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THE RESONANCE AND 
MOLECULAR-ORB 
METHODS AND THE 

T he structural theory of organic chemistry originated and developed from the 
concepts of valence and the tetrahedral carbon atom. It received powerful 
impetus from the electronic theory of bonding, as described in Chapter 6. We 
now express the structures of many organic compounds by simple bond dia- 
grams which, when translated into three-dimensional models, are compatible 
with most observed molecular properties. Nonetheless, there are many situa- 
tions for which ordinary structure theory is inadequate. An example is benzene 
(Section 1- 1 G), which does not behave as would be expected if it were a cyclic 
polyene related to alkatrienes, such as CH2=CH-CH=CH-CH=CH2. 

There are many other substances that do not behave as predicted from 
the properties of simpler compounds. Some substances are more stable, some 
more reactive, some more acidic, some more basic, and so on, than we would 
have anticipated. In this chapter we shall look at the theories that explain 
some of these apparent anomalies. These theories will be based on quantum- 
mechanical arguments (Section 1-5). 

There are two popular approaches to the formulation of the structures 
and properties of organic compounds based on quantum mechanics-the 
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resonance and molecular-orbital methods. In the past, there has been great 
controversy as to which of these methods actually is more useful for qualita- 
tive purposes and, indeed, the adherents to one or the other could hardly even 
countenance suggestions of imperfections in their choice. Actually, neither 
is unequivocally better and one should know and use both-they are in fact 
more complementary than competitive. 

We have used the concepts of the resonance methods many times in 
previous chapters to explain the chemical behavior of compounds and to 
describe the structures of compounds that cannot be represented satisfactorily 
by a single valence-bond structure (e.g., benzene, Section 6-5). We shall 
assume, therefore, that you are familiar with the qualitative ideas of resonance 
theory, and that you are aware that the so-called resonance and valence-bond 
methods are in fact synonymous. The further treatment given here emphasizes 
more directly the quantum-mechanical nature of valence-bond theory. The 
basis of molecular-orbital theory also is described and compared with valence- 
bond theory. First, however, we shall discuss general characteristics of simple 
covalent bonds that we would expect either theory to explain. 

CHARACTERISTICS OF SIMPLE COVALENT BONDS 

The simplest kind of bond is that between univalent atoms in diatomic mol- 
ecules, such as H,, F,, and so on. In the gas phase the molecules are in rapid 
motion, colliding with one another and the walls of the container. The atoms 
vibrate with respect to one another, and the molecules have rotational energy 
as well. Despite this activity, we can assign an average equilibrium bond 
distance (re) and an average bond energy (D,) for normal, unexcited molecules. 
From ab initio calculations (Section 6-6), we learn that the energy of an H, 
molecule is a function of r, the distance between the hydrogens, as shown in 
Figure 2 1 - 1. 

When the distance is reduced from I.,, the energy increases very rapidly 
because of internuclear repulsion. As the separation between the atoms in- 
creases, the energy of the system increases more slowly and finally approaches 
that of the entirely free atoms. 

The distance r,, which corresponds to the bond length at minimum 
energy, increases with atomic number downward in a column of the periodic 
table as the atoms get larger. It decreases across a horizontal row of the 
periodic table as the electronegativity of the atoms increases and the atomic 
radius becomes smaller. Other things being equal, the stronger the bond is, the 
shorter re will be, because a strong bond overcomes the repulsive forces 
between the nuclei and thus permits them to move closer together. For bonds 
between two carbon atoms, r, usually ranges between about 1.20 A and 1.55 A 
and, if Figure 21-1 (or anything similar) applies, we should not expect signifi- 
cant C-C bonding at internuclear distances greater than 2 A. 
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Figure 21-1 Energy of H, as a function of the internuclear distance be- 
tween the hydrogens. The zero of energy is that of two hydrogen atoms at 
an infinite distance from one another. The corresponding curve for dis- 
sociation into H@ and H:@ would reach about +295 kcal mole-' at infinite 
separation. Similar curves are expected for other electron-pair bonds, but 
the re values are much larger. Thus bonds to carbon commonly fall in the 
range of 1.1 A (C-H bonds) to 2.2 A (C-l bonds). The upper dashed curve 
is for the approach of two hydrogen atoms whose electrons have parallel 
spins. 

It is important to recognize that bonding occurs only if the electrons are 
paired (i.e., have opposite spins). The upper dashed curve of Figure 2 1-1 shows 
how the energy changes as two hydrogen atoms with parallel spins approach 
one another. That there is no net bonding can be understood by the Pauli 
principle (Section 6-I), which tells us that two electrons cannot be in the same 
orbital if they are unpaired. 

21-2 COMPARISON OF THE RESONANCE AND 
MOLECULAR-ORBITAL METHODS 

21-2A The Electron-Pair Bond 

In this section, we will sketch the similarities and differences in the resonance 
(or valence-bond, VB) and molecular-orbital (MO) approaches for electron- 
pair bonds. 

Both methods normally start with atomic orbitals Is, 2s, 2p, and so on, 
of the types discussed in Section 6-1. Where the methods differ is in how these 
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Figure 21-2 (a) Schematic representation of the bonding and antibond- 
ing molecular orbitals formed by combination of two 1s orbitals. (b) The 
orbitals, which also are called wave functions, are drawn here in cross 
section to show the amplitude of the wave function near the nuclei. Higher 
amplitude means more electron density, and in fact, the electron density 
at a given point is proportional to the square of the amplitude function at 
the point. The lines in the contour diagrams at the right connect points of 
constant electron amplitude. Notice how the electrons are drawn in be- 
tween the nuclei in the bonding orbital. In the antibonding orbital, the 
amplitude changes sign-meaning that the electron density falls to zero. 
The boundary between regions of different signs of amplitude (opposite 
phase) is called a node. (Do not confuse + and - amp1 itudes with + and - 
electronic charges.) 

orbitals are used. For  a bond between two atoms, the MO procedure combines 
(or mixes) two atomic orbitals, one from each atom, with proper account of 
orbital phase (Section 6-2) to obtain two molecular orbitals, one of low energy 
and one of higher energy. The atomic orbitals can be pure or  hybrid orbitals 
(Sections 6-1 and 6-4). In  Figure 21-2, we show the results-of combining the 
1s orbitals of hydrogen. The calculation for the most stable state proceeds by 
determining the energy of the system when two paired electrons are in the 
low-energy molecular orbital. The binding energy is the difference between 
the energy so calculated and the energies of the separated atoms. Because the 
molecular orbital extends over both atoms, the bonding electrons must be 
associated with both atoms. 
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Remember, the MO method first combines the atomic orbitals to give 
molecular orbitals, then populates the molecular orbitals with electrons (no 
more than two paired electrons per orbital). This part of the procedure is 
similar to the way electrons are allocated to atomic orbitals (Section 6-1). 

The VB treatment starts with the same atomic orbitals but assigns one 
electron to each orbital. For an electron-pair bond between two hydrogen 
atoms, the VB treatment in its simplest form considers two electronic configu- 
rations. One of these has electron 1 in the orbital of hydrogen 1 and electron 
2 in the orbital of hydrogen 2, (1). The other configuration, 2, has electron 2 in 
the orbital of hydrogen 1 and electron 1 in the orbital of hydrogen 2: 

The calculation then proceeds to predict a low-energy state and a 
high-energy state. These states can be regarded as hybrids of I and 2. The 
low-energy state, which is the one of more interest to us, usually is called a 
resonance hybrid. 

In the VB method, each of the electrons becomes associated with both 
atoms through mixing of the two configurations. A very important point here 
is that the calculation that mixes 1 and 2 leads to a six times greater binding 
energy than calculated for I and 2 alone. Thus in the VB treatment we combine 
electronic configurations (here 1 and 2, - symbolizing mixing), whereas in 
the MO treatment we combine atomic orbitals to get low- and high-energy 
molecular orbitals. 

21-2B What is the Glue in These Bonds? 

The forces that hold atoms together through chemical bonds are electrostatic, 
that is, the attraction of positively charged nuclei for negatively charged 
electrons. But the energy calculated for a single configuration, such as I ,  only 
accounts for about one sixth of the total binding. In either the VB or the MO 
method the electrons in an electron pair bond between two nuclei brought to 
within bonding distances are equivalent and indistinguishable. That is, we are 
unable to identify one electron any more than the other with a given atom. The 
significance of the pairing of the electrons is that it permits each electron to 
have maximum possible freedom to move through the orbitals of the two-atom 
system rather than being "localized" on particular atoms. Quantum-mechanical 
calculations tell us that freedom of motion of the electrons is very important. 
Thus, using the VB method, we calculate that fully five sixths of the binding of 
the hydrogen molecule is associated with the "delocalization" of the electrons 
between the two nuclei. 
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There are many compounds with structures in which electrons are de- 
localirkd over more than two atoms. Such molecules should be more stable 
than would be expected for molecules with the same geometry but with 
electron pairs constrained to be associated with just one or  two atoms. We will 
shortly discuss some specific examples, but because most of these examples 
involve the delocalization of n electrons, it is expedient to first discuss ethene 
as a prototype, using both the MO and VB methods. 

21-26 The T Bond in Ethene 

The atomic-orbital picture of ethene (Figure 6-14) formulates the n bond as 
resulting from overlap of two adjacent p atomic orbitals, one from each of 
two sp2 hybridized carbons. The p orbitals are directed perpendicularly to the 
plane defined by the hybrid orbitals of the cr bonds, and to a first approximation, 
we assume that exchange of the n and a electrons between their respective 
orbitals does not affect the energy of the molecule. If this assumption is valid, 
n bonding can be treated independently s f  a bonding. Although undoubtedly 
oversimplified, the VB and M O  methods have been remarkably successful 
using this assumption. In our subsequent discussions, we shall treat the n 
electrons separately from localized a electrons. 

The n bond of the ethene molecule can be formulated very much like 
the bond in the hydrogen molecule (Section 21-2A), with the difference that 
the bonding is achieved by the overlap of two 2p atomic orbitals of carbon 
rather than two I s  atomic orbitals of hydrogen. 

In the MO method the mixing of the two 2p atomic orbitals gives two 
molecular orbitals. The details of the mathematics of the mixing process to 
give an optimum set of molecular orbitals are well beyond the scope of this 
book,l but the results are shown in Figure 2 1-3. The two n electrons of ethene 
are taken as  occupying the low-energy bonding orbital, while the high-energy 
antibonding orbital normally is empty. 

How much more stable is the bonding molecular orbital relative to a 
pair of noninteracting p atomic orbitals? It is difficult to provide a numerical 
answer in kcal mole-l that is meaningful, but we can describe the energy in 
symbolic terms. First, the energy of one electron in the p atomic orbital of an 
spxhybridized carbon, as  in 3, is taken as a standard quantity, a,  often called 
the Coulomb energy: 

'There are many excellent books that cover this subject in great detail; however, the 
simplest introductory work is J .  D. Roberts, Molecular Orbital Calculations, W .  A. 
Benjamin, Inc., Menlo Park, Calif., 196 1 .  
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Figure 21-3 (a) Representation of the bonding and antibonding molec- 
ular orbitals formed by the combination of two p atomic orbitals on 
adjacent sp2-hybridized carbons, as in ethene. (b) Relative energies of 
the bonding and antibonding orbitals. The bonding orbital is populated 
with two paired electrons in the normal (or ground) state of the ethene T 

bond. The T-electron energy for each electron is cw + P. Therefore the 
T-electron energy of ethene is 2(a + P )  = 2 0  + 2P. The energy terms, nr 
and p ,  are negative quantities. 

Thus, if there were no n bonding in ethene and no repulsion between the 
electrons, &he energy of the two electrons (one in each of the two adjacent p 
orbitals of the carbons) would be twice the Coulomb energy, or 2a. This would 
be the situation for two carbons such as 3 that are widely separated. 

