orbital in the starting material must feed into an 
orbital of same symmetry in the product. Therefore, if the number of 
orbitals of each symmetry type is not the same in the reactants as in 
the products, that reaction will not take place readily.



• There are various steps to build a correlation diagram. For e.g. let us 
build a correlation diagram for a thermal [4+2] cycloaddition and 
examine feasibility of the reaction.

• Step 1: To draw the backbone of reaction and drawing the curly 
arrows for the forward and backward reaction. It is assumed that 
substituents do not perturb the symmetry of these reactions.



Plane of symmetry

 

Plane of symmetry 

 



• Step 2: To identify orbitals that undergo change in both the reactants 
to give the product and in the product for reverse reaction. In this 
case, for forward reaction, these are the π orbitals on both the 
reactants.

• Step 3: To identify the symmetry elements maintained throughout the 
course of the reaction. For the reaction under consideration, we have 
only one element of symmetry i.e a plane of symmetry dissecting the 
C2-C3 bond in the diene and the π bond in the dienophile.





• Step 4: Keeping the reactant at the left and product at the right hand 
side, drawing MO in increasing order of energy.

• Step 5: Drawing orbitals besides each energy level, including all the 
bonds involved in the reaction. For the forward reaction, we will have 
a total of six π MO, 4 from diene and 2 from the dienophile. For the 
reverse reaction, involvement of σ bond is evident and we will have a 
total of 6 MO, this time 4 σ and 2π which also gives rise to bonding 
and antibonding orbitals.



• Step 6: Classification of orbitals with respect to symmetry element. 
On the left hand side, the lowest energy orbital ψ1 belongs to the 
diene, with no nodes. It is symmetrical based on mirror plane 
symmetry element. Moving up the next orbital is π bond of the 
dienophile, which is also symmetric with respect to mirror plane. Next 
higher energy orbital □2 is antisyymetric as when the mirror plane 
divides the orbital into two halves, the two sides are not mirror 
images of each other. Based on the sign of lobes all other orbitals are 
divided as symmetric and antisymmetric based on the mirror plane 
symmetry element.





• Step 7: Construction of orbital correlation diagram. We started with the 
assumption that orbitals in the starting material must feed into an orbital 
of same symmetry in the product, therefore we now draw lines to connect 
orbitals with comparable energy and same symmetry on the two sides. 
Thus lowest orbital on reactants ψ1(S) on the left connects with lowest 
energy σ1(S) on the product at right hand side, π (S) connects with π (S), 
and ψ2 (A) connects with σ2 (A) and so on.

• Step 8: The last step is construction of state correlation diagram. The 
ground state (GS) orbital in reactant go smoothly into the ground state 
orbital of products. Thus filling of six electrons in the lowest energy orbitals 
gives ground state designation as □ψ12π222.



• GS σ12σ22π2

• 12π2□22 GS



Part of the state correlation diagram for 
[4+2] thermal cycloaddition



• As all the terms are squared, the state is said to be symmetric. Similarly the 
ground state of product has a designation σ12σ22π2 which is also 
symmetric. Thus, as the individual orbitals of the ground state in the 
starting material correlate with the individual orbitals of the ground state 
of the product, the correlation diagram consists of a line joining the ground 
state with the ground state.

• Now let us make correlation diagram for a forbidden reaction and try to 
see what happens!

• .



• Considering [2+2] thermal cycloaddition, we have two ethylene 
molecules as reactants and 4π electrons to fill the orbitals. 
Additionally here we have two planes of symmetry to consider as 
shown below. The first plane bisects the π bond in the middle and the 
second plane lies between the two dienes as they approach each 
other for bond formation



[2+2] Cycloaddition

In the correlation diagram, the lowest energy orbital on 
reactant π1 is symmetric with respect to both planes so it 
is designated (SS). The next higher energy orbital is anti-
bonding combination of π2 which is symmetric with 
respect to one plane but anti-symmetric with respect to 
the second plane, so it is designated (SA).





• Similarly the rest of the orbitals are classified as symmetric and anti 
symmetric. Now, correlation diagrams can be constructed by feeding 
the orbitals in the starting material to orbitals with the same 
symmetry and comparable energy in the product orbital. In the state 
correlation diagram, the ground state of the starting material π12,π22 
is overall symmetric, as both the terms are squared. The ground state 
of product σ12σ22 is also symmetric. However in the correlation 
diagram since the states of same symmetry crossing each other, the 
bond formation would require very high energy to overcome the 
symmetry barrier as shown in the following state correlation diagram.





• The state correlation in this case comprises of excited state transitions 
which become possible if electrons in the reactant are promoted to 
the first excited electronic state i.e from π2 to π3. Thus the first 
excited state for reactants becomes π12π2π3*. Following the lines 
from the correlation diagram, now we have one filled π12 (SS), and 
two half filled π2π3* (SA and AS) joining to σ12σ2σ3* (which are SS, 
AS and SA respectively) without crossing similar symmetry states. 
Thus in the first excitation state the bond formation becomes possible 
and this is the reason why photochemical [2+2] cycloaddition is 
feasible.



Diel’s Alder Reaction [4+2] Cycloaddition

• The Woodward-Hoffmann rules were derived from the conservation 
of orbital symmetry seen in the correlation diagrams. There are 
however, secondary effects due to substituent effects on rates and 
regioselectivity of reaction that may alter fate of a pericyclic reaction 
and provide some anomalies like endo rule for Diels-Alder reactions 
and torque selectivity. Here, we shall briefly look at Alders’ Endo rule, 
only to emphasize on the factors other than symmetry that might as 
well influence the regioselectivity of a cycloaddition reaction.





CH=CH(COOH)2

• Maleic anhydride reacts with cyclopentadiene by way of an endo 
transition structure. The exo adduct is formed only in very little 
amount. This preference of formation of endo adduct which is 
kinetically controlled is called Alders’ Endo rule.

• This effect was explained based on FMO approach and visualizing the 
transition state for orbital overlap.





• Based on the rules of conservation of orbital symmetry (correlation 
diagrams), Woodward and Hoffmann were the first one to deduce a 
set of rules to define feasibility of reactions and stereochemistry of 
products formed in pericyclic reactions.

• According to the Woodward-Hoffmann rules, the reactions in which 
symmetry of molecular orbital (MO) is conserved involve a relatively 
low energy transition state and thus are symmetry allowed. In 
contrast, in the reactions where symmetry of orbitals is destroyed by 
bringing one or more orbitals out of phase, the energy of transition 
state becomes too high due to an anti bonding interaction and the 
reaction becomes symmetry forbidden.



• Another important foundation of the rules is the fact that thermally 
allowed reactions are forbidden photochemically and vice versa. Also 
the products formed as a result of thermal tractions have opposite 
stereochemistry than products of a photochemical reaction.

• It is important to note that symmetry forbidden reaction might as 
well proceed if sufficient energy 



Electrocyclic Reactions
Selection rules 

 
 

thermal light 
 

4n con dis 

4n+2 dis con 

 

  
 

A 4n electron electrocyclic reaction achieves 

constructive HOMO orbital overlap if it is 

conrotatory, while a 4n+2 electrocyclic 

reactions achieves constructive overlap if it is 

disrotatory. 

 



Cycloaddition reaction  

Selection rules 
 

p+q thermal light 
 

4n ps+qa or pa+qs ps+qs or pa+qa 

4n+2 ps+qs or pa+qa ps+qa or pa+qs 

 

 A suprafacial cycloaddition occurs when like 

phases of the p orbitals of both reactants are on 

the same side of the π system, so that two 

bonding interactions result. An antarafacial 

cycloaddition occurs when one π system must 

twist to align like phases of the p orbitals of the 

terminal carbons of the reactants. 

 



AOR No.11 (2016.7.22)6.4 Explanations for the Woodward-Hoffmann Rules

6.4.1 The Aromatic Transition Structure

[4 + 2], [8 + 2], and [6 + 4] thermal cycloadditions are common 
[2 + 2], [4 + 4], and [6 + 6] thermal cycloadditions are rare

(4n	+	2)		aromatic	transition	structure	model	----- suprafacial

(4n)		 Möbius aromatic	transition	structure	model---antarafacial

6.4.2 Frontier Orbitals

“match”
“unmatch” sign

Unimolecular--- treat a single molecule as having separate components

Hydroboration

6.4.3 Correlation Diagrams

An orbital in the starting material must feed into
an orbital of the same symmetry in the product,
preserving the symmetry throughout the reaction.

Assumption

6.4.3.1 Orbital Correlation Diagrams Symmetry-allowed	Diels-Alder	reaction



Symmetry-forbidden	[p2s +	p2s]	cycloaddition	reaction

symmetric antisymmetric



Excited	state

Ground	state

Excited	state

Ground	state

6.4.3.2 State Correlation Diagrams.

barrier

Fig.	6.18

Fig.	6.20
photochemically

allowed

6.4.3.3 Following Orbitals along the Reaction Coordinate

Fig.	6.18

TSReactant Product

C2-C3:	66%

C1-C2:	22%

dienophile:	32%

late	TS	structure

early	TS	structure

Bond-order changes

s:	C1-C1’:	22%

p:
HOMO(diene)	/HOMO(dienophile)

HOMO(diene)	/LUMO(dienophile)



6.5 Secondary Effects Substituent	effects

6.5.1 The Energies and Coefficients of the Frontier Orbitals of Alkenes and Dienes

C-substituent (vinyl) on alkene HOMO	up,	LUMO	down
HOMO	up

LUMO	down

C-substituent (phenyl) on alkene

Z-substituent on alkene

HOMO	similar

LUMO	down

X-Substituent on alkene
Stabilization by
25 kJ/mol

HOMO	up

LUMO	up



C-substituents on C1-diene

HOMO	up

LUMO	down

Substituent	effects

C2-substituent

Z-substituents on dienes

HOMO	lower	or	unaffected

LUMO	down Pentadienyl	cation	vs	hexatriene

X-substituents on dienes Pentadienyl	anion	vs	unsubstituted	diene

HOMO	up

LUMO	slightly	up

C2-substituent Smaller	effect	than	C1-substituent

C1-substituent

Houk JACS	1973,	95,	4092



6.5.2 Diels-Alder Reaction

6.5.2.1 The Rates 0f Diels-Alder Reactions
~80%	isolated	yield

9.1	eV

11.9	eV 8.5	eV

Inverse	electron	demand

But,	diene-diene adduct

case	Fig.	6.27(c)



Fujimoto,	JACS 1976,	98,	2670

node

electrons	are	concentrated	in	the	centerelectrons	are	concentrated	at	the	side

R	is	an	electron-withdrawing	substituent,	the	LUMO	of	the	dienophile is	lowered: closer	to	the	HOMO	of	the	diene.

R	is	an	electron-donating	substituent,	the	HOMO	of	the	dienophile is	raised,	closer	in	energy	to	the	LUMO	of	the	diene.

6.5.2.2 The Regioselectivity 0f Diels-Alder Reactions

xy+(x+n)(y+m)	>	x(y+m)+(x+n)y		if		nm	>	0	

The	way	of	organic	chemist,,,

But	not	always,

>



18 possible combinations of C-, Z-and X-substituted dienes and C-, Z-and X-
substituted dienophiles.

The ‘ortho' adduct is predicted (and found) to be the major product for
eight of the nine possible combinations with l-substituted dienes, and the
‘para' adduct predicted (and found) for eight of the nine possible
combinations of 2�substituted dienes.

Z-substituted dienophiles

X-substituted dienophiles

C-substituted dienophiles

meta-adduct----rare	cases meta-adduct----aromatization



Diradical theory
An	alternative	explanation	for	regioselectivity

stable

Z-substituent	type

meta

steric

ortho

6.5.2.3 The Regioselectivity of Hetero Diels-Alder Reactions

more	polarized

6.5.2.4 The Stereoselectivity of Diels-Alder Reaction

“endo”	rule



Secondary orbital interaction

C2	>	C3

Secondary orbital interaction?

(74:26) (17:83)

Dimerization of cyclopentadiene
endo 6.5.3 1,3-Dipolar Cycloaddition

1,3-diplole

dipolarophile

Huisgen	cycloaddition		(Click	reaction)



6.5.3.1 The Rates of 1,3-Dipolar Cycloadditions.

LUMO(dipole)-HOMO(polarophile)HOMO(dipole)�LUMO(polarophile)

6.5.3.2 The Regioselectivity of 1,3-Dipolar Cycloaddition

ambident	nucleophile tautomerism



dipole-HO	controlled dipole-LU	controlled large-large/small-small interaction

dipole-LU	controlled

Z-Substituents, which lower both the HOMO and the LUMO energies of the
dipole, speed up the normally slow reactions with X-substituted alkenes
like enamines. Furthermore, with a Z-substituent on the carbon atom of
the diazomethane�the coefficient on the carbon atom will be reduced in
the LUMO, just as it is in the LUMO of an alkene with a Z-substituent. The
reaction is now dipole-LU controlled�and the regioselectivity change.



dipole-LU	controlled

Z-substituted dipolarophiles and phenyl azide

dipole-HO	controlled

+	dipole-LU	controlled

Perhaps the methyl group has raised the energy of both the HOMO
and the LUMO of the dipolarophile, making the HOMO/LUMO
separations still more nearly equal.



nitrile oxides

dipole-LU	controlled

dipole-LU	controlled dipole-HO	controlled

nitrones
dipole-LU	controlled

dipole-HO	controlled



With Z-substituent, the HOMO of the dipole is not strongly polarised.

the third stage of the ozonolysis sequence

The Stereoselectivity of 1,3-Dipolar Cycloadditions

No	endo	rule

6.5.4 Other Cycloaddition

[4 + 6] Cycloadditions

exo---favour endo---repulsive



Ketene Cycloadditions Carbene Cycloadditions

Reaction takes place on the double bond with the highest coefficient in the HOMO.

Electrophilic carbene

Nucleophilic carbene

electrophilic carbene

Epoxidations and Related Cycloaddition

the highest adjacent pair of coefficients



the highest adjacent pair of coefficients

Electrophilic substitution

[3,3]-Sigmatropic Rearrangements

Other Pericyclic Reaction

unimolecularCope	rearrangement

140	�C	->	-15�C	(I,	Ag+)

oxoanion	(-OM)---- X-substituent

carbocation	---- Z-substituent



Slow down the rearrangement Claisen rearrangement

Report No9 (7/22)

1. The following reactions take place in three or four pericyclic steps. 
Suggest what pathway is followed, identify the intermediates A–G, 
and identify the classes of the pericyclic reactions.
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1. Learning Outcomes  
After studying this module, you shall be able to 
• To understand the position, intensity and shape of an absorption band  
• To understand the effect of bond strength on absorption frequency 
• To understand how H-bonding affect the absorption band 
• To know about the possible modes of vibration in aliphatic and aromatic hydrocarbons and 

their frequency values 

2. The position of an IR-Absorption Band 
The amount of energy required to stretch a bond depends on the strength of the bond and the 
masses of the bonded atoms. The stronger the bond, the greater the energy required to stretch it. 
The frequency of the vibration is inversely proportional to the mass of the atoms, so heavier 
atoms vibrate at lower frequencies.  

The approximate vibration frequency of a bond can be calculated from the following equation 
derived from Hooke’s law. 

 
Where µ is the reduced mass 

And µ=m1×m2/m1+m2 

m1 and m2 are the masses of the two atoms 

C is the velocity of light (2.998×1010 cms-1) 

K = force constant of the bond 

[For a single C-C bond, it is approximately 5×105gs-2 and it doubles and triples for double and 
triple bond respectively.] 

The force constant is a measure of the strength of a bond. Thus the value of stretching frequency 
of a bond increases with increasing the bond strength and decreasing the reduced mass of the 
bonded atoms. 
The triple bonds are stronger than the double bonds followed by single bonds between the same 
two atoms and hence vibrational frequency is in the order of triple>double>single. 
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As the atom attached to carbon a particular atom say carbon increases in mass, the reduced mass 
increases and hence the frequency of vibration decreases. 

 
3. The Intensity of Absorption Bands 
The intensity of an absorption band depends on the change in the dipole moment of the bond 
associated with the vibration. The greater the change in dipole moment, the more intense is the 
absorption. The dipole moment of a bond is equal to the magnitude of the charge on one of the 
bonded atoms, multiplied by the distance between the two charges. If we have two different 
atoms, there will be an electro-negativity difference and larger the electro-negativity difference, 
the more intense the absorption will be. The stretching vibration of an O-H bond will be 
associated with a greater change in dipole moment than that of an N-H bond because O-H bond is 
more polar. Consequently, the stretching vibration of the O-H bond will be more intense. 
Likewise, the stretching vibration of an N-H bond is more intense than that of a C-H bond 
because the N-H bond is more polar.  

 
The intensity of an absorption band also depends on the number of bonds responsible for the 
absorption. For example, if you compare the IR spectra of methane to that of octane, the octane 
molecule will have a much more intense C-H peak because it has many more C-H bonds than 
methane. The concentration of the sample used to obtain an IR spectrum also affects the intensity 
of the absorption bands. Concentrated samples have greater numbers of absorbing molecules and, 
therefore, more intense absorption bands. 

4. The Shape of Absorption Bands 
The shape of an absorption band can be helpful in identifying the compound responsible for an IR 
spectrum. For example, both O-H and N-H bonds stretch at wave numbers above 3100 cm-1 but 
the shapes of their bands are distinct. An N-H absorption band (3300 cm-1) is comparatively 
narrower and less intense than an O-H absorption band in an alcohol and the O-H absorption band 
of a carboxylic acid (3300-2500 cm-1) is broader than the O-H absorption band of an alcohol.  

5. Factors Influencing Vibrational Frequencies 
The value of vibrational frequency of a bond calculated by Hooke’s Law is not always equal 
to their observed value. The force constant is changed with the electronic and steric effects 
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caused by other groups present in the surroundings. Following are some important factors 
affecting the vibrational frequency of a bond.  

5.1 Effect of Bond Order 
Bond order affects the position of absorption bands. Higher the bond order larger is the band 
frequency. A C-C triple bond is stronger than a C=C bond, so a C-C triple bond has higher 
stretching frequency than does a C=C bond. The C-C bonds show stretching vibrations in the 
region from 1200-800 cm-1 but these vibrations are weak and of little value in identifying 
compounds. Similarly, a C=O bond stretches at a higher frequency than does a C-O bond and a 
C-N triple bond stretches at a higher frequency than  does a C=N bond which in turn stretches at a 
higher frequency than  does a C-N bond. 

5.2 Resonance and Inductive Electronic Effects 
Whenever we discuss about the IR band, a range of frequency for each stretch is usually assigned 
as the exact position of the absorption band depends on other structural features of the molecule, 
such as electron delocalization, the electronic effect of neighbouring substituents, and hydrogen 
bonding. Important details about the structure of a compound can be revealed by the exact 
position of the absorption band. For example, the IR bands for the carbonyl group in 2-pentanone, 
2-cyclohexenone appears at different frequencies. The 2-Cyclohexenone absorbs at a lower 
frequency because the carbonyl group has less double-bond character due to electron 
delocalization.  

