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Intermolecular Orbital Theory of the Interaction between 
Conjugated Systems. II. Thermal and 
Photochemical Cycloadditions1 
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Abstract: The expressions of part I allow one to establish the important molecular orbital interactions for both 
thermal and photochemical cycloadditions between conjugated molecules. It is possible to draw a "theoretical" 
pathway for a given reaction. Many such reaction paths are drawn. It is also possible to determine the magni
tude of the 7r-electron stabilization energy, and whether the bonds close in a concerted fashion or in two steps. 
Detailed examples are given for the thermal and photochemical dimerization of butadiene. The existence of a 
butadiene excimer, in which the two central bonds interact, is predicted. The Diels-Alder addition is also studied 
in detail; in particular the Woodward-Katz hypothesis on its asymmetric but "concerted" nature is substantiated. 
The existence of a low, secondary, activation energy, makes for a "retarded one-step" reaction. The Diels-Alder 
endo effect is assessed in a somewhat different manner from that of Hoffmann and Woodward; for Diels-Alder 
dimerizations, a symmetric transition state is postulated in which the condensation can operate at two distinct, but 
equally possible, places. The Hoffmann-Woodward selection rules are also substantiated on a quantitative basis. 
The photodimerization of tropone is treated in connection with these selection rules. Finally a discussion em
phasizes the weaknesses and potentialities of the theory. The method is simple enough to allow rapid application 
to large systems. Its major asset appears to be the possibility of "testing," without elaborate calculations, a re
action between two (not too highly polar) conjugated systems by its w reaction surface and reaction paths. 

I n this paper we apply the equations of part I2 succes
sively to the study of various thermal and photo

chemical cyclcadditions: first the dimerization of 
butadiene, with one case treated as a detailed example; 
then the Diels-Alder reaction, together with the endo-
exo effect; next a mathematical demonstration of the 
Hoffmann-Woodward rules and a study of the condi
tions of their validity; and finally a study of tropone 
photodimerization. In each case we shall calculate 
the 7r-electron energy of interaction, realizing full well 
that this energy can only give an indication of whether a 
reaction is possible or not, because at some point im
portant cr-energy changes in the separate molecules, due 
to bend extension or bond compression, will come into 
play. 

For photochemical reactions, there are two further 
important restrictions. (1) We assume that the degrada
tion of the excitation energy does not occur during the 
first, "ir". stage of the reaction. (2) When evaluating 
whether a given reaction is a concerted rather than a 
two-step reaction, we will be thinking of reactions in 
excited singlet states only. In triplet states, spin re
quirements generally force the reaction to occur in two 
steps. Hence the observed dimerization in sensitized 
reactions often corresponds to a far less favorable path
way (two-step) than that which could hold if the reac
tion could take place in a concerted fashion. 

Thermal and Photochemical Dimerization of Butadiene 

Let us consider the four possible cycloadditions I, II, 
III, and IV of two butadiene molecules as schematized 
in Figure 1. (The Diels-Alder cycloaddition will be 
treated in the next section.) The dotted lines indicate 
pairs of interacting atoms. As an example we shall 
first give details of the calculation for reaction I. 

(1) Research supported in part by National Institutes of Health Grant 
GM-12343. 

(2) L. Salem, J. Am. Chem. Soc, 90, 543 (1968). 

As only starred-starred and unstarred-unstarred in
teractions occur, the interaction energy in configuration 
I of two ground-state molecules is given by (24a) of part 
I.2 Therefore 

E-mt = — 2(7jii 'Sn' + T722-S22-) + 

[(0.362) V> - (0.602)'qM>]» 
3.236/3 + 

[0.362 X 0.602(T711- - T722Q]2 

2.236/3 

[(0.602)2TTn, - (0.362)2TT22 

* } -1.236/3 

-2(TiIi-SiI. + TJ22-S22-) + - (0.628T7n-
2 + 

0.404T722-
2 - 0.808T711-T722-) (1) 

At the outset we see that the second-order effect in 
TT2//3, which should compensate partially the "closed-
shell" repulsive term -2(T7n-S11- + T722-S22-), contains a 
large repulsive cross term -0.808T7U-T722-/^. Hence 
such a thermal dimerization should be energetically 
highly unfavorable. If we assume the proportionality 
relation (6) of part I, £ i n t becomes 

£int/|3 = -2(ZcS11-
2 + JcS22-

2) + 0.628Jc2S11-
2 + 

0.404/C2S22-
2 - 0.808Zc2S11-S22 

which, for k « 3 (see part I, eq 32) gives 

£int//3 = -0.35S11-2 - 2.36S22-
2 - 7.27Sn-S22- (2) 

Whatever the respective values of the two overlaps 
S11- and S22-, the interaction energy is repulsive (/3 is a 
negative quantity). 

Let us now calculate the energy for a photochemical 
reaction in which one butadiene molecule is excited, an 
electron having jumped from the top bonding to lowest 
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Figure 1. Configurations of interaction for two butadiene mole
cules. 

antibonding orbital (in a molecule like butadiene where 
these two orbitals are well separated from the rest, 
this p state is certainly the lowest energy state for each 
spin multiplicity, singlet or triplet). Using (26a) of 
part I we obtain a change in interaction energy due to 
excitation. 

A£ in t = +(0,724iju» + 0.276T722O + 

(-0.15617,1,* + 0.025T722'
2 + 0.452r;n'7722') (3) 

In (3) two major effects are noticeable: a large, attrac
tive first-order term, particularly favorable along the 11' 
coordinate (the factor of T711- is more than twice as 
large as that of T722'), and a significant attractive 
second-order cross-term in T7H-T722- which should com
pensate part of the corresponding repulsion in the initial 
interaction energy. With k — 3 again (this value will 
be used henceforth), (3) and (2) give, for the interaction 
energy £ in t* in the photochemical interaction 

£ int*/£ = 2.17S11- + 0.83S22- - 1.75S11-* -

2.14S22-
2 - 3.20S11-S22- (4) 

Equation 4 can be considered as the equation of a 
"reaction surface" in which the energy would be plotted, 
not in terms of some normal displacement coordinates, 
but in terms of the various atomic overlaps, themselves 
a function of distance. If we assume a unitary overlap 
increase 

S = aSu> + Vl - a2Sn' (5) 

we can calculate the change in energy for any value of a. 
For reactants of zero relative velocity, the reaction path 
will coincide with the energy curve of greatest slope 

IdE = = _d£ 
S da DSw 

DE 
(6) 

Vl — a2 ^S22-

where we have used the unitary property of the (Sn-, 

(04tfy 

Figure 2. Reaction paths for butadiene photodimerizations. 
Dotted paths require activation energy. 

S22-) matrix, whence 

a ( S1A = 

— a\ 5W Vi 
dE/dSiv 
dE/dSn-

The reaction path, under these assumptions, is given by 

Su1 = <>E/dSiV 

S22- d£/5S22-
(7) 

Such a path is drawn in Figure 2 for the photochemical 
reaction (I) 

S11- = 2.17 - 3.5OS11- - 3.20S22-
S22- 0.83 - 4.28S22- - 3.2OS11-

(8) 

The plot is restricted to values of the overlap from 0 to 
0.2. For our purposes a new bond will be considered 
established when the overlap reaches the value 0.2. 

At very large distances, the path is such that the ratio 
of the overlaps S11- and 022' IS equal to the ratio of the 
coefficients of the linear terms in (4), 2.17/0.83. Then, 
as the molecules get closer, the second-order effects come 
into play; here they reinforce the first-order asymmetry: 
the second-order repulsion is larger for the 22' interac
tion, just as the first-order attraction was weaker. As a 
result, the overlap S22- never becomes larger than 0.025. 
For Sn- = 0.2, S22- is equal to 0.016. Therefore, 
the T-electron interaction energy will be lowest if the 
cycloaddition starts by an almost pure 11' bond closure. 
The over-all stabilization for S11- = 0.2 and S22- = 
0.016 is E1111

1* = 0.367/3 = - 2 5 . 6 k c a l / m o l e (Spectroscopic 
= —3 eV). The reaction is concerted only in a re
stricted sense; there is a small -ir activation energy 
(dotted path) between this intermediate asymmetric 
configuration and the symmetric configuration (S11- = 
0.2, S22- = 0.2) in which both bonds are "closed" and 
for which Eint

l*(symmetric) = 0.316/3 = - 2 2 kcal/ 
mole. Our prediction that the 11' bond should close 
first is in agreement, at least for radical reactions, with 
predictions based on classical chemical structures.3 

(3) N. J. Turro, "Molecular Photochemistry," W. A. Benjamin, Inc. 
New York, N. Y., 1965, pp 216-217. 
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Figure 3. 