The M 0  calculation shows that the bonding molecula~- orbital of ethene 
is more stable (of lower energy) than the nonbonding level, a ,  by a quantity, P, 
where ,6 is a negative energy term (Figure 21-3). Likewise, the antibonding 
level is destabilized by an amount -P. For two paired electrons in the bonding 
molecular orbital, the n-electron energy of ethene is calculated to be 2(a + P) = 

2a + 2P. 
In the valence-bond approach, the n bond of ethene is considered to be 

a hybrid of all reasonable electronic configurations of two indistinguishable 
paired electrons distributed between two p orbitals. Each of the configurations 
that can be written, 4a, 4b, lac, and 4d, have identical locations of the atomic 
nuclei in space: 
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The four valence-bond structures or configurations, 4a-d, are combined 
mathematically to give four hybrid states, and of these, the lowest-energy one 
corresponds approximately to the normal state of the molecule. The calculation 
shows that the structures 4a and 4b, which have one electron in each p orbital, 
are the major contributors to the "hybrid" of ethene. The valence-bond 
structures, 46 and 4d, are ionic structures, which correspond to the conven- 
tional formulas, 4e and 4f: 

\ / \@ 9/ 
C-C and C-C 
/ \ I \  

These valence-bond structures are not important to the rr bond of the ground 
state of ethene, although they are important for carbonyl bonds (Section 16- 1 B). 

21-3 THE BENZENE PROBLEM 

We already have alluded to the difficulties encountered in the interpretation of 
the structure of benzene in Sections 1- 1 G and 6-5. Our task here is to see what 
new insight the VB and MO treatments can give us about benzene, but first 
we will indicate those properties of benzene that are difficult to explain on the 
basis of simple structure theory. 

21-3A Some of the Unusual Properties of Benzene 

From x-ray diffraction and spectroscopic measurements, benzene is known 
to be a planar molecule with six carbons 1.390 A apart in a hexagonal ring, 5. 
Six hydrogen atoms, one associated with each carbon, are located 1.09 A 
from those carbons. All 13-C-C and C-C-C bond angles are 120": 
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The 1,3,5-cyclohexatriene structure, 6, proposed for benzene in 1866 by 
Kekulk, has alternating single and double bonds around the ring, which would 
be predicted to have bond lengths of 1.48 A and 1.34 A, respectively (see 
Table 2- 1 ): 

The knowledge that the bond lengths are equal in the ring in benzene is a point 
against the Kekule formulation, but a more convincing argument is available 
from a comparison of the chemistry of benzene with that of 1,3,5-hexatriene, 7: 

1,3,5-Hexatriene is highly reactive with a variety of reagents, and its 
behavior is in marked contrast to the stability of benzene toward the same re- 
agents, as illustrated by the reactions summarized in Figure 21-4. The reagents 
that commonly add (in the dark) to the double bonds of alkenes (e.g., Br,, Cl,, 
HOCl, H2S04) attack benzene relatively slowly to substitute for a hydrogen 
atom rather than to give addition products. Nevertheless, there can be no doubt 
that benzene is really unsaturated, because it can be hydrogenated (under 
forcing conditions compared with simple alkenes) to cyclohexane, and, in 
sunlight, adds chlorine or bromine to give 1,2,3,4,5,6-hexahalocyclohexanes. 
Also, benzene is attacked by ozone, and the products are those expected on 
the basis of Kekulb's cyclohexatriene structure. 

Benzene also is more stable by about 36-38 kcal mole-l than anticipated 
for the 1,3,5-cyclohexatriene structure. You will recall from earlier discussions . 
that the heat of combustion of one mole of benzene is 38 kcal less than cal- 
culated for cyclohexatriene (see Section 6-5A). Also, the heat of hydrogena- 
tion of benzene is only 49.8 kcal mole-l, which is 36 kcal less than expected 
for 1,3,5-cyclohexatriene; this estimate is based on the assumption that the 
heat of hydrogenation of 1,3,5-cyclohexatriene (with three double bonds) 
would be three times that of cyclohexene (28.5 kcal mole-l, for one double 
bond), or 3 x 28.5 = 85.5 kcal molep1. 

The extra stability of benzene relative to the hypothetical 1,3,5-cyclo- 
hexatriene can be called its stabilization energy. Most (but not all) of this 
stabilization may be ascribed to resonance or electron delocalization. 
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Figure 21-4 Comparative reactions of benzene and 1,3,5-hexatriene 

21 -3B The Atomic-Orbital Model of Benzene 

NC, ,CN 
C 
I I 
C 

NC/ 'CN 

In Section 6-5 an atomic mode1 of benzene was discussed in some detail. Each 
carbon in the ring was considered to form three coplanar spLhybrid (T bonds 
at 120" angles. These carbon-carbon and carbon-hydrogen (T bonds use 
three of the four valence electrons of each carbon. The remaining six carbon 
electrons are in parallel p orbitals, one on each of the six carbons. Each of 
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the n- electrons can be regarded as being paired with its immediate neighbors 
all around the ring, as shown by 8: 

As mentioned in Section 21-2B, delocalization of the electrons over all six 
centers in benzene should give a more stable electron distribution than any 
structure in which the electrons are localized in pairs between adjacent car- 
bons (as in the classical 1,3,5-cyclohexatriene structure). 

The simple MO and VB treatments of benzene begin with the same 
atomic-orbital model and each treats benzene as a six-electron n--bonding 
problem. The assumption is that the cr bonds of benzene should not be very 
much different from those of ethene and may be regarded as independent of 
the n- system. 

21-3C The MO Method for Benzene 

Extension of the ideas of Section 21-2 for the MO treatment of an electron- 
pair bond between two nuclei to the n bonding in'benzene is fairly straight- 
forward. What is very important to understand is that there must be more than 
one molecular orbital for the rr electrons because there are six n- electrons, 
and the Pauli principle does not allow more than two paired electrons to occupy 
a given orbital. In fact, combination (or mixing) of the six 2p orbitals of ben- 
zene, shown in 8, gives six n- molecular,orbitals. Without exception, the ncrm- 
ber of molecular orbitals obtained by mixing is always the same as the nclmbev 
of atomic orbitals mixed. The details of the mathematics of the mixing process 
to give an optimum set of molecular orbitals will not be described here,' but 
the results are shown in Figure 21-5. Of the six predicted molecular orbitals, 
three are bonding and three are antibonding. The six n- electrons are assigned 
to the three bonding orbitals in pairs and are calculated to have a total n-- 
electron energy of 6cr 4- 8P. 

The calculation that leads to the results shown in Figure 21-5 is not 
very sophisticated. It is based on the assumption that the rr bonding between 
each carbon and its immediate neighbors is equal all around the ring and that 
bonding involving carbons more than 2 A apart is unimportant. 

What happens if we use the MO method to calculate the n--electron 
energy ,of classical 1,3,5-cyclohexatriene? The procedure is exactly as for 
benzene, except that we decree that each carbon p orbital forms a n bond with 
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Figure 21-5 Energies and schematic representation of the T molecular 
orb.itals of benzene. If the six T electrons are placed in the three lowest 
orbitals in three pairs, the T-electron energy is 2(a + 2P) + 4(a + P) = 

6a + 8P, in which a and P are negative energy terms. The schematic 
representations are drawn to show the phase changes (nodes) of the 
molecular orbitals. Notice that the more phase changes there are, the less 
bonding and more antibonding the orbital becomes. Although one could 
hardly believe it by looking at the schematic representations of the 
occupied T orbitals, the mathematical form of these is such that benzene 
is predicted to have its T electrons symmetrically distributed with an 
average of one per carbon atom. That is, the total T-electron distribution 
is the same as that suggested by the lowest-energy, nodeless molecular 
orbital. 

only one of its neighboring p orbitals. The results are shown in Figure 21-6. 
The n-electron energy turns out to be three times that of ethene, or 6a  + 6P 
compared to 6a  + 8P for benzene. 

The calculated delocalization energy for benzene is the difference be- 
tween these quantities, or (6a + 8P) - (6a + 6P) = 2P. That is to say, the 
calculated delocalization energy is the difference between the energy of 
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Figure 21-6 Energies and schematic representations of the TT molecular 
orbitals of localized 1,3,5-cyclohexatriene. The molecular orbitals are 
the TT orbitals of three localized ethene bonds and the total TT-electron 
energy is 6(a + p) = (6a + 6p). 

benzene with full n- bonding and the energy of 1,3,5-cyclohexatriene with 
alternating single and double bonds. ]If the electron delocalization energy 
(2P) is equal to the stabilization energy (38 kcal mole-l), then P = 19 kcal 
molep1. Whether this is a valid method for determining P has been a matter 
of dispute for many years. Irrespective of this, the results of the calculations 
do account for the fact that benzene is more stable than would be expected 
for 1,3,5-cyclohexatriene. 

However, do the results also account for the low reactivity toward the 
various reagents in Figure 2 1-4, such as those that donate Br@ to double bonds 
(see Section 10-3A)? To settle this question, we have calculated the changes 
in T-electron energy that occur in each of the following reactions: 

This means calculating the n--electron energies of all four entities and assuming 
that the differences in the c-bond energies cancel between the two reactions. 
The result of this rather simple calculation is that attack of Br@ on benzene is 
thermodynamically less favorable than on 1,3,5-hexatriene by about 1.0p. 
If ,B is 19 kcal molep1, this is clearly a sizable energy difference, and we 
can conclude that the simple MO method does indeed account for the fact that 
benzene is attacked by Br@ far less readily than is 1,3,5-hexatriene. 
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21-3D The VB Method for Benzene 

Extension of the basic ideas of the VB treatment described in Section 21-2 to 
the atomic-orbital model of benzene is straightforward. We can write VB struc- 
tures that represent pairing schemes of electrons in the atomic orbitals as 
shown in 9 through 13: 

VB structure 

n-electron 
configuration, 

 orbital model2 

VB structure 

n-electron 
configuration, 
orbital model 

2Note that in 9 and also in 10, we show a particular way of pairing the electrons. How- 
ever, just as 1 +--+ 2, and 4a ++ 4b, we also must consider other sets that represent 
exchanges of electrons across the dashed lines of 9 and also of 10. 



21-3D The VB Method for Benzene 973 

Pairing schemes 9 and 10 correspond to Kekule7s structures, whereas 11, 12, 
and 13 are called "Dewar structures" because J. Dewar suggested, in 1869, 
that benzene might have a structure such as 14: 

The electrons are paired in the configurations represented by 11, 12, and 13, 
but these pairing schemes are not as energetically favorable as 9 and 10. The 
reason is that the two electrons paired according to the dashed lines in 11, 
112, and 13 are on nuclei separated by 2.8 A, which is too far apart for effective 
bonding. The dashed lines between the distant carbons in 11, 12, and 13 are 
significant only in that they define a pairing scheme. Such lines sometimes are 
said to represent "formal bonds." 

We hope that it is clear from what we have said here and previously 
that the electron-pairing schemes 9 throctgh 13 do not separately have plzysical 
reality or independent existence; indeed, the energy of the actual molecule is 
less than any one of the contributing structures. The double-headed arrow 
between the structures is used to indicate that they represent different electron- 
pairing schemes for a molecule and not different forms of the molecule in 
equilibrium with one another. When we use the resonance method in a quali- 
tative way, we consider that the contribution of each of the several structures 
is to be weighted in some way that accords with the degree of bonding each 
would have, (f it were to represent an actual molecule with the specified 
geometry. Thus the Kekule-type electron-pairing schemes, 9 and 10, are to be 
taken as contributing equally and predominantly to the hybrid structure of 
benzene - equally because they are energetically equivalent, and predomi- 
nantly because they can contribute much more to the overall bonding than 11, 
12, and 13. 

In using the resonance method, we assume that all the resonance struc- 
tures contributing to a given resonance hybrid have exactly the same spatial 
arrangements of the nuclei but different pairing schemes for the electrons. 
Therefore 11, 12, and 13 are not to be confused with bicyclo[2.2.0]-2,5- 
hexadiene, 15, because 15 is a known (albeit not very stable) molecule with 
different atom positions and therefore vastly different bond angles and bond 
lengths from benzene: 
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The electron-pairing schemes 9 and 10 represent the electron pairing that 15 
would have if it were grossly distorted, with each carbon at the corner of a 
regular hexagon and a formal bond in place of a carbon-carbon single bond. 
Thus 9 and 10 would not contribute in a significant way to the resonance 
hybrid of 15. 

Clearly, it is inconvenient and tedious to write the structures of the 
contributing forms to show the structure of a resonance hybrid. A shorthand 
notation is therefore desirable. Frequently, dashed rather than full lines are 
used where the bonding electrons are expected to be delocalized over several 
atoms. For benzene, 16a or 16b is quite appropriate: 

Unfortunately, although these are clear and explicit renderings, they are 
tedious to draw. As a result, many authors use (as we will most often) a single 
Kekulk structure to represent benzene, with the understanding that all the 
C-C bonds are equivalent. Other authors choose to represent benzene as a 
hexagon with an inscribed circle: 

This is a simple notation for benzene, but is quite uninformative and even can 
be actively misleading with some aromatic ring systems, and thus should be 
used with this limitation in mind. 