If you put an atom other than hydrogen (aldehyde) or carbon (ketone) next to the carbonyl group, 
it also causes the shifting of the position of the carbonyl absorption band. Whether it shifts to a 
lower or to a higher frequency depends on the electronic effect (inductive and mesomeric effect) 
of the atom. 

Different substituents on carbonyl carbon changes the electronegativity of carbonyl group due to 
the inductive effect arises due to the different electronegativities of the carbonyl carbon and of the 
substituent in compounds of the type RCOZ. It involves the electrons in the sigma bonds. 

The mesomeric effect involves the electrons in the pie and nonbonding orbitals and it operates in 
general opposite to the inductive effect. These effects cannot be isolated from one another and at 
a time only one of them can be applied to determine approximate results. 

 
Electron releasing groups attached to the carbonyl group tend to favour the polar contribution by 
mesomeric effect and thus lower the bond order of the C=O bond (less double bond character) 
and hence resulting in a decrease of the carbonyl stretching frequency. 

Electron withdrawing groups suppress the polar contribution with an effective increase in the 
double bond character and hence resulting in the increase of the frequency of absorption. 
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The predominant effect of the nitrogen of an amide is electron donation by resonance. Therefore, 
the carbonyl group of an amide has less double bond character than the carbonyl group of a 
ketone and hence amide has low C=O bond IR frequency than the ketone. In contrast, the 
predominant effect of the oxygen of an ester is inductive electron withdrawal, therefore the 
carbonyl group of an ester has more double bond character than the carbonyl group of a ketone, 
so the former appears at larger frequency value.  

 
If we talk about the C-O stretching frequency it appears in the range of 1250-1050 cm-1. If C-O 
bond is in an alcohol or in ether, the stretching frequency will be toward the lower end of the 
range. If this C-O bond is a part of a carboxylic group, the stretching frequency will occur at the 
higher end of the range. The position of the absorption varies because the bond in an alcohol is a 
pure single bond, whereas the bond in a carboxylic acid has partial double bond character that is 
due to resonance electron donation by OH group in acids. Esters show stretches at both ends of 
the range because esters have two single bonds, one that is a pure single bond and one that has 
partial double-bond character.  

 
 

In a specific example of benzamide and phenyl acetate, as the nitrogen atom is less 
electronegative than the oxygen atom, in amide and is more labile and participates to a greater 
extent in conjugation. The presence of greater degree of conjugation, C=O absorption frequency 
is relatively lesser than in esters. 

In most of the cases, mesomeric effect works along with inductive effect and cannot be ignored. It 
is important to note that only inductive effect is considered when the compound in meta 
substituted. In para substitution, both inductive and mesomeric effects become important and the 
domination of one over the other will decide the wavenumber of the absorption.  
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In the above examples, due to the low electronegativity of nitrogen atom, the lone pair of 
electrons participates more in conjugation in compound I as compared to that compound III. 
Thus, in compound I, ν(C=O) absorption occurs at lower wave number compared to that in 
compound III. In compounds II and IV, inductive effect dominates over mesomeric effect and 
hence absorption takes place at comparatively higher frequencies. 

In ortho substitution, inductive effect, mesomeric effect along with steric effect is considered. In 
ortho substituted compounds, the lone pairs of electrons on two atoms influence each other 
through space interactions and change the vibrational frequencies of both the groups. This effect 
is called field effect.  

5.3 Hydrogen Bonding 
The presence of hydrogen bonding changes the position and shape of an infrared absorption band. 
Frequencies of both stretching as well as bending vibrations are changed because of hydrogen 
bonding. The X-H stretching bands move to lower frequency usually with increased intensity and 
band widening. The X-H bending vibration usually shifts to higher frequencies. Stronger the 
hydrogen bonding, greater is the absorption shift from the normal values. The two types of 
hydrogen bonding (intramolecular and intermolecular) can be differentiated by the use of infrared 
spectroscopy.  

Inter-molecular hydrogen bonding involves association of two or more molecules of the same or 
different compound, and it may result in dimer molecules as in carboxylic acids. Intra-molecular 
hydrogen bonds are formed when the proton donor and acceptor are present in a single molecule 
under special conditions that allow the required overlap of orbitals, e.g. formation of a 5 or 6 
member rings.  

The extent of inter-molecular hydrogen bonding depends upon the concentration of the solution 
and hence the position and the shape of an absorption band also depend on the concentration of 
the solution. The more concentrated the solution, the more likely it is for the OH-containing 
molecules to form intermolecular hydrogen bonds. It is easier to stretch an O-H bond if it is 
hydrogen bonded, because the hydrogen is attracted to the oxygen of neighbouring molecule. 
Therefore, the O-H stretching of a concentrated (hydrogen bonded) solution of an alcohol occurs 
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at about 3550 cm-1, whereas the O-H stretching band of a dilute solution (with little or no 
hydrogen bonding) appears at 3650 cm-1. Additionally, hydrogen-bonded OH groups also have 
broader absorption bands whereas the absorption bands of non-hydrogen–bonded OH groups are 
sharper. 

 

Hydrogen bonding interactions can also occur between functional groups of solvent and solute. 
Three classes of solvent exist which may lead to trouble when used for hydrogen-bonding studies 
is solution. First, compounds which contain hydrogen donor groups, e.g. halogenated compounds 
which contain a sufficient number of halogens to activate the hydrogens present, such as 
chloroform. Secondly, compounds which contain non-bonded electron pairs, such as ethers, 
aldehydes and tertiary amines.  
In addition, there are compounds which contain both types of group, e.g. water and alcohols. 
There are only a few solvents that do not have the above characteristics, such as carbon 
tetrachloride (CCl4) and carbon disulfide (CS2). These still contain lone electron pairs, but being 
on S and Cl are less available, and any interactions will be extremely weak. 
Apart from the concentration and solvent effects, temperature also affects the degree of hydrogen 
bonding in a compound. High temperature decreases the extent of hydrogen bonding. 

5.4 Fermi Resonance 

Fermi resonance is a phenomenon which was first explained by the Italian 
physicist Enrico Fermi to account for shifting of the energies and intensities of absorption 
bands in an infrared spectroscopy. Sometimes, it happens that two different vibrational 
levels have nearly the same energy. If such vibrations belong to the same species of 
molecules, then a mutual perturbation of energy may occur, resulting in the shift of one 
towards lower frequency and the other towards a higher frequency. It is also accompanied 
by a substantial increase in the intensity of the respective bands.  

Fermi resonance was first discovered in carbon dioxide by Fermi and it is also found in the 
vibrational spectra of aldehydes, where the C-H bond in the CHO group interacts with the second 
harmonic level, derived from the fundamental frequency of the deformation vibration of the CHO 
group (2*1400 cm-1). The result is a Fermi doublet with branches around 2830 cm-1 and 2730 cm-

1. It is important for Fermi resonance that the vibrations connected with the two interacting levels 
be localized in the same part of the molecule. 
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5.4 Bond angles 

Smaller ring requires the use of more p-character to make the internal C-C bonds for the requisite 
small angles. This gives more s character to the C=O sigma bond which causes the strengthening 
and stiffening of the exocyclic double bond. The force constant K is then increased and the 
absorption frequency increases.  

6. Characteristic absorption bands for hydrocarbons 
These compounds have carbon and hydrogens only and may be saturated, unsaturated, aliphatics, 
cyclics and aromatics. The characteristic vibrational modes of aliphatic and aromatic 
hydrocarbons and their absorption frequencies are described in subsequent sections. 

7. Aliphatic hydrocarbons 
The stretching and bending vibrations frequencies of alkanes, alkenes and alkynes are described 
in table 1 

Table 1: Characteristic frequencies of absorption bands for aliphatic hydrocarbons  
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7.1 Alkanes 
In alkanes only two types of bonds are present that is C–H and C–C bonds. The most useful 
bands in alkanes are those arising from C–H stretching and C–H bending. A methyl group usually 
shows two strong and distinct bands, one at 2960 cm-1

 
due to asymmetric stretching and the other 

at 2870 cm-1 due to symmetric stretching. While the methylene group show asymmetric stretching 
at 2930 cm−1 and symmetric stretching at 2850 cm−1. The C-H bonds do not participate in H-
bonding and hence the frequencies are not affected by chemical environment. The presence of 
several methyl groups in a molecule results in strong absorptions at these positions.  

The C-H in-plane bending vibrations of a methyl group give two bands, i.e. a symmetrical band at 
1380 cm−1 and an asymmetrical band at 1460 cm−1. Methylene groups give rise to four bending 
vibrations: scissoring (1465 cm−1), rocking (720 cm−1), wagging (1305 cm−1) and twisting (1300 
cm−1). The band at 1460 cm−1 indicates the C-H asymmetric bending of both methyl and 
methylene groups whereas the band at 1380 cm−1 represents symmetric bending of methyl group 
only. Thus the peak at 1380 cm−1 is extremely useful in detecting the presence of methyl group 
because this band is hardly overlapped to the absorptions due to the methylene and methane 
absorption bands. 

The presence of two or more methyl groups, attached to the same carbon atom results in splitting 
of the C-H symmetric bending vibrations. For example the isopropyl group gives rise to two 
bands 1397 cm−1 and 1370 cm−1 and in t-butyl group the two bands appear at 1385 cm−1 and 1370 
cm−1 (Figure 1). 

The methine C-H shows C-H stretching and bending vibrations at 2890 cm−1 and 1340 cm−1 

respectively and are very weak with no practical significance (Figure 1). 

Figure 1: IR-spectrum of decane 

7.2 Cycloalkanes 
In case of unstrained cycloalkanes, the C-H stretching frequencies are the same (2800 – 3000 
cm−1) as in the case of acyclic compounds. However, methylene scissoring bands shift slightly to 
smaller wavenumber (1470 cm−1 in hexane and 1448 cm−1 in cyclohexane). In sterically strained 
cyclic compounds, the C-H stretching normally occurs at slightly higher frequencies. For example 
the ring CH2 and CH groups in a monoalkyl cylcopropane ring absorb in the range of 3100-2990 
cm−1. 
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Figure 2: IR-spectrum of cyclohexane 

Methylene C-H in-plane bending vibrations in cyclic alkenes shift slightly to smaller frequency as 
compared to their acyclic counterparts. For example, cyclohexane absorb at 1452 cm−1 whereas n-
hexane absorb at 1468 cm−1. The C-C bond vibrations appear as weak bands in 1200-800 cm−1 

region and are seldom used for structural study. Whereas the C-C bending absorptions occur at < 
500 cm−1 and are usually below the range of IR instrument (Figure 2) 

 

7.3 Alkenes 
There are four major bands associated with alkene molecular framework.  These are the out-of-
plane and in-plane =C–H bending, C=C stretching and =C–H stretching. In completely 
symmetrical alkenes, such as ethylene, tetrachloroethylene etc., C=C stretching band is absent, 
due to lack of change in dipole moment in completely symmetrical molecule. On the other hand, 
non-symmetrically substituted double bonds exhibit strong absorption bands.  

Olefinic C-H stretching occurs near 3100-3000 cm−1. C=C stretching band occurs near 1680-1600 
cm−1. The C=C absorption bands are more intense for cis isomers than for trans isomers. Also, 
terminal olefins show stronger C=C double bond stretching vibrations than internal double bonds. 
Conjugation moves C=C stretching bands towards lower frequency with increased intensity than 
in comparison to non-conjugated ones. In case of olefins, conjugated with an aromatic ring, the 
C=C stretching appears at 1625 cm-1 (s) and an additional band at ~1600 cm-1 is observed due to 
aromatic double bond. 
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Figure 3: IR-spectrum of Cis-2-pentene 

 
Figure 4: IR-spectrum of trans-2-pentene 

The =C-H in-plane bending vibrations occur near 1400 cm−1 whereas the =C-H out-of-plane 
bending band occur in the range from 1000-680 cm−1 (Figure 3,4). 

Note: In compounds containing both olefinic and alkyl C-H bonds, the bands above 3000 cm-1 

are generally attributed to aromatic or aliphatic C-H stretching, whereas between 3000-2840 cm-1 

are generally assigned to the alkyl C-H stretching. 

7.4 Cycloalkenes 
The absorption frequency of a double bond in a cyclic ring is very sensitive to ring size. The 
absorption frequency decreases as the internal bond angle decreases and is becomes lowest in 
cyclobutene (90o

 
angle) but after that the frequency increases again for cyclopropene (Figure 5). 

 
Figure 5: Vibrational frequencies of endocyclic C=C bonds 

The exocyclic double bonds exhibit an increase in frequency with decrease in ring size. The 
exocyclic double bond on six-membered ring absorbs at 1651 cm−1 and it is shifted to 1780 cm−1 

in case of exocyclic double bond on cyclopropane. The allenes show the highest double bond 
absorptions at 1940 cm−1. 
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Figure 6: Vibrational frequencies of exocyclic C=C bonds 

Six-membered rings with carbonyl group e.g. cyclohexanone absorb at normal value i.e. 1715 cm-

1. Decrease in ring size increases the C=O stretching frequency. Smaller rings require the use of 
more p- character to make C-C bonds for the requisite small angles (Figure 6). 

7.5 Alkynes 
Alkynes contain the C≡C group and three characteristic bands can be present, i.e. ≡C–H 
stretching, ≡C–H bending and C≡C stretching. As the force constant for a triple bond is greater 
than that for a double bond. Consequently, whereas a C-C stretching vibrations occur between 
1300-800 cm−1 and the C=C stretching vibration occur in the region 1700-1500 cm−1, the C triple 
C vibrations are observed at significantly higher frequencies in the region of 2300 to 2050 cm−1. 
The terminal alkynes show C-C triple bond stretching vibration at 2140-2050 cm−1, whereas the 
symmetrical or unsymmetrical internal alkynes show either no band or show a very weak C-C 
triple bond absorption at 2260-2190 cm−1.  

The terminal alkynes show a strong and sharp C-H stretching vibration bands in the region 3310-
3200 cm-1. The sharpness of this band prevents form the confusion with other absorptions in this 
region (NH, OH etc). 

The C-H bending vibrations in alkynes occur as a strong broad band in the region 700-600 cm-1. 
The first overtone of this band appears as a weak broad band near 1375-1225 cm-1. 

Therefore the frequency of the absorption of C-H bond is a function of the type of hybridization 
of the carbon to which hydrogen atom is attached. While moving from sp3

 
to sp2

 
and sp 

hybridized carbons, the s-character increases and so is the bond strength (force constant of C-H 
bond and the frequency of absorption (Figure 7,8). 
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Figure 7: IR-spectrum of 1-octyne 

 
Figure 8: IR-spectrum of 4-octyne 

8. Aromatic hydrocarbons 
The C–H stretching bands of aromatic compounds appear as a multiple weak bands in the 3100–
3000 cm-1 range. It is important to note here that the aromatic C–H stretching bands occur at 
slightly higher frequency (as a shoulder on the stronger alkane C-H stretching bands) than is the 
C–H stretch in alkanes which appear below 3000 cm-1. Besides the C–H stretch above 3000 cm-1, 
two other regions of the infrared spectra of aromatic compounds distinguish aromatics from 
organic compounds that do not have an aromatic ring.  

In the region of 2000–1700 cm-1, a series of weak combination and overtone bands appears. 
However, they are very weak and are observed only in the case of concentrated solutions of 
highly symmetric benzene derivatives.  

The other most prominent bands are in the region of 900-650 cm-1 due to the out-of-plane bending 
of ring C-H bonds. The C–H in-plane bending vibrational bands appear in the regions 1275–1000 
cm-1. The bands of the out-of-plane bending vibrations of aromatic compounds are strong and 
characteristic of the number of hydrogens in the ring, and hence can be used to give the 
substitution pattern. Mono substituted benzene derivatives exhibit strong absorption bands in the 
regions 690-710 cm-1 and 730-770 cm-1. The absence of band at 690 cm-1 indicates the absence of 



                                                                                                 
____________________________________________________________________________________________________ 

CHEMISTRY 
 

PAPER No. 12: ORGANIC SPECTROSCOPY 
Module 8: Factors affecting vibrational frequencies and IR 
Spectroscopy of Hydrocarbons 

    

mono substituted phenyl rings in the sample. 1,2-Disubstituted benzenes give one strong 
absorption band in the region 735-770 cm-1 but no band in the region 690-710 cm-1. 1,3-
Disubstituted rings give two absorption bands in the region 680-725 cm-1 and 750-810 cm-1. 1,4-
Disubstituted rings give only one strong absorption band in the region 800-850 cm-1. The IR-
spectrum of all the possible di-substituted benzene derivatives are shown below (Figure 9,10, 
11,12). 

 
Figure 9: IR-spectrum of toluene 

 

 
Figure 10: IR-spectrum of 1,2-diethyl benzene 

 

 
Figure 11: IR-spectrum of 1,3-diethyl benzene 
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Figure 12: IR-spectrum of 1,4-diethyl benzene 

The bands related to other substitution patterns are summarized in the figure given below (Figure 
13). 

 
Figure 13: Out-of-plane bending vibrations of ring C-H bonds in substituted 

aromatic compounds 
Aromatic hydrocarbons show absorptions in the regions 1650-1400 cm-1 due to C=C stretching 
vibrations in the aromatic ring. There are normally four bands in this region at about 1600, 1585, 
1500 and 1450 cm-1 and are due to C=C in-plane vibrations. The absence of these bands indicates 
that the compound is not aromatic. 
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9. Summary  
1. The stretching frequency of a bond depends on the strength of the bond and the masses of the 

bonded atoms.  

2. Hooke’s derived an equation to calculate the approximate vibration frequency of a bond. 

3. The vibrational frequency of a bond increases as the number of bonds increases between the 
two atoms. A C-C triple bond absorbs at higher frequency than a C=C bond followed by a C-C 
single bond.  

4. Hydrogen bonding changes the position and shape of an infrared absorption band. Stronger is 
the hydrogen bonding, larger are the effects. 

5. Ring size and electronic effect such as inductive, resonance also affects the vibrational 
frequency. 

6. Cis-alkenes absorb at higher frequencies and give more intense spectrum than the 
corresponding trans-alkene. 

7. The terminal alkynes show strong C-C triple bond stretching bands while internal alkynes 
show either no band or show a very weak band due to C-C triple bond.  

8. The out of plane bending vibrations for benzene gives important information about the 
substitution pattern on the benzene ring.  

































NUCLEAR MAGNETIC RESONANCE

INTRODUCTION(1)

The NMR phenomenon is based on the fact that nuclei of atoms have magnetic properties 

that can be utilized to yield chemical information. Quantum mechanically subatomic particles 

(protons, neutrons and electrons) have spin. In some atoms (eg: 12C, 16O, 32S) these spins 

are paired and cancel each other out so that the nucleus of the atom has no overall  spin. 

However, in many atoms (1H, 13C, 31P, 15N, 19F etc) the nucleus does possess an overall  

spin. 