But here we do not need to invoke the stabilization of 
some intermediate unit. 

Similar calculations can be effected for reactions II, 
III, and IV. The results are shown in eq 9-11. With 

£int = — 2(?Jl3'Sl3' + 7724'5W) + 

1 

/3 
(0.492T713'

2 + 0.492TT24 '2 - 0.808TT13'TT24') 

II i A£ i n t = 0.448(Tj13' + T724-) + 

1 

/3 
(0.064r)13'2 - 0.06OTJ24-2 + 0.452T713^24') 

(unprimed molecule excited) (9) 

Eint = -2(T72^S22 ' + Tj33-S83') + 

1 

III \ 
/3 

(0.404TT22'
2 + 0.404TT33'2 - 0.088TJ22-TJ83') 

IV 

AEint = 0.276(T722' + 5733') + 

i (0.025TJ2 2-2 + 0.025T783-
2 - 0.498TJ22-TJ83-) (10) 

£ j n t = — 2(T711-Si1' + TJ44'S44') + 

^ (0.628T7H'2 + 0.628T744'
2 - 0.536T7H-T744O 

AEiBt = 0.724(T711' + ^44 ') + 

1 

/3 
(-0.156T7H'2 - 0.156T744'

2 - 0.136T711-T744') 

(H) 

k = 3, the interaction energies in ground and excited 
states are then respectively, those shown in eq 12-14. 

II \ 

EintlP = -1 .50 (S 1 8 ' 2 + S24'2) - 7.27S18-S24' 

£i«t*/0 = 1.34(S18' + S24-) -

0.92S13 '2 - 2.04S24-2 - 3.20S13 'S2 4 ' 

(unprimed molecule excited) (12) 

Figure 4. 

[ E1nS = -2.36(S22-2 + S33-
2) - 0.79S22-S33-

III J £jnt*//3 = 0.83(S22- + S33-) -

' 2.14(S22-
2 + S23-

2) - 5.27S22-S33- (13) 

EhJP = -0.35(S11-2 + S44-
2) - 4.82S11-S44-

£int*//3 = 2.17(S11- + S44-) -IV 

L 1.75(S11-
2 + S44-

2) - 6.05S11-S44- (14) 

We see that all three reactions are repulsive in the ground 
state, i.e., all three cycloadditions are unfavorable 
thermally. When one molecule is excited, however, 
the presence of an attractive term, linear in the overlap, 
makes the interaction more favorable. The most 
favorable reaction paths are then shown in Figure 2. 
Each interaction shows a different behavior. 

Interaction II proceeds in a truly concerted, though 
asymmetric fashion. Both bonds close at the same time, 
the bond 13' closing faster. When bond 13' is formed, 
no activation energy is required to terminate the closure 
of the second bond 24'. The asymmetric bond closure 
is curious in view of the apparent total symmetry of the 
configuration (Figure 1). This asymmetry is introduced 
by the excitation of one molecule. It appears only in 
the second-order terms so that the cycloaddition starts 
off symmetrically. The stabilization energy obtained 
along the reaction path, E-mt

u* = 0.279/3 = -19 .6 kcal/ 
mole, is somewhat smaller (6 kcal/mole) than that ob
tained in the first step of reaction I. This may explain 
the relative proportions4 of I and II in the direct photo-
dimerization of butadiene without sensitizers (Figure 
3). 

Interaction III proceeds symmetrically but, due to the 
relatively small attractive terms and large second-order 
repulsive term, quickly reaches an energy minimum for 
S22- = S33- = 0.087. The corresponding distance 
(part I, Figure 2), R = 3.4 A, is still large and the mole
cules are not close enough for any rehybridization to be 
effective. Hence no cycloaddition will occur, in agree
ment with "classical" chemistry which shows (Figure 
4) that the end product would be a multiradical. How
ever, two butadiene molecules, one of which is excited, 
may well form a weakly bound (stabilization energy, 
5 kcal/mole) excimer (Figure 5), if they interact through 
their central bonds. 

Interaction IV, finally, leads to a highly favored (sym
metric) reaction; the stabilization energy for Sn- = 
S44- = 0.2 is £ in t

IV* = 0.486/3 = - 3 4 kcal/mole. 
Although the low concentration of cis relative to trans 
isomers and the difficulty of trans-cis isomerization in 
the excited state make the direct encounter of a cis-
butadiene with another, excited, cw-butadiene rather 

(4) N. J. Turro, private communication. The difference in stabiliza
tion energies is even larger (0.374/3 vs. 0.231/3) if the reactions occur via 
a triplet state in two totally distinct steps, the first step being a 11' 
(case I) or 13' (case II) bond closure. 
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Figure 5. Proposed excimer structure for butadiene. 

improbable, sufficient encounters should occur for some 
cyclooctadiene to be formed. Experimentally, it has 
not yet been possible to analyze all the products in the 
direct photodimerization of butadiene. Whether cyclo
octadiene is present or not will be an important test of 
the predictive power of the theory. (Cyclooctadienes 
are obtained in the photodimerization of isoprene6a but 
the mechanism of their formation is not clear.) Cyclo-
pentadiene in the singlet state should also dimerize to a 
tricyclooctadiene. Unfortunately the lifetime of the 
singlet state of cyclopentadiene seems limited by intra
molecular conversion to the homocyclobutadiene.6 

Most experiments on the photodimerization of buta
dienes3,6 use triplet sensitizers, so the products need not 
be those predicted from the best one-step mechanism. 
In fact, the photosensitized dimerization of butadiene 
yields products corresponding to the two-step mechanisms 
I and Via (photochemical Diels-Alder; see next sec
tion). Similarly the photosensitized dimerization of 
cycopentadiene leads7 to the two-step products corre
sponding to I and Via. 

Diels-Alder Addition 

Figure 6 shows four different Diels-Alder inter
actions : ethylene and butadiene with ra-butadiene (V 
and VI), and acrolein with cz's-acrolein (two possibili
ties, VII and VIII). Calculations similar to the 
previous ones yield the interaction energies shown in 
eq 15. (For the last two results, (15a) of part I has 

•Eint = — 2(rjll 'Sll ' + 1?42'S42') + 

- (0 .554T 7 n - 2 + 0.554??42'2 + 0.684ijn,ij42,) 

E-mt = — 2(?jii'5n» + 1742'SW) + 

^ ( 0 . 6 2 8 i j n , 2 + 0.492Tj42,2 + 0.628ij„,42 ,) 

£ i n t
v n = -1 .5427/U-S 1 1 ' - 2 . 5 6 3 ^ , S 4 2 , + 

^(0.574T711 '2 + 0.408»?42'2 + O.470i7ii'i7«0 

£int v m = -1.805ijir,Su, - 2.3(XW-SW + 

V5O61712'2 + 0.588Ij41.* + 0.568iju*j4i') (15) 

been used instead of (24a). The Hiickel calculations 
on acrolein use Aa4 = /3 and the results of Coulson and 

(5) (a) G. S. Hammond and R. S. H. Liu, / . Am. Chem. Soc, 85, 
477 (1963). No cyclooctadienes are obtained in the solid, where the 
lattice stereochemistry controls the photodimerization: M. Lahav 
and G. M. J. Schmidt, "Studies in Topochemistry. XXIII," to be 
published, (b) G. S. Hammond, N. J. Turro, and A. Fischer, ibid., 
83, 4674 (1961); etc. 