In calculations of the resonance energy of benzene, the five electronic con- 
figurations (valence-bond structures 9 through 1 3 )  are combined mathematically 
to give five hybrid states, and of these the lowest-energy state is assumed to 
correspond to the normal state of the molecule. Thus benzene is considered by 
this approach to be a resonance hybrid of the valence-bond structures 9 through 
13.  In this simple treatment, 9 and 10 are calculated to contribute about 80% 
and 1 1 ,  1 2 ,  and 1 3  about 20% to the hybrid. The actual numerical VB calcula- 
tions, which are much more difficult to carry through than the corresponding 
MO calculations, give an energy of Q + 2.61 J for benzene and Q + 1.50 J for 
classical 1,3,5-cyc1ohexatriene.Vhe resonance or delocalization energy then 
is (Q + 2.61 J )  - (Q + 1.50 J )  = 1.1 1 J ,  which makes J - 35 kcal mole-l if the 
resonance energy is taken to be equal to the 38 kcal value obtained for the 

3Q and J are negative VB energy parameters that correspond roughly to the MO 
parameters a and ,B. 
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stabilization energy. If one carries through a simple VB calculation of the 
relative energy change associated with attack of Br@ on benzene as compared 
to 1,3,5-hexatriene, the value obtained is 0.63 J, which corresponds to 22 kcal. 
This is in excellent agreement with the 19 kcal value obtained by the MO 
method (Section 2 1-3C). 

Exercise 21-1 Determine which of the following structures can be represented by 
one or more specific electron-pairing schemes similar to the Kekule structures of 
benzene: 

,@J ;&H ;rH 
" 00 
H 00 H  0000 H  

H  H  H  H  H H H H  

21-4 APPLICATION OF THE MO METHOD 
TO 1,3-BUTADIENE 

To treat the rr-electron system of 1,3-butadiene by simple MO theory, we com- 
bine the four p carbon orbitals of an atomic-orbital model, such as 17, to obtain 
four molecular orbitals: 

When we use 17 we assume, as we did for benzene, that there are no excep- 
tional properties of any of the cr bonds of 1,3-butadiene. The results of a MO 
calculation on the 77-electron system are shown in Figure 21-7. The rr-electron 
energy for four electrons is 4a + 4.48P. If the same calculation is made on 
localized 1,3-butadiene, that is, with no 77 bonding between the 2,3 carbons, 
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Orbital 
energies 

Figure 21-7 Energies and schematic representations of the n molecular 
orbitals of 1,3-butadiene. If four electrons are placed in the two lowest 
orbitals, the n-electron energy is 2(a+ 1.62p) + 2(a + 0.62p) = 401 +4.48 p. 
The schematic representations show the number of phase changes 
(nodes) in each molecular orbital, and the sizes of the atomic orbitals 
are drawn to represent crudely the extent to which each contributes to 
each molecular orbital. Again, the energy of the orbitals increases with 
increasing number of nodes. 

Orbital 

Figure 21-8 Energies and schematic representations of the n molecular 
orbitals of localized I ,3-butadiene. The orbitals are the n orbitals of two 
isolated ethene bonds and the total n-electron energy is 4(a + p)  = 

4a + 40. 
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the energy is 4a + 4P (Figure 21-8). Therefore the delocalization energy is 
(3a + 4.48P) - (401 + 4P) = 0.48P or 9 kcal, assuming that P = 19 kcal. (The 
corresponding VB calculation gives the delocalization energy in good agree- 
ment as 0.23 J or 8 kcal; Section 21-3D.) 

We can estimate a stabilization energy for butadiene from heats of 
hydrogenation, and it is useful to compare the values obtained with the cal- 
culated delocalization energy. Thus the heat of hydrogenation of 1,3-butadiene 
is 57.1 kcal, whereas that of ethene is 32.8 kcal and of propene 30.1 kcal. If 
ethene is used as the model alkene, the stabilization energy of 1,3-butadiene 
is (2 x 32.8 - 57.1) = 8.5 kcal, whereas, with propene as the model, it would 
be (2 x 30.1 - 57.1) = 3.1 kcal. The bond energies (Table 4-3) in combination 
with the heat of formation at 25" (26.33 kcal) give a stabilization energy of 
5.0 ltcal. 

Exercise 21-2 Calculate the heat of formation of 1,3-butadiene in the gas phase at 
25" from the bond energies in Table 4-3 and the knowledge that AH0 for C(s) - 
C(g) is 171.3 kcal. The heat of formation is defined as AH0 for 4C(s) + 3H,(g) - 
C,H,(g). The experimental value of the heat of formation is 26.3 kcal. Calculate the 
stabilization energy of 1,3-butadiene. 

21-5 APPLICATIONS TO OTHER TYPES OF SYSTEMS 

21 -5A Polar Molecules 

Many important molecules have alternating single and double bonds (are con- 
jugated), but have atoms that are more (or less) electron-attracting than 
carbon. An example is propenal (acrolein), 18: 

With such molecules we need to take into account the fact that the n elgctrons 
will be attracted to oxygen from carbon, because oxygen is more elec~ronega- 
tive than carbon. With the VB method we can do this by considering ionic 
electron-pairing schemes, 18c and 1 8 4  along with the dienelike structures, 
18a and 18b. The hybrid, l e e ,  is drawn to reflect the expected relative con- 
tributions of the various forms, with 18a being most important. 
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Ionic structures such as 19a and 19b need not be considered for propenal 
because carbon is much less electron-attracting than oxygen: 

0 0 0 0 
CH2=CH-CH-0: +--+ CH2-CH=CH-0: unfavorable structures 

The MO treatment of propenal proceeds with a butadienelike atomic- 
orbital model, 20, except that atomic electrons in a 2p orbital of oxygen are 
assigned a lower energy than when in a 2p orbital of carbon. The other un- 
shared electrons in oxygen are not regarded as part of the T system. The 
molecular orbitals that result are similar to those of Figure 21-7, but with a 
greater contribution of the p orbital of oxygen in the lower bonding molecular 
orbitals: 

Analysis of the electronic configuration resulting from the MO calculations 
accords generally with the VB hybrid 18e. 

Exercise 21-3 The heat of formation of propenal by 3C(s) + 2H,(g) + &O,(Q) ---+ 

C,H,O(g) is -25.1 kcal. Using the bond energies of Table 4-3 and AH0=+ 171.3 kcal 
for C(s) -+ C(g), calculate a stabilization energy for propenal. 

21-5B The 2-Propenyl (Allyl) Cation 

An especially important type of carbocation is represented by the 2-propenyl 
0 

cation, CH2=CH-CH,. The VB method takes into account two equivalent 
electron-pairing schemes, 21a and 21 b, which correspond to the hybrid 21c. 
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Because 21a and 21 b are equivalent and no other single low-energy structure 
is possible, a sizable delocalization energy is expected. Evidence for this de- 
localization energy of 21c is available from the comparative ease of reactions 
involving formation of carbocation intermediates. An example is in SN1 ioniza- 
tions of alkenyl and alkyl halides. The ionization CH2=CHCH2Br - 
CH2=CHCH2@ + Bra proceeds more readily than CH3CH2CH2Br - 
CH3CH2CH2@ + Br@ (for which no n-electron delocalization is possible). 

MO treatment of the 2-propenyl cation begins with the atomic-orbital 
model 22: 

Any 7-r electrons will be delocalized through the orbitals of 22, but it is not so 
easy to be confident that when two electrons are placed into the lowest mo- 
lecular orbital the resulting electron distribution will be the same as 21c with 
half of the positive charge on Cl  and half on C3. 

The complete calculation gives the result shown in Figure 21-9. Here 
the lowest-energy molecular orbital has a higher proportion of the p orbital of 

Orbital 
energies 

antibonding 

Figure 21-9 Energies and schematic representations of the T molecular 
orbitals of the 2-propenyl cation, 22. The calculated T-electron energy of 
the cation is 2(a + 1.41P) = 2a + 2.82P. Orbitals with the energy a are 
neither bonding nor anti bonding and are called "non bonding molecular 
orbitals" (NBMO). The intermediate energy molecular orbital of the 
2-propenyl cation is a NBMO because its component atomic orbitals, 
being on C1 and C3, are too far apart to be bonding or antibonding. 
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G2 mixed in than the p orbitals of C 1 and G3 -in fact, just the right amount to 
have C2 neutral and C l  and C3 each with l/2@ when this MO is filled with two 
paired electrons. The delocalization energy calculated for the cation is (2a 
+ 2.82P) - (2a + 2P) = 0.82P or about 16 kcal if ,8 is taken to be 19 kcal. Thus 
in every respect the simple VB and MO methods give the same representa- 
tion of the 2-propenyl carbocation. 

You will notice that the 2-propenyl radical and the 2-propenyl carbanion 
can be formulated by the same set of rr molecular orbitals (Figure 21-9) used 
for the carbocation by putting one or two electrons into the nonbonding MO. 
The delocalization energies calculated for the radical and anion are the same 
as for the cation. Thus (3a + 2.82P) - (3 a + 2P) = 0.82P for the radical and 
(4a + 2.826) - (4a + 2P) = 0.82P for the anion. 

21-5C Electronic Spectra by the MO Method 

Section 9-9B covers qualitative explanations of how the VB method is used to 
account for the lower-energy (longer-wavelength) radiation required for elec- 
tronic excitation of conjugated polyenes compared to nonconjugated polyenes. 
Thus 1,3-butadiene has a A,n,, for ~tltraviolet light at 21 7 nm, whereas 1,5- 
hexadiene has a corresponding A,,,, at 185 nm. 

We will now consider how the M O  approach can be used to understand these 
differences in excitation energy. The rr-energy levels and electronic configura- 
tions for delocalized and localized 1,3-butadiene are shown in Figure 2 1 - 10 
(also see Section 21-4). Because the double bonds are so far apart, the 7 ~ -  

Orbital 
energies 

t u  - 1.62/3 0 

\ 
I 

\ 
I antibonding I 

- - - - - - - - I_--_-_-_-__---___-_ , - - _ - - - _ - _ - _ _ _ energy 
I I bond~ng 

delocalized 
1.3-butad~ene 

localized 1,3-butad~ene 
or 1,5-hexadiene 

Figure 21-10 The n-molecular-orbital energies and ground-state elec- 
tronic configurations of (left) delocalized 1,3-butadiene and (right) 
localized 1,3-butadiene or 1,5-hexadiene. 
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electron system of 1,5-hexadiene by the simple MO approach is identical with 
that of localized 1,3-butadiene. The calculated energy change for the lowest- 
energy n ----+ n *  transition is (a - 0.62P) - (a + 0.62P) = -1.24P for 1,3- 
butadiene and (a - P) - (a + P) = -2P for 1,5-hexadiene. In each case the 
energy of the electron in the Iziglzest occupied n orbital (the HOMO orbital) 
is subtracted from the energy that an electron would have in the lowest r/t?- 
occ~rpied n *  orbital (the EUMO orbital). Other transitions are possible, as of 
an electron from the lowest occupied orbital of energy a + 1.62P to the highest 
unoccupied orbital of energy a - 1.62P, but these would have fal- greater 
energies. 

Qualitatively, the n - n *  transition energy is predicted to be substantially 
less for 1,3-butadiene than for 1,5-hexadiene. However, any attempt at a quanti- 
tative correlation is suspect, because the lowest energy n ---+ n* transition 
calculated for 1,3-butadiene is - 1.240 and, if P is 19 kcal (see Section 2 1 -3C), 
A,,,,, from Equation 9-2 should be 12 14 nm instead of the observed 217 nm. 

Exercise 21-4 Use the qualitative VB and MO methods to predict whether addition 
of HCI to 1,3-cyclohexadiene would be favored to give 3-chlorocyclohexene or 4- 
chlorocyclohexene. 

Exercise 21-5 Set up an atomic-orbital model for the enolate anion, CH,=CH-0:' 
and consider how it should be formulated by the VB and MO methods. Write a hybrid 
structure of the general type of 18e and 21c for the enolate anion and predict the 
most likely positions of the atoms for the anion in its most stable configuration. 