To determine the spin of a given nucleus one can use the following rules:

• If the number of neutrons and the number of protons are both even, the nucleus has no 

spin. 

• If the number of neutrons plus the number of protons is odd, then the nucleus has a 

half-integer spin (i.e. 1/2, 3/2, 5/2). 

• If the number of neutrons and the number of protons are both odd, then the nucleus 

has an integer spin (i.e. 1, 2, 3).

Since  a  nucleus  is  a  charged  particle  in  motion,  it  will  develop  a  magnetic  field.  1H 

and 13C have nuclear spins of 1/2 and so they behave in a similar fashion to a simple, tiny bar 

magnet.  In the absence of a magnetic field, these are randomly oriented but when a field is 

applied  they  line  up  parallel  to  the  applied  field,  either  spin  aligned  or  spin  opposed.  

The more highly populated state is the lower energy spin aligned situation. 

Two schematic representations of these arrangements are shown below: 



  

PRINCIPLE(1,2,5)

In NMR, Electro Magnetic (EM) radiation is used to "flip" the alignment of nuclear spins 

from the low energy spin aligned state to the higher energy spin opposed state. The energy 



required for this transition depends on the strength of the applied magnetic field but it is small 

and corresponds to the radio frequency range of the EM spectrum.

As this diagram shows, the energy required for the spin-flip depends on the magnetic field 

strength at the nucleus. With no applied field, there is no energy difference between the spin 

states,  but as the field increases so does the separation of energies of the spin states and 

therefore so does the frequency required to cause the spin-flip, referred to as resonance.

Energy Levels for a Nucleus with Spin Quantum Number(5,6)

When the nucleus  is  in  a  magnetic  field,  the  initial  populations  of  the  energy levels  are 

determined by thermodynamics,  as described by the Boltzmann distribution.  This  is  very 

important, and it means that the lower energy level will contain slightly more nuclei than 

the  higher  level.  It  is  possible  to  excite  these  nuclei  into  the  higher  level  with 



electromagnetic radiation. The frequency of radiation needed is determined by the difference 

in energy between the energy levels.

In quantum mechanical terms, the nuclear magnetic moment of a nucleus will align with an 

externally applied magnetic field of strength Ho in only 2I+1 ways, either with or against the 

applied  field  Ho.  For  a  single  nucleus  with  I=1/2  and positive  γ,  only  one  transition  is 

possible  between  the  two  energy  levels.  The  energetically  preferred  orientation  has  the 

magnetic moment aligned parallel with the applied field (spin m=+1/2) and is often given the 

notation α, whereas the higher energy anti-parallel orientation (spin m=-1/2) is referred to as 

β. The rotational axis of the spinning nucleus cannot be orientated exactly parallel (or anti-

parallel) with the direction of the applied field Ho (defined in our coordinate system as about 

the z axis) but must precess (motion similar to a gyroscope) about this field at an angle, with 

an angular velocity given by the expression:

ωo = γHo …………….(1)

Where,

ωo is the precession rate which is also called the Larmor frequency,

Ho = applied field in guass,

γ = gyrometric ratio

γ = 2πμ/hI

μ = magnetic moment of the spinning bar magnet, 

I = spin quantum number of the spinning magnet,

h = planck’s constant.

According to the functional NMR equation which correlates electromagnetic frequencies with 

the magnetic field, we say that 

γHo = 2πv ……………(2)

Here v is frequency of electromagnetic radiation,

From (1) and (2)

Larmor frequency -                        ωo = 2 πv

The larmor frequency may be defined as the number of revolutions per second made 

by the magnetic moment vector of the nucleus around the external field Bo. Alternatively, the 

larmor  frequency  of  the  spinning  bar  magnet  (nucleus)  may  be  defined  as  equal  to  the 



frequency of  electromagnetic  radiations  in  megacycles  per  second necessary  to  induce  a 

transition from one spin to another.

CALCULATING TRANSITION ENERGY(4,5,6)

The nucleus has a positive charge and is spinning. This generates a small magnetic field. The 

nucleus therefore possesses a magnetic moment, m, which is proportional to its spin, I.

The constant, g, is called the magnetogyric ratio and is a fundamental nuclear constant which 

has a different value for every nucleus. h is Plancks constant.

The energy of a particular energy level is given by;

Where B is the strength of the magnetic field at the nucleus.

The difference in energy between levels (the transition energy) can be found from

This means that if the magnetic field, B, is increased, so is DE. It also means that if a nucleus 

has a relatively large magnetogyric ratio, then DE is correspondingly large.

If you had trouble understanding this section, try reading the next bit  (The absorption of 

radiation by a nucleus in a magnetic field) and then come back.

THE ABSORPTION OF RADIATION BY A NUCLEUS IN A MAGNETIC FIELD(4,5,6)

In this discussion, we will be taking a "classical" view of the behaviour of the nucleus - that  

is, the behaviour of a charged particle in a magnetic field.

Imagine a nucleus (of spin 1/2) in a magnetic field. This nucleus is in the lower energy level 

(i.e. its magnetic moment does not oppose the applied field). The nucleus is spinning on its 

axis.  In  the  presence  of  a  magnetic  field,  this  axis  of  rotation  will precess around  the 

magnetic field;



The  frequency  of  precession  is  termed  the Larmor  frequency,  which  is  identical  to  the 

transition frequency.

The potential energy of the precessing nucleus is given by;

E = - m B cos q

where q is the angle between the direction of the applied field and the axis of nuclear rotation.

If  energy is  absorbed by the nucleus,  then the angle of precession, q,  will  change.  For a 

nucleus  of  spin  1/2,  absorption  of  radiation  "flips"  the  magnetic  moment  so  that 

it opposes the applied field (the higher energy state).

It is important to realise that only a small proportion of "target" nuclei are in the lower energy 

state (and can absorb radiation).  There is the possibility that by exciting these nuclei,  the 

populations of the higher and lower energy levels will become equal. If this occurs, then there 

will be no further absorption of radiation.  The spin system is saturated. The possibility of 

saturation means that we must be aware of the relaxation processes which return nuclei to the 

lower energy state.



We can calculate  the  resonance  frequencies  for  different  applied  field (Ho) strengths  (in 

Gauss):

Ho (T)                                               1H Freq (MHz)

1.41                                                              60

2.35                100

4.70                 200

7.05                 300

9.40                             400

11.75               500

The field strength of a magnet is usually reported at the resonance frequency for a  proton. 

Therefore, for different nuclei with different gyromagnetic ratios, different frequencies must 

be applied in order to achieve resonance.

RELAXATION(2,3,4)

In most spectroscopic techniques, how the energy absorbed by the sample is released is not a 

primary concern. In NMR, where the energy goes, and particularly how fast it "gets there" are 

of prime importance. The NMR process is an absorption process. Nuclei in the excited state 

must also be able to "relax" and return to the ground state. The timescale for this relaxation is 

crucial to the NMR experiment. For example, relaxation of electrons to the ground state in 

uv-visible spectroscopy is a very fast process, on the order of picoseconds.

In NMR, the excited  state  of the  nucleus  can persist  for  minutes.  Because the transition 

energy between spin levels (discussed earlier) is so small, attaining equilibrium occurs on a 

much  longer  timescale.  The  timescale  for  relaxation  will  dictate  the  how  the  NMR 

experiment is executed and consequently, how successful the experiment is. 

There  are  two  processes  that  achieve  this  relaxation  in  NMR experiments:  longitudinal 

(spin-lattice) relaxation and transverse (spin-spin) relaxation.

In longitudinal relaxation energy is transferred to the molecular framework, the lattice, and 

is lost as vibrational or translational energy. The half-life for this process is called the spin-



lattice  relaxation  time  (T1).  Dissipating  the  energy  of  NMR transitions  (which  are  tiny 

compared to the thermal energy of the sample) into the sample should not be a problem, 

however T1 values are often long. The problem arises not in where to "send" the excess 

energy, but the pathway along which the energy is released to the lattice. 

Contributing factors to this type of relaxation are temperature, solution viscosity, structure, 

and molecular size.

In transverse relaxation energy is transferred to a neighboring nucleus. The half-life for this 

process  is  called  the  spin-spin  relaxation  time  (T2).  This  process  exchanges  the  spin  of 

nucleus A with the spin of nucleus B (A mI = -½ → +½ as B mI = +½ → -½). There is no net 

change  in  spin  for  this  process.  Inhomogeneity  of  the  magnetic  field  or  the  presence  of 

paramagnetic  materials  can  be  a  large  contributor  to  the  value  observed  for  transverse 

relaxation.

The peak widths in an NMR spectrum are inversely proportional to the lifetime (due to the 

Heisenberg uncertainty principle) and depend on both T1 and T2. For most organic solutions, 

T1 and T2 are long enough to result in spectra with sharp lines. However, if magnetic field 

homogeneity is poor or paramagnetic material (such as iron) is present the NMR signals can 

be broadened to the extent that the signal is destroyed or unusable.
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SHIELDING AND DESHIELDING

Nuclear Magnetic Resonance Spectroscopy (NMR) is a form of spectroscopy that measures 

the absorption of radio-frequency energy by nuclei in a magnetic field. It is the single most 

useful technique for the detailed structural analysis of organic molecules.

Shielding and deshielding:

When a molecule is placed in a magnetic field, its electrons are caused to circulate and thus 

they produce secondary magnetic  fields i.e.  induced magnetic  field.  Rotation of electrons 

about the proton itself generates a field in such a way that at the proton it opposes the applied  

field. Thus, the field felt by the proton, is diminished and the proton is said to be shielded. 

Rotation  of electrons  about  the nearby nuclei  generates  a  field that  can either  oppose or 

reinforce the applied field at the proton. But if the induced field reinforces the applied field,  

the  proton  feels  higher  field  strength  and  thus  such  a  proton  is  said  to  be  desheilded. 

Shielding shifts the absorption upfield and deshielding shifts the absorption downfield to get 

an effective field strength necessary for absorption.

 Such  shifts  in  the  positions  of  nmr  absorptions  which  arise  due  to  the  shielding  or 

deshielding of protons by the electrons are called chemical shifts. For measuring chemical 

shift,  the  signal  for  tetra  methyl  silane  is  taken  as  reference.  Due  to  the  lower 

electronegativity of silicon, the shielding of equivalent protons is greater than most of the 

organic compounds.

http://www.ch.ic.ac.uk/local/organic/nmr_principles.html%20as%20on%20date%2010-03-2010.%0D
http://teaching.shu.ac.uk/hwb/chemistry/tutorials/molspec/nmr1.htm%20as%20on%20date%2010-03-2010
http://teaching.shu.ac.uk/hwb/chemistry/tutorials/molspec/nmr1.htm%20as%20on%20date%2010-03-2010


Hydrogen  nuclei  are  surrounded  by the  electronic  charge  which  shields  the  nuclei  from 

influence of the applied field. Thus, to overcome the shielding effect and to bring the protons 

to resonance, greater external field is required. Clearly, greater the electron density around 

the proton, greater will be the induced secondary magnetic field which opposes the applied 

field and thus, greater external field will cause proton absorption. The extent of shielding is 

represented in terms of shielding parameter α. When absorption occurs, the field H felt by the 

proton is represented as:

H = H0 (1 ─  α)

Where H0 is the applied field strength.

Greater the value of  α, greater will be the value of the applied field strength which has to be 

applied to get effective field required for absorption and vice versa.

     

ν  = γH / 2π  or

ν  = γ  H0 (1 ─  α) / 2π.

From this relation, it is clear that the protons with different electronic environments or with 

different shielding parameter can be brought into resonance in two ways:

• The strength of the external field is kept steady and the radiofrequency is constantly 

varied.

• The radiofrequency is kept constant and strength of the applied field is constantly 

varied.

Clearly, a constant radio frequency, shielding shifts the absorption upfield in the molecules 

where there is a spherical distribution of electrons around the proton. It is called positive 

shielding.

Presence of electronegative atoms or groups can cause the reduction in the electron density 

around the proton and this is known as deshielding and thus, absorption is shifted downfield. 

Hence, we say that if local diamagnetic currents were responsible, then the value of proton 



absorption should depend upon the electro negativities of the attatched atoms or groups. But 

there  are  some  other  factors  such  as  diamagnetic  and  paramagnetic  effects  from  the 

neighbouring atoms. Electronegative groups are "deshielding" and tend to move NMR signals 

from neighboring protons further "downfield" (to higher ppm values). Protons on oxygen or 

nitrogen have highly variable chemical shifts, which are sensitive to concentration, solvent, 

temperature,  etc.  The  -system  of  alkenes,  aromatic  compounds  and  carbonyls  strongly 

deshield attached protons and move them "downfield" to higher ppm values. OH and NH 

chemical shifts vary based on concentration. Higher concentrations of compound containing 

these  functional  groups have  a  greater  degree  of  hydrogen  bonding,  which deshields  the 

protons  even  further,  causing  them to  come  into  resonance  at  lower  field  strengths.  An 

extreme case is the carboxylic acid proton, which is strongly deshielded due to the presence 

of the hydrogen-bonded carboxylic acid dimer structure.

The  absorption  depends  upon  the  manner  in  which  the  π  electrons  circulate  under  the 

influence of the applied field. in case of ethane oriented at right angles to the direction of the 

applied field, the induced magnetic field is diamagnetic around the carbon atoms and it is 

paramagnetic in the region of protons. Diamagnetic field opposes the external field where as 

the paramagnetic is in the direction of the applied field. Thus protons feel more magnetic 

fields and hence absorption occurs at low field. Similarly aldehydic protons appear at low 

field.

In the case of acetylene, the protons experience diamagnetic shielding effect. The induced 

magnetic field at the protons is diamagnetic but paramagnetic at the carbon atoms. Thus the 

protons are said to be shielded and hence absorption occurs upfield. 

In case of olefins, acetylene, aldehydes, ketones, acids, esters, nitriles etc., if the proton is 

present in the positive region, it will be shielded and absorption occurs upfield. on the other 

hand, if the proton lies in the negative region, its  absorption is downfield.  in the case of 

benzene  and  other  aromatic  compounds,  strong  diamagnetic  currents  are  induced  by the 

applied  field.  this  causes  the  paramagnetic  shielding  at  the  aromatic  protons  and  thus 

absorption occurs downfield.



 

If any group present above or below the plane of the aromatic nucleus will be shielded and 

absorption occurs upfield. Ring current effect can observed in benzene and other aromatic 

nucleus but absent in saturated hydrocarbons.

For saturated molecules, the diamagnetic contribution is most important and the absorption 

positions of the protons depend upon the electro negativities of the attached atoms or groups. 

Where as in unsaturated compounds the paramagnetic effects become important.

A proton is said to be deshielded if it is attached to an electro negative atom or group. Greater 

the  electronegativity  of  the  atom,  greater  is  the  deshielding  caused  to  the  proton.  If 

deshielding is more for a proton, then its δ value will also more.

For example, consider following two compounds:

                                                b     a

         CH3CH2F

               b     a

         CH3CH2Cl

Two signals are expected for each of the two compounds. Here deshielding for protons ‘a’ in 

first compound is more than that in the second compound.

As the distance from the electronegative atom increases, the deshielding will be diminishes 

due to it. Protons ‘b’ is less deshielded and hence will resonate at comparatively low value of 

δ.

Anisotropic effects:

The  deshielding  effect  on  protons  attached  to  C=C  is  more  than  that  observed  by  the 

inductive effect alone. Aldehydic and aromatic protons are much more deshielded. Alkyne 



protons appear at low value of δ.  The value of δ is justified explaining the manner in which 

the π electrons circulate under the influence of the applied field.

Alkynes:

In alkynes, electronic circulation around the triple bond takes place in such a way that the 

protons experience diamagnetic shielding effect. π elecrtons are induced to circulate around 

the axis in such a way that the induced field opposes the applied field. Thus the protons feel 

smaller field strength and hence resonance at higher applied field.   

Benzene:

In benzene, loops of π electrons are delocalized cylindrically over the aromatic ring. These 

loops of electrons are induced to circulate in the presence of the applied field producing ring 

current. 

Diamagnetic anisotropy in benzene

                 

SPIN SPIN COUPLING



 The  interaction  between  the  spins  of  neihbouring  nuclei   in  a  molecule  may  cause  the 

splitting of lines in the nmr spectrum. This is known as spin spin coupling which occurs 

through bonds by means of a slight unpairing of the bond electrons.

Valuable piece of information about molecular structure is obtained from the phenomenon of 

spin-spin splitting. Consider two protons (1HaC-C1Hb) with different chemical shifts on two 

adjacent carbon atoms in an organic molecule. The magnetic nucleus of Hb can be either 

aligned with (“up”) or against  (“down”) the magnetic field of the spectrometer.  From the 

point  of view of Ha, the Hb nucleus  magnetic  field perturbs the external  magnetic  field, 

adding  a  slight  amount  to  it  or  subtracting  a  slight  amount  from  it,  depending  on  the 

orientation of the Hb nucleus (“up” or “down”). This changes the Ha chemical shift so that it 

now resonates at one of two frequencies very close together. Since roughly 50% of the Hb 

nuclei are in the “up” state and roughly 50% are in the “down” state, the Ha resonance is 

"split" by Hb into a pair of resonance peaks of equal intensity (a “doublet”). The relationship 

is mutual, so that Hb experiences the same splitting effect from Ha. This effect is transmitted 

through bonds and operates only when the two nuclei are very close (three bonds or less) in 

the bonding network. 

If there is more than one "neighbor" proton, more complicated splitting occurs so that the 

number of peaks is equal to one more than the number of neighboring protons doing the 

splitting.

The number of signals in a NMR spectrum is equal to the number of types of protons present 

in the given molecule: there is one signal each for every set of equivalent protons.

In some cases, NMR spectra of some molecules generally show the presence of more peaks 

than the number of protons present in the molecules under the investigation. This means that 

the individual signal which we expect from a set of equivalent protons must be appearing not 

as a single peak but as a group of peaks. This is called the splitting of the NMR signals.

The splitting of signals can be determined by the environment of the absorbing proton with 

respect  to  the  neighbouring  protons,  the  actual  magnetic  field  experienced  by the  given 

proton may by modified n a number of ways. As such, the absorbing proton may experience 

each of the modified fields and its absorption signal may be split up into different peaks. 

Thus  it  is  the  spin  spin  coupling  of  the  absorbing  and  neighbouring  protons  which  is 

responsible for slitting of peaks.



We can also consider  the  carbon atoms  carrying  two secondary protons  and one tertiary 

proton:

               T     S

            CH  CH2

The effective magnetic field experienced by a secondary proton at a particular moment is 

naturally modified by the spin of the neighbouring tertiary proton. The effective field gets 

increased if the spin of the tertiary proton happens to be aligned with the applied field at the 

moment while the effective field decreases if the tertiary proton happens to be aligned against 

the applied field.

So, at any given moment, the probability of alignment of the tertiary proton with the applied 

field would be the same as that against the applied field.

For half of the molecules the secondary protons will feel  an increased effective field and 

absorption will be slightly downfield. Where as for other half of the molecules the secondary 

protons  will  experience  decreased  effective  field  absorption  will  be  slightly  shifted  to 

upward. Thus the absorption signal is split into two peaks called a doublet. 