(6) J. I. Braumen, L. E. Ellis, and E. E. van Tamelen, ibid., 88, 846 
(1966). 

(7) N. J. Turro and G. S. Hammond, ibid., 84, 2841 (1962). 

J i i 
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\ /4 \ / \ / 

I" HT w wr 

Figure 6. Various Diels-Alder additions. 

Streitwieser.s) Comparison with the results, eq 1, 9 
10, 11, for the thermal reactions I-IV, shows one major 
change: the cross term involving simultaneously both 
bond overlaps is now attractive instead of repulsive. 
This is due to the favorable "second-order" interaction 
between occupied orbitals on one side and unoccupied 
orbitals on the other. In consequence, a simultaneous 
bond closure is now possible thermally. Numerically, 
with k = 3 

£intv/0 = -1.01(Sii'* + S42'
2) + 6.16SiI-S42, 

£intv70 = -1.35Si1,* - 1.50S42,
2 + 5.65SU,S42, 

(16) 
£intVI70 = 0.64S11,

2 - 4.02S42,
2 + 4.23SU,S42, 

£intVII70 = -0.86Si2,2 - 1.61S4i,
2 + 5.20Si2,S41, 

The calculated reaction paths are shown in Figure 7. 
Their main features are that (1) they are straight lines, 
indicating that the bonds close in such a manner that 
the overlaps keep a constant ratio. In all cases the 
bonds should close at the same time but not, except in 
the highly symmetric reaction V where ethylene is used 
as the dienophile, at the same rate. This asymmetry is 
most pronounced in configuration VII which leads to 
the observed dimerization of acrolein. For this very 
reaction Woodward and Katz made the hypothesis9 

that the Diels-Alder reaction is concerted, but the 
rate-determining step is the closure of bond 11', 
while the other bond lags behind. That the reaction 
occurs asymmetrically is no surprise since configuration 
VII certainly has no symmetry in it. However, Wood
ward and Katz' contention that the reaction, although 
asymmetric, is still concerted, is entirely verified in the 
sense in which they use the word "concerted." (a) 
The two bonds are being formed simultaneously, "even 
though there may be considerable asymmetry in the 
rate at which...they are established."10 (b) "Cer
tainly it is a two-stage mechanism, in that the formation 
of two bonds takes place in separable, even if overlap
ping, processes, discretely delineated in structural terms, 
and displaced in time. // is entirely possible, indeed 
likely, that a second, low barrier will be involved in some 
specific cases, and not in others."*'11 Reaction paths 
VII and VI behave according to these rules, one with a 
slight secondary barrier and the other without. 

Purely in terms of definition, there arises the question12 

of whether such a reaction should not be called "two-
step" rather than "concerted" or "two-stage." Granted 
that the behavior of the reaction is precisely that 

(8) C. A. Coulson and A. Streitwieser, Jr., "Dictionary of r Electron 
Calculations," Pergamon Press, Oxford, 1965, p 227. 

(9) R. B. Woodward and T. J. Katz, Tetrahedron, S, 70 (1959). 
(10) R. Hoffmann and R. B. Woodward, J. Am. Chem. Soc, 87, 2046 

(1965). 
(11) This author's italics. 
(12) J. A. Berson and A. Remanick, J. Am. Chem. Soc, 83, 4947 

(1961). 
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Figure 7. Reaction paths for (exo) Diels-Alder additions. Dotted 
paths require activation energy. 

predicted by Woodward and Katz, the question of 
denomination is itself an important one. Calculated 
pathways appear to fall into three distinct categories: 
pathways V, VI, or II (simultaneous, symmetric, or 
asymmetric bond closure; no secondary activation 
energy); pathways VII or I (simultaneous, asym
metric bond closure; small secondary activation energy 
of the order of a few kilocalories/mole); pathway Via. 
The latter occurs (Figure 8) for the photochemical 
Diels-Alder dimerization of butadiene, where the in
teraction energy has the form 

(£intVI)* = -10.724T711- - 0.448T742-I -

2(T7IrS11' + 4̂2-S42O + ^(0.466T7n-
2 + 0.492ij«,» -

0.104T711Zt742-) (diene excited) 

(£intVI)*//3 = 12.17S11- - 1.34S42-I -
1.81S11-

2 - 1.50S42-
2 + 0.936S11-S44- (17) 

Here the opposite sign in the linear terms should compel 
the bonds to close one at a time, with a large activation 
energy (~20 kcal/mole) for formation of the second 
bond.13 Clearly pathway VII is intermediate in this 
respect between V or II (true one-step) and Via (true 
two-step). A good denomination might be "retarded 
one-step" or "quasi-concerted." 

(2) The IT stabilization energies are rather weak, —7.6 
kcal/mole for VI and —4.5 kcal/mole for VII, and do 
not seem to account for the experimental readiness of 
these reactions. Furthermore relative stabilization 
energies appear to be in the wrong direction; V is 
predicted more stable than VI by 0.057/3 = —4 kcal/ 
mole, whereas the experimental activation energies 
differ by 3.8 kcal/mole in the opposite direction.14 

Similarly VIII seems to be favored relative to VII, 
whereas only VII occurs experimentally! 

(13) The best pathway would actually correspond to a negative 
overlap for one of the two bonds as the other bond is formed. Note also 
that, whereas for bond closure of 42' (after 11' is established) the energy 
increases continuously until SiJ - 0.2, for bond closure of 11' (if 42'is 
established first) there is a hump at Sn' = 0.123 after which the energy 
decreases again. See also footnote 29. 

(14) A. Wasserman "Diels-Alder Reactions," Elsevier Publishing 
Co., New York, N. Y., 1965, Table 13. 
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# > * / ' 

(-0.004/1) 
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Figure 8. Pathways for photochemical Diels-Alder dimerization 
of butadiene. Dotted paths require activation energy. 

J 
•0j034__ +MJ} 

+me/r \-o.sis 
Figure 9. Hiickel net charge densities in acrolein. 

Most of the discrepancies will be accounted for in the 
next section in the study of the endo effect. However, 
one point must be made concerning the competition 
between reactions VII and VIII. Clearly as Wood
ward and Katz remarked, product VIII would be 
favored if the reaction occurred in one step and sym
metrically. However, a glance at the charge distribu
tion in acrolein (Figure 9) shows that such an approach 
is extremely unlikely for configuration VIII. The dif
ference in Coulombic interaction between atoms 4,1 ' 
(-0.120/.R au) and 1,2' (-0.008/i? au) is so enormous 
(nearly 10 kcal/mole at 4 A) that automatically bond 41 ' 
will tend to close first. But this leads to a repulsive ?r 
energy, as shown in Figure 7 for pathway VIII (S41- = 
0.2; £ i n t = -0.034/3). In configuration VII, on the 
other hand, the electrostatic effects ( H ' , 0.052/i? au; 
42', 0.018/i? au) are better balanced; at 4 A the dif
ference is less than 3 kcal/mole. So it seems possible 
that the reaction can set out in the manner determined 
by the best overlap interaction, independently of elec
trostatic interactions. 

The endo Mechanism 

In the preceding section we pointed out that the 
second-order energy stabilization due to the mixing of 
orbitals of different energy rendered the Diels-Alder 
reaction feasible. More precisely one can draw out 
the constructive interaction between the bonding orbital 
(l/\/2)(<£i + fa) of ethylene and the lowest antibonding 
orbital 0.602(^1 + fa) - O.362(02 + fa) of butadiene, 
on the one hand, and between the bonding orbital 
0.602(Ji1 — fa) + 0.362(^2 — fa) of butadiene and the 
antibonding orbital (\/\/2)(fa — fa) on the other hand. 
For nonalternants the size effect (part I,2 last section), 
due to the mixing between occupied orbitals, can also 
help the reaction (witness the low coefficient of T711-S11-
in EyU

int, eq 15). But the second-order mixing be
tween occupied and unoccupied levels seems to be the 
predominant factor in explaining the behavior of the 
Diels-Alder reaction. This was first pointed out, it 
seems, by Fukui.15 

(15) K. Fukui in "Molecular Orbitals in Chemistry, Physics and 
Biology," P.-O. Lbwdin and B. Pullman, Ed., Academic Press Inc., 
New York, N. Y., 1964, p 513 (in particular Figure 8). 
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Figure 10. Configurations for Diels-Alder endo additions ("diene" 
is above; cf. Figure 6). 
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Figure 12. Reaction paths for Diels-Alder endo additions. 