Exercise 21-6 Use Figure 21-9 to predict the n-electron distribution in the 2-propenyl 
radical (CH2=CH-CH,.) and the 2-propenyl anion (CH2=CH-CH,:Q). Show your 
reasoning. 

Exercise 21-7 1,3-Butadiene has a substantial stabilization energy, whereas ethene 
has none, yet attack of Br@ on 1,3-butadiene occurs more readily than on ethene. 
Explain how 1,3-butadiene can have a stabilization energy greater than ethene but 
still be more reactive toward reagents that donate Bra. 

WHICH TREATMENT IS BETTER-MO OR VB? 

The calculated energy of the electron-pair bond of the hydrogen molecule as a 
function of H-H intermolecular distance r by the ab itzitio (exact), MO, and 
VB procedures is shown in Figure 2 1- 1 1. The results show that neither the MO 
nor the VB calculations come close to the ab itzitio calculation in reproducing 
the experimental dissociation energy, D,, or the variation of the energy with 
the intermolecular distance. The VB method gives a little better energy value 
at the minimum and the MO method gives poor results at larger values of r-. 
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energy, 
kcal mol 

Figure 21-11 Comparison of calculated "exact" ab initio energies of H, 
as a function of internuclear distance, r,  with the energies calculated for 
simple MO and simple VB methods. The dissociation energy calculated 
by the ab initio procedure is in close agreement with the experimental 
value of 102 kcal. The zero of the energy scale in this figure is the energy 
of widely separated hydrogen atoms. 

We can say that, as calculated by the MO method, the molecule does not "dis- 
sociate properly. " 

Why do these calculations yield results so far from the nb initio curve? There 
are two reasons. First, atomic orbitals are used that are appropriate for isolated 
atoms, but are hardly expected to be the best orbitals for the electrons when two 
or more atoms are in close proximity. It is convenient to use atomic orbitals in 
simple calculations because they are mathematically simple, but more compli- 
cated orbitals are known to give better results. Second, neither treatment 
properly takes into account electron-electron repulsions. For two electrons, a 
term of the form e v e ,  (in which e is the electronic charge and r,, is the dis- 
tance between the electrons) is required to describe the repulsion between 
electrons. The exact calculations avoid both difficulties but are so complex 
mathematically as to be devoid of any capability for providing qualitative 
understanding. 

The VB method gives a slightly lower energy than the MO method at the 
minimum, because in the simple MO method, when we calculate the energy 
resulting from two electrons going into the lowest molecular orbital, we put no 
restraints on their being close together. As a result there is a 50% probability 
for both electrons being simultaneously in either half of the molecular orbital. 
In contrast, the simple VB method combines configurations 1 and 2, each having 
just one electron per atomic orbital, and no account is taken of the possibility 
of either atomic orbital containing more than one electron. This is equivalent 
to neglecting the pairing schemes H:@HB +-+ I-IB:IIe. Neither the VB nor the 
MO approximation is the best possible; the simple MO method tends to take 
too little account of interelectronic repulsion, whereas the VB method tends 
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Figure 21-12 Top view of a GVB atomic orbital for the n--electron system 
of benzene. The contour lines show electron amplitudes, and there is a 
phase change represented by the dashed line. The crosses show the posi- 
tions of the carbon nuclei. Six such orbitals are used to make up the 
electron-pairing schemes, 9 and 10, used in the GVB calculation of the 
electronic energy of benzene. 

to take too much account of it. However, as can be seen in Figure 2 1-1 1, taking 
too much account of electron repulsion is the better approximation. 

Why does an electron-pair bond calculated by the MO method not dissociate 
properly? We have seen that half of the time both electrons in the low-energy 
molecular orbital are in the vicinity of just one of the nuclei. But as the nuclei 
move far apart, this corresponds to a far greater energy than having only one 
electron in the vicinity of each nucleus, as the VB method suggests. 

There is no unequivocal answer to the question as to which is the better 
method. Calculations by the VB method are likely to be more reliable than those 
by the MO method, but in practice are much more difficult to carry out. For 
many-electron molecules the MO procedure is simpler to visualize because 
we combine atomic orbitals into molecular orbitals and then populate the 
lower-energy orbitals with electrons. In the VB method, atomic orbitals are 
occupied, but the electrons of different atoms are paired to form bonds, a 
process that requires explicit consideration of many-electron wave functions. 
To put it another way, it is easier to visualize a system of molecular orbitals 
containing N electrons than it is to visualize a hybrid wave function of N 
electrons. 

How can the MO and VB methods be improved? The answer depends on 
what one wants- more accurate calculations or better qualitative understanding. 
To improve VB calculations we need orbitals that allow the electrons to spread 
out over more than one atom. The GVB orbitals discussed in Section 6-6 suit 
this purpose and give an energy curve only slightly above the exact curve of 
Figure 2 1- 1 1. In the GVB treatment the orbitals delocalize less as r increases. 

When atomic orbitals are derived for each carbon of the T-electron system 
of benzene by the GVB method, they are somewhat more spread out than 
simple carbon p orbitals (Figure 2 1-12). Use of these orbitals in VB calculations 
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gives excellent results with just the two pairing schemes of benzene, 9 and 10. 
Improvement of the MO method involves better orbitals, better account of 

interelectronic repulsion, and introduction of mixing of different electron con- 
figurations in the molecular orbitals ("configuration interaction"). Improved 
MO calculations give much more accurate energies at the minimum of a plot 
such as Figure 21-1 1 ,  but the bonds still do not dissociate properly, for the 
same reason as with the simple MO method. 

We cannot say that either the VB or the MO method is more correct; only 
that one approximation may be more useful than the other in attempting to 
solve a particular problem. The fact is, the more each is refined, the more they 
appear to merge into a common procedure; but, unfortunately, in the refinement 
process the mathematics become so complex that qualitative understanding of 
what is being done tends to disappear altogether. 

MORE ON STABILIZATION ENERGIES 

It was shown in Section 21-3 that benzene is 36-38 kcal more stable than the 
hypothetical molecule 1,3,5-cyclohexatriene on the basis of the differences 
between experimental heats of combustion, or hydrogenation, and heats 
calculated from bond energies. We call this energy difference the stabilization 
energy (SE) of benzene. We have associated most of this energy difference 
with rr-electron delocalization, which is the delocalization energy (DE). The 
difference between SE and DE will be small only if our bond-energy tables are 
reliable and steric and strain effects are small. 

The problem with bond energies is that we use bond energies that 
neglect changes in bond strength caused by environment. Primary, secondary, 
tertiary, alkenic, and allcynic C-1-1 bonds are assumed to have equal energies; 
C-C single bonds are assumed to be equal, regardless of whether the other 
bonds to the carbon atoms in question are single or multiple; and differences 
in energy between double bonds that are mono-, di-, tri-, or tetra-substituted 
are neglected, as are changes in bond energies associated with steric strain. 
Bond energies are strictly applicable to molecules in which the bonds are of 
the normal lengths. In the case of benzene, which has C-C bonds with lengths 
intermediate between normal single and double bonds, there seems to be no 
clear agreement as to how to take the bond distances into account in computing 
the delocalization energy. In spite of these uncertainties the stabilization 
energies seem to give a good qualitative idea of the importance of electron 
delocalization in organic molecules. 

Tables 2 1- 1 and 2 1-2 give stabilization energies for several substances 
that are best represented as hybrid structures. 
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Table 21-1 

Stabilization Energies (or Approximate Delocalization Energies) from Heats of 
Formation of Some Aromatic Compounds 

Structure (as AHO,,I~" AHoobsb 
Compound commonly written) (kcal mole-') SEc 

benzene 

methyl benzene 
(toluene) 

biphenyl 

biphenylene 

naphthalene 

azulene 

anthracene 

phenanthrene 

azabenzene 
(pyridine) 
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Table 21 -1 (continued) 

Structure (as AHoCa,," AHoob,b 
Compound commonly written) (kcal mole-') SEc 

benzenamine 
(aniline) 

benzenol 
(phenol) 

ethenyl benzene 84.0 35.2 48.8 
(styrene) 

aHeats of formation from the elements in their standard states calculated from bond energies in 
Table 4-3, and AH0 = 171.3 kcal for C(s) + C(g). 

bHeats of formation for the gas phase from D. R. Stull, E. F. Westrum, Jr., and G. C. Sinke, The 
Chemical Thermodynamics of Organic Substances, John Wiley and Sons, Inc., New York, 1969. 

"The differences between these numbers and SE values calculated from heats of hydrogenation 
and combustion probably are due primarily to the difference between values of AH0 for C(s) --+ 

C(g) used here (1 71.3 kcal), and the value of 171.7 kcal used in deriving the bond-energy tables. 
We give heats of formation here because they are much more useful in other calculations than are 
heats of combustion. 

Table 21-2 
Stabilization Energies (SE) from Heats of Formation (AH0) of Some 
Conjugated Polyenes 

Compound Structure 
AHOcalca AHOobsb 

(kcal mole-') SEc 

1,3-butadiene CH2=CH-CH=CH, 31.4 26.3 5.1 

1,3-pentadiene CH2=CH-CH=CHCH3 26.9 1 8.6d 8.3" 

2-methyl-l,3-butadiene (isoprene) CH2=CH-C=CH, 26.9 18.1 8.8" 
I 

CH3 

cyclooctatetraene 84.0 71.2 12.8 

a,b~cSee corresponding footnotes to Table 21-1, dFor the trans isomer. AH0 for the cis isomer 
is 18.7 kcal. "These values include the general stabilization produced by a methyl group 
substituted on a double bond (Section 11-3). 
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Exercise 21-8 The experimental -AHo (25°C) is 707.7 kcal for combustion of one 
mole of gaseous 1,3-cyclopentadiene to liquid water and carbon dioxide. From this 
value compute a stabilization energy for cyclopentadiene with the aid of the heat of 
vaporization of water (10 kcal mole-') and any required bond energies. Show your 
method. Discuss briefly any uncertainties that may arise in estimating a resonance 
energy for cyclopentadiene that would not be similarly important for 1,3-butadiene. 

Exercise 21-9 The heat of combustion of one mole of benzene to carbon dioxide 
and liquid water is 789 kcal. Calculate values for the stabilization energy of benzene 
that correspond to (a) the bond energies of Table 4-3 and (b) the ethene C-H bond 
energy of Section 12-4B, combined with the assumption that the bond energy (90.6 
kcal) of a carbon single bond between two carbon double bonds,=C-C=, is 8 kcal 
stronger than a normal C-C bond. The point of this exercise is to show how the stabili- 
zation energy of benzene is affected when bond energies are taken to depend on the 
hybridization assumed for carbon, instead of being chosen to give the best possible 
fit to the heats of combustion of aliphatic compounds. 

Exercise 21-10 Suggest reasons why (a) the stabilization energy of biphenylene is 
less than twice that of benzene, and (b) the heat of combustion of naphthalene is less 
than that of azulene. 

21 -8 BOND LENGTHS AND DOUBLE-BOND CHARACTER 

Bond lengths frequently are cited as evidence for, or against, electron delocali- 
zation, although some caution should be exercised in this respect. For instance, 
if the hybrid structure of benzene is considered to be represented by the two 
possible Kekul6 structures, then each carbon-carbon bond should be halfway 
between a single bond and a double bond. In other words, each should possess 
50% double-bond character. We then may expect the carbon-carbon bond 
lengths for benzene to be the average of single- and double-bond lengths. 
However, the average of the C-C bond in ethane (1.534 A) and in ethene 
(1.337 A) is 1.436 A, which does not agree well with the measured C-C bond 
distance for benzene of 1.397 A. The discrepancy lies largely in the assumption 
inherent in this crude calculation that, in the absence of resonance, all C-C 
single bonds are equal to 1.534 A. Clearly, this is not a valid assumption 
because, as we have seen, bond energies depend upon environment, and 
because the energy of a bond depends upon its length (see Figure 21-I), bond 
lengths also must vary with environment. This can be seen from the data in 
Table 21-3, which gives the carbon-carbon single bond lengths for several 
compounds. The single bonds shorten as the other bonds to carbon become 
progressively unsaturated, that is, as the hybridization of carbon changes from 
sp3 to sp. Admittedly, some of this shortening may be ascribed to resonance, 
but not all. 

