

Molecular Structure and Bonding



( Electrons in Conjugated Organic Molecules





Lecture 3	Synopsis:







Hückel Theory:	p molecular orbitals for Butadiene and cyclic conjugated hydrocarbons; Aromaticity



Learning Objectives:



(	To review the Hückel approximations



(	To learn by example how to apply Hückel theory to the calculation of p molecular orbitals for any conjugated system. Example: Butadiene.

	see: P.W. Atkins, Physical Chemistry, 6th edn., pages 414-416.



(	To appreciate the relationship between the nodal structure of the molecular orbitals and the energy.



(	The concept of delocalization energy.



(	To learn by example how to apply Hückel theory to cyclic conjugated polyenes and how this can rationalize the concept of aromaticity.  Murrell, Kettle and Tedder “Valence Theory”, Page 268; Carroll ‘Persepectives…’pp.205-208-- The (4n+2) rule. 



(	The Geometric (or ‘Circle’) Method for finding the MOs of cyclic conjugated polyenes







The Hückel approximations



The approximations made in Hückel theory for conjugated hydrocarbons:



p orbitals treated separately from s orbitals

Only p orbitals treated in Hückel theory

s orbitals treated as a rigid framework

p orbitals expressed as linear combination of carbon 2p orbitals (LCAO)

All carbon atoms are treated as being identical

All Coulomb integrals are set equal (Hrr = a)

All overlap integrals between different AOs are set to zero (Srs = 0)

All resonance integrals between adjacent carbon atoms set equal (Hrs =b)

All other resonance integrals set to zero



( molecular orbitals for 1,3 Butadiene:





Using the “x” notation where �EMBED Equation.3��� we can write the secular equations in the form:

	

xc1�+�c2�+�0�+�0�=�0��c1�+�x c2�+�c3�+�0�=�0��0�+�c2�+�x c3�+�c4�=�0��0�+�0�+�c3�+�x c4�=�0��(1)

The secular determinant is:



�EMBED Equation.3���			(2)



where the picture of 1,3 butadiene, showing the numbering of the atoms is:





�



The solution of the secular determinant gives the molecular orbital energies.  It also ensures that at these energies the secular equations will have a nontrivial solution (i.e. a solution other than all the coefficients in eq. 1 being 0).  We now expand the secular determinant:



�EMBED Equation.3���



Let �EMBED Equation.3���, then:

�EMBED Equation.3���



This is a quadratic equation.  The solution is:



�EMBED Equation.3���



a = 1, b=–3, c=1.



Therefore 		�EMBED Equation.3���



y = 2.62 or 0.38 = x2    



�EMBED Equation.3���



There are 4 solutions (remember �EMBED Equation.3���) and the 4 orbital energies are:



�EMBED Equation.3���



�EMBED Word.Picture.8���



What do the orbitals look like?



(1 -- lowest energy ( M.O.  -- no nodes other than in molecular plane:  

�EMBED Word.Picture.8���



(2 -- second lowest energy ( MO  -- one node other than in molecular plane:  

�EMBED Word.Picture.8���



(3 -- first unoccupied antibonding ( MO  -- two nodes other than in molecular plane: 

�EMBED Word.Picture.8���



(4 -- highest antibonding ( MO  -- 3 nodes other than in molecular plane: 

�EMBED Word.Picture.8���



General conclusions:



Number of nodes increase as energy increases





Lowest MO has no nodes other than in molecular plane.









Delocalization Energy:



The delocalization energy is defined as the ( electron energy of the system minus the ( electron energy of an equivalent number of isolated double bonds.  If there are an odd number of carbon atoms in the conjugated system then the comparison energy is taken to be that of an equivalent number of isolated double bonds plus ( for the energy of the odd electron.