(.Su-.Sj,-) 

Figure 11. Postulated endo transition state for Diels-Alder con
densation of butadiene (light axis is axis of symmetry). 

Hoffmann and Woodward have suggested16 that 
these second-order interactions are also responsible for 
the preference in Diels-Alder reactions for endo, rather 
than exo, additions. More precisely, the interaction 
between the " /3" ' atom adjacent to the olefinic group 
of the dienophile (atom 3 ' in reactions VI, VII, and 
VIII) and a "/3" atom of the diene (atom 3 in VI, VII; 
atom 2 in VIII) would be responsible for a large addi
tional energy stabilization. This hypothesis was sub
stantiated by extended Hiickel calculations with maleic 
anhydride and/?-benzoquinone as dienophiles. 

In Figure 10 we show potential endo configurations 
of approach IX, X, XI for the Diels-Alder condensa
tions of butadiene and acrolein considered previously. 
These configurations, in which the molecules lie on 
top of each other in roughly parallel planes orthogonal 
to the direction of the bonds to be formed, require the 
dienophile to have a bond cis to its reacting double 
bond (This is the case for familiar dienophiles like 
maleic anhydride or />-benzoquinone, but will require 
a little additional energy for butadiene or acrolein. 
Configuration X is similar to one proposed by Wood
ward and Katz for the acrolein condensation.9) In 
each configuration two additional atom-atom interac
tions operate: that postulated by Hoffmann and 
Woodward, and also the interaction between the atom 
next-nearest neighbor to the olefinic group and the re
maining atom of the diene (interaction 24' in IX and X, 
34'in XI). 

The energy of each configuration now depends on 
four overlaps between pairs of p atomic orbitals. The 
calculation proceeds just as in the previous section, 
with the use of eq 15a and 24a of part I, but is some
what lengthier in view of the greater number of interac
tions. With a certain amount of practice the calcula
tion of the energy of interaction of a configuration 
such as X takes about 2 hr on a desk machine. As 
the number of TT energy levels of the interacting systems 
increases, so does the computing time. The results 
are given in eq 18, where £ ln t

VI, Eint
vn, and Eint

VIU 

are given by (15). 

(16) R. Hoffmann and R. B. Woodward, J. Am. Chem. Soc, 87,4388 
(1965). 

•Eint = •£'intVI — 2(JJ24-S24, + 7733"SW) + 

1 ( 0 . 4 0 4 J J 3 8 , 2 + 0.492JJ 2 4 - 2 + 0.628Jj11-Jj24, + 

0.092IjIrJJ88, + 0.092JJ24-JJ42< - 0.18OjJ24-JJs3' -

0.18OjJ38-Jj42O 

£intx = £ i n t v n - 1.334JJ8 3-S3 3- - 2.563Jj24-S24, + 

^(0.264JJ33-2 + 0.408J?2 4-2 + 0.47OjJ11-JJ24- -

0.102Jj11ZjJ33- + 0.036JJ2 4 ' JJ4 2 ' — 0.226JJ24-JJ33- -

0.226JJ33-JJ42-) 

£intXI - £intVI11 - 1.701JJ23-S23, - 2.196JJ34-S34' + 

^(0.442JJ23-2 + 0 .53OJ 7 3 4 , 2 - 0.236JJ12 ,JJ23 , + 

0.19OjJ12-Jj34- + 0.372JJ34 ,JJ41- -

0.226Jj23-JJ34- + 0.134JJ23-Jj41-) (18) 

A close examination of the energies Eirit
lK and E10^ 

shows that the terms due to the additional interactions 
are of two kinds: (1) square terms involving the new 
interactions 33' or 24' alone, a repulsive size effect, and 
an attractive second-order effect (the corresponding 
energy is always slightly repulsive; for instance, — 2-
(JJ24-S24-) + 0.492(Jj24-

2//?) = -1.50/3S24-
2, for A: = 3/3); (2) 

cross terms involving simultaneously a new interaction 
(33' or 24') and one of the primary interactions ( H ' 
or 42') postulated in the simple configurations VI and 
VII. Among these, the cross terms involving bond 
33' are repulsive, or negligible, and the only large at
tractive cross term is that involving the secondary interac
tion 24'; apparently, therefore, any additional stabil
ization proceeds from the novel interaction 24' rather 
than 33'. 

Furthermore, the numerical terms involving the 
interactions 42' and 24' are identical in the expressions 
for £ i n t

I X and £ i n t
x (see (15) and (18)). Hence these 

interactions play identical roles, and it is possible to 
draw out a symmetrical endo configuration (Figure 11, 
with an axis of symmetry passing through the middle 
of "bonds" 11' and 33', in which "bonds" 24' and 42' 
are entirely equivalent. We therefore assume that, 
at least in the butadiene and acrolein condensations, 
the endo configuration involves the following three 
atom-atom interactions: 11' (between two terminal 
atoms) and 42' and 24' (equivalent interactions between 
second terminal atom on each molecule and atom 
adjacent to first terminal atom on the other molecule). 
The interaction 33', however, which Hoffmann and 
Woodward considered to be important, should be weak. 

If we assume, then, that the overlaps S24- and S42-
are equal to a common value s during the initial ap-
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proach of the molecules, the interaction energies for 
IX and X become (/c = 3) 

£intIX/|3 = -l.35.Sir2 - 2.10s2 + 11.30Su* 
(19) 

£intx/0 = 0.64Si1-
2 - 7.72s2 + 8.46Su-s 

(compare with (16)). The calculated reaction paths 
are shown in Figure 12. Again, for configuration XI, 
the only new favorable cross terms involve the inter
action 34' with the terminal atom of the "dienophile," 
rather than 23' which would correspond to the Hoff
mann-Woodward hypothesis. Although no symmetry 
is present here, let us assume S4i- = S34' = s for sim
plicity. Then 

£intXI/|3 = -0 .86 Si2-
2 - 0.08s2 + 6.91S12-S (19a) 

The hypothetical reaction path (Figure 12) is still 
highly symmetrical. 

The principal feature shown by the new pathways is 
the increase in stabilization energy. For two buta
diene molecules, this stabilization energy is now 

0.288/3 = -20 .2 kcal/mole (20) 

instead of 0.109/3 = —7.6 kcal/mole. It is of the same 
order of magnitude as the ^-stabilization energies 
computed by Herndon and Hall17 for various Diels-
Alder reactions using Hoffmann's method. In the 
previous section we found a stabilization energy of 

0.166/3 = -11 .6 kcal/mole (21) 

for the Diels-Alder condensation of butadiene with 
ethylene. The relative stabilization energies of these 
two reactions are now in the right order. Their differ
ence of —8.6 kcal/mole compares nicely with the ex
perimental difference in activation energies,14 —3.8 
kcal/mole, once the ~2-kcal/mole loss in the butadiene 
dimerization due to an additional trans-cis isomeriza-
tion is included. 

For the condensation of acrolein, reaction X, like 
reaction VII, is highly asymmetrical. Although the 
reaction path, once bond 11' is closed, cannot be de
scribed simply on our diagram (one overlap S42' or 
S24' will continue to increase while the other decreases), 
the reaction probably proceeds via a retarded one-step 
mechanism with a small secondary activation energy. 
However, we still cannot explain, other than by the 
electrostatic argument of the previous section, why 
reaction X (VII) is preferred to XI (VIII): the calcu
lated stabilization energy for XI remains much larger 
than that for X. 