If we take 1.48 A as a reasonable C-C bond distance between two sp2- 
hybridized carbons and 1.34 A for C=C bonds (see Table 2-I), the average is 
1.41 A, which is not much different from the 1.40 A for the carbon-carbon 
bonds in benzene. 
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Table 21-3 

Carbon-Carbon Sing le-Bond Distances (A) 

Bond type Bond length Bond type Bond length 

diamond 

Exercise 21-11 Graphite crystals consist of a network of planar hexagonal rings of 
carbon atoms arranged in parallel layers. The distance between the layer planes is 
3.35 A and all the C-C bonds within the hexagonal network are equal to 1.421 A. 
a. Sketch the carbon framework in graphite. 
b. What is likely to be the state of hybridization of carbon? 
c. Use the VB method to estimate the percentage of double-bond character for the 
C-C bonds in graphite. 
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d. Make a plot of double-bond character versus bond length for ethene, benzene, and 
graphite. 
e. From your plot estimate the length of a single bond between sp2-hybridized 
carbons. How does this value compare with the sp2-sp2 distances listed in Table 
21-3? What conclusion might be drawn from this as to the importance of resonance 
in 1,3-butadiene? 

Exercise 21-12 Draw the possible Kekule-type structures for biphenylene (five) and 
naphthalene (three). Assumir~g the structures may be weighted equally, estirrlate the 
double-bond character and bond lengths for both compounds. Indicate which bonds 
of these hydrocarbons should be attacked preferentially by ozone. 

21 -9 HUCKEL'S 4n + 2 RULE 

21 -9A Cyclobutad iene and Cyclooctatetraene 

More than 100 years ago, Kekul-6 recognized the possible existence of other 
conjugated cyclic polyalkenes, which at least superficially would be expected 
to have properties like benzene. The most interesting of these are cvclobuta- 
diene, 23, and cyclooctatetraene, 24: 

For each we can write two equivalent planar V B  structures, and the quaii- 
tative \/B method would suggest that both compounds, like benzene, have 
substantial electron-delocalization energies. However, the planar structures 
would have abnormal C-C=C angles, and consequently at least some degree 
of destabilizatioiz associated with these bond angles (Section 12-7). None- 
theless, estimation of the strain energies show that while they are substantial, 
they are not prohibitive. Should then these molecules be stabilized by reso- 
nance in the same sense as benzene is postulated to be? 
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In 19 1 1 a German chemist, R. Willstatter (Nobel Prize 19 15), reported 
an extraordinary thirteen-step synthesis of cyclooctatetraene from a rare 
alkaloid called pseudopelletierine isolated from the bark of pomegranate 
trees. The product was reported to be a light-yellow, highly unsaturated com- 
pound that absorbed four moles of hydrogen to form cyclooctane. Numerous 
tries to repeat the Willstatter synthesis were unsuccessful, and in the 1930s the 
prevailing opinion was that the product had been misidentified. However, 
during the Second World War, the German chemist W. Reppe found that 
cyclooctatetraene can be made in reasonable yields by the tetramerization of 
ethyne under the influence of a nickel cyanide catalyst: 

The properties of the product substantiated Willstatter's reports and it be- 
came clear that cyclooctatetraene is not like benzene. 

Subsequent studies of the geometry of the molecule revealed further 
that it is nonplanav, with alternating single and double bonds, 25a: 

++3 (highly strained) 

This geometry precludes the possibility of two equivalent VB structures, as 
for benzene, because, as you will see if you try to make a ball-and-stick model, 
25b is highly strained and not energetically equivalent to 25a at all. Thus we 
can conclude that the delocalization energy of cyclooctatetraene is not large 
enough to overcome the angle strain that would develop if the molecule were 
to become planar and allow the n electrons to form equivalent n bonds between 
all of the pairs of adjacent carbons. 

Cyclobutadiene, 23, eluded Kekulk, Willstatter, and a host of other 
investigators for almost 100 years. As more work was done, it became in- 
creasingly clear that the molecule, when formed in reactions, was immediately 
converted to something else. Finally, the will-o'-the-wisp was captured in an 
essentially rigid matrix of argon at 8°K. It was characterized by its spectral 
properties (not by combustion analysis). On warming to even 35"K, it dimerizes 
to yield 26: 



21 -9A Cyclobutad iene and Cyclooctatetraene 

One possibility for the lack of stability4 of cyclobutadiene is that the 
angle strain associated with having four sp2 carbons in a four-membered ring 
is much greater than estimated. However, the stable existence of many com- 
pounds with four such sp2 carbons, for example 27 and 28, make this argument 
weak, if not invalid: 

Why, then, is cyclobutadiene so unstable and reactive? On this point, 
and also with respect to the nonaromatic character of cyclooctatetraene, the 
simple qualitative VB method that we have outlined is no help whatsoever. 
There is no way simply to look at the electron-pairing schemes 23 and 24 and 
see any difference between them and the corresponding schemes for benzene." 

It is in this area that qualitative MO procedures have great success 
because there are general characteristics of the 7 ~ .  molecular orbitals of mono- 
cyclic, conjugated polyene systems that predict differences in the properties 
of cyclobutadiene, benzene, cyclooctatraene, and other similar compounds 
that are not obvious from the simple VB method. 

31t should be recognized that the term "stability" is subject to many interpretations. 
One criterion of stability would be whether an isolated molecule would fragment spon- 
taneously in interstellar space, such as one would expect for a "molecule" consisting 
of two neon atoms 1.5 A apart (see Figure 4-6). A different criterion would be whether 
a molecule could be preserved in the presence of the same or other kinds of molecules 
at some specified temperature. The classical criterion would be whether the substance 
could be isolated, put into a bottle and preserved for at least a short time. All of the 
existing evidence indicates that cyclobutadiene molecules would not spontaneously 
decompose in interstellar space, but they do react with each other extremely readily, 
even at low temperatures, and can be preserved only by being held isolated from one 
another in a rigid matrix of a very inert material, such as solid argon. "Stability" in 
the sense of "lack of reactivity" has to be carefully defined in terms of experimental 

~ r @  
conditions. For example, / \ is very ir,lstrrble in the presence of nucleophiles 

CH2-CH2 

such as water or methanol, whereas it is quite stable in "super-acid solutions" where 
no good nucleophiles are present (Section 10-3B). 
"A rather simple extension of the VB method by what is called the "orbital-phase con- 
tinuity principle" does permit the qualitative judgment that cyclobutadiene should be 
less stable than benzene [see W. A. Goddard 111, J. Amev. Chem. Soc. 94,743 (1972), 
for applications to many processes for which VB theory generally has been regarded 
as incapable of giving much insight]. 
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As a rule, for N parallel atomic p orbitals overlapping in the n manner 
in a monocyclic array, there will be just one lowest molecular orbital, with 
all the atomic orbitals having the same phase. This will be seen for benzene in 
Figure 2 1-5. What is harder to understand without going through the calcula- 
tions is that the higher-energy molecular orbitals for cyclic conjugated polyenes 
are predicted to come in successive degenerate6 pairs, as shown in Figure 
21-13 for N = 3 to 9. 

The qualitative ordering and, indeed, the numerical values of the ener- 
gies of the n molecular orbitals for a cyclic system of N p orbitals can be 
derived in a very simple way. It is necessary only to inscribe a regular polygon 
with N sides inside a circle of radius 2P with a corner down. For example, 
for N = 5 we get the following: 

----------- ----------- 

------------- ----------- ------------ 
intersection points representing 02 the o r b i t  energy 

----------- ----------- 

corner down H' 

The molecular orbital energies are in units of P at the corners of the polygon. 
The nonbonding level corresponds to the horizontal dashed line drawn through 
the center of the circle. 

Exercise 21-13 For a regular pentagon inscribed in a circle with a corner down, use 
trigonometry to calculate the molecular-orbital energies as in Figure 21-13. 

The data of Figure 2 1 - 1 3 provide a rationale for the instability of cyclo- 
butadiene and cyclooctatetraene. For cyclobutadiene, we can calculate that 
four n electrons in the lowest orbitals will lead to a predicted  electron energy 
of 2(a + 2P) + 2(a) = 4a  i- 4P, which is just the n-electron energy calculated 
for two ethene bonds (see Figure 21-3). The delocalization energy of the 
n electrons of cyclobutadiene therefore is predicted to be zero! 

Another feature of the n system of cyclobutadiene is that the four n 
electrons do not suffice to fill the three lowest orbitals and, if we apply Hund's 

GDegenerate orbitals have the same energy; see Section 6- 1.  



21-9A Cyclobutadiene and Cyclooctatetraene 



994 21 The Resonance and Molecular-Orbital Methods and Their Applications. Pericyclic Reactions 

rule (Section 6-I), the best way to arrange the electrons is as in 29, with two 
unpaired electrons, which is known as a triplet state:7 

With the MO predictions of zero delocalization energy and an electronic con- 
figuration with unpaired electrons, we should not be surprised that cyclobuta- 
diene readily dimerizes to give 26 even at very low temperatures. 

The energies of the molecular orbitals calculated for planar cyclo- 
octatetraene (Figure 2 1 - 13) lead to a predicted delocalization energy of 
(8a + 9.64P) - (8a + 8P) = 1.64P (- 3 1 kcal), which is smaller than that of 
benzene, even though there are eight atomic orbitals instead of six through 
which the electrons are delocalized. Furthermore, the lowest electronic con- 
figuration for the planar molecule is, like cyclobutadiene, predicted to be a 
triplet. Experimental evidence indicates that the positions of the double bonds 
of cyclooctatetraene shift slowly as the result of formation of the molecule in 
the unstable planar state. The energy input required to flatten the molecule is 
about 15 kcal mole-l: 

7 8 

planar state 
+ I 5  kcal mole-' 

Because the bonding molecular orbitals for T systems such as in Figure 
2 1- 13 will be just filled with 2, 6, or 10 electrons to give singlet states, and 4 
or 8 electrons would give triplet states, a (4n + 2) m-electron rule was formu- 
lated for stable configurations and a 4n m-electron rule for unstable configura- 
tions, where n is an integer. Thus 2,6,10,14, . S T  electrons will be favorable 
and 4, 8, 12, . . T electrons will be unfavorable. This rule is the work of the 
German theoretician, E. Hiickel, who devised the simple form of molecular 
orbital theory we have described in this chapter. The theory is appropriately 
called Hiickel MO theory, and the rule is Hiickel's 4n + 2 rule. 

7The name "triplet state" is used because a system with two unpaired electrons has 
three different energy states in a magnetic field. 
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As Hiickel formulated it, the 4n + 2 rule applies only to monocyclic systems. 
However, as a practical matter it can be used to predict the properties of poly- 
cyclic conjugated polyenes, provided the important VB structures involve only 
the perimeter double bonds, as in the following examples: 

8 rr electrons 
(unstable) 

w 
14 rr electrons 

(stable) 

Application of the 4n + 2 rule to other n- systems, such as 30 and 31, is not valid 
because good VB structures cannot be written that involve changes in the 
pairing scheme of the perimeter electrons all at once. 

'._---/' 
12 rr electrons but /S 12 n- electrons (a stable compound; 

a stable compound; formal bond the 4n + 2- rule is not applicable) 
the 4n + 2 rule 
does not apply 

30 31 

Exercise 21-14" Consider the appropriateness and results from application of the 
(4n + 2)  T-electron rule to predict the stability of the following compounds: 

Exercise 21-15 The n--molecular orbitals of tricyclo[5.3.0.02~6]-1,3,51719-decapen- 
taene have the following energies: a + 2.562P, a + 1.732P, a + P ,  a + 0, a + 0.41 4p,  a, 

a - p, a - 1.562P1 a - 1.732p, a - 2.41 4P. Make an energy diagram of these orbitals, 
as in Figure 21-13, and calculate the total n-electron energy and the delocalization 
energy for this hydrocarbon. 
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Exercise 21-16 Cyclooctatetraene can add two electrons and form a rather stable 
planar dianion, C,H,2L-' Use the data of Figure 21-13 to help you write an electronic 
configuration for this anion and calculate its total n-electron energy. Suppose you had 
planar cyclooctatetraene with four localized n bonds of the ethene type. What is the 
n-electron energy of such a system? Now add two more n electrons to this localized 
cyclooctatetraene; what will the localized total n-electron energy be? What do you 
calculate for the delocalization energy of the cyclooctatetraene dianion? Is it the same 
as the delocalization energy of cyclooctatetraene itself? Show your reasoning. 