                             

                                                                                 Applied field H0          

        Splitting by one adjacent proton

The  absorption  of  the  tertiary  proton  is  in  turn,  influenced  by  the  spins  of  both  the 

neighbouring secondary protons. Depending upon the spin states of these two protons there 

can be four possible alignments out of which two are equivalent.



So the tertiary proton experiences any one of the three fields at any moment. As such its 

signal splits up into three equally spaced peaks called a triplet.

                                                                                                    H0

                          

                                                                                                                                          

Splitting by two adjacent protons

Rules for splitting of signals:

• Splitting of signal is caused only by neighbouring or vicinal protons which are not 

equivalent to the proton under consideration. Non equivalent protons have different 

chemical shifts.

• Splitting  of  one  proton  by another  on  the  same carbon very  rarely  comes  across 

because such protons are generally equivalent to each other.

• The number of peaks (N) into which a proton signal is split up is equal to one more 

than the number of vicinal protons (n). that is 

N = n+1

• All the peaks of a given multiplet (i.e. doublet, triplet, quarter, etc) are not of exactly 

the same intensity. It has been observed that the inner peaks are larger than the outer 

peaks.

Coupling constant:



The distance between the peaks in a given multiplet is a measure of the magnitude of splitting 

effect.  It  is reffered to as coupling constant and is denoted by J.  numerical  value of J is 

expressed in Hz or cps.

Unlike the chemical shifts, the values of J are independent of the applied field strength and 

depend only upon the molecular structure and also depend upon the numberof covalent bonds 

through which protons may interact.

Various types  of coupling may be noted. Some important of them are

1. Geminal coupling

2. Vicinal coupling

Geminal coupling:  

 In the case of geminal protons of saturated compound, the value of J depends upon the bond 

angle.  Geminal  protons  are  separated  by  two  bonds.  If  these  protons  are  in  different 

environments, then the coupling is usually strong.

The value of coupling constant increases with increase in bond angle. 

The increase in electro negativity of s the atom or group, which withdraws sigma electrons 

increases the value of coupling constant.

Vicinal coupling:

For vicinal  protons,  the value of coupling constant  varies with the dihedral  angle.  These 

protons are separated by three bonds. 

From the value of coupling constant,  it  is  possible  to  determine  the configuration  of the 

particular system.

sConsider the structure of ethanol;



The 1H NMR spectrum of ethanol (below) shows the methyl peak has been split into three 

peaks (a triplet) and the methylene peak has been split into four peaks (a quartet). This occurs 

because  there  is  a  small  interaction  (coupling)  between  the  two  groups  of  protons.  The 

spacings between the peaks of the methyl triplet are equal to the spacings between the peaks 

of  the  methylene  quartet.  This  spacing  is  measured  in  Hertz  and  is  called  the  coupling 

constant, J.

To see why the methyl peak is split into a triplet, let's look at the methylene protons. There 

are two 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;



In the first possible combination, 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;

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.

In a first-order spectrum (where the chemical shift between interacting groups is much larger 

than their coupling constant), interpretation of splitting patterns is quite straightforward;

 The  multiplicity  of  a  multiplet  is  given  by  the  number  of  equivalent  protons in 

neighbouring atoms plus one, i.e. the n + 1 rule 

 Equivalent nuclei do not interact with each other. The three methyl protons in ethanol 

cause splitting of the neighbouring methylene  protons;  they do not  cause splitting 

among themselves.

 A proton does not cause splitting with itself but only with neighboring protons must 

be within a short distance to observe the splitting

 For alkanes normally observe the splitting only for hydrogens attached to adjacent 

carbons.

 The coupling constant is not dependant on the applied field. Multiplets can be easily 

distinguished from closely spaced chemical shift peaks.
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INDEX RULE: (1)

It is also called as ring rule. According to this rule, the number of unsaturated sites, R, is  

equal to the number of rings in the molecule plus the number of double bonds plus twice the 

number of triple bonds.The ring rule for the molecule CwHXNYOZ may be stated as follows:

                                     R   = no. of rings+no.of double bonds+ (no. of triple bonds) 2

        Calculation of index for a compound containing C, H, O, N, S, X (halogen)

Index = no. of carbon atoms+ (no. of nitrogen/2)- (no. of hydrogen/2)-(no.of halogen/2) + 1

   Only  applicable  for  mono,  tri  and  tetra  parent  compounds  not  for  divalent  atoms 

ex- C7H7NO = 7+1/2+1-7/2 = 5

NITROGEN RULE:

It states that a molecule of even numbered molecular mass must contain no nitrogen atom or 

an even numbered of nitrogen atoms. An odd numbered molecular  mass requires an odd 

number of nitrogen atoms.

An important corollary of this rule states that fragmentation at a single bond gives an odd 

number ion fragment from an even numbered molecular ion. Similarly an even number ion 

fragment from an odd molecular ion. For this corollary to hold the fragment ion must contain 

all  the nitrogen atoms of the molecular  ion. To explain the nitrogen rule,  let  us consider 

nitrobenzene  (C6H5NO2).  The signal  for  molecular  ion appears  at  m/e  of  123.i.e,  an  odd 

number molecular mass since the compound contains only one nitrogen atom. Two important 



ion fragments which are found in mass spectrum of this compound are NO2
+ at 46 and NO+ at 

m/e at 30. Both these fragment ions appear at even mass number

CHEMICAL SHIFT:

    The difference in the absorption position of the proton with respect to TMS signal is called 

chemical shift. It is measured in equivalent frequency units. Protons with same chemical shift 

are  called  as  equivalent  protons.  Non  equivalent  protons  have  different  chemical  shift.δ 

(delta)  and  (tau)  values  are  commonly  used.  In  majority  of  organic  compounds  protons 

resonate in the at a low field than the protons of tetramethyl  silane.  Thus assigning delta 

value for TMS equal to 0, a scale can be defined in most proton resonances are of the same 

sign. Tetramethyl silane is the most common reference it has the following characteristics

1. It is miscible with most of organic solvents

2. It is highly volatile and is readily removed from the system

3. It does not take part in intermolecular associations with the sample.

It is the distance between the resonance frequencies of protons in the sample and 

frequency of proton in the reference standard.

TMS = δ =0

    δ VALUES = 0 to 10

τ =10 to 0.

Calculation of chemical shift:

δ = ((HR-HS)/HREF)×106PPM

δ = ((γS- γREF)/γREF)×10
4PPM

Caculation of HO is difficult

      δαHo

δ=(chemical shift /oscillating frequency)×106

δ inversely proportional to H0 because diamagnetic shielding is induced by Ho



FACTORS AFFECTING CHEMICAL SHIFT:

1. INDUCTIVE EFFECT

2. VANDERWALLS DESHIELDING

3. ANISOTROPIC EFFECTS

4. HYDROGEN BONDING

1. INDUCTIVE EFFECT:  A  proton  is  said  to  be  deshielded  if  it  is  attached  to  an 

electronegative atom or group. Greater the electronegativity of the atom, greater is the 

deshielding  caused to  the  proton.  If  the  deshielding  is  more  for  a  proton then  its 

chemical  shift  will  also be more.  As the distance  from the electronegativity  atom 

increases, the deshielding effect due to it diminishes.

• Electron  repelling  group:  Diamagnetic  substances  generate  small  magnetic 

moment which is αH0.Then it produces shielding effect around the nucleus. A 

nucleus finds itself in an effective field which is somewhat less than that of 

applied magnetic field. In case of the resonance condition of the field, it is 

more than Ho. Depending up on the magnitude of diamagnetic shielding effect.

                            H=Ho (1-σ)

σ = Shielding parameter (+= diamagnetic, - = paramagnetic)

     H=Net field felt by protons

     HO= Applied field strength

• Neighbouring electron repelling group: It is based on the inductive effect, as 

the  neighbouring  electron  repelling  group  increases  the  electron  density 

around the proton it increases the shielding (Diamagnetic shielding increases) 

ex: TMS. Silicon is a electron repelling group it pushes the electrons in to the 

methyl group. Because of powerful shielding effect it produces resonance at 

high field.



• Electron negative group: The neighbouring electron negative group reduces 

the electron  density around the proton it  produces deshielding and δ value 

increases ex: Methyl fluoride δ = 4.2

                      Methyl chloride δ = 3.05

As the  distance  from electronegative  atom increases  the  deshielding  effect 

diminishes

          Distance inversely proportional to deshielding.

2. VANDERWALLS  DESHIELDING:  In  overcrowded  molecules  it  is  possible  that 

some proton may be occupying sterically hindered position. Clearly, electron cloud of 

a bulky group will tend to repel the electron cloud surrounding the proton. Thus, such 

a proton will be deshielded and will resonate at slightly higher value of chemical shift 

than expected in the absence of this effect.

3. ANISOTROPIC EFFECTS: The deshielding effect  on protons attached to C=C is 

higher than that accounted for by the inductive effect alone. Aldehydic and Aromatic 

protons are much more deshielded ex-alkyne, benzene.

• Dia  magnetic  shielding:  The  chemical  shift  follows  the  order  of  electro 

negativity of carbon SP > SP2  > SP3. The chemical  shift  of CH2 proton in 

weaker field and chemical shift of CH3 proton in strong field but CH proton in 

between CH3 and CH2

     REASONS: Acetylene is a linear molecule than π orbital asymmetrical about the 

molecular axis. In the applied magnetic field the spin orientation is parallel to H0. But 

electron flow is perpendicular to H0 and electron circulate in symmetrical axis

                        Ethylenic protons: the sidewise overlap of P orbital the π cloud is 

concentrated to the left and right of the bond axis in a plane. The π electrons circulates 

in the π orbital but perpendicular to H0 which increases the paramagnetic shielding 



4. HYDROGEN  BONDING:  Hydrogen  atom  exhibiting  the  property  of  hydrogen 

bonding in a compound absorbs at a low field in comparison to that one wich does 

not. Down field shift depends on strength of hydrogen bonding. Intermolecular and 

intramolecular hydrogen bonding can be easily distinguished as the latter  does not 

show any shift  in absorption due to change in concentration.  I n case of phenols, 

absorption  occurs  between  -2  to  6Ĩ.  But  if  the  concentration  is  decreased  i.e.;  if 

volume of solvent say carbontetrachloride is increased the absorption for OH proton 

occurs upfield.

 

COUPLING CONSTANT (J): The distance between the centres of two adjacent peaks in a 

multiplet  is  usually  constant  and  is  called  coupling  constant.  The  value  of  the  coupling 

constant is independent of the external field. It is measured in Hertz or cycles/sec. The value 

of J lies in between 0 and 20 hertz ex- In a spectrum of isopropyl cyanide; a doublet (6H) and 

a septet (1H) are found. The value of J found in these multiplets is the same i.e., 6.7cps.There 

are three types of coupling constants:

1. Geminal coupling

2. Vicinal coupling

3. Long range coupling

1. Geminal coupling: In case of geminal protons (protons attached to same carbon atoms 

having  different  chemical  environment)  of  a  saturated  compound,  the  value  of  J 

depends up on the bond angle.

         Geminal protons are separated by two bonds. If this proton is in different 

environment then the coupling is usually strong. When the bond angle is 105o J is 

approximately -25cps. J becomes nearly -12cps when bond angle increases to 109o. 

With bond angle widened to 125o, the value of J increases to zero   

• Ex-The  value  of  coupling  constant  increases  with  increase  in  bond  angle 

(increases in S –character) JGEM is -12.4 cps for methane whereas it is 2.5 cps 

for ethylene.



• The increase in electro negativity of the atom or group with draws σ electrons 

increases the value of coupling constant.

2. Vicinal coupling: For vicinal protons the value of coupling constant varies with the 

dihedral angle. Vicinal protons are the protons which are separated by three bonds. 

When  the  dihedral  angle  is  0o  to  180o we absorb  largest  values  for  the  coupling 

constant. The value of J is slightly negative when the dihedral angle is 90o.

• The value of coupling constant is always positive.

• In olefin compound J trans is more than J cis

• The values of coupling constant can be calculated from dihedral angle  ϴ

J=8.5 cos2 -0.28 (  varies from 0 to 90ϴ ϴ 0), J=9.5 cos2 -0.28(  varies from 90ϴ ϴ  

to 1800)

3. Long range coupling: Usually no coupling is observed if the distance between the two 

absorbing nuclei is more than three covalent bonds. But in unsaturated compounds or 

in  fluoro  compounds,  appreciable  coupling  is  observed  with  the  help  of  high 

resolution spectrometers even if the concerned nuclei are three bonds apart. It is called 

long range coupling.

       In the π bond system, appreciable couplings are frequently observed between 

protons  separated  by  even  four  or  five  bonds.  The  effects  of  nuclear  spin  are 

transmitted from C-H bond by coupling to the resulting nuclear spin on carbon atom 

with π electrons 

      Ex-   The values of long range coupling constants in compounds which involve σ 

– π coupling are as follows.

             CH3 –CH=CH2   = -1.7CPS (2)
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INTERPRETATION OF NMR SEPCTRA

NMR spectroscopy  is  an  important  tool  in  the  hands  of  an  organic  chemist  for  getting 
structural information from the spectrum of an unknown compound. It also helps in studying 
the stereochemical details within the molecule.

Following points regarding the value of chemical shift is useful in the interpretation of NMR 
spectra:

1. Tau values of methyl, methylene and methane protons have the order: 
Methyl › methylene › methine

2. Tau value depends upon the nature of the substituent on the carbon atom bearing the 
proton. Greater the electro negativity of the substituent, lower is the value of tau.

3. The value of tau depends upon the type of the hybrid orbital holding the proton.
Sp3 › sp › sp2

4. The tau value for aromatic protons is always less than 4 ppm. The value depends upon 
the degree and the nature of substitution.

5. Tau values for the aldehydic protons are generally lower, i.e., 0.8 ppm or lower.
6. Tau value of protons in a cyclic compound is always higher than that of any other 

proton. The set of protons in cyclopropane has the maximum tau value.
7. The chemical shift of the protons in O-H group and also in –NH2 group depend upon 

temperature,  solvent,  concentration and the neighbouring groups. For example,  the 
alcoholic OH proton gives a singlet at 4.5-9.0 , the phenolic OH absorbs at -2 to 6 ,Ʈ Ʈ  
if C=O group is present  in the ortho positions in phenol, then due to intramolecular 
hydrogen bonding, absorption occurs even at negative values of tau. The OH proton 
in the enolic form absorbs at -4 to -5 . Ʈ

8. The absorption due to –COOH group appears at -0.5 to 2.0  (10.5-12Ʈ ).



‹

Splitting

N-1 Rule: N lines N-1 neighbour H’s (H’s directly attached to carbons attached to the C-H 
group causing the signal)

• The N-1 Rule is useful when working from spectrum to actual structure

 N+1 Rule: N neighbour H’s N+1 lines

• The N+1 Rule is useful when working from structure to actual spectrum

Note: OH hydrogen’s don’t participate in splitting (normally)

Protons directly bonded to an oxygen, nitrogen, or sulphur atom differ from protons on a 
carbon atom in that:

a) They are exchangeable.
b) They are subject to hydrogen bonding.
c) Those  on  a  nitrogen  atom are  subject  to  partial  or  complete  decoupling  by  the 

electrical quadrapole moment of the nitrogen nucleus.

Aliphatic and cyclic amine NH protons absorb from ; aromatic amines absorb 

from to  because amines are subject to hydrogen bonding, the shift depends on 
concentration, solvent, and temperature.

The  absorption  range  for  aliphatic  sulfhydryl  protons  is  1.6  to  1.2;  for  aromatic 
sulfhydryl  protons,   3.6  to  2.8.  Concentration,  solvent,  and  temperature  affect  the 
position within these ranges.

Protons are not coupled to chlorine bromine, or iodine nuclei because of the strong electrical 
quadrapole moments of these halogen nuclei.



EXAMPLES:







INTRODUCTION:

The two dimensional (2D) NMR spectroscopy is based on the pulse variant.



The basic ideas of two-dimensional NMR will be introduced by reference to the appearance 

of a COSY spectrum.

COSY – COrrelation SpectroscopY, good for determining basic connectivity via J-couplings 

(through-bond).

Correlation  spectroscopy (COSY)  is  one  of  several  types  of  two-dimensional  nuclear 

magnetic resonance (NMR) spectroscopy. Other types of two-dimensional NMR include  J-

spectroscopy, exchange spectroscopy (EXSY), and Nuclear Overhauser effect spectroscopy 

(NOESY), TOtal  Correlation  SpectroscopY  (TOCSY), Rotational  Overhauser  Effect 

SpectroscopY(ROESY),  Heteronuclear  Multiple  Quantum  Correlation  (HMQC), 

Heteronuclear  Single  Quantum  Correlation  (HSQC),  Heteronuclear  Multiple  Bond 

Correlation  (HMBC).  Two-dimensional  NMR spectra  provide  more  information  about  a 

molecule than one-dimensional NMR spectra and are especially useful in determining the 

structure of a molecule,  particularly for molecules  that  are too complicated to work with 

using one-dimensional NMR.

In NMR the most useful information comes from the interactions between two nuclei,

either  through the bonds which connect  them (J-coupling interaction)  or directly  through 

space (NOE interaction). One can look at these interactions one at a time by irradiating one 

resonance in the proton spectrum (either during the relaxation delay (or) during acquisition) 

and looking at the effect on the intensity (or) coupling pattern of another resonance. 2D NMR 

essentially allows us to irradiate all of the chemical shifts in one experiment and gives us a 

matrix or two dimensional map of all of the affected nuclei. There are four steps to any 2D 

experiment:

1. Preparation: Excite nucleus A, creating magnetization in the x-y plane.

2. Evolution: Measure the chemical shift of nucleus A.

3. Mixing: Transfer magnetization from nucleus A to nucleus B (via J or NOE).

4. Detection: Measure the chemical shift of nucleus B.



DEFINITION:

The  2D  NMR  experiment  belongs  to  the  Fourier  transform  spectroscopy  than  to  the 

impulsion one and relies on a sequence of three time intervals : Preparation, Evolution and 

Detection.  In  some  experiment  another  time  interval  is  added  before  the  detection  :  the 

mixing time.

The preparation time: 

    Up on the time the spin system under study is firstly prepared, for example it is submitted 

either to a decoupling experiment or just to a transverse magnetization by the means of a 900 

impulsion.  It  allows  the  excited  nuclei  to  get  back  their  equilibrium  state  between  two 

successively executed pulse sequence.

The evolution time t1:

    During the evolution time t1, the spin system is evolving under the effect of different 

factors,  each  coherence  evolves  at  its  own characteristic  frequency  as  a  function  of  the 

chemical shift and of the scalar coupling of the corresponding nucleus.

The mixing time:

    It is made of a pulse sequence which achieves coherence transfers in such a way that  

different frequencies can be correlated.

The detection time:

http://rmn2d.univ-lille1.fr/resum2D_us/fig8.gif


    The acquisition of the modulated signal takes place during the detection period.