Our main conclusion is that the endo preference in 
Diels-Alder condensations is generally due to the 
secondary interaction 24' between the next nearest 
atom to the olefinic site of the dienophile (atom a' 
in the Hoffmann-Woodward notation) and a central 
atom (/3) of the diene. This should hold for the dimer
ization of butadiene, acrolein, cyclopentadiene,18 etc. 
For these basic reactions the interaction 33' (/3/3') 
postulated by Hoffmann and Woodward does not seem 
to be important although it is true that the basic mecha-

(17) W. C. Herndon and L. H. Hall, Theoret. CMm. Acta, 7, 4 
(1967). 

(18) In the case of cyclopentadiene, Wasserman has drawn (ref 14, 
Figure 3) various "valence" structures for the transition state; our 
result corresponds to giving a large weight to his structures (B) and (E). 

Figure 13. Butadiene + p-benzoquinone system. 

nism which they suggested (mixing of occupied with 
unoccupied orbitals) seems correct. However, the 
important secondary interaction may well vary from 
one reaction to another. We have performed a calcu
lation on the butadiene-/>-benzoquinone system, which 
Hoffmann and Woodward used to establish their 
theory (XII, Figure 13). The total interaction energy 
is found to be 

EiBt
xu = -2.08377ii'S,i' - 2.083Tj42-S42- -

1.9937/33'S33' - 2.083Tj24-S24' + ^(0.6147Jn-2 + 

0.614TJ42-
2 + 0.3647,H-Tj42-) + ^[0.45OrJ33-

2 + 

0.454TJ24-2 + 0.1807J33-TjIi' + 0.058TJ24'TJH- -

0.012TJ33-TJ42- -0.095TJ24-TJ42- - 0.124Tj33-TJ24-] (22) 

where the terms in square brackets exist only in the 
endo configuration. Here the only significant favorable 
cross terms is that between TJU- and Tj33- so that any endo 
stability must arise from the 33' rather than 24' inter
action, in agreement with Hoffmann and Woodwards 
calculation. However, the size of the cross term 
(0.180//3) is significantly smaller than those operating 
in the previous endo interactions (eq 18, underlined 
terms) and the additional stabilization will also be 
smaller.19 

The proposed endo configuration (Figure 11) has 
an interesting feature when diene and dienophile are 
indistinguishable. The configuration has an axis of 
symmetry and the condensation can operate at two dis
tinct, but equally possible, places. Hence the cyclo-
addition can take place just as well in 11', 42' (our 
initial assumption when no endo interactions were 
assumed) as in 11', 24'. The molecules are thus in a 
position to "choose" between two equally probable 
cycloadditions. As shown in Figure 12 (X), bond 11' 
closes first, while bonds 24' and 42' are established 
partially, after which either bond 42' or bond 24' 
closes completely (while the third bond opens up again). 
Hence, in opposition to the entropy loss due to the 
highly ordered and rigid configuration of the endo 
transition state, there arises a statistical entropy gain, 
S = R log 2. This entropy is small relative to the 
configurational entropy loss, but -TAS is almost 
enough to make up for the enthalpy of the additional 
cis isomerization required for the dienophile. 

(19) The one large term coming from the interaction between top 
occupied diene orbital and lowest unoccupied dienophile orbital—the 
sole interaction considered by Hoffmann and Woodward—is partially 
cancelled out when all occupied orbital-unoccupied orbital interactions 
are included. 
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Figure 14. Interaction between two closed-shell linear conjugated 
systems. 

Just recently Dewar has postulated20 an endo config
uration for Diels-Alder condensations similar to ours. 
He suggests that such a transition state would be highly 
favored because of its "aromatic character," due to the 
presence of two "six-membered rings" (12'3'4'21 and 
12342' 1'). Our calculations lead independently to the 
same conclusion and further they provide information 
on the relative strengths of the bonds being formed. 

The Hoffmann-Woodward Rules 

By qualitative consideration of the mixing of the 
various x molecular orbitals of conjugated reactants 
in simple cycloadditions, cleverly guided by the relative 
position of the final IT and o~ orbitals in the products, 
Hoffman and Woodward established10'21 correlation 
diagrams showing the orbital energy variation as the 
reaction proceeded. These diagrams allowed them 
to demonstrate general rules, valid for concerted (i.e., 
one-step, or retarded one-step) cycloadditions. In par
ticular the condensation of two conjugated systems, 
one with 2m electrons and the other with 2« electrons, 
should occur thermally if 2m + 2n = Aq + 2, and 
photochemically if 2m + 2« = Aq. (We use the nota
tion 2m and 2« rather than m and n like Woodward 
and Hoffmann, in order to keep with the notation of 
part I where \f/m is the top bonding orbital.) They 
insisted that the rules did not "exclude multistep al
ternative mechanisms involving discrete intermediates" 
and that cycloadditions which apparently violated 
their rules "must proceed through multistep mecha
nisms." 

We shall now seek to establish these rules on a more 
quantitative basis. Thanks to the expressions for the 
interaction energy, it will not be necessary to consider 
the orbitals of the product or postulate any particular 
symmetric configuration of approach. On the contrary 
it will be easy to see what assumptions are involved 
and what possible exceptions might arise. Consider 
then two interacting closed-shell molecules, one with 
2m electrons and the other with 2n electrons (Figure 

(20) M. J. S. Dewar, Tetrahedron Suppl., 8, 75 (1967); see also B. 
Eisler and A. Wasserman, J. Chem. Soc, 979 (1953), who also propose 
such a transition state on the basis of kinetic studies.20* 

(20a) NOTE ADDED IN PROOF. The classical valence structure which 
resembles most our postulated endo transition state with two cte-buta-
dienes and a strong 11' bond is that of the cte,cf.r-octadiene-l,7,diyl 
3,6-biradical. This biradical has precisely been proposed as the Diels-
Alder addition intermediate by S. W. Benson, / . Chem. Phys., 46, 4920 
(1967), on the basis of kinetic evidence. 

(21) The alternative correlation diagram proposed by P. Millie, 
Bull. Soc. Chim. France, 4031 (1966), appears to be incorrect since it 
raises the lowest orbital of butadiene (E = 1.618/3) and lowers the 
bonding orbital of ethylene (E = /S) in their interaction, whereas pre
cisely the opposite is expected from perturbation theory. 

14). For the sake of simplicity we shall take alternant 
hydrocarbons; for systems with heteroatoms or non-
alternants the results will be valid as long as the hetero
atoms do not perturb the nodal properties of the various 
molecular orbitals. We will distinguish three cases, 
which are illustrated in Figure 14a-c. 

Consider first (case a) the thermal addition of two 
neutral molecules with 2m and 2« atoms, respectively, 
to which we apply eq 24a of part I. The "second-
order" contribution is a sum of many terms, but we 
may assume that the major contribution comes from 
the term with the smallest energy denominator22 

(b,*by*r)lv - b,0b,.0ytt.y 

«m + «n 
(23) 

h = bt 

bv = -b, 
or 

(*i = -bt 

(bv = bt> 

where we have used the fact that if atom 1 is starred, 
atom t must be unstarred. The coefficients b have 
been defined in eq 25, part I. The numerator will be 
large, and the reaction favored, if the products bj>i 
and b,bf have opposite signs. In linear polyenes 
atomic orbital coefficients on the end atoms are either 
equal or opposite, so that favorable possibilities are 

(24) 

The first possibility requires 2m to be equal to Ap + 2 
(p integer; viz., ethylene, hexatriene) and 2n = Ap' 
(p' integer; viz., butadiene), the second possibility 
2m = Ap, 2n = Ap' + 2. Whence 

2m + 2n = Aq + 2 

Under this condition the presence of large, favorable 
cross terms between rm> and r\u> allows the reaction to 
proceed in one step (direct or retarded). On the con
trary, if 2m + 2n = Aq, the numerator vanishes and no 
stabilization occurs. 