Exercise 21-17 One of the problems with the qualitative MO method is that it does 
not give a good simple answer to whether a four-electron ?-r system, such as 32, is 
just as stable as the butadiene n system 33, which we treated in detail in Section 21-4: 

What does the qualitative VB method predict about the entity formed when four n 

electrons are added to the orbitals of 32? Calculation yields the following MO energies 
for 32: a rt 1.73,8, a ,  and a. Arrange the molecular orbitals in order of increasing energy 
and compare the predicted electronic configuration with that obtained by the VB 
method. Show your reasoning. (An entity corresponding to 32 with a triplet ground 
state has been identified as a reaction intermediate.) 

21-9B Application of Resonance and of the 4n + 2 Rule 
to Cyclic Ions 

The hydrogens of the -CH,- group of 1 -3-cyclopentadiene are acidic. In 
fact, they are considerably more acidic than the ethyne hydrogens of the 
I -alkynes (Section 1 1-8). This means that 1.3-cyclopentadiene is at least 1 030 
tin~cs more acidic than the ordinary alkanes. The reason is that loss of one of 
the CHI, protons of cyclopentadiene results in fol-mation of an especially 
stabilized anion: 
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The structure of the anion may be described as a hybrid of.five ener- 
getically equivalent structures, 34a through 34e. The unshared electron pair 
therefore is delocalized over five carbon atoms, and the resulting delocalized 
anion is much more stable than expected for any one of the equivalent localized 
structures: 

delocal ized structure 

This looks very reasonable, although the simple beauty is seemingly 
destroyed by the fact that the cyclopentadienyl cution is not very stable, 
despite the five structures, 35a through 35e, that may be written for it: 

The experimental evidence is clear that, not only is the cation not stabilized 
in the same way as the anion, it also has a triplet electronic configuration. 
These facts agree with the molecular orbitals of Figure 21-13 for a cyclic 
system with five p orbitals, and also with the 4n i- 2 rule, because 34 has six 
n- electrons, whereas 35 has only four. 

Extension of these ideas to the other ring sizes of Figure 2 1 - 13 suggests 
that all of the following ions, which have (412 + 2) n electrons, should be 
unusually stable: 

number of 
T electrons: 2 6 6 10 
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Orbital 
energies 

Figure 21-14 Energies and schematic representations of the n. molec- 
ular orbitals of the CH2=CH-CH=CH-CH2@ cation (see Exercise 
21 -1 8) 

In contrast, the following should be unstable with 4n 71- electrons and 
triplet electronic configurations: 

6 
number of 
T electrons: 4 

These predictions indeed are borne out by many experiments, some of 
which we will discuss later. That the 4n + 2 rule does not apply to noncyclic 
systems in the same way will be seen by working Exercise 2 1- 18d and 2 1 - 18e. 
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Exercise 21-18 Use the orbital energies of Figures 21-9, 21-1 3, and 21-1 4 to calcu- 
late the delocalization energies of the following ions: 

d. //CH\@ and /CH\e 
CH2 CH, CH, Cf-12 

HcH\CHHCH ,@ and 
e. CH2 CH2 

//CH\CH//CH\6) 
CH* CH2 

21 -1 0 PERlCYCLlC REACTIONS 

21-10A Why are [4 + 21 and [2 + 21 Cycloadditions Different? 

There are numerous reactions in organic chemistry that proceed through 
cyclic transition states. They may be classified generally as pericyclic reactions. 
An important and familiar example is the Diels-Alder reaction, in which a 
conjugated diene cycloadds to an alkene or alkyne: 

This reaction has been described previously (Section 13-3A) and is an example 
of a [4 + 21 cycloaddition. Such reactions occur thermally (by simply heating 
the reactants) and appear to be entirely concerted. By this we mean that the 
reactants are converted to products in one step, without involving the forma- 
tion of reaction intermediates. The principal evidence for the concertedness 
of [ 4 + 21 cycloadditions is the fact that they are highly stereospecific and 
involve suprafacial addition of both components. The configuration of sub- 
stituents in the diene and the dienophile is retained in the.adduct: 

suprafacial 
(same-side [4 + 21 
addition) > 
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In contrast to the [4 + 21 cycloaddition, thermal [2 + 21 cycloadditions 
seldom are observed, and when they are observed, they are not stereospecific 
and evidently are stepwise reactions (see Section 2 1 - 1 1): 

[ 2  + 21 
I + 1 -> 

(not observed) 

Why are [4 + 21 and [ 2  + 21 cycloadditions different? Simple molecular 
orbital theory provides an elegant explanation of this difference based on the 
412 + 2 rule described in Section 21-9. To understand this, we need to look in 
more detail at how the p orbitals of the double bonds interact in concerted 
addition mechanisms by suprafacial overlap, as in 36 and 37: 

Mixing of the six overlapping atomic orbitals of 36 gives a set of six benzene- 
like molecular orbitals (Figure 2 1-5) and, for 37, a set of four cyclobutadiene- 
like molecular orbitals (29). The 4n + 2 rule applies to such systems, and a 
transition state such as 36, which has six electrons, therefore can be very much 
more favorable than one such as 37, which has four electrons. From this we 
can conclude that concerted cycloaddition reactions involving (4n + 2) n- 

electrons generally should be more favorable than those involving 4n n elec- 
trons. Indeed, transition states such as 37 generally are less favorable than 
transition states for formation of biradicals or ions (Section 21-1 1). 

21-10B How Mr. Mobius Beat the 4n + 2 Rule 

There is a way around the 4n + 2 rule that is not very important for substances 
analogous to benzene, but .is quite important for cycloaddition reactions. Let 
us see how this works for a cyclic conjugated polyene. 

From the molecular-orbital diagrams of Figures 2 1-5, 2 1-7, 2 1-9, and 
2 1- 14, you will see that the lowest-energy n molecular orbital has no nodes 
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no twist I twist 

node / 
ytwist 

/ 
joint (no node) 

/ 
joint (node) 

Figure 21-15 Normal (Huckel) and Mobius rings of n orbitals. To clarify 
the difference between the two rings, visualize a strip of black-red type- 

, 
writer ribbon, the black representing the + phase, and the red the - 
orbital phase. Now join the ends together without, or with, one twist in 
the strip. At the joint there then will be no node (left) or one node (right). 

(changes of phase). A model of such an orbital, which usually is called a 
Niickel orbital, can be constructed by joining the ends of a ribbon or strip of 
parallel y orbitals, as represented on the left side of Figure 2 1- 15. However, 
one could join the orbitals by making one twist in the strip, which then would 
give a lowest-energy orbital with one node, as on the right side of Figure 2 1- 15. 
A strip with one such twist is called a Miibius strip8 and has the topological 
property of having only one side. 

If we now calculate the orbital energies for the Mobius orbitals, as was 
done for the normal Hiickel n- orbitals in Figure 2 1 - 13, we get the results shown 

8Named after the mathematician A. F. Mobius, pronounced variously 'mo-beas, 
'ma(r)bEas, me1 beas, or ma-beas. 
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in Figure 21-16. From this, we see that the 4 n  situation now is favored and 
4 n  + 2 is unfavorable. Whereas the energies of the rr molecular orbitals in the 
Hiickel arrangement can be obtained by inscribing a polygon in a circle with 
a corner down (Section 21-9A), in the Mijbius arrangement the orbital energies 
are obtained from the polygon inscribed with a side down. 

If you compare the orbital energies of the Hiickel and Mobius cyclic rr 
systems (Figures 2 1 - 13 and 2 1- 16), you will see that the Hiickel systems have 
only one lowest-energy MO, whereas the Mobius systems have two. Hiickel 
systems have an odd number of bonding orbitals (which, when full, accom- 
modate 2 ,6 ,  10, 14, or 4 n  + 2 electrons) and the Mobius systems have an even 
number of bonding orbitals (which, when full, accommodate 4, 8, 12, or 4 n  
electrons). The Hiickel molecular orbitals have zero or an even number of 
nodes (see, for example, the benzene MOs, Figure 2 1-5); the Mobius molec- 
ular orbitals are not shown, but they have one or an odd n~tvlzber of nodes. 

The relevance of all this may seem tenuous, especially because no 
example of a simple cyclic polyene with a Mobius rr system is known. How- 
ever, the Mobius arrangement is relevant to cycloaddition because we can 
conceive of alkenes, alkadienes, and so on approaching each other to produce 
Mijbius transition states when 4n electrons are involved. 

For example, consider two molecules of ethene, which we showed 
previous!y would violate the 4n + 2 rule by undergoing cycloaddition through 
a transition state represented by 37. There is an alternative transition state, 
38, in which the four p orbitals come together in the Mobius arrangement 
(with one node for minimum energy). 

To achieve this arrangement the ethene molecules approach each other 
in roughly perpendicular planes so that the p orbitals overlap suprafacially in 
one ethene and antarafacially in the other, as shown in 38: 

steric 
hindrance 

This pathway is electronically favorable, but the steric interference between 
the groups attached to the double bonds is likely to be severe. Such repulsions 
can be relieved if there are no groups sticking out sidewise at one end of the 
double bond,-as with the central carbon of 1,2-propadiene, CH2=C=CH2, 
and ketene, CH,=C=O. These substances often undergo [2 -t- 21 cyclo- 
additions rather readily (Section 13-3D), and it is likely that these are con- 
certed additions occurring by the Mobius route. 
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A much less strained Miibius 14 + 41 transition state can be formed from 
two s-cis molecules of 1,3-butadiene. When 1,3-butadiene is heated by itself, 
a few percent of 1,5-cyclooctadiene is fo,rmed, but it is not known for sure 
whether the mechanism is that shown: 

The principal reaction is a lliels-Alder 14 + 21 cycloaddition, with b~ltadiene 
acting both as a diene and as a dienophile: 

Exercise 27-19" Tetrafluoroetherle undergoes a slow 12 -!- 21 addition to ethene by 
what appears to be a stepwise biradical mechanism. What would you expect the 
stereochemistry of the deuteriums in the product to be if one started with cis-1,2- 

H\ /H 
dideuterioethene, ,,C=C, , and the reaction proceeded by 

D D 
a. a stepwise biradical mechanism? 
b. a concerted mechanism with a transition state such as 37? 
c. a concerted mechanism with a transition state such as 38? 

Exercise 21-20* Use Figures 21-13 and 21-16 to estimate the difference in n-elec- 
tron energy for the two following trans~tion states (39 and 40) for [4+4]  cycloaddition 
of 1,3-butadiene. Show your method. 
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21 -1 0C Orbital Symmetry. The Woodward-Hoffmann Rules 

Much of what we have said about the electronic factors controlling whether a 
cycloaddition reaction can be concerted or not originally was formulated by 
the American chemists K. B. Woodward and R. Hoffnlann several years ago, 
in terms of what came to be called the orbital symmetry principles, or the 
Woodward-HoIlt'manm rules. Orbital symmetry arguments are too complicated 
for this book, and we shall, instead, use the 4n + 2 electron rule for-normal 
Hiickel arrangements of n systems and the 4n electron rule for Miibius ar- 
rangements. This is a particularly simple approach among several available 
to account for the phenomena to which Woodward and Hoffmann drew special 
attention and explained by what they call "conservation of orbital symmetry.." 