PRINCIPLE:

A two-dimensional NMR experiment involves a series of one-dimensional experiments. Each 

experiment consists of a sequence of radio frequency pulses with delay periods in between 

them. It is the timing, frequencies, and intensities of these pulses that distinguish different 

NMR experiments  from one  another.  During  some  of  the  delays,  the  nuclear  spins  are 

allowed to freely process (rotate) for a determined length of time known as the  evolution 

time. The frequencies of the nuclei are detected after the final pulse. By incrementing the 

evolution time in successive experiments,  a two-dimensional  data set  is generated from a 

series of one-dimensional experiments.

TYPES OF 2D NMR:

     Two dimensional (2D) NMR spectroscopy includes:-

1. Homonuclear

A. Through bond: COSY, TOCSY, 2D-INADEQUATE.

B. Through space: NOESY, ROESY.

2. Heteronuclear correlation

A. One-bond correlation HSQC, HMQC.

B. Long-range correlation HMBC.

1. Homonuclear:

A. Through bond:

COSY – COrrelation SpectroscopY, good for determining basic connectivity via J-couplings 

(through-bond).

o  both axes correspond to the proton nmr spectra.

o  the COSY spectra indicates which H atoms are coupling with each other.



TOCSY – TOtal Correlation SpectroscopY, same as COSY, but also able to generate cross 

peaks via intermediate spins (mix). Uses a spin lock that produces rf heating of the sample 

and hence requires many steady state scans (ss).

B. Through space: 

NOESY – Nuclear Overhauser Effect SpectroscopY, allows one to see through-space effects, 

useful for investigating conformation and for determining proximity of adjacent spin systems. 

Not so useful for MWs in the 1 kDa range due to problems arising from the NMR correlation 

time.

ROESY – Rotational Overhauser Effect SpectroscopY, same as NOESY, but works for all 

molecular weights. Has the disadvantage of producing more rf heating, hence it requires more 

steady state scans.

2. Heteronuclear correlation

a. proton nmr spectra on one axis and the 13C nmr spectra on the other.

b. the HETCOR spectra matches the H to the appropriate C.

A. One-bond correlation:

HMQC  –  Heteronuclear  Multiple  Quantum  Correlation,  allows  one  to  pair  NH or  CH 

resonances.  Often  uses  X-nucleus  decoupling  and  hence  gives  rise  to  rf  heating, 

requiresreasonably well calibrated pulses and many steady state scans.

HSQC  –  Heteronuclear  Single  Quantum  Correlation,  provides  the  same  information  as 

HMQC, but gives narrower resonances for 1H-13C correlations. Also requires X-decoupling 

and  hence  a  large  number  of  steady  state  scans  and  is  also  more  sensitive  to  pulse 

imperfections.

B. Long-range correlation:

HMBC – Heteronuclear Multiple Bond Correlation, a variant of the HMQC pulse sequence 

that allows one to correlate X-nucleus shifts that are typically 2-4 bonds away from a proton.

HSQC HMQC HMBC

• One-bond 1H-X • One-bond correlation • Two- & three-bond



correlation

• Longer pulse

program, therefore

sensitive to

calibration & tuning

errors

• Ideal for

macromolecules,

very popular in

protein NMR

• Shorter pulse

sequence & is

therefore less

sensitive to

calibration & tuning

errors

• Ideal for small

molecules

correlation (modified

HMQC)

• Less sensitive than

the HMQC

• Popular among NMR

spectroscopists in

organic labs/pharma

industries

The two most common window functions for 2D NMR are the sinebell,which gives

resolution enhancement at the expense of sensitivity, and the cosine-bell (or 900 shifted sine-

bell), which gives sensitivity enhancement with some line-broadening. Both functions come 

to zero smoothly at the end of the acquired FID data,eliminating the truncation wiggles in the 

spectrum.  The  Bruker  parameter  wdw  (Window  function) determines  the  shape  of  the 



window function and ssb (Starting point of sine-bell function = 180o /  ssb)  determines the 

shift.

Bruker uses the parameter wdw to describe the type of window function, for example

sine  for  a  simple  sine-bell  function  and  qsine  for  a  sine-squared  function.  A  second 

parameter, ssb, describes the amount by which the standard sine-bell (00 to 1800) is shifted at 

its starting point. If ssb is set to zero, the sine-bell starts at the 00 point of the sine function. If 

ssb is set to 2, the window function starts at 900+ (180 / 2) and ends at 1800. If ssb is set to 4, 

the window function starts at 450 (180 / 4) of the sine function and ends at 1800. In all cases, 

the function comes to zero smoothly, ending at the 1800 point of the sine function.

Basic 2D pulse sequence:

In a 1D-NMR experiment the data acquisition stage takes place right after the pulse sequence. 

This  order  is  maintained also with complex  experiments  although a  preparation  phase is 

added before the acquisition. However, in a 2D-NMR experiment, the acquisition stage is 

separated from the excitation stage by intermediate stages called evolution and mixing. The 

process of evolution continues for a period of time labeled  t1. Data acquisition includes a 

large number of spectra that are acquired as follows: the first time the value of t1 is set close 

to zero and the first spectrum is acquired. The second time, t1 is increased by Δt and another 

spectrum is acquired. This process (of incrementing t1 and acquiring spectra) is repeated until 

there  is  enough data  for  analysis  using a  2D Fourier  transform.  The spectrum is  usually 

represented as a topographic map where one of the axes is  f1 that is the spectrum in the  t1 

dimension and the second axis is that which is acquired after the evolution and mixing stages 

(similar to 1D acquisition). The intensity of the signal is shown by a stronger color the more 

it is intense.

In the resulting topographic map the signals are a function of two frequencies, f1 and f2. It is 

possible that a signal will appear at one frequency (e. g., 20 Hz) in f1 and another frequency 

(e. g., 80 Hz) f2 that means that the signal's frequency changed during the evolution time. In a 

2D-NMR experiment,  magnetization  transfer  is  measured.  Sometimes this  occurs through 

bonds to the same type of nucleus such as in COSY, TOCSY and INADEQUATE or to 

another type of nucleus such as in HSQC and HMBC or through space such as in NOESY 

and ROESY.



The various 2D-NMR techniques are useful when 1D-NMR is insufficient such when the 

signals overlap because their resonant frequencies are very similar. 2D-NMR techniques can 

save time especially when interested in connectivity between different types of nuclei (e. g., 

proton and carbon).

The basic 2D NMR experiment consists of  a pulse sequence that excites the nuclei with two 

pulses or groups of pulses then receiving the free induction decay (fid).  The groups of pulses 

may be purely radiofrequency (rf) or include magnetic gradient pulses. The acquisition is 

carried out many times, incrementing the delay (evolution time -  t1) between the two pulse 

groups. The evolution time is labeled t1 and the acquisition time, t2.

2D Fourier transform

The FID is then Fourier transformed in both directions to yield the spectrum. The spectrum is 

conventionally displayed as a contour diagram. The evolution frequency is labeled f1 and the 

acquisition frequency is labeled f2 and plotted from right to left.

 



2D Fourier transform

The 2D spectrum is usually plotted with its 1D projections for clarity. These may be genuine 

projections  or  the  equivalent  1D spectra.  In  a  homonuclear  spectrum there  is  usually  a 

diagonal (with the exception of 2D-INADEQUATE) that represent the correlation of peaks to 

themselves and is not in itself very informative. The signals away from the diagonal represent 

correlations  between two signals  and are used for assignment.  For  example  in  the homo 

nuclear COSY spectrum below, the 1H signal at 1.4 ppm correlates with the 1H signal at 2.8 

ppm because there are cross-peaks but they do not correlate with the signals at 7.3 ppm.

SUMMARY OF METHODOLOGY:

_ Load 1D proton parameters and be sure to choose your solvent correctly.

_  Regulate  the  temperature.  For  example,  type  temp=25  su  (be  sure  to  run  every 

experiment  at  25  C  or  some  other  constant  temperature,  as  stable  temperature  greatly 

improves the quality of 2D spectra, especially HMQC, HSQC, and HMBC). You may want 

to turn down the preconditioner temperature to 15 C and run with temp=20.

_ Tune and shim with spinner off after allowing the sample to reach thermal equilibrium for 

5-10 minutes.

_ If you are going to collect an HMQC, HSQC, or HMBC, keep increasing the lock power 

and decreasing the lock gain until the equilibrium lock level begins to drop or become erratic, 

then back off the lock power until the lock is stable and maximized for a given value of 

lockgain.



_ Collect a good 1D (set tof (transmitter offset) & sw (sweep width) and note what nt needs 

to be to give good signal-to-noise) (if you are going to do HMQC, HSQC, or HMBC), collect 

a one-scan spectrum of the X nucleus, perhaps even a reference compound, and set your tof 

& sw to span the chemical shift range of interest, record tof and sw from this experiment for 

later  use  as  dof  (decoupler  offset)  and  sw1  (spectral  width  in  1st  indirectly  detected 

dimension),  also  note  the  values  of  rfl  (reference  peak  position  in  directly  detected 

dimension) and rfp (reference peak frequency in directly detected dimension) to be used as 

rfl1 (reference peak position in 1st indirectly detected dimension) and rfp1 (reference peak 

frequency in 1st in directly detected dimension) .

_ Set reference mark (put cursor on peak, type  dscale nl, then rl(7.27p) for chloroform (or 

whatever shift you want).

_ Save 1D, and transfer the data set (or at least the parameters) to another experiment and join 

that experiment (this will allow you to use the 1D you just collected for the 1H projection(s).

COSY spectra:
• The information on the H that are coupling with each other is obtained by looking at 

the peaks inside the grid.  These peaks are usually shown in a contour type format, like height 

intervals on a map. 

• In order to see where this information comes from, let's consider an example shown 

below, the COSY of ethyl 2-butenoate  

• First look at the peak marked A in the top left corner.  This peak indicates a coupling 

interaction between the H at 6.9 ppm and the H at 1.8 ppm.  This corresponds to the coupling 

of the CH3 group and the adjacent H on the alkene. 

• Similarly, the peak marked B indicates a coupling interaction between the H at 4.15 

ppm and the H at 1.25 ppm.  This corresponds to the coupling of the CH2 and the CH3 in the 

ethyl group. 

• Notice that there are a second set of equivalent peaks, also marked  A and  Bon the 

other side of the diagonal. 



                   

COSY spectra recordedon Bruker Advance DRX-400 spectrometer).

HETCOR spectra 

• The information on how the H are C are matched is obtained by looking at the peaks 

inside the grid.  Again, these peaks are usually shown in a contour type format, like height 

intervals on a map. 

• In order to see where this information comes from, let's consider an example shown 

below, the HETCOR of ethyl 2-butenoate. 

• First look at the peak marked A near the middle of the grid.  This peak indicates that 

the H at 4.1 ppm is attached to the C at 60 ppm.  This corresponds to the -OCH2- group. 

• Similarly, the peak marked B towards the top right in the grid indicates that the H at 

1.85  ppm is  attached  to  the  C  at17  ppm.  Since  the  H  is  a  singlet,  we  know that  this 

corresponds to the CH3- group attached to the carbonyl in the acid part of the ester and not  

the CH3- group attached to the -CH2- in the alcohol part of the ester. 

• Notice  that  the  carbonyl  group from the  ester  has  no  "match"  since  it  has  no  H 

attached in this example. 



 

APPLICATIONS:

1. Heteronuclear Corelation in Proteins.

2. Structure Determination Strategy for nucleic acids.

 • Identify resonances for each amino acid.

                            •  Put the assigned resonances in order according to

                            their amino acid sequence i.e. sequential                    

                                   assignment.

             (R-G-S, T-L-G-S)

                            • Secondary structure determination using NOESY,

                                (short distances), temperature coefficients

                                delineation of H-bonded amide protons), coupling

     constants J (torsion angles).



REFERENCES:

1. http://en.wikipedia.org/wiki/Correlation_spectroscopy.

2. www.chem.ucalgary.ca/courses/35:carey5th/ch13/ch13-uvvis.html.

3. chem..ch.huji.ac.il/nmr/techniques/2d/inad/inad.html. 

1CARBON – 13 NMR:

CARBON – 13 NMR is sometimes simply referred to as ‘CMR’ and it is the application of 

NMR- Spectroscopy with respect to carbon. It is similar to PMR and allows the identification 

of C- atoms in an organic molecule just as PMR identifies H-atoms. CMR is important tool in 

organic chemistry in chemical structure identification. 

1FEATURES:

 12C nucleus is not magnetically active because its spin no. I=0.

 13C nucleus like proton nucleus has  I = 1/2. The natural abundance of  13C is only 

1.1% that of  12C. The sensitivity of 13C compared to H is about 1/5700.

 13C spectra is much more difficult to record than the PMR, because the most abundant 

isotope of carbon, 12C is not detectable by NMR (No magnetic spin).

 The magnetic resonance of 13C is much weaker, because of its 1.1% abundance.

 The gyromagnetic ratio of 13C is 1.4043 as compared to 5.5854 of a proton, H.

 It indicates that  13C resonance frequency is only ¼ th of that of H at a given magnetic 

field. These factors shows that



-  A  spectrophotometer  operating  at  14092  gauss  magnet  needs  15.1  MHZ 

transmitter for 13C, as compared to 60 MHz for protons. 

- CMR is very less sensitive than PMR.

 The cshemical  shift  reference  standard  for  13C is  the  carbons  in  tetramethylsilane 

(TMS), whose chemical shift is considered to be 0.0 ppm.

 For  13C, common range of energy absorption is  wider  (0-200 relative to  TMS) in 

comparison to PMR (0-15 relative to TMS).

 The areas under the peaks in CMR- spectra are not necessary to be proportional to the 

number of carbons responsible for the signals. It is therefore necessary to consider 

area ratios.

 In  proton coupled  spectra,  the  signal  for  each  carbon or  a  group of  magnetically 

equivalent carbons is split by the protons bonded directly to the carbon and (n+1) rule 

is still followed.

 While splitting is often useful in the study of simple molecules; in various cases, it is 

very difficult to interpret the spectrum.

 To overcome this and increase the signal strength, CMR- spectra is generally recorded 

under conditions, in which the protons are decoupled from the carbon. 

 The proton decoupled CMR- spectrum is recorded by irradiating the sample at 

2  frequencies.

- First radio signal to affect the magnetic resonance of carbon.

- Simultaneous exposure to the second radio signal causes all the protons to be 

in resonance at the same time and they flip their alpha and beta spins very fast.

2Principle:

As a 13C nucleus behaves like a little magnet, it means that it can also be aligned with an 

external magnetic field or opposed to it. Again, the alignment where it is opposed to the 

field is less stable (at a higher energy). It is possible to make it flip from the more stable 

alignment to the less stable one by supplying exactly the right amount of energy.



The  energy  needed  to  make  this  flip 

depends  on  the  strength  of  the  external 

magnetic  field  used,  but  is  usually  in  the 

range of energies found in radio waves - at 

frequencies of about 25 - 100 MHz. (BBC 

Radio 4 is found between 92 - 95 MHz). If 

we see the proton-NMR, the frequency is 

about  a  quarter  of  that  used  to  flip  a 

hydrogen  nucleus  for  a  given  magnetic  field  strength.  It's  possible  to  detect  this 

interaction between the radio waves of just the right frequency and the 13C nucleus as it 

flips from one orientation to the other as a peak on a graph. This flipping of the  13C 

nucleus from one magnetic alignment to the other by the radio waves is known as the 

resonance condition.

1The most useful techniques for assessing peaks, in addition to structure shift 

correlation  are:

 Proton noise decoupling

 Off resonance decoupling

 Selective proton decoupling 

 Use of chemical shift reagents

 Deuterium substitution

Proton noise decoupling:

The complicating effects of  13C -H coupling can be eliminated by decoupling the proton 

nuclei by double radiation at their resonance frequencies (100 MHz) and this provides an 

example of Hetero nuclear decoupling.

Since the 13C abundance is extremely low, the chance that one will find two 13C - 13C is least 

possible. Hence there is no splitting between carbon nuclei.

The coupling constant for 13C -H is very large than 13C -C -H, than 13C -C-C-H.



Off resonance decoupling: 

The proton noise decoupling simplifies the spectrum and increases peak heights at the lost of 

coupling information. The off resonance decoupling not only simplifies the spectrum but also 

retains the residual 13C -H coupling information.

In this, while recording the spectrum, the sample is irradiated at a frequency close (but not 

equal) to the resonance frequency of protons. Consequently, the multiplets become narrow 

and not removed all together as in fully decoupled spectra.this also results residual coupling 

from protons directly bonded to 13C atoms, while long range coupling is usually lost. By this, 

methyl  carbon  atom  appears  as  quartet,  methylene  as  triplet,  methane  as  doublet  and 

quarternary C- atom as singlet.

Selective proton decoupling:

When specific proton is irradiated at its exact frequency at a lower power level than is used 

for off resonance decoupling, the absorption of directly bonded  13C becomes singlet, while 

the other 13C absorptions show residual coupling. 

This technique is known as selective proton decoupling, is used for peak assignment , but 

satisfactory results are difficult to achieve.  

Use of chemical shift reagents:

Shift reagents will shift the absorption of specific atom to high or low chemical shift values.

Deuterium substitution:

In CMR, we can identify quarternary C- atoms, as they shows lowered intensities because 

they tend to have long relaxation times. The protons bearing C-atoms have shorter relaxation 

time as well as enhanced line intensities caused by NOE. Since, solvents used in CMR are 

Deuteriated  (CDCl3, C6D6,.etc).   So,  Solvent  peake in CMR have low intensity.  Due to 

coupling of D with C, C-D peak splits in to 3 (2nI+1  ; I=1 for D,Triplet). 

In general,  D of a C results  in significant  decrease of C13 nucleus in a noise decoupled 

spectrum because of



 D has spin no. I =1 and a magnetic moment 15% that if H. Thus, it will split the 13C 

absorption into 3 lines (1:1:1) with a J value of 0.15*JCH.

 T1 for C-D is longer than that for C-H due to decreased dipole-dipole relaxation.

 The NOE is lost, because there is no irradiation of deuterium.

2DEPT:

DEPT stands for  Distortionless  Enhancement by  Polarization  Transfer. It is a very useful 

method for determining the presence of primary, secondary and tertiary carbon atoms. The 

DEPT  experiment  differentiates  between  CH,  CH2 and  CH3 groups  by  variation  of  the 

selection angle parameter (the tip angle of the final 1H pulse):

• 45° angle gives all carbons with attached protons (regardless of number) in phase

• 90° angle gives only CH groups, the others being suppressed

• 135° angle gives all CH and CH3 in a phase opposite to CH2

Signals  from quaternary  carbons  and other  carbons  with  no  attached  protons  are  always 

absent (due to the lack of attached protons). The polarization transfer from 1H to 13C has the 

secondary advantage of increasing the sensitivity over the normal 13C spectrum (which has a 

modest enhancement from the  NOE  (Nuclear Overhauser Effect) due to the 1H decoupling).