Consider next (case b) the interaction between a 
neutral alternant and an odd polyene negative ion with 
2n electrons but 2n — 1 atoms. Such interactions 
occur in 1,3 dipolar cycloadditions. The ion has a 
nonbonding orbital, and expressions for even alter
nants are not valid here. One must return to eq 15a 
of part I and seek out the most important term. 

The term with the smallest energy denominator is 
that which links the filled nonbonding orbital of the ion 
with the lowest antibonding orbital of the neutral mole
cule 

- 2 
(bfcv* - bt°ct,*Y 

«m + x - 0 
(25) 

Here Cy and ct> denote the terminal coefficients of the 
nonbonding orbital. Favorable possibilities are then 

(Ai = b, 

ICi = —Ct' 
or 

6i = - b , 

Cl = Cf 

(26) 

Therefore 2m = Ap + 2 and 2« = Ap' (viz., allyl anion), 
or 2m = Ap and 2« = Ap' + 2. Hence the condition 
2m + 2« = Aq + 2 still holds for the total number of 
electrons. 

(22) Since this term comes from interactions between top occupied 
and bottom unoccupied orbitals, the procedure is entirely equivalent to 
Fukui's frontier theory. 
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The calculation is quite similar for the interaction 
between a neutral alternant with 2m atoms and a posi
tive ion with 2n + 1 atoms (case c). Here the term 
with the smallest energy denominator involves the 
interaction between the top occupied orbital of the 
neutral species and the empty nonbonding orbital of the 
ion 

(bfcy* + bt°ct*y 

This term reaches large values if 

(&i = bt [b\ = —b. 
or 

(27) 

(28) 
ICi' = C1- ICy = -Cf 

Conditions 28 lead to 2m = Ap + 2 and 2n = Ap' 
{viz., pentadienyl cation) or 2m = Ap and 2n = Ap' 
+ 2 (allyl cation). Again 2m + 2« = Aq + 2. 

Clearly then, thermal reactions are strongly favored 
and occur in one step if the total number of electrons is 
4q + 2, forbidden if it is 4q. These conclusions agree 
with those of Hoffmann and Woodward and show that 
the total number of electrons, rather than atoms, is the 
important factor. 

Let us now turn to photochemical reactions. For 
small molecules the lowest excited state corresponds 
generally to the transition from top occupied to lowest 
unoccupied orbital (the lowest singlet states of certain 
aromatics, like benzene and naphthalene, are excep
tions). Equations 26 and 26a, part I, are therefore 
adequate for our purposes. Here it is important to 
distinguish whether or not the interacting molecules 
are identical. 

For identical neutral molecules (Figure 14a) the 
behavior of the interaction energy when one molecule 
is excited is determined essentially by the linear term 
arising from the energy change due to the excitation 
(part I, eq 18 and Figure 4). If this linear term 

- 2|5>*Mi?„- + 2>.°&.'°»?. (29) 

is large, a significant stabilization occurs, which more 
than compensates for the repulsion due to the mixing 
of occupied orbitals, and the reaction is favored. This 
requires \b\*bv*t]a' + bt°b,°t)„<\ to be large; hence 

ibi = *• 

\bv = b, 

- 2 £ 

or (30) 

Ym4-
• %>'*/ 

%,—j-
-H-

-H-
-H-

# > 

Figure 15. Orbital interactions leading to large energy stabiliza
tion for (excited molecule)«-+ (molecule) reactions. 

we pointed out that this term arises from the mixing 
between \pm, the orbital having lost the excited elec
tron, and the occupied orbitals on the other molecule, 
together with the mixing between \pm+i, the orbital with 
the excited electron and the unoccupied orbitals of the 
second molecule (Figure 15). Only occupied orbital 
indices occur in the summation because of the pairing 
property. It was also emphasized that the validity 
of this expression is strictly restricted to \f/m (and \pm+i) 
being well separated23 from the corresponding orbitals 
on the other molecule. Now the major contribution to 
(31) should come from the term j ' = m' (with coef
ficients bTf). Indeed the top bonding orbital of the 
unexcited molecule interacts best with \j/m to raise the 
energy of the hole, while an identical contribution 
comes from the mixing of ipm>+i with l^m+i to lower 
the energy of the excited electron. For two neutral al
ternants (Figure 14a), a large stabilization requires there
fore 

\bi*b'v*mv + bt°b's°Vtt,\ 

to be large. The required conditions are given again by 
(30) and the relation 2m + 2n = Aq still holds. 

Consider next the photochemical cycloaddition of an 
excited negative ion and a neutral molecule (Figure 
14b). (If the neutral molecule is excited, the excitation 
energy will probably decay rapidly onto the odd ion 
which, thanks to its nonbonding orbital, is the species 
with the lowest excitation energy.) The transition is 
from nonbonding orbital \p„> to lowest antibonding 
orbital </v+i- Equation 21a of part I, in which we 
reverse prime and unprimed notations, gives the rele-

\rr' 88^ / \ r « ' er^ /_ 

These conditions lead to 2m + 2« = Aq (m = n). 
Under this condition the reaction will occur in one step 
(retarded or not) similarly to reactions I, II, and IV. 
At the start of the reaction the overlaps will be in the 
ratio (d£/dS i r)/(d£/dS ( (0 = bSb^/bfb,'0. If 2m 
+ 2n = Aq + 2, the linear term vanishes, and chances 
are the reaction will not occur. To make sure, how
ever, it is necessary to consider the second-order terms; 
the treatment is then similar to that for different mole
cules. 

For different molecules, any significant energy stabil
ization comes from the term illustrated in (31) (see also 
part I, eq 26, and subsequent discussion). In part I 

«m — ei' 

vant change in interaction energy 

- £ ( < V r ' 2 - C„'+l,r'2>?rr'SW' + 

(31) 

(YlCjrCn'r'Tlrr'Y ( £ c , , . C n ' + l,r'»?n-'Y 

6 , - 0 - E «< — e n '+ l 

The largest terms are difficult to select but are probably 
those for the interaction of the "hole" with the top 

(23) By "well separated" we mean that e„ — tj, is large compared with 
the matrix element in the numerator (part I1

2 ref 20). It is difficult to give 
a definite lower limit for |em — «y | but one should be wary of energy dif
ferences smaller than 0.3/3. 
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Figure 16. Unusual case where excitation is trapped in shorter 
chain. 
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Figure 17. Unusual case where Aq and (4# + 2) processes compete 
in photochemical cycloaddition. 

bonding orbital \pm and lowest antibonding orbital 
^ m + 1 of the neutral alternant 

(.h*cv*Viv + bt°ct,*Vtl,y 

{bx*cv*Vw - b(°ct,*Vll,y 
(em<0) (32) 

The first, negative term will be largest and the positive 
term will vanish if conditions (28) are satisfied. For 
an ion with 2n — 1 atoms this gives 2m + 2n = Aq again. 
A similar result occurs for neutral plus excited positive 
ion. In both cases the selection rule may not be very 
stringent. These results should hold for nonalter-
nants and systems with heteroatoms if the relevant 
orbitals have the same qualitative aspects (number of 
nodes, etc.). However the relative importance of the 
interactions \pm «-> yj/m>, and t/'m+i <-> "Am'+i will now de
pend on which couple lies closer in energy. 

The selection rules for photochemical cycloadditions 
are thus as follows. Photochemical reactions are 
strongly favored and occur in one step if the total number 
of electrons is 4q, forbidden if it is 4q + 2. Again the 
result coincides with the Hoffmann-Woodward rules. 