21 -1 OD Electrocycl ic and Sigmatropic Rearrangements 

The cycloaddition reactions that we have discussed so far in this chapter 
([2 + 21, [4 + 21, etc.) have involved ring formation by bringing two unsatu- 
rated nlolecules together. Thus [4 + 21 addition is represented by the Diels- 
Alder reaction of ethene and 1,3-butadiene: 

CX2 ,C+ 
CW, CH C5Y II 1TH - I I I  

We can conceive of similar cyclizations involving only single molecules, that is, 
intrntnolec~tlar cyclizntion. Such reactions are called electrocyclic rearrange- 
ments. Two examples follow to show cyclization of a diene and a triene: 

WC-CH, 
I/ I 

AH0 = +4.7/ kcal 
AGO = +5.8 kcal 
ASo = -3.6 eu 

H, /cq 
C 2  LCH, CH CW, 

1 1  ;-3 1 AHo= - -14 kcal 
CH ,CH, 

C H  "CH 

Cyclization of 1,3,5-hexatriene occurs only when the central double bond has 
the cis configuration. The reaction is reversible at elevated temperatures be- 
cause of the gain in entropy on ring opening (see Section 4-4B). The cyclo- 
butene-l,3-butadiene interconversion proc'eeds much less readily, even in 
the thermodynamically favorable direction of ring opening. However, sub- 
stituted dienes and cyclobutenes often react more rapidly. 
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A related group of reactions involves shifts of substituent groups from 
one atom to another; for example, with H, alkyl, or aryl groups as R: 

CH-CH 
/J  \ /CH=CH 

CH, p H - - +  CH2 
\ 

-5 R-CH2 
\ /;3 

R CH2 

These reactions are called sigmatropic rearrangements and, in general, they 
are subject to the 4n + 2 rule and the Mobius orbital modification of it. Po- 
tential sigmatropic rearrangements can be recognized by the fact that the single 
bond to the migrating group (R) is "conjugated" with the n bonds, and the 
group moves from a saturated sp%tom to an sp2 carbon at a different part 
of the n system. 

Exercise 21-21 The Cope rearrangement is a type of sigmatropic rearrangement 
that occurs with 1,5-dienes. An example is the rearrangement of 3-methyl-1,5-hexa- 
diene to 1,5-heptatriene: 

On the basis of this result and the 4n + 2 rule, work out a mechanism for the reaction 
and then use this mechanism to predict what product will be formed from the Cope 
rearrangement of 3,4-dimethyl-l,5-hexadiene. Show your reasoning. 

21 -1 0E The Stereochemistry of Electrocycl ic Rearrangements 

A striking feature of thermal electrocyclic reactions that proceed by con- 
certed mechanisms is their high degree of stereospecificity. Thus when cis- 
3,4-dimethylcyclobutene is heated, it affords only one of the three possible 
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cis-trans isomers of 2,4-hexadiene, namely, cis,tvans-2,4-hexadiene: 

CH, H 

cis cis,trans (only) 

We can see how this can occur if, as the ring opens, the ends of the diene twist 
in the same direction ( n /1 or n n , conrotatory) as indicated in the 
equation. You will notice that with this particular case, if conrotation occurs 
to the left, rather than the right, the same final product results: 

cis cis,trans 

The conrotatory movement of groups is typical of thermal ring openings of 
cyclobutenes and other rings involving 4n electrons. 

When a cyclobutene is so constituted that conrotation cannot occur 
for steric reasons, then the concerted reaction cannot occur easily. Substances 
that otherwise might be predicted to be highly unstable often turn out to be 
relatively stable. An example is bicyclo [2.1 .O]-2-pentene, which at first sight 
might seem incapable of isolation because of the possibility of immediate re- 
arrangement to 1,3-cyclopentadiene. This rearrangement does occur, but 
not so fast as to preclude isolation of the substance: 

How can we explain the fact that this substance can be isolated? The explana- 
tion is that, if the reaction has to be conrotatory, then the product will not be 
ordinary 1,3-cyclopentadiene, but cis, trans- l,3-cyclopentadiene - surely a 
very highly strained substance. (Try to make a ball-and-stick mode1 of it!) 
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This means that the concerted mechanism is not favorable: 

It is of great interest and importance that, with systems of 4 n  + 2 elec- 
trons, the groups move in opposite directions ( P ? or P ? , disrotatory). 
For example, 

H H CH3 CH3 
trans,cis,trans (only) 

In this case, the disrotation of the groups toward one another would lead to the 
cis,cis,cis product. Because this product is not formed, it seems likely that 
rotation of the methyl groups toward each other must be sterically unfavorable: 

cis,cis,cis (not formed) 

How can we account for the stereoselectivity of thermal electrocyclic 
reactions? Our problem is to understand why it is that concerted 4 n  electro- 
cyclic rearrangements are conrotatory, whereas the corresponding 4 n  + 2 
processes are disrotatory. From what has been said previously, we can expect 
that the conrotatory processes are related to the Mobius molecular orbitals 
and the disrotatory processes are related to Hiickel molecular orbitals. Let us 
see why this is so. Consider the electrocyclic interconversion of a 1,3-diene 
and a cyclobutene. In this case, the Hiickel transition state (one  having a n  
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even number of nodes) is formed by disrotation, but is unfavorable with four 
(that is, 4n) electrons: 

disrotation - 
B------ 

Hiickel transition 
state with four 
electrons (unfavorable) 

In contrast, the Mobius transition state (one having an odd n~lmber of nodes) is 
formed by conrotation and is favorable with four (412) electrons: 

conrotation - 
+l----- 

node 

Mobius transition 
state with four 
electrons (more 
favorable) 

hig h-energy state of ; cyclobutene (antibonding 
/;' arrangement of (J- electrons) 

conrotation 

normal state of 
cyclo butene 

You will notice that the ring closure of a 1,3-diene through the favorable 
Mobius transition state may appe'ar to be able to form only an antibonding 
arrangement of the overlapping cr orbitals, which would correspond to a high- 
energy cyclobutene. In fact, the normal cyclobutene would be formed, because 
on the way down from the transition state, the phases of $he orbitals that will 
become the 0 bond change to give .the bonding arrangement of the (7 orbitals 
expected for the ground state. The reverse occurs in ring opening so that this 
reaction also can go through the favorable Mobius transition state. 

The same reasoning can be extended to electrocyclic reactions of 1,3,5- 
trienes and 1,3-cyclohexadienes, which involve 4n -t- 2 electrons and con- 
sequently favor Hiickel transition states attained by disrotation. 
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Exercise 21-22 Unlike the conversion of bicyclo[2.1.0]-2-pentene to 1,3-cyclo- 
pentadiene, bicyclo[4.1.0]-2,4-heptadiene is transformed to 1,3,5-cycloheptatriene 
very rapidly at low temperatures by what appears to be a wholly concerted mech- 
anism. Account for this difference. 

21 -1 OF Summary of Rules for Predicting Thermally Feasible 
Pericyclic Reactions 

The three principal types of pericyclic reactions are cycloaddition, electro- 
cyclic rearrangement, and sigrnatropic rearrangement: 

cycloaddition 

electrocyclic 
rearrangement 

sigmatropic 
rearrangement 

The factors that control if and how these cyclization and rearrangement 
reactions occur in a concerted manner can be understood from the aromaticity 
or lack of aromaticity achieved in their cyclic transition states. For a concerted 
pericyclic reaction to be thermally favorable, the transition state must involve 
4n + 2 participating electrons if it is a Hiickel orbital system, or4n electrons if 
it is a Mobius orbital system. A Huckel transition state is one in which the cyclic 
array of participating orbitals has no nodes (or an even number) and a Mobius 
transition state has an odd number of nodes. 

We summarize here a procedure to predict the feasibility and the stereochem- 
istry of thermally concerted reactions involving cyclic transition states. The 
1,2 rearrangement of carbocations will be used to illustrate the approach. This 
is a very important reaction of carbocations which we have discussed in other 
chapters. We use it here as an example to illustrate how qualitative MO theory 
can give insight into how and why reactions occur: 
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The first step of the procedure is to draw the orbitals as they are expected to 
be involved in the transition state. There may be several possible arrangements. 
There are two such arrangements, 41 and 42, for the rearrangement of car- 
bocations; the dotted lines show the regions of bond-making and bond-breaking 
(i.e., orbital overlap): 

The second step is to determine whether the transition states are Hiickel or 
Mobius from the number of nodes. This is readily done by assigning signs to 
the lobes of the orbitals corresponding to their phases and counting the number 
of nodes that develop in the circle of overlapping orbitals. An odd number de- 
notes a Mobius transition state, whereas an even number, including zero, 
denotes a Hiickel transition state. 

There are alternative ways of node-counting for transition states 41 and 42. 
Diagrams 43abc and 44abc represent molecular orbitals of different energies - 
those with more nodes having the higher energies (cf. Section 21-3C)." We 
show these diagrams with more than one node for the sake of completeness. It 
is not necessary to draw more than one such diagram to determine whether the 
transition state is Mobius or Hiickel. 

Hiickel 

no nodes two nodes 

T h e  assignment of orbital phases must take appropriate account of molecular sym- 
metry, and although this is easy for open-chain systems, it is much less straightforward 
for cyclic ones. You usually will be able to avoid this problem by always trying to set 
up the orbitals so that the transition state will have no nodes, 01- just one node at a 
point where a bond is being made or broken. 
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Mobius 

one node one node three nodes 

node / 

Finally, we evaluate the transition states according to the 4n or 411 + 2 rule. 
In the example here, because only two electrons occupy the molecular orbitals, 
the Hiickel transition state (4%) i s  the favorable one. 

A bonus coming from these formulations is that the stereochemistry of the 
reaction can be predicted when we have predicted which transition state is the 
favol-ed one. Thus the migrating group in 1,2-car-hocation rearrangements 
should move with ~'c'tetltiolz oi' configuration by a H iickel transition state - and 
this has been verified experimentally. The alternative Miibius transition state 
predicts invet.~iotz of the configuration of the migrating group: 

You can use the procedures just outlined to determine whether any thermal 
reaction with a cyclic transition state is liltely to be favorable. A good place 
to start is the Diels-Alder [4  + 21 cycloaddition, which proceeds thermally 
by a suprafacial (Hiiclcel) transition state. We suggest that you apply the pro- 
cedure to the Diels-Alder reaction of I ,3-butadiene and ethene, and following 
that, show the electrocyclic ring opening of a cyclobutene ring to be thermally 
Favorable only by a conrotatory opening of the C-C bond. The following exer- 
cises also are recommended, because only by working through exercises like 
these will the material given in this section become meaningful. 

Exercise 211-23* Show how one can predict the stereochemistry of the electrocyclic 
rearrangement of trans,ci~,trans-2,4~6-octatriene to 5,6-dimethyl-l,3-cyclohexadiene 
by a favorable concerted thermal mechanism. 
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Exercise 26-24* a. Sulfur dioxide is an angular molecule that can be represented 
as having a nonbonding electron pair in an sp2 hybrid orbital and one "vacant" p 
orbital on sulfur. Use this formulation to derive a thermally allowed transition state 
for the reversible 1,4-cycloaddition of SO, to 1,3-butadiene (Section 13-3C). 
b. The three-membered ring sulfone, shown below, is very unstable and rapidly 
dissociates to SO, and ethene. This process is used for the synthesis of alkenes by 
the dissociation of cyclic sulfones (Ram berg-Backlund reaction). Determine whether 
the transition state for the thermally favorable reaction is conrotatory or disrotatory. 

Exercise 21-25" Indicate whether the following reactions are likely to occur ther- 
mally by favorable concerted mechanisms: 

21 -1 0G Photochemical Pericycl ic Reactions 

Many pericyclic reactions take place photochemically, that is, by irradiation 
with ultraviolet light. One example is $he conversion of norbornadiene to 
quadricyclene, described in Section 13-3D. This reaction would have an un- 
favorable suprafacial [ 2  + 21 mechanism if it were attempted by simple heat- 
ing. Furthermore, the thermodynamics favor ring opening rather than ring 
closure. However, quadricyclene can be isolated, even if it is highly strained, 
because to reopen the ring thermally involves the reverse of some unfavorable 
[2 + 21 cycloaddition mechanism. 

Photochemical activation can be used to achieve forward or reverse 
cycloadditions and electrocyclic reactions that are thermodynamically un- 
favorable or have unfavorable concerted thermal mechanisms. Thus the 
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thermodynamically unstable disrotatory [ 2  3.21 product can be obtained from 
1,3-cyclopentadiene by irradiation with ultraviolet light: 

!2 v 
disrotation ' "9 

The stereochemical results of electrocyclic and cycloaddition reactions 
carried out photochemically often are opposite to what is observed for cor- 
responding thermal reactions. However, exceptions are known and the degree 
of stereospecificity is not always as high as in the thermal reactions. Further 
examples of photochemical pericyclic reactions are given in Section 28-211). 

Exercise 21-26" Show how tetracyclo[2.1.1 .05,6]-2-hexene may be formed by ir- 
radiation of benzene. Would you expect this substance to revert to benzene by a 
concerted electrocyclic ring opening? 