The need for a standard for comparison – TMS:

Before we can explain what the horizontal scale means, we need to explain the fact that it has 

a zero point - at the right-hand end of the scale. The zero is where you would find a peak due 

to  the  carbon-13  atoms  in  tetramethylsilane -  usually  called  TMS.  Everything  else  is 

compared with this.

You will find that some NMR spectra show the peak due to TMS (at zero), and others leave it 

out. Essentially, if you have to analyse a spectrum which has a peak at zero, you can ignore it  

because that's the TMS peak. TMS is chosen as the standard for several reasons. The most 

important are:

• It has 4 carbon atoms all of which are in exactly the same environment. They are joined to 

exactly the same things in exactly the same way. That produces a single peak, but it's also 

a strong peak (because there are lots of carbon atoms all doing the same thing).

http://en.wikipedia.org/wiki/Nuclear_Overhauser_effect
http://en.wikipedia.org/wiki/Tertiary_carbon


• The electrons in the C-Si bonds are closer to the carbons in this compound than in almost 

any  other  one.  That  means  that  these  carbon  nuclei  are  the  most  shielded  from the 

external  magnetic  field,  and so you would have to increase the magnetic  field by the 

greatest amount to bring the carbons back into resonance.

• The net effect of this is that TMS produces a peak on the spectrum at the extreme right-

hand side. Almost everything else produces peaks to the left of it.
2The chemical shift

The horizontal scale is shown as  (ppm).  is called the  chemical shift and is measured in 

parts per million - ppm. A peak at a chemical shift of, say, 60 means that the carbon atoms 

which caused that peak need a magnetic field  60 millionths less than the field needed by 

TMS to produce resonance. A peak at a chemical shift of 60 is said to be downfield of TMS. 

The further to the left a peak is, the more downfield it is.

Splitting:

Carbons couple with the hydrogen atoms that are directly attached to them. Thus, a methyl 

group (-CH3) appears as a  quartet in the  13C-NMR spectra.  A methylene group with two 

attached hydrogens appears as a triplet, a methine group (-CH) appears as a doublet, and a 

quaternary carbon, with no hydrogens attached, appears as a  singlet.  Carbon-13 will also 

couple  with  another  directly  bonded  carbon-13  atom but  the  odds  of  this  are  very  low 

(0.01%) in naturally occurring samples and this generally is not seen. With this coupling to 

bound hydrogens, a  13C-NMR spectra can appear as a real jungle of lines.  To improve the 

spectra allowing easy counting of the number of carbons, the protons are often "decoupled" 

from the carbons by irradiating them at a frequency that excites them and interrupts their 

normal coupling. 

In  the  absence  of  coupling  from the  protons,  the  carbon  resonances  all  appear  as 

singlets and such a spectrum is said to be "Proton Decoupled".  Proton decoupled  13C-

NMR is probably the most widely used technique because it clarifies the 13C-NMR spectrum 

making it easier to determine the number of carbon atoms. The student should be aware that 

the proton coupled experiment does exist and can provide useful information on how many 

hydrogen atoms are bound to a particular carbon.

A table of typical chemical shifts in C-13 NMR spectra

Carbon environment Chemical shift (ppm)



C=O (in ketones) 205 - 220

C=O (in aldehydes) 190 - 200

C=O (in acids and esters) 170 - 185

C in aromatic rings 125 - 150

C=C (in alkenes) 115 - 140

RCH2OH 50 - 65

RCH2Cl 40 - 45

RCH2NH2 37 - 45

R3CH 25 - 35

CH3CO- 20 - 30

R2CH2 16 - 25

RCH3 10 - 15

In the table, the "R" groups won't necessarily be simple alkyl groups. In each case there will  

be  a  carbon atom attached  to  the  one shown in  red,  but  there  may well  be  other  things 

substituted into the "R" group. If a substituent is very close to the carbon in question, and 

very electronegative, that might affect the values given in the table slightly.
2A simplification of the table:

At the time of writing, a draft UK syllabus (Cambridge pre-U) was expecting their students to 

learn the following simplification:

Carbon environment Cshemical shift (ppm)

C-C 0 - 50

C-O 50 - 100

C=C 100 - 150

C=O 150 - 200



References : 

 B.K. Sharma, Instrumental Methods of Chemical Analysis , Page no:C-774 to 783. 

 R. M. Silverstein, Bassler and T. C. Morrill,  Spectrometric Identification of Organic  

Compounds. Wiley,pg no:274-282.



The Karplus equation, named after Martin Karplus, describes the correlation between 3J-
coupling constants and dihedral torsion angles in nuclear magnetic resonance spectroscopy:[2] 

 
 

 

where J is the 3J 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 cos2 φ rather than 
cos 2φ —these lead to different numerical values of A, B, and C but do not change the nature of 
the relationship. 
 
The relationship is used for 3JH,H coupling constants. The superscript "3" indicates that a 1H atom 
is coupled to another 1H atom three bonds away, via H-C-C-H bonds. (Such hydrogens bonded 
to neighbouring carbon atoms are termed vicinal).[4] The magnitude of these couplings are 
generally smallest when the torsion angle is close to 90° and largest at angles of 0 and 180°. 
 

This relationship between local geometry and coupling constant is of great value 
throughout nuclear magnetic resonance spectroscopy and is particularly valuable for 
determining backbone torsion angles in protein NMR studies. 
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1. Learning Outcomes  

After studying this module, you shall be able to 

 To understand simple and complex splitting pattern of various compounds.  

 To understand the first and second order spectra 

 Nomenclature of various spin systems 

 To know about the magnetically equivalent protons in aliphatic and aromatic systems 

2. Simple Splitting 

In a simple spin-spin coupling we observed that a particular proton is coupled to a set of 

equivalent protons and the multiplicity is decided by the total number of the similar types of 

protons in the molecule as shown in the figure. The intensity of the peaks is according to the 

Pascal’s triangle. 

 

3. Complex Splitting 

There are various factors which may lead to the complexity of the NMR spectra. 

1. If the n protons are non-equivalent, the (n+1) rule is not obeyed. 

2. The chemical shifts of the coupled protons are very close. 

3. The presence of the chiral centre (s) in the molecule. The presence of chiral centre makes the 

CH2 group distereotopic and thus non-equivalent protons, which may have different coupling 

constant with neighbouring protons. 
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If a proton is spin-coupled to two or more different sets of neighbouring protons (non-equivalent 

protons with different J values), say Na number of protons of Ha type, Nb number of protons of 

Hb, Nc number of protons of Hc and so on, the n+1 rule does not predict the entire splitting 

pattern. In such cases, the number of neighbouring protons does not add up simply as in first 

order splitting, but the multiplicity of the signal is given by (Na + 1) (Nb + 1) (Nc + 1) and so on. 

It is important to note that there may be fortuitous coincidence of some lines if a smaller J is a 

factor of a larger J. This phenomenon is called complex coupling/splitting. 

The following compound is a good example of showing complex splitting. 

 

The chemical shift of Hc hydrogens is in the most downfield region and it shows a triplet due to 

coupling (Jbc) with 2 equivalent protons i.e. Hb. Similarly, hydrogens Ha of the methyl group 

display a triplet in the upfield region due to coupling (Jab) with 2 equivalent protons Hb. The two 

coupling constants are not equal. The chemical shift of Hb protons is in between. One can expect 

a sextet for Hb. But in actual the signal of Hb appears as quartet of triplets due to the non-

equivalent nature of the coupled protons Ha and Hc and hence unequal coupling. The signal for 

Hb is first split into a quartet due to Ha protons, and each of the four lines in quartet is further split 

into a triplet because of the Hc protons. The signal will therefore have 12 peaks in the form of a 

quartet of triplets. 
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The appearance of the signal depends greatly on the J values. If Jab is much greater than Jbc, then 

the signal will appear as a quartet of triplets as shown in the above example. If, however, Jbc is 

much greater than Jab, then the signal will appear as a triplet of quartets. 

In most cases, the J values are not much different, and we will observe neither a clean quartet of 

triplets nor a clean triplet of quartets. Many of the peaks overlap producing a multiplet and it is 

difficult to extract the J values from this. 

 

Similarly the splitting pattern (second order splitting) for the methyl acrylate can be explained. 
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The proton Hc has two types of neighbour protons Ha and Hb and hence it couples to both Ha and 

Hb, but with two different coupling constants. Hc is trans to Ha across the double bond, and splits 

the Hc signal into a doublet with a coupling constant of 3Jac = 17.4 Hz. In addition, each of these 

lines in doublet is further split by Hb (geminal coupling) into two more doublets, each with a 

small coupling constant of 2Jbc = 1.5 Hz. This type of pattern is referred as a doublet of doublets, 

abbreviated ‘dd’. 

 

Similarly the signal for Hb at 5.64 ppm is split into a doublet by Ha with coupling constant 3Jab = 

10.4 Hz (cis coupling). Each of the resulting lines is split again by Hc, with the same geminal 

coupling constant 2Jbc = 1.5 Hz. The overall result is again a doublet of doublets. 

The signal for Ha at 5.95 ppm is also a doublet of doublets, with coupling constants 3Jac= 17.4 Hz 

(trans coupling) and 3Jab = 10.5 Hz (cis coupling). 

Note: The signal shown above look like a quartet but it is not a quartet because in a quartet the 

line intensities are 1:3:3:1 and the individual peaks are equally spaced. In doublet of doublets, all 

the lines are of equal intensity and the individual peaks are not necessarily equally spaced. Hence 

for complete identification of the splitting pattern we must look carefully at the number of lines, 

their shape and the intensity. 

In some cases, Jab and Jac will be almost identical. For example, consider the 1H NMR spectrum 

of 1-nitropropane. Look carefully at the splitting pattern of the Hb protons (δ ≈ 2 ppm). This 

signal looks like a sextet, because the two coupling constants Jab and Jbc are very similar. In such 

a case, it appears “as if” there are five equivalent neighbours, even though all five protons are not 

equivalent. In case both the coupling constants are not similar, it would have shown 12 lines in 

total in the form of a quartet of triplets via the successive coupling first with Ha protons and then 

with Hc protons. Due to the very close value of both the coupling constants several lines coincide 

to give a deceptively simple multiplet i.e., a sextet. One, however, may expect 12 peaks at high 

resolution. 

Similarly in 1-bromo-3-chloropropane, the CH2Cl and CH2Br protons are not chemically 

equivalent. Inspite of this the middle CH2 appears as a quintet. This is again due to the fact that 

the magnitude of coupling to both types of protons is very similar. Therefore it seems to obey n+1 

rule. 
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4. First Order Spectra 

If the splitting pattern of a multiplet is given by the n+1 rule, then the spectra is called as ideal or 

“first order” spectra. This is usually observed if the spin-coupled nuclei have very different 

chemical shifts (i.e. Δν is large compared to J). The chemical shift value and the coupling 

constant J can be measured directly from the spectrum.  

The first order spectra can be analysed by the following features 

1. The multiplicity of a peak is given by the expression 2nI+1, where I is the nuclear spin of the 

concerned nucleus and n is the total number of coupled nuclei. 

2. The relative intensity of the component peaks of a multiplet is given by the coefficients of the 

terms in binomial expansion of (x+1)n for nuclei with I = 1/2. 

3. Centre of the multiplet gives the chemical shift of the concerned nucleus. 

4. The separations of peaks in two coupled multiplets are exactly equal and correspond to the 

coupling constant. 

It is well known that the chemical shift measured in Hz depends on the applied magnetic field and 

the value of ∆ν increases as the field strength increases. The value of coupling constant J remains 

constant and hence the value of ∆ν/J will increase on increasing the field strength. Therefore at 

high field strength, most 1H NMR spectra become first order. It is important to notice that high 

field NMR instruments give better resolution and relatively easily interpretable spectra. 

5. Second Order Spectra 

If the coupled nuclei have approximately same chemical shifts and their chemical shift difference 

is comparable to the coupling constant between them, the first order splitting rule (2nI+1) is not 

applicable. The splitting pattern in a multiplet is distorted and the bands are no longer 

symmetrical. In fact, signal splitting disappears if the chemical shifts of the coupled nuclei are the 

same. Such types of spectra are known as second order spectra. It is difficult to measure the 

chemical shift and coupling constants values simply by just analysing the spectra. 

As the value of Δν/J decreases, the coupled multiplets approach each other and the inner lines 

increase in intensity and the outer peaks decrease. In some extreme cases the outer lines may 

become too weak to be observed and hence the resulting multiplet is wrongly interpreted. Since 

there is leaning of coupled multiplets towards one another and hence the chemical shift values 
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cannot be given by the centre of the multiplet. In such cases the chemical shift is given by the 

centre of gravity. The chemical shift values can be calculated by the following formula: 

∆νAB =  

δA = ν1 ─  

δB = ∆νAB ─ δA 

6. Nomenclature of spin system 

Pople developed a convenient method to designate the type of spin-coupled systems. Each 

chemically different type of protons is assigned a letter of alphabet A, B, C and so on. Protons 

which have chemical shifts nearly same are assigned the letters that are close to one another i.e. 

A, B and C. If the chemical shifts are widely different then the letters which are far apart from 

one another are assigned for these protons e.g. A, B, C versus X, Y, Z. If groups of nuclei are 

magnetically equivalent, they are labelled as An, Bn, AnBn etc. For example CH3 group represents 

A3 system. The magnetically equivalent protons have same chemical shift and hence group of one 

particular magnetically equivalent protons (An) couple equally with the another group of 

magnetically equivalent protons (Bn). If protons are chemical shift equivalent but not 

magnetically equivalent, they are labelled as AA’ system. Thus in systems such as A2B2 or A2X2, 

the A type protons have identical coupling with the B type protons. But in AA'XX' system the 

coupling constants are not same i.e. JAX ≠ JAX'. If three types of protons are involved and they 

have almost same chemical shifts, the system is assigned as ABC, whereas protons having widely 

different chemical shift, a letter M (letter from the middle of the alphabet) is used to designate the 

system i.e. AMX. 

In general, a system in which protons have very different chemical shifts display first order 

spectra, whereas protons having almost similar chemical shifts display second order spectra. The 

different types of spin systems are described below. 

6.1 Two-Spin Systems (A2, AB, AX) 

A2 System 

A system having two equivalent nuclei is designated as A2 system. This system always shows a 

singlet. The methylene protons in an aliphatic chain with no protons on the adjacent carbon atoms 

constitute an A2 system. Compound 1,1,2,2-tetrachloroethane is an good example of A2 system. 

AB System 
A system containing two protons, say HA and HB which couple with each other but do not couple 

with any other proton and their chemical shift (δA─δB) values difference is comparable to the 

coupling constant JAB. In AB system, both the nuclei are strongly coupled and are designated by 

adjacent letters A and B in the alphabet. 

In such systems the doublets are distorted i.e. they are not 1:1. The inner lines become larger and 

the outer lines smaller. 

AX System 

A system having two protons, say HA and HB with their chemical shift (δA─δB) values difference 

much larger to the coupling constant JAB. This system shows two distinct doublets with all the 

four lines of equal intensity. 
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The example of AX system is dichloroacetaldehyde (Cl2CHCHO). 

 

6.2 Three-spin Systems (A3, AB2, A2B, AX2, A2X, ABC, AMX, ABX) 
A3 System 

A3 system contains three equivalent nuclei and always shows a singlet in NMR spectra. Examples 

are CH3I, Cl3CHCH3, CH3COOCH3 (two A3 systems at different chemical shift). 

AX2, A2X system 

In this system, two magnetically equivalent protons are coupled to the third proton which has 

chemical shift value widely different from the other two protons. For such system, NMR 

spectrum shows a proper doublet (1:1) and a triplet (1:2:1). 

Examples are Cl2CHCH2Cl, Cl2CHCHClCHCl2. 

AB2, A2B system 

In this system, two magnetically equivalent protons are coupled to the third proton which has 

comparable chemical shift value to the other two protons. As the ratio of chemical shift values 

difference to coupling constant is very small, each line of the doublet is further split into two and 

also the centre line of the triplet splits into two and thus producing total eight lines in the 

spectrum. In addition, the simultaneous change of spin states of all the three protons produces a 

weak signal which is observed only when ∆ν/J is very small. Thus total 9 lines are possible in an 

AB2 or A2B system. The actual appearance of the spectrum depends upon the ration of chemical 

shift to coupling constant (∆ν/J). Examples of AB2 or A2B systems are 2,5-dichloronitrobenzene, 

2,6-dichloropyridine, pyrogallol etc. 

AMX system 

In AMX system, three non-equivalent protons are present with large value of ∆ν/J. Many vinyl 

systems (CH2=CHY) display AMX system (Y is strongly electronegative substituent). There are 
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three coupling constants for such systems. The trans coupling JMX is larger than the cis coupling 

JAX. JAM is the geminal coupling with a significant value. 

The AMX system exhibits 12 lines of almost equal intensity. The coupling constants can easily be 

obtained from the analysis of the spectrum. The peaks due to the protons HA and HM are split into 

doublet by coupling with HX proton. Each line is further split into narrow doublets. The doublet 

of HA will split by HM and similarly the doublet of HM will split by HA (Small allylic coupling 

JAM). Similarly the hydrogen HX is split into a doublet by coupling with proton HM and then 

each line is further split into doublets with proton HA. 

 

ABX system 

In ABX system, the chemical shift difference and the coupling constant between two of the three 

interacting nuclei are of comparable magnitude and both are coupled to the third nucleus which 

has chemical shift very different from both the nuclei. 

Examples are p-chlorostyrene and styrene. 

 

In styrene, all the three vinylic protons are non-equivalent and hence have different chemical shift 

giving rise to three separate signals. The coupling constant between any two of the protons (JAB ≈ 

2Hz, JAX ≈ 11Hz, JBX ≈ 18Hz) are different. The chemical shift for protons HA and HB are nearly 

same but the hydrogen HX has very different chemical shift (downfield) from HA and HB due to 

the anisotropy effect of benzene ring. Each of the three signals is split into four lines, a doublet of 

doublets. The peak for HX is split into doublet by HB and again each line is split into doublet by 

HA). A total of 12 peaks must be observed. Now since the value of JAB is very small which leads 

to the overlapping of closely spaced signals observed for HA and HB resulting into total 4 lines 

instead of 8 lines due to HA and HB. 

ABC system 

In an ABC system, the chemical shift differences among the three non-equivalent protons are not 

large in comparison to the corresponding coupling constant. The spectrum of such system is 

complex and exhibits total 15 lines. The values of coupling constant for such systems can only be 

calculated using computer simulation methods. Manual analysis will lead to approximate values 

of coupling constants, which in severe cases can be drastically wrong. 

The vinyl system can give ABC system if the electronegativity of the substituent is not much 

higher. Example of ABC system can be allyl bromide  
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In the ABC system, the chemical shifts of all the three protons are not much different. The 

coupling among the protons HA, HB, HC and also CH2 (allylic coupling very less in magnitude) 

gives a very complex spectrum. Three multiplets due to HA, HB and HC merge into each other. 