For photochemical reactions there exists two par
ticular situations for which the selection rules may be 
modified. (1) The excited system has a higher excita
tion energy than the molecule it interacts with. In 
our study of the interaction between different mole
cules, we assumed (Figure 5) that the excited molecule 
is that with the lowest excitation energy, i.e., the 
longest chain. Generally this will be true be-

Figure 18. Photodimers of tropone. 
(W 

cause excitation energy in the shorter chain can al
ways be transferred, in principal, to the longer one. 
However, sometimes for singlets and generally for trip
lets, this transfer occurs via electron exchange and re-
quies orbital overlap between acceptor and donor, but 
this same overlap also brings on the reaction. It is 
thus conceivable that the excitation can stay trapped 
long enough in the shorter chain for the reaction to 
start while the shorter chain is still excited. This is 
equivalent to saying that internal conversion in the 
newly forming adduct does not occur immediately, but 
only after the reaction is "well on its way." This is 
shown in Figure 16. Similar reasons have been in
voked, for the absence of quenching by triplet accep
tors in triplet reactions.24 A look at (31) shows that 
in this case a large, constructive interaction between 
\pm and i/v now leads to a repulsive term, since the 
energy denominator is negative. Therefore Aq cyclo
additions will be forbidden. If the second bonding 
orbital, i / v - i . of the longer chain lies below \pm, the 
reaction will occur for 2m + In = Aq + 2. 

(2) Another slightly unusual behavior occurs if there 
are two neighboring orbitals which both interact 
with the orbital of the excited electron or that of the 
hole. The case is pictured in Figure 17 for alter
nants: \pm' and \pm> _j both interact with \pm; 
ipm'+i and ^m '+2 both interact with \pm+\- Then two 
terms of (31) are important 

(bi*b\.*rm> + b,°b't.°Vlt,y 
*m ^m' 

and 

(33) 

where the a V s are the atomic orbital coefficients of 
\(/m'-i. The first term is large, we have seen, if 2m 
+ 2n = Aq. But the second term is large if 

IaV = a't.° 
or 

bx* = -bt< 
(34) 

The first possibility requires 2m — Ap + 2 and 2« = 
Ap' (viz., next-to-top bonding orbital in butadiene: a\ = 
a4 = 0.372); the second possibility requires 2m = 

(24) H. E. Zimmerman and and J. S. Swenton, /. Am. Chem. Soc, 
86, 1436 (1964). 
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Figure 19. Hiickel molecular orbitals and energy pattern for tropone. 

Ap and In = Ap' + 2. Hence 2m + 2n = Aq + 2. 
The 4<? and Aq + 2 processes will then compete and either 
can occur. 

To summarize, we have proved rigorously the se
lection rules for cycloadditions between closed-shell 
alternant hydrocarbons. The major conclusions 
agree entirely with those of Hoffmann and Woodward. 
It is assumed that these rules hold also for nonalter-
nant systems or even for portions of conjugated chains 
(particularly if the conjugation between the portion 
which reacts and the rest of the chain is weak). Ulti
mately the rules depend on the nodal properties of the 
relevant orbitals. The nodal properties determine 
the relative sign of terminal atomic orbital coefficients 
in the interacting orbitals (eq 26, 28, and 30). So the 
calculations simply confirm the qualitative behavior 
inherent in the molecular orbitals. Finally two im
portant restrictions are brought to light for photo
chemical cycloadditions: 4q + 2 closures are possible 
(1) if the excitation is trapped in the shorter chain, or 
(2) if the orbital of the hole or that of the excited 
electron interacts simultaneously with two neighboring 
orbitals on the other molecule. An example of the 
latter case is studied in the next section. 

There remains the question of whether cycloadditions 
which do not follow the Hoffmann-Woodward rules 
are indeed two-step reactions, as they asserted. This 
seems to be true whenever the reaction really violates 
the selection rules established here: the pathway of the 
photochemical Diels-Alder reaction (Via) is two-
step, as would be the pathways for the thermal 2 + 2 
additions studied in the first section. However, photo
chemical Aq + 2 cycloadditions occurring in the ex
ceptional situations just quoted and which appear to 
violate the Hoffman-Woodward rules may well be 
one-step reactions. 

Organic chemists may find it worthwhile to attempt 
to create such special circumstances in order to ob
tain particularly difficult Aq + 2 cycloadditions. 

The Photodimerization of Tropone 

Recently Kende has obtained,25 by exposing a so
lution of tropone in acetonitrile to a mercury source, 
three dimers in approximately equal yields. These 
dimers correspond, respectively, to (6 + 4), (6 + 2), and 

(25) A. S. Kende, J. Am, Chem. Soc, 88, 5026 (1966). 

(4 + 2) modes of addition (Figure 18). At the same 
time the (6 + 6) dimer was obtained in acidic medium.26 

The (6 + 2) and (6 + 6) dimers "obey" the Hoffmann-
Woodward rules, whereas the (6 + 4) and (4 + 2) 
compounds violate the rules and should therefore, 
according to Hoffmann and Woodward, proceed 
through multistep mechanisms. Indeed, Kende has 
very recently obtained27 experimental evidence that 
all three dimers which he observes arise by way of one 
or more intermediates of triplet multiplicity. A 
brief investigation shows that the (4 + 2) compound 
might also be expected to form under concerted con
ditions and that it has a large TT stabilization energy. 
This large stabilization for a (Aq + 2) photoadduct 
serves to illustrate potential exceptions to the usual 
selection rules. 

Figure 19 shows the Hiickel IT molecular orbitals 
and orbital energies of tropone, calculated with a 
modified Coulomb integral on the oxygen atom, Aa8 = 
j3. The orbitals are either symmetric (S) or anti
symmetric (A) with respect to the axis of symmetry. 
Using these orbitals we can discuss the interaction 
energy between a ground-state tropone molecule and 
another molecule in an excited state. The reaction 
should occur in the lowest singlet or triplet excited 
state, which can have either T —*• ir* or n -»• ir* character. 
(We do not know which a priori, but the lowest n -»• 
ir* state, n -»• \p-„ should have a particularly long 
lifetime for spatial symmetry reasons alone, since the 
•K orbital has a node on the oxygen). The expressions 
for AEiat in the case of n -*• 7r* transitions will account 
simply for the additional electron appearing in the ir 
system in some antibonding orbital \pk; they are similar 
to (15a) and (21a), part I, with the simplification that 
all terms involving \pj and cjr drop out. 

A quick look at the relevant first-order terms shows 
that the interaction energy between a tropone molecule 
in its ground state and another in the excited state 
^4 -*• \f/b or n -*• \po favors the (6 + 6) and (6 + 2) 
additions but inhibits the (6 + 4) and (4 + 2) additions, 
as shown in eq 35, where the terms in brackets are to be 
left out in the n -*• \p-0 case. Clearly in the second and 
last expressions the linear terms are of opposite sign, 

(26) (a) T. Mukai, T. Tezuka, and Y. Asasaki, ibid., 88, 5025 (1966); 
(b) T. Tezuka, Y. Akasaki, and T. Mukai, Tetrahedron Letters, 1397 
(1967). 

(27) A. S. Kende, private communication (1967); A. S. Kende and 
J. E. Lancaster, / . Am. Chem. Soc, 89, 5283 (1967). 
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Figure 20. Reaction pathways for tropone photodimerizations. 
Dotted paths require activation energy. 

so that the simultaneous formation of two bonds will 
be less favorable than the closure of only one bond 
(compare with eq 17 for the photochemical Diels-
Alder reaction). On the other hand, in the (6 + 6) and 
(6 + 2) cycloadditions the linear terms reinforce each 
other and the pathways should be one step. 

((6 + 6) A£ int = [-10.27IT7 2 2 , + 0.27I1Jn-I] -
[0.154^22' + 0. 154T777'|, etc. 

(6 + 4) A£ in t = [-[0.27IT7 2 2- - 0.218T767-I1] -
|0.154TJ22- - 0.128rj67-[, etc. 

(6 + 2) A£ int = [-[0.27ITJ2 2- + 0.12Ir)37-I] -
[0.154TJ22- + 0.036Tj37-I, etc. 