21-11 EVIDENCE BEARING ON THE MECHANISM 
OF r2 + 21 CYCLOADDITIONS 

We have not given you much evidence to decide why it is that some thermal 
[2 + 21 cycloadditions occur but not others. What is special about fluoroalkenes, 
allenes, and ketenes in these reactions? One possibility is that Mobius rather 
than the Hiickel transition states are involved, but the Mobius transition states 
are expected to suffer from steric hindrance (Section 2 1- 10B). It is also possible 
that [2 -I- 21 cycloadditions, unlike the Diels-Alder additions, proceed by 
stepwise mechanisms. This possibility is strongly supported by the fact that 
these reactions generally are not stereospecific. Thus with tetrafluoroethene and 
tvnns,trnns-2,5-hexadiene two products are formed, which differ in that the 
1-propenyl group is trans to the methyl group in one adduct, 45, and cis in 
the other, 46: 
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A stepwise reaction involving a biradical intermediate accounts for the forma- 
tion of both 45 and 46. In the biradical mechanism the first step is formation 
of just one C-C bond between the reactants, and this could occur in two differ- 
ent ways to give 47 or 48ab: 

\ 

2- 
+-+ ,FF2. EH 

CF2-C H 
\ CH, 

Of these, 48ab is predicted to have substantial electron delocalization because 
of the nearly equivalent VB structures 48a and 48b. By the simple MO theory 
48ab should have a delocalization energy of 16 kcal mole-l (Section 2 1-5B). 
The biradical 47 has no comparable electron delocalization and would be ex- 
pected to be formed much less readily. 

Collapse of 48 through formation of the second C-C bond would give 45 and 
an overall stereospecific addition. However, rotation around the C-C single 
bond of 48 forms a different radical conformation, 49, which would collapse to 
the other stereoisomer, 46: 
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reaction coordinate - 
Figure 21-17 Schematic representation of the energy of the stepwise 
addition of CH2=CF2 to trans,trans-2,4-hexadiene. The lower diagram is 
a schematic "cross section" that shows everything in two dimensions. If 
48 and 49 dissociate to CF2=CF2 and diene, 48 will return the trans,trans 
isomer, but 49 will go to the cis,trans diene through the transition state 
represented by the dashed line. In some [2 + 21 cycloadditions of this 
type, trans,trans to cis,cis isomerizations are observed in competition 
with cycloaddition, as expected for breaking apart the intermediate 
corresponding to 49. 

The upper diagram is an attempt to show the topological relationship 
between the reactants and products on an energy-contour diagram. The 
pathways of minimum energy, which would correspond on a topographic 
map to trails through mountain passes, are shown by dashed arrows. 

The profile of energy versus reaction coordinate in this kind of complex process 
is shown in two different ways in Figure 21-17. The relative energies of the 
several transition states determine the degree to which 48 and 49 are equili- 
brated before the ring closes and 45 and 46 are formed; for our purposes it is 
enough to know that 49 is present and is the precursor of 46. 

If the reaction is stepwise, why is it stepwise? In the first place, as we have 
seen (Section 2 1 - 1 OA), there are theoretical reasons why [2 + 21 cycloadditions 
may not occur in a concerted manner. Second, there are thermodynamic rea- 
sons why some alkenes undergo stepwise [2 + 21 additions and others do not. 
Regarding the second point, we can estimate that 2CH2=CH2 - .CH2- 
CH2-CH2-CH2. has AH0 - 37 kcal, which is too high to achieve at a useful 
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rate at those temperatures where the equilibrium constant is favorable for 
cyclobutane formation. In other words, when K,, is favorable, the rate is too 
slow, and when the rate is fast enough, K,, is unfavorable. In contrast, 2CF, 
=CF, + .CF,-CF,-CF,-CF,. is estimated to have AH0 = -7 kcal! 
This tells us that CF,=CF, has an abnormally low C=C T-bond energy and, 
in fact, AH0 for addition of hydrogen to one mole of tetrafluoroethene (-55 
kcal) is 22 kcal more negative than AHo for ethene (-33 kcal). If formation of 
.CF,-CF,-CF,-CF,. from 2CF,=CF, actually is exothermic, then it 
may seem surprising that CF,=CF, can be kept in a container without im- 
mediately reacting with itself. That it can is because fairly high-energy col- 
lisions are required to overcome the nonbonded repulsions that resist bringing 
the carbons close enough together to permit the formation of the biradical. 
Nonetheless, CF,=CF, generally is regarded as a hazardous and unpredictable 
chemical by virtue of its unusually low C=C T-bond strength. 

1,2-Propadiene also appears to have the potential for much easier formation 
of a biradical than does ethene, as you will see if you work Exercise 21-27. Not 
all [2 + 21 cycloadditions proceed by biradical mechanisms, some clearly occur 
by stepwise reactions involving ionic intermediates (see Exercise 21-43). 

Exercise 21 -27" There are three possible biradicals that could be formed by simple 
com bination of two molecules of 1,2-propadiene, 50, 51, and 52: 

a. Show how each one of these could be formed, and what cyclic product(s) you 
would expect each to give. 
b. Evaluate the degree of electron delocalization expected for 50, 51, and 52 in terms 
of specific VB structures, and predict qualitatively which biradical you would expect 
to be formed most easily. Give your reasoning. (As part of your answer you will need 
to evaluate the importance of electron-pairing schemes for ethenyl-type radicals, 
such as R-C=CH, +-+ R-C-CH,. It is easy to be confused about this; check the 
rules in Section 6-5B.) 
c. By combining the following AH0 values, estimate AH0 for the formation of each of 
the biradicals 50, 51, and 52. Correlate the results with your predictions in Part b. 

,, 2,3-dimethyl-l,3-butadiene AH0 = -80 kcal 
2CH2=C=CH, + H2 ---+ 2-methyl-l,4-pentadiene AH0 = -76 kcal 

1 $5-hexadiene AHo = -72 kcal 

AH0 = 89 kcal 

AH0 = - 105 kcal 

H. + He ---+ H, AH0 = -1 04 kcal 
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Supplementary Exercises 

21-28 Use the VB method in accord with the rules of Section 6-5B to evaluate the 
contributions of the electron-pairing schemes shown below. (In some cases it will be 
helpful to use ball-and-stick models to evaluate the relative energies of the VB 
structure.) 

b. H&; +---+ H&H +-+ ~fi~+--+ H etc, 

H H H H H  H H 
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OCH-CH 
\ /CH=CH / \\ 

if. CH, ,CO - CH, ,C 
\ CH2 / \ CH* / 
CH2-CH2 CH2-CH2 

21-29 Write three isomeric structures for C4H2 with tetravalent carbon and univalent 
hydrogen. Decide which isomer has the most favorable geometrical configuration and 
estimate the resonance energy for this isomer. 

21-30 Write the five Kekule-type resonance structures of phenanthrene and show how 
these structures can account for the fact that phenanthrene, unlike benzene, adds 
bromine, but only across the 9'1 0-positions. 

Use the data in Tables 4-3 and 21-1 to estimate AH0 for the addition of 1 mole of 
bromine to phenanthrene. (Don't forget to include the SE of the addition product.) 
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21-31 Which c~rr lpound in each of the following pairs would lose chloride ion more 
readily and form a carbonium ion? Explain. 

CH2=CH-CH2-CH2CI and CH2=CH-CH,CI 

CH2=CH-CH-CH=CH2 and CH,=CH-CH=C~-~H~CI 
1 

C I 

21-32 Devise an atomic-orbital model for cyclooctatetraene in accord with the 
geometry expressed by formula 25a (Section 21-9A) and explain why electron 
delocalization is not likely to be important for a structure with this geometry. 

21-33 The conjugated 1,3,5,7,9-cyclodecapentaene with the double-bond configura- 
tion as in 53 is far less stable than either azulene, 54, or bicyclo[4.4.1]-1.3,5.7,9- 
undecapentaene, 55. Explain why this is so on the basis of the VB method (molecular 
models will be helpful). 

21-34 1,3-Diazole (imidazole) is a planar molecule with substantial delocalization 
(resonance) energy. 
a. Devise an atomic orbital model of imidazole and sketch o.ut the rr molecular 
orbitals you would expect for the molecule on the basis of those in Figure 21-13. 

b. 1,3-Diazole is relatively acidic and forms the anion C3N2H33, Which is the acidic 
hydrogen? Draw valence-bond structures for the anion and indicate which ones 
should be expected to contribute most to the hybrid structure. 

21-35 Predict which of the following molecules would have some degree of reso- 
nance stability by applying the Huckel (417 + 2) n--electron rule. 
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2l-36 Account for the following experimental observations: 
a. 3,4-Dimethylenecyclobutene does not give a Diels-Alder adduct with even the 
most reactive dienophiles. 
b. Compound 56 is an exceptionally strong dibasic organic acid. 

c. 2,4-Cyclopentadienone is not a stable compound and readily polymerizes. 

21-37" 1,2-Propadiene is represented in Figure 13-4 as if it were two isolated Huckel 
ring systems. This molecule also may be represented as a stable Mobius system of 
477. electrons. Draw an orbital diagram of 1,2-propadiene to indicate this relationship. 
If 1,2-propadiene twisted so that the hydrogens on the ends all were in the same 
plane, 57, would it be a Huckel or a Mobius polyene, or neither? 

21-38 Bicyclo[2.2.0]-l(4)-hexene is highly strained and quite unstable. When it de- 
composes at room temperature, tetracycl0[6.2.2.0~~~.0~,~]-3(6)-dodecene is formed.1° 
a. Write a structural formula for the product. 
b. Show a reasonable sequence by which it might be formed, with the knowledge that 
bicyclo[2.2.0]-l(4)-hexene is an extraordinarily reactive dienophile in [4 + 21 
cycloadditions. 

21-39 Bicyclo[2.2.0]-2,5-hexadiene is much less stable than its isomer, benzene, 
yet it does not rearrange to benzene except at elevated temperatures. Give a reason 
for this observation. 

21-40 Show the expected stereochemistry of the product of each of the following 
thermally concerted reactions: 
a. 2-trans,4-cis,6-cis,8-trans-decatetraene --+ 7,8-dimethyl-1,3,5-cyclooctatriene 

/ \ c. C6H,< k C D ,  164. -----. only one stereoisomer is formed 

CH3 C6H5 

l0Numbering such as l(4) means that the double bond comes between carbons 1 and 4 
and is used only where necessary to avoid ambiguity. 
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cis 

21-41* Use the procedure of Section 21-10F to set up transition-state orbitals and 
determine whether these lead to a favored Huckel or a favored Mobius transition state 
for the following processes: 

(remember that hydrogen uses I s  
orbitals for bonding) 

(a 1,3 hydrogen shift) 

21-42 a. Consider each of the following transformations and determine the number 
of participating orbitals and electrons in each reactant. (Review Section 21-10F if 
you have trouble.) 

CH o/ \? H2C 
CH heat 0 \CH 

I. I II -.----+ II I 
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C C 
O' "O heat OH 'OH 

2. I - + 
CQ H 

c 6  H2C\ CH2 

b. Determine whether the reactions in Part a are thermally allowed 

21-43* Tetracyanoethene undergoes [2 + 21 cycloaddition with cis- and trans-l- 
methoxypropene. The following facts are known about these reactions. 
1 .  Addition is several thousand times faster in CH3CN (a quite polar solvent) than 
in cyclohexane. 
2. The [2 + 21 addition product becomes less stereospecific as the solvent is 
changed from nonpolar to polar. 
3. The cis- and trans-I-methoxypropenes are interconverted by tetracyanoethene at a 
rate comparable to the [2 + 21 addition rate with tetracyanoethene. 
4. In methanol, only a small amount of [2 + 21 cycloadduct is formed and the principal 
product is HC(CN),C(CN),CH(CH,)CH(OCH,),. 
a. Write the structures for the [2 + 21 addition. 
b. What do Facts 1 and 2 indicate about the mechanism? Write the possible steps 
involved. 
c. Draw an energy diagram for the reaction in a polar solvent as a function of a 
reaction coordinate in the style of Figure 13-1. This diagram should agree with Fact 3. 
(Be sure you study the legend of Figure 13-1 before drawing your diagram.) 
d. Account for the formation of HC(CN)2C(CN)2CH(CH3)CH(OCH3)2 along with a 
[2 + 21 cycloadduct in methanol (a polar solvent). Would you expect any CH30C 
(CN),C(CN),CH(CH3)CH20CH3 to be formed? Explain. 