The methylene protons can appear as doublet due to coupling with HX, however, sometimes 

further splitting in this doublet may be observed due to small allylic coupling with protons HA 

and HB. 

Important Note: As we know that the order of a spectrum is partially depends on the sensitivity 

of the instrument. At 60 MHz NMR instrument, the vinylic system of styrene can show the 

pattern of ABX system, while the system may become the first order AMX system at 300 MHz 

instrument. This is due to the fact that the ratio ∆ν/J depends on the field strength and it increases 

as the field strength increases. 

7. Magnetic equivalent protons 

Protons which have same chemical shift as well as have the same coupling constants with the 

same partner nuclei in the molecule. The homotopic and enantiotopic protons are chemically 

equivalent but they will not necessary to be magnetic equivalent. They may be or may not be 

magnetically equivalent. Thus all the magnetically equivalent protons are chemically equivalent 

but vice versa not true. 

In the Pople nomenclature, such magnetically inequivalent nuclei are given an AA' designation. 

Such kinds of systems do not give first order splitting patterns. 

Let’s take few examples to understand the concept of magnetic equivalence 

 

In the first structure, there are two types of protons. Two Ha protons have the same chemical shift 

(due to the plane of symmetry), whereas Hb has different. Both chemically equivalent protons Ha 

are showing coupling with the same proton i.e. Hb and with no other proton, hence they are 

magnetically equivalent. 

In the second structure, protons Ha and Ha’ as well as Hb and Hb’ are chemically equivalent (plane 

of symmetry). The Ha proton has a 3J coupling to the Hb proton whereas 5J coupling to the Hb’ 

proton. Thus the proton Ha has different coupling constants to the two chemically equivalent 

protons i.e. Hb and Hb’. Hence both Ha and Ha’ protons are not magnetic equivalent. Similarly Hb 

and Hb’ are not magnetically equivalent. The magnetic inequivalency can be seen in different 

aromatic systems as described below. 
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ortho-disubstituted benzenes 

The magnetic inequivalence phenomenon can be seen in ortho disubstituted compounds when 

both the substituents are the same such as o-xylene, 1,2-dichlorobenzene, 1,2-diaminobenzene 

It is clear that the both Ha protons and both Hb protons are chemically equivalent due to the 

presence of plane of symmetry bisecting the 1,2 and 4,5 CC bonds. One can expect a doublet of 

doublets for each signal. Let’s talk about either proton Ha. The Ha proton at C3 has a 3J coupling 

to the nearest Hb proton (proton at C4) and a 4J coupling to the other Hb proton (proton at C5). 

Thus the proton being observed has different coupling constants to the two chemically equivalent 

protons i.e. Hb. Hence both Ha protons are not magnetic equivalent. Similarly, both the Hb protons 

are chemically equivalent but magnetically inequivalent due to their different coupling 

relationships with both Ha protons. 

para-disubstituted benzenes 

In 1,4-heterodisubstituted benzenes, there is a plane of symmetry passing through C-1 and C-4. 

Hence both Ha protons and both Hb protons are chemically equivalent. Let’s first talk about 

proton Ha. The Ha proton at C3 has a 3J coupling to the nearest Hb proton (proton at C2) and 5J 

coupling to Hb’ proton (proton at C6). Thus the proton being observed has different coupling 

constants to the two chemically equivalent protons i.e. Hb and Hb’. Hence both Ha protons are not 

magnetic equivalent (that’s why designated as Ha and Ha’). Similarly, both the Hb protons are 

chemically equivalent but magnetically inequivalent (that’s why designated as Hb and Hb’) due to 

their different coupling relationships with both Ha protons. 

 

Other aromatic systems 

Pyridine, 4-substituted pyridines, N-substituted or unsubstituted pyrrole and other aromatic 

heterocyclics such as phospholes, furan, thiophene etc all have the same symmetry framework as 

para-disubstituted or ortho-homodisubstituted benzenes, and will present chemically equivalent 

but magnetically inequivalent pairs of protons. It is important to note that in heterocycles 

generally 3J values can be significantly smaller than in benzenes and the manifestation of 

magnetic inequivalence may be subtle. 

 

Consider the three isomeric structures of difluoroethene. All the three isomers display an example 

of chemical shift equivalent that are not magnetically equivalent. 
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It is clear from the symmetry that the two protons as well as the two fluorine atoms are 

chemically equivalent. But due to the fixed stereochemistry of the molecule, the protons and 

fluorine atoms are magnetically inequivalent. There are three different couplings for each proton. 

For Ha, the coupling constants are JHaFa, JHaFb, and JHaHb, whereas for Hb, coupling constants are 

JHbFa, JHbFb, and JHbHa and JHaFa  JHaFb, similarly JHbFa JHbFb. 

 

8. Summary 

 The intensity of the peaks in case of simple splitting is according to the Pascal’s triangle. 

 Various factors like non-equivalent protons, close chemical shifts of coupled protons and 

presence of chiral centre in a molecule lead to the complexity of the NMR spectra. 

 At high field strength, most 1H NMR spectra become first order. It is important to notice 

that high field NMR instruments give better resolution and relatively easily interpretable 

spectra. 

 Signal splitting disappears if the chemical shifts of the coupled nuclei are the same. Such 

types of spectra are known as second order spectra. Various spin systems have been 

differentiated and named by Pople and their spectra has been discussed. 

 All the magnetically equivalent protons are chemically equivalent but vice versa not true. 
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1.  Learning Outcomes   

After studying this module, you shall be able to 

 Know about one group C-X disconnection approach 

 Understand the synthetic approach to carbonyl derivatives.  

 Study the synthesis of ethers 

 Study the synthesis of sulfides 

 Know the compounds made from alcohols 

 

2. Introduction    

The C-X disconnection approach is mainly applicable to a carbon chain attached to any 

of the heteroatoms like O, N, or S. Here, a bond joins the heteroatom (X) to the rest of the 

molecule like a C-O, C-N, or C-S group. This point is good point to initiate a 

disconnection. This is called a ‘One-group’ C-X disconnection as one would need to 

identify only one functional group like ester, ether, amide etc. to make the disconnection. 

The equivalent reactions are mainly ionic that involve nucleophilic displacement by SN1, 

SN2 or carbonyl substitution with amines, alcohols and thiols on carbon electrophiles. 

The normal polarity of the disconnection of R-X (1) will be a cationic carbon synthon (2) 

and an anionic heteroatom synthon (3) characterized by acyl or alkyl halides (4) as 

electrophiles and amines, alcohol or thiols (5) as nucleophiles (Figure 1). 

 

 

Figure 1. Disconnection with cationic synthons 
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Alternatively, there is also a possibility to use the reverse polarity with a nucleophilic 

carbon synthon (6) and an electrophilic heteroatom synthon (7). These types of 

disconnections are possible only with second or third row elements such as S, Si, P and 

Se. These synthons are characterized by organometallic compounds RLi (8) or RMgBr 

(9) and compounds such as RSCl, Me3SiCl and Ph2PCl (10) (Figure 2). 

 

 

Figure 2. Disconnection with anionic synthon 

 

3. Carbonyl derivatives RCO.X 

The carbonyl derivatives RCO.X correspond to carboxylic acid and their derivatives. In 

these molecules, the point of disconnection is the bond between the heteroatom and the 

carbonyl group. Therefore, we can make esters (11) and amides (13) from acid (acyl) 

chlorides (12) and alcohols or amines respectively (Figure 3). 

 

 

Figure 3 
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For example, the ester (14) is simply made this way. This ester has been used both as an 

insect repellent and as a solvent for perfumery. The analysis discloses two accessible 

compounds: benzyl alcohol (15) and benzoyl chloride (16). Merging the two with 

pyridine as solvent and catalyst provides the ester (14) (Figure 4). 

 

Figure 4 

Acid chlorides are regularly used in these syntheses as they are the most electrophilic of 

all acid derivatives and as they can be synthesized from the acids themselves with PCl5 or 

SOC12. The other significant acid derivatives can be made from acid chlorides or from 

any compound above them in the chart of reactivity. So we can make amides from acid 

chlorides, anhydrides or esters (Figure 5).  
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Figure 5. Hierarchy of reactivity of acid derivative 

 

Propanil (17) is another simple example which is used on rice fields as weedicide. 

Amide disconnection yields the amine (18) which can be made from o-

dichlorobenzene (20) by nitration and reduction (Figure 6).  

 

Figure 6 

The synthesis is quite simple. There is only point worth noticing is the usage of catalytic 

hydrogenation for the reduction instead of the messy tin (Sn) and HCl. Industry 

significantly favors catalytic methods with no toxic by-products (Figure 7). 

 

 

Figure 7 
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The other disconnection approach for the ester (21) into alkyl group and the 

heteroatom is possible by the use of the anion of the acid (22) and an alkyl halide 

(R2Br) (Figure 8).  

 

Figure 8 

For example, the ester (23) can be prepared by this disconnection approach. 

 

4. The Synthesis of ethers 

The disconnection approach for the synthesis of ethers also targets the bond between C-

O. There is a possibility of bond cleavage from either side of ‘O’ as there are two ‘C-O’ 

bonds present in the ethers.  

For example, the synthesis of ether (24) can be possible by two methods ‘a’ and ‘b’ 

(Figure 9). In this case, for the synthesis, the starting materials will be an alcohol (26) or 

(27) and an alkyl halide, like (25) or (28). 
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Figure 9 

 

The reaction can take place by allowing the reaction of alcohol (26) with a base sodium 

hydride. The alcohol get converted to alkoxide anion (29), which further reacts with 

benzyl chloride (25) to the ether (24) in 85% yield (Figure 10). We prefer route ‘a’ as 

benzyl chloride (25) is more reactive and cannot undergo elimination while there is a 

possibility with (28) to undergo elimination and give alkene as side product.  

 

 

Figure 10 

Let us consider another example, in the case of allyl phenyl ether (32), there are two 

disconnections are possible, path a and path b (Figure 11). The allyl phenyl ether through 

path ‘a’ can be disconnected to bromobenzene (30) and the allylic alcohol (31). The 

disconnection through path ‘b’ is possible with phenol (33) and the allylic bromide (34). 

 

Figure 11 

The route ‘b’ is more favourable because nucleophilic substitutions on bromobenzene are 

very difficult. Hence the possible synthetic pathway is as given in (Figure 12). 
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Figure 12 

5. The Synthesis of Sulfides 

Sulfides are the organic compounds having chemical structure as R-S-R where R = R or 

R  R. The former is called symmetrical sulphides whereas later is called unsymmetrical 

sulphides. The disconnection approaches for the sulphides are similar to the ethers as we 

only replaced heteroatom ‘O’ with ‘S’.  

For example, the anion (41) of a thiol (42) will combine with an alkyl halide (40) to make 

a new C–S bond and can give R1-S-R2 (39) (Figure 13). The reaction is simpler with 

sulphur in comparison to ethers. Thiols are more acidic than alcohols and hence 2H S is 

more acidic than water (H2O). Sulfide anion (41) are more nucleophilic towards saturated 

carbon than are alkoxides and the risk of elimination is quite less in this case. 

 

Figure 13 

 

Chlorbenside (43) which is also known by other names like chlorparaside and 

chlorsulfacide, is a pesticide and is most commonly used as an acaricide being used to 

kill mites and ticks. The disconnection of this molecule yields an acidic thiophenol (44) 

and a reactive alkyl halide (25) (Figure 14). The synthesis involves combining these two 

in ethanol with NaOEt as base.  
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Figure 14 

 

Symmetrical sulfides can be synthesized from the alkyl halide and 2Na S (Figure 15). The 

product forms in the first step is the monoanion required to prepare the second C–S bond. 

The synthesis is merely the combination of the alkyl bromide with 2Na S  in ethanol.  

 

 

Figure 15 

6. Compounds made from Alcohols 

Several nucleophile we haven’t stated can be used in these reactions. In every case a 

nucleophilic heteroatom displaces a leaving group from a compound derived from an 

alcohol. Alcohol is a good starting material for compounds like ethers, sulphides, thiols, 

alkyl halides etc (Figure 16). 
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Figure 16 

 

7. Summary 

 The separation of a bond that joins the heteroatom (X) to the rest of the molecule 

like C-O, C-N or C-S constitutes ‘One-group’ C-X disconnection approach.  

 Acid chlorides are regularly used in the synthesis of carbonyl derivatives as they 

are the most electrophilic of all acid derivatives. 

 Esters and amides can be made from acid (acyl) chlorides and alcohols or amines. 

 Ethers can be synthesized from alcohol and alkyl halides. 

 Alkyl halides are made from alcohols by treatment with reagents such as PBr5 or 

HCl and a Lewis acid or PCl5 or SOCl2.  

 The designing of ether synthesis can be done from two alcohols as starting 

materials, where one can be converted to corresponding halides. 

 The disconnection approaches for the sulphides are similar to the ethers as we 

only replaced heteroatom ‘O’ with ‘S’. Thiols and alkyl halide may be a good 

starting material for sulphide synthesis.   
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1. Learning Outcomes 

After studying this module, you shall be able to 

 Know about protecting groups. 

 Study the characteristics of protecting groups. 

 Understand the functional group protection. 

 Know the protection of important functional groups. 

2. Introduction 

Protection and deprotection is an important part of organic synthesis. During the course of 

synthesis, we many times desire to perform reaction at only one of the two functional groups 

in any single organic molecules. For example, in an organic compound possessing two 

functional groups like ester and ketone, we have to perform reaction at only ester group, them 

the keto group needs to be protected. If we want to reduce the ester group, then keto group 

will also get reduced. To avoid this type of complications, protection and deprotection of 

functional groups are necessary. 

3. Protecting groups for carbonyl compounds 

The protecting groups allow the masking of a particular functional group where a specified 

reaction is not to be performed. The protection is required as it interferes with another 

reaction. Let us take the example of reduction of the keto-ester 1 to the alcohol 2 with a 

nucleophilic reagent such as NaBH4 that attacks only the more electrophilic ketone. In order 

to make alcohol 3 by the reduction of ester, it is important to protect the ketone as an acetal 4 

that allows the reduction of the ester with the more nucleophilic LiAIH4 (Figure 1). 
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Figure 1 

 

In another example, 3-oxocyclohexanecarboxylic acid methyl ester (6) undergoes reduction 

with lithium aluminium hydride (LiAlH4) to 3-hydroxymethylcyclohexanol (7). If we want to 

go for selective reduction, then the role of protection and deprotection comes. 
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Figure 2 

During the protection, ketone from the compound 3-oxocyclohexanecarboxylic acid methyl 

ester (6) forms ketals on reaction with methanol (CH3OH) under acidic conditions. The 

protection reaction can be reversed by treatment with water under acidic conditions (Figure 

3). 

 

 

Figure 3 
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The characteristics of protecting group are as follows: 

 1. It must be easy to put in 

 2. It must be resistant to reagents that would attack the unprotected function group. 

 3. It must be easily removed 

4. Protecting groups for alcohols 

Methyl ethers and simple amides are easy to synthesize and are quite resistant to variety of 

reagents. From below reaction, we can see that reaction takes place to turn R1 in 13 into R2 in 

16. But the protection is not very helpful as extreme conditions are required to remove them. 

These can be used when the molecule is stable enough to bear deprotection condition (Figure 

4). 

 

Figure 4 

 

The Achilles Heel Strategy 

The Achilles Heel for the functional group ether is the use of tetrahydropyryl group (THP 

group). This converts ether into an acetal. The compound used to give THP derivative is 

dihydropyran, DHP 24. The protonation of 24 yield the compound with positive charge on 

oxygen 25. This is further reacted with alcohol (ROH) to give the acetal 26 (Figure 5). The 

compound 2-methoxytetrahydropyran (when R = CH3) is known as the ‘the THP derivative’. 

For deprotection of alcohol from the protecting group, hydrolysis only requires the weak 

aqueous acid.  
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Figure 5 

 

There is another way to make an ether easier to eliminate is to convert it into benzylic form as 

given in figure 6.  The alcohol can be protected as benzylic ether and easily deprotected to 

give the desired product. For example, the alcohol 27 on reaction with benzyl chloride in the 

presence of base like sodium hydride (NaH) gives the alcohol protected as benzylic ether 28. 

We can do any reaction on the protected alcohol group and deprotection will be done by 

simple hydrogenation in the presence of catalyst.  

 

   

 

Figure 6 

Other popular method to protect the alcohol group is to convert them to trimethylsilyl ether. 

This can be done by treating the alcohol with chlorotrimethylsilane and a tertiary amine. 
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5. Protecting groups for amines 

Amines are the compounds that exist as R-NH2. They are further classified as primary, 

secondary and tertiary amines based on the number of substitution at the nitrogen atom. In all 

the cases, nitrogen possesses an unshared pair of electrons that causes the problem in a 

synthesis. This requires protection. The amines are mainly protected as amides and 

carbamates.  

 

The conversion of amine to amide decreases the activity of the amino group. Amine (17) can 

easily be converted to corresponding amide (18) form by using acetyl chloride as shown in 

figure 7. The formed amide or we can say protected amine undergoes desired reaction to get 

converted to 19. The deprotection of 19 can easily be done with sodium hydroxide to get the 

free amine group 20.     
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Figure 7 

Another example is the bromination of aniline. On brominating aniline (21) the 2,4,6-

tribromo derivative (22) is formed. As we can see the yield is quantitative, but we want mono 

brominated product and for that excessive bromination need to be stopped. To overcome the 

excess bromination, the protection of NH2- group is essential. The acetylation of aniline 

converts aniline to acetylaniline (23). The amide 23 on bromination gives only in the para 

position (the N-acetyl group is larger than NH2) and the hydrolysis does not destroy the 

benzene ring (Figure 8). 
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Figure 8 

Other protecting group include carbamate. This is also an amide bond but with some other 

functionality attached that allows them to be removed under mild reaction condition in 

comparison to simple amide group. For example, the reaction of primary amine with tertiary-

butyl chloroformate forms a carbamate under basic condition (Figure 9).   

 

Figure 9 

The protected amine can undergo any reaction and further deprotected to give the desired 

product.   
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6. Summary 

 Protection and deprotection is an important part of organic synthesis. 

 Protecting groups allows masking the distinctive chemistry of a functional group as it 

interferes with another reaction. 

 The characteristics of protecting group are as follows: 

(i) It must be easy to put in 

(ii) It must be resistant to reagents that would attack the unprotected function group. 

(iii) It must be easily removed 

 Ethers and Amides are used as protecting groups when the molecule is stable enough to 

bear deprotection condition. 

 Alcohols are usually protected as ethers where as amines are protected as amide and 

carbamates. 
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1.  Learning Outcomes   

After studying this module, you shall be able to 

 Understand the types of selectivity. 