For butadiene we get:



( electron energy of 1,3 butadiene 	=   2((+1.62() + 2((+0.62()

					=   4( + 4.48(



( electron energy of an equivalent number of isolated double bonds =  

								2((( electron energy of ethene)



For butadiene: p-electron energy of an equivalent number of double bonds�=�2((( electron energy of ethene)��



					     =	2((2(+2()

					     =	4(+4(



		Therefore delocalization energy = 0.48(





Cyclic Conjugated Polyenes:

See Murrell, Kettle and Tedder “Valence Theory” page 268, Carroll ‘Perspectives on Structure and Mechanism in Organic Chemistry’ pgs. 205-208



Benzene and Aromaticity:



It is easy to write down the secular equations and secular determinant for benzene.

We number the carbon atoms as below:



�



Consider atom No. 1.  It is next to atoms 6 and 2; so the corresponding secular equation is:



xc1 + c2 + 0(c3 + 0(c4 + 0(c5+ c6 = 0

or

xc1 + c2 + 0 + 0 + 0 + c6 = 0



each secular equation involves just 3 non-zero terms.  All the six secular equations have the same structure, and they can be obtained from each other by permuting the indices (i.e. by just adding one to the indices of the preceding equation.  The equations can be solved analytically making use of trigonometric functions.  These trigonometric solutions may in turn, rigorously, be represented by a simple geometric construction.



Geometric representation of solutions of the secular equations for cyclic conjugated polyenes:

A particularly useful (and easy) way of finding the MOs of cyclic conjugated polyenes is the ‘Geometric’ or ‘Circle’ Method.  In this method, a diagram of the polyene is inscribed in a circle of radius 2(.  One apex of the polyene must be at the bottom.  The vertical axis represents energy.  The centre of the circle has an energy (.  The lowest point of the circle corresponds to an energy of (( + 2().  Note that ( is negative, so this is a lower energy than (.  There is a molecular orbital at the energy corresponding to where the corners are situated.  For example:  

3-membered ring (cyclopropenyl radical):



�EMBED ISISServer���





5-membered ring (cyclopentadienyl anion):



�EMBED ISISServer���



6-membered ring (benzene):

�EMBED ISISServer���





We get a closed shell, stable system only for cyclic polyenes with (4n+2) ( electrons.



Such systems have the highest delocalization energies and are said to be “aromatic”.



For benzene:



( electron energy = 2((+2() + 4((+() = 6(+8(



delocalization energy 	= ( electron energy - energy of 3 isolated double bonds 

			= 6(+8( - 3(2(+2()

			= 2(

			( -150 kJ mol-1



This is the energy by which the delocalized ( electrons in benzene are more stable than those in 3 isolated double bonds.

Other examples of aromatic molecules: 

Cyclopropenyl cation:

�EMBED ISISServer���		(i.e. C3H3+)

Only 2 p electrons; both can go in the lowest energy MO (orbital with energy a + 2b).  

Total p electron energy 

=	2((a +2b) 

=	2a +4b



Delocalization energy of cyclopropenyl radical 

= (2a+4b) – (energy of 1 double bond, (2 p electrons))

= (2a+4b) –(2a + 2b)

= 2b  (same as benzene)



So C3H3+ is predicted to be stable.  It is aromatic with 4n+2 (n=0) p electrons.  



Experimentally: 

�EMBED ISISServer���Cyclopropenyl cation is found to be relatively stable.  It can be synthesized as shown above, and isolated.  The triphenyl derivative has been crystallized and its structure determined by X-ray crystallography.  C-C distances all equal, 1.40Å, similar to benzene (1.39Å).  



Cyclopentadienyl anion (C5H5–)

6 electrons in p system, aromatic with 4n+2 (n=1) p electrons.  

Delocalization energy =2.47b.  

So predict cyclopentadiene to lose a proton relatively easily.  

Experimentally:

�EMBED ISISServer���

pKa of cyclopentadiene =16 (not very different from water!)



In contrast, cyclobutadiene (C4H4) is extremely difficult to make in the laboratory.  

�EMBED ISISServer���p electron energy 

=	2((a+2b) +2a

=	4a +4b

Delocalization energy

	=	4a +4b – (2((2a+2b))

	=	0
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