 Explain chemoselectivity in retroanalysis 

 Understand the stereoselectivity in retroanalysis 

 Design the synthesis of chiral and achiral molecules  

 

 

2. Introduction     

 The plants, animals or microorganisms produce a number of chiral and achiral 

complicated structures. Some of the groups of compounds include antibiotics, alkaloids, 

chlorophyll, steroids, biopolymers, carbohydrates, fats, vitamins, dyes etc. The chemist 

determines the structures of these compounds and try to synthesize them using 

disconnection approaches. The synthesis of these compounds becomes important due to 

their wide applications. Synthesis from simple starting materials with predictable 

regioselectivity and stereochemistry requires the utility of retrosynthetic analysis. 

 

There are three types of selectivity possible for any synthesis:  

(i) Chemoselectivity is deciding which group reacts.  

(ii) Regioselectivity is where the reaction takes place in that group. 

(iii) Stereoselectivity is how the group reacts with respect to the stereochemistry of 

the product. 

Selectivity can be attained by selecting appropriate starting materials, reagents, solvents, 

reaction conditions and most importantly protecting and deprotecting methods. 
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 A protecting group or protective group is entered into a molecule through 

chemical modification of a functional group for obtaining the chemoselectivity in a 

chemical reaction. It plays an important role in multistep organic synthesis. Some of the 

common protecting groups are listed in table 1.  

S. No. Functional group Protection group  

1 Alcohol protecting group Ester; Ether; Ether silyl 

2 Amine protecting group Substituted amine; Amide; Carbamate; 

Sulphonamide 

3 Carboxylic acid 

protecting group 

Ester, Ester silyl; Oxazoline  

 

Functions of protection group 

a. Through the protection of sensitive functional groups it becomes possible to make 

 reagents that would otherwise be unstable. 

b.  Protection allows us to overcome simple problems of chemoselectivity. 

c. The other important function of protecting groups is to stop a reagent from 

 attacking itself.  

A more detail about protection and deprotection is given in module 9. 

The following sections will discuss the role of stereochemistry in retrosynthetic analysis. 

 

3. Chemoselectivity     

 Chemoselectivity plays important role in organic synthesis. This is helpful in 

those molecules which possess more than one functional group. The selective reactivity 

of one functional group in the presence of others is controlled by chemoselectivity. The 

chemoselectivity is supported by protection and deprotection. Following examples will 

explain the chemoselectivity in organic reactions. 
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Selective Reduction: 

 The selection of proper reagent plays important role in chemoselectivity. The 

selective reduction of either the double bond or the carbonyl group in cyclopent-2-enone 

(1) is reagent specific. For the chemoselective reduction of C C bond over C O bond is 

performed by catalytic hydrogenation (Figure 1). Hence, the reaction of cyclopent-2-

enone (1) with hydrogen in the presence of palladium (H2/Pd) gives cyclopentanone (2).    

 

 

Figure 1 

 The reduction of C O  bond over C C bond is performed by reducing agent sodium 

borohydride (Figure 2). The reaction of cyclopent-2-enone (1) with sodium borohydride 

(NaBH4) gives cyclopent-2-enol (3). In this case, only the carbonyl group (>C=O) is 

selectively reduced to hydroxyl group (-OH). Whereas, in the former case (figure 1) the 

double bond is selectively reduced to single bond. 

 

Figure 2 



                                                                                                 
 

CHEMISTRY 
 

Paper No. 14: Organic Chemistry –IV (Advance Organic 

Synthesis and Supramolecular Chemistry and carbocyclic rings) 

Module No. 8: Stereo and regioselectivity in retrosynthesis 

    

 

 

 Another example of chemoselectivity is the chemoselective reduction of ,  

unsaturated esters in presence of alkenes. The reduction of the compound 4 with 

magnesium (Mg) in the presence of methanol reduced the double bond present at the 

,    position of the ,  unsaturated esters giving the product 5 (Figure 3).      

 

 

Figure 3 
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4. Regioselectivity     

 Regioselectivity gives preference for bond making at a particular place when there is 

possibility of bond formations at other possible positions also. In other words, there is a 

preference of one reactive site with respect to other reactive site. The best example to 

explain this is Markovnikov and anti- Markovnikov addition reactions. 

 The reaction of hydrobromic acid (HBr) with styrene (vinylbenzene, 6) gives 1-

bromoethylbenzene (8) through Markovnikov addition (Figure 4). The same reaction, if 

performed in the presence of peracids undergoes Anti-Markovnikov addition to give 2-

bromoethylbenzene (7) (Figure 4). These information of regioselectivity is important for 

the retrosynthetic analysis.      

 

 

Figure 4 

 Birch reduction is another important example of regioselectivity. In this reduction 

method, aromatic rings undergo a 1,4-reduction to provide unconjugated 

cyclohexadienes. This reaction is performed by sodium or lithium metal in liquid 

ammonia and in the presence of an alcohol. Here, the site of reduction is dependent upon 

the type of substitution present in the aromatic ring. Without any substitution in the 

aromatic ring, the reduction of simple benzene (9) gives cyclohexadiene (10) (Figure 5). 
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Figure 5 

 Figures 6 and 7 shows the regioselectivity in Birch reduction when electron donating 

(-OCH3) (Figure 6) and electron withdrawing (-COOH) (Figure 7) groups are attached. 

The preference is based on the mechanism of the reaction where the radical-anion is 

protonated initially determines the structure of the product. While performing the 

retrosynthetic analysis, these preferences play important role in the synthetic design of 

any molecule(s). 

 

 

Figure 6 

 

 

Figure 7 
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5. Stereoselectivity     

 Stereoselectivity is the preferential formation of one stereoisomer in a chemical 

reaction. This can be further classified into: 

 Enantioselective reactions 

 Diastereoselective reactions 

 Stereospecific reactions 

 Stereoselective reactions 

 

Enantioselective reactions: The stereoselective reactions where a reactant gives 

enantiomeric products or enantiomers in unequal amounts are called enantioselective 

reactions.  

Diastereoselective reactions: The stereoselective reactions where a reactant gives 

diastereomer products or diastereomers in unequal amounts are called diastereoselective 

reactions.  

Stereospecific reactions: Those stereospecific reactions where the stereochemistry of the 

starting material determines the stereochemistry of the product are called stereospecific 

reactions. For example, SN2 reactions.  

Stereoselective reactions: The stereospecific reaction where one stereoisomer of a 

product is formed preferentially over another is known as stereoselective reaction. 

 In the stereoselective reaction of alkene with m-CPBA, the two epoxides formed in 

different amounts (Figure 8). 

 

 

Figure 8 
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6. Summary   

 Retrosynthetic analysis provides important inputs for synthesis from simple 

starting materials with predictable regioselectivity and stereochemistry. 

 There are three types of selectivity possible for any synthesis; chemoselectivity, 

regioselectivity and stereoselectivity. 

 Chemoselectivity refers to selective reactivity of one functional group in the 

presence of others. 

 The selection of proper reagent plays important role in chemoselectivity. 

 Regioselectivity gives preference for bond making at a particular place when 

there is possibility of bond formations at other possible positions also. 

 Markovnikov and anti- Markovnikov addition reactions are examples of 

regioselective reactions. 

 Birch reduction is another example of regioselective reaction. 

 Stereoselectivity is the preferential formation of one stereoisomer in a chemical 

reaction. 
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1. Learning Outcomes  

After studying this module, you shall be able to:  

 Know about synthons 

 Know about synthetic equivalents 

 Know about retrosynthetic analysis. 

 Study the steps involved in retrosynthetic analysis. 

 Know the routine for designing the synthesis. 

2. Introduction 

Organic chemistry is a branch of chemistry which deals with the study of carbon and its 

compounds. The study includes the understanding of synthesis, structure, properties, and 

reactions of organic compounds. The organic synthesis is an inseparable part of organic 

chemistry and is involved in the construction of organic compounds using different types 

of appropriate organic reactions. To understand an organic reaction, it is essential that its 

reaction mechanism is completely explored. When we study a reaction mechanism of any 

chemical reaction, we find the involvement of so many chemical species taking part 

directly or indirectly along with the movement of ions, atoms or electrons. This module is 

going to emphasize on these chemical species. 

3. Synthons and Synthetic equivalents 

Synthons are the chemical fragments obtained from the disconnection of bond(s) of the 

target molecule. The disconnection of bond(s) is possible in three ways: 

(i) Homolytic cleavage 

(ii) Heterolytic cleavage 
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(iii) Concerted transform   

The homolytic cleavage is a process of bond dissociation where each fragments present 

in the parent compound retains one of the originally bonded electrons (Figure 1). This 

leads to the formation of free radical species.  

The heterolytic cleavage is a process of bond dissociation where both the electrons 

forming the bond shifted to one fragments present in the parent compound (Figure 1). 

This process leads to the formation of ions. One part possessing the electrons is called 

cation whereas other part is called anion.  

The concerted transform leads to the formation of neutral species (Figure 1).  

 

Figure 1 

 

Heterolytic cleavage for disconnection of a carbon-carbon bond in a molecule breaks the 

target molecule an acceptor synthon (a carbocation) and a donor synthon, (a carbanion). 
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The formation of any C-C bond involves the union of an electrophilic acceptor synthon 

and a nucleophilic donor synthon. 

 

Synthetic equivalents are the chemical species which is used to generate synthons. They 

are the actual substrates used for the forward reaction and hence forward synthesis. Also, 

the synthetic equivalents are the reagents derived from inverting the polarity of synthons. 

For example, in the retrosynthesis of 4,4-dimethyl-1-phenylpentan-1-ol (1), the synthons 

and corresponding synthetic equivalents are given in (Figure 2).     

 

Figure 2 
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The cleavage of the compound (1) between C-2 and C-3 gave the synthons (2) and (3) 

that can be generated from the synthetic equivalents (4) and (5) respectively (Figure 2).  

 

The list of electrophilic acceptor synthons and nucleophilic donor synthons along with 

their corresponding synthetic equivalents are listed in Table 1 and 2. 

 

Table 1. List of common acceptor synthons and their synthetic equivalents 

 

S. No. Synthons Synthetic equivalents 

1 R+ (Alkyl cation) RCl, RBr, RI, ROTs 

2 Ar+ (Aryl cation) ArN2X (Diazonium salts) 

3 +CH2CH2OH 

 

4 R2C
+-OH (Oxocarbenium ion) R2C=O 

5 RC+HOH (Oxocarbenium ion) RCHO 

6 

 

 

7 +CH2CH2CN CH2=CH2CN 

 

Table 2. List of common donor synthons and their synthetic equivalents 
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S. No. Synthons Synthetic equivalents 

1 R- (Alkyl, aryl anion) R-X; (Reagents: RMgX, RLi, R2CuLi) 

2 CN- HCN 

3 RCC- RCCH 

4 CH3COCH2
- CH3COCH3 

5 

 

 

 

4. Retrosynthetic analysis 

The construction of a synthetic pathway by working backward from the target molecule 

is called retrosynthetic analysis. This helps chemist to design synthesis. 

The symbol  signifies a reverse synthetic step and is called a transform. In a reverse 

synthesis or retrosynthetic analysis, we move from target molecule to synthons and 

further to synthetic equivalents (Figure 3). 

 

 

Figure 3 

 

The design of a synthetic pathway for any molecule needs to take into account some of 

the important aspects like: 
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 The methodology actually works in the experimental condition. 

 In general, the number of synthetic steps must be as less as possible. 

 The yield of each step must be good to excellent. 

 The side products and impurities must be easily separable from the desired 

product. 

 The synthetic steps must follow principle of green chemistry. 

 The synthetic process must be economically viable. 

 

When we apply disconnection approach or retrosynthetic analysis for any target 

molecule, we must take into account the above mentioned aspects.  

 

Strategy in retrosynthesis 

For making the strategy in retrosynthesis, different possibilities have to be worked out. 

We can try a number of disconnections and functional group interconversions based on 

the basic knowledge of basic organic chemistry.  

There are two types of routes possible,  

(i) Convergent route 

(ii) Linear route 

 

A comparative pathway for both the routes are summarized in (Figure 4). Let us consider 

a compound ABCD and understand the possible disconnection approaches for this 

molecule. 
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Convergent route Linear route 

ABCD 

 

AB + CD 

           

A+B     C+D 

ABCD 

 

ABC + D 

                                 

                            AB + C 

                               

                           A+B 

 

Figure 4 

 

 

 The convergent route has been found to be better than the linear one with respect to the 

overall yield. 

Hence, for the disconnection of any molecule, we must keep in mind the following rules 

for simplification: 

 Target middle of the molecule 

 Disconnect at branch points 

 Look for the bond which makes the symmetry of the molecule. 

For example,  

The cleavage in the middle of the molecule (Figure 5) 
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Figure 5 

Disconnection at the branch point (Figure 6): 

 

 

Figure 6 

 

Disconnection at the symmetry point (Figure 7): 

 

 

Figure 7 
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6. Summary 

 The organic synthesis is an inseparable part of organic chemistry and is involved 

in the construction of organic compounds using different types of 

appropriate organic reactions.  

 Synthons are the chemical fragments obtained from the disconnection of bond(s) 

of the target molecule. The disconnection of bond(s) is possible in three ways: 

(i) Homolytic cleavage 

(ii) Heterolytic cleavage 

(iii) Concerted transform   

 Synthetic equivalents are the chemical species which is used to generate synthons. 

They are the actual substrates used for the forward reaction and hence forward 

synthesis. 

 The construction of a synthetic pathway by working backward from the target 

molecule is called retrosynthetic analysis. 

 The design of a synthetic pathway for any molecule needs to take into account 

some of the important aspects. 
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1.  Learning Outcomes   

After studying this module, you shall be able to  

 

 Know about the basics of two-group C-X disconnection approach or retrosynthetic 

analysis. 

 Understand the 1,2-disconnection approach 

 Analyze the 1,1-disconnection approach 

 Understand 1,3-Disconnection approach 

 Design and write the synthetic steps based on two-group C-X disconnection approach for 

molecules 

2. Introduction    

 The two group disconnection is an approach to organic synthesis is retrosynthetic 

analysis. If target molecules possess two functional groups, then a two group disconnection 

approach between the functional group may be applied. This method of retrosynthetic analysis 

produces two possible synthons. The two group disconnection may be due to heterolytic 

cleavage or homolytic cleavage. Retro-aldol type transformation is an example of heterolytic two 

group disconnection (Figure 1) whereas retro-acyloin transformation is an example of homolytic 

two group disconnection (Figure 2). The two-group disconnections are also written in short form 

as ‘diX’. 
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Figure 1. Heterolytic Two group disconnection 

 

 

 Figure 2. Homolytic Two group disconnection 

 

3. Types of Two Group Disconnections  

3.1  1,2-Disconnection approach 

 This has been observed that the two-group disconnections are better than one-group 

disconnections. In the two-group C-X disconnections, the numbering starts from the carbon atom 

bearing the functional groups (Figure 3). By 1,2-disconnection approach we mean that the two 

functional groups being disconnected are at relative 1 and 2 positions.  The short form of two-

group 1,2-disconnection approach is 1,2-diX. Hydroxyethers and amino alcohols are the best 

examples for 1,2-disconnection approach. Figure 4 shows a typical 1,2-disconnection approach 

for hydroxylether. The retrosynthesis of amino alcohols from amine and epoxide is another 

example of 1,2-disconnection approach (Figure 5). From the Figure 5, one can see that the 

epoxides along with amines can be used for the synthesis of amino alcohols.  

 



 

CHEMISTRY 
 

Paper No. 14: Organic Chemistry –IV (Advance Organic 
Synthesis and Supramolecular Chemistry and carbocyclic 
rings) 

Module No. 4: Two group C-X disconnections 

 
 

Figure 3 

 

 

Figure 4 

 

 

Figure 5 

   

Let us consider another example which utilizes 1,2-disconnection approach. A number of 

biologically active molecules possess 1,2-functional group. A number of drugs are amino alcohol 

derivatives. The molecule like fenyramidol or phenyramidol is a muscle relaxant and sold with 

the trade name of ‘Cabral’. The IUPAC name of the molecule is 1-phenyl-2-(pyridin-2-ylamino) 

ethanol. The disconnection approach or retrosynthetic analysis of this molecule follows the path 

of two-group disconnection and can be made from 2-amino pyridine and styrene oxide (Figure 

6). The disconnection of phenyramidol (1) gave two molecules, 2-amino pyridine (3) and the 

synthon (2). The synthon (2) is obtained from the reagent styrene oxide (4). The synthesis of (1) 

has been achieved by the reaction of (3) and (4) in the presence of strong base like sodamide in 

liquid ammonia (Figure 7). 
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Figure 6 

 

 

Figure 7 

 

3.2. 1,1-Disconnection approach 

 Here, 1,1 means, the same carbon atom holds two functional groups. The short form of 

two-group 1,1-disconnection approach is 1,1-diX. The best example is the disconnection 

approach for acetals which falls in this category of disconnection approach. For acetal, one can 

use one oxygen atom to help disconnect the other (Figure 8). 
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Figure 8 

 The important application of acetals in synthesis is as protecting groups for aldehydes 

and ketones. 

 Another group of compounds include cyclic acetals. They are generally used for ketones. 

The disconnection is similar to that for acetals. The disconnection approach and synthetic 

pathways for compound (5) is given in Figure 9 and Figure 10 respectively.  

 

 

Figure 9 
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Figure 10 

 

3.3. 1,3-Disconnection approach 

 The 1,3-disconnection approach is applicable to 1,3-difunctionalized compounds. A 

number of biologically active molecules possess 1,3-functional group and this disconnection 

approach finds its applications in drug design and synthesis. From the Figure 11, one can see the 

1,3-disconnection approach for the synthesis of 1,3-functionalized compounds.  

 

 

Figure 11 
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 Compound (8) is an example of 1,3-functionalized molecule. The retrosynthetic analysis 

of (8) shows that it can be synthesized from the reagent, unsaturated carbonyl compound (10). 

The synthon for this disconnection approach is (9). This is a Michael reaction type and is 

applicable for all the carbonyl compounds and most of the nucleophiles. This type of 

retroanalysis is equally applicable for cyanides and nitrocompounds.  

Let us consider another example. 

          1,3-Aminoethers can easily be synthesized by taking the help of 1,3-disconnection 

approaches (Figure 12 and 13). 

 

 

Figure 12 

 

 

 



 

CHEMISTRY 
 

Paper No. 14: Organic Chemistry –IV (Advance Organic 
Synthesis and Supramolecular Chemistry and carbocyclic 
rings) 

Module No. 4: Two group C-X disconnections 

 
 

Using the above disconnection approach, one can design the forward reaction as given below: 

 

 

Figure 13 

4. Summary    

 If target molecules possess two functional groups, then a two group disconnection 

approach between the functional group may be applied. 

 The two group disconnection may be due to heterolytic cleavage or hemolytic cleavage. 

 The two-group disconnections are better than one-group disconnections. 

 Hydroxyethers and amino alcohols are the best examples for 1,2-disconnection 

approach. 

 The molecule like phenyramidol follows the path of two-group disconnection and can 

be made from 2-amino pyridine and styrene oxide. 

 The 1,3-disconnection approach is applicable to 1,3-difunctionalized compounds. 

 1,3-Aminoethers can easily be synthesized by taking the help of 1,3-disconnection 

approaches.   
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