(4 + 2) A£iBt = [-[0.27ITJ2 2- - 0.097TJ33-[] -
[0.154TJ22- - 0.03OTJ33-I, etc. (35) 

However, there are still two mechanisms which could 
eventually lead to concerted pathways for the (6 + 4) 
and (4 -f- 2) dimers. The first possibility which comes 
to mind is that two excited states of different spatial 
symmetry but of nearly equal energy may be involved. 
For instance, the excited state corresponding to the 
fa -* fa transition has A symmetry, with a Hiickel 
transition energy |1.158/3|. The lowest TT -»• 7r* ex
cited state of S symmetry (^4 -+• fa) has an excitation 
energy 1.331/31, and could well be lowered28 by con
figuration interaction with the neighboring fa -*• fa 
state (transition energy |1.692/3|). For the interaction 
energy between a molecule in this excited S state and a 
ground-state molecule, the linear terms are 

(6 + 4) A£ ln t = - |0 .154TJ2 2- - 0.128Tj67-I etc. 

(4 + 2) A£ int = -|0.149Tj36-I -

|0.154TJ22- - 0.03O7J35-I, etc. (36) 

We see that the (6 + 4) cycloaddition is still strongly 

(28) A recently published self-consistent field calculation, [H. Kuroda 
and T. Kunii, Theoret. Chim. Acta, 7, 220 (1967)] gives the lowest A 
state (essentially ^4 -* <Pt) at 3.73 eV and the lowest S state (roughly the 
mixture 0.86I/M ->• ̂ s - 0.50^8 - • <l>i) at 4.20 eV. (Note how well these 
values agree with the HUckel estimates for /3 = — 3 eV.) The lowest 
triplet state is also of A symmetry. These results indicate that photo-
reaction in an excited S state is improbable. 

forbidden, whereas the (4 + 2) cycloaddition might 
possibly occur in a concerted fashion. If the bonds 22' 
and 35' are being formed at roughlv the same rate 

A£ int = 0.119TJ36- + 0.154TJ22- (37) 

The linear terms are small but are both favorable; 
together with the stabilizing second-order terms coming 
from £ i n t (which favor this Diels-Alder type con
densation), they render this mechanism possible. 
The (4 + 2) addition could conceivably occur in a con
certed fashion if one molecule were in the fa -*• fa 
state. Reaction in the n -*• ^6 state seems ruled out, 
however, since the term — j0.149rj35-| in the last ex
pression of (36) drops out. 

A second potential mechanism arises from the pe
culiar orbital energy pattern of tropone, in particular, 
the existence of two nearly degenerate low-lying anti-
bonding orbitals. In consequence, the excited electron 
(in fa when the molecules are separate) sees its energy 
lowered, not only by mixing of fa with fa', and for
mation of the corresponding intermolecular orbital, 
but also by a strong interaction between fa and the 
orbital fa: This is true whether the excited state is 
n -*• fa or fa -*• fa- The corresponding stabilization 
energy is - (2rr-cs,.c6<,.<Tj,v)2/(£6- - £5) (see I, eq 21a) 
and is found to be very large, 0.243TJ63<

2//3 in the case (4* 
+ 2) (where the excited molecule contributes the longer 
chain of the cycloadduct). 

Interaction energies have been calculated for the 
(6* + 4) and (4* + 2) additions for both n-^fa and 
fa -»• ^5 excitations. The reaction pathways, cal
culated for k = 3, are drawn in Figure 20. All re
actions require two steps; however, there is a sharp 
difference between the energetics of the (6* + 4) and 
(4* + 2) reactions. For the former either there is no 
substantial stabilization when either bond closes (n -»• 
fa case), or a substantial stabilization energy exists 
but the activation energy required to close the second 
bond is very large, —0.219/3 = 15 kcal/mole (^4 -»• 
fa case). In either case the over-all 7r energy when 
both bonds are closed is repulsive (compare with the 
photochemical Diels-Alder reaction, Figure 8). No 
concerted pathway can be found and the reaction must 
proceed in two steps. 

The energetics of the (4* + 2) cycloaddition are quite 
different, however. Take, for instance, the case of the 
fa -*• fa excited state. Here the 22' closure probably 
occurs first because it gives a much larger initial sta
bilization. But once 22' is closed, the barrier opposing 
the establishment of bond 53' is small,29 -0.062/3 = 
4.3 kcal/mole, and the over-all stabilization when both 
bonds are closed remains appreciable, 0.119/3 = —8.4 
kcal/mole, of the same order of magnitude as in Diels-
Alder exo additions. Hence, although one bond closes 
after another, this may occur in a near-simultaneous 
fashion since the second barrier is low, and the cal
culated reaction path resembles much more the retarded 
one-step thermal Diels-Alder reaction path than the 
true two-step reaction path of the photochemical 
Diels-Alder addition. 

Note that the (4* + 2) addition in the n-*• fa ex
cited state also gives a (rather peculiar) concerted re-

(29) If bond 53' were to close first, there would also be a small 
secondary activation energy for the closure of 22'. The energy peak for 
closure of the second bond occurs at S22' = 0.072 for Sw = 0.2. 
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action path. For k = 3 the interaction energy has the 
form 

£int*/|3 = |0.462S22' - 0.090S63'|-2.40S22'2 -

0.045S53'
2 + 1.17S53-S22' (38) 

The reaction path given by (7) 

SW _ -0.090 - 0.090553' + 1.17S22' 
S22' 0.462 - 4.80S22' + 1.17S63' 

corresponds initially to closure of bond 22' (S53' = 
0). But, when S22' reaches the value 0.098, S53' sud
denly increases very rapidly, until it reaches 0.2 for S22' = 
0.137. The pathway crosses the diagram sharply 
as bond 53' "catches up" with bond 22' and finally 
terminates first. The bond which starts closing first 
should terminate last! The calculated reaction path cor
responds again to a concerted mechanism. 

Admittedly our discussion of tropone photodimer-
izations is rather crude: electrostatic interactions may 
play an important role, particularly in the n -*• \[/6 

excited dimer. For the ^4 -*• ^5 excited state, how
ever, both Huckel and SCF calculations28 indicate that 
the ring is positively charged (and the oxygen atom 
negatively charged) both in the ground and excited 
(^4 -*• ^s) molecules. For this state, therefore, elec
trostatic interactions, although they have been in
voked,2613 should not determine the reaction pathway. 

To summarize we have shown that a (4* -f 2) quasi-
concerted cycloaddition is allowed and possesses a 
favorable electronic energy path. Although the ac
tual (4 + 2) dimerization occurs via a triplet inter
mediate,27 the ready formation of this (4g + 2) cyclo-
adduct is easily understood in terms of the large sta
bilization energy which we have calculated. It is also 
in line with the more general selection rules given in 
the previous section. 

Discussion 

We would like to summarize briefly what appear 
to be the major strengths and weaknesses of this 
theory. A major flaw, inherent to all molecular or
bital theories, is the lack of correlation between the 
order of the orbitals and the order of states. Care 
must be exercised when considering patterns of electrons 
in one-electron orbitals. The situation of lowest 
total energy may not be that with the lowest total 
one-electron energy (example: the lowest singlet ex
cited state of naphthalene). Other weaknesses are 
the following. 

(a) Neglect of Explicit Intermolecular Coulomb In
teractions. This neglect may cause erroneous prediction 
of reaction paths, particularly when large net charges 
force a pathway different from that favored purely from 
the overlap viewpoint. Thus we failed to explain, with
out invoking Coulomb effects, the formation of VII, 
rather than VIII, in the condensation of acrolein. Al
though the theory is successful with neutral alternants, 
it is particularly weak in predicting the course of reac
tions governed by net charge interactions, and further 
improvement of the theory is required to obviate for 
this.30 

(30) A. Devaquet and L. Salem, "Intermolecular Orbital Theory of 
the Interaction between Conjugated Systems. I l l ," to be submitted 
for publication.80* 

(30a) NOTE ADDED IN PROOF. The competing role of ionic interac-

(b) Neglect of Explicit Interaction with the 0- Elec
trons (in certain cases). We assumed that the a bonds 
create a repulsive wall in the region of distances 2-2.5 A, 
where the overlap of the p orbitals is about 0.2. Spe
cific cases will occur where this wall may be highly 
directional or extend to larger distances. In these 
cases the extended Huckel theory should be more use
ful than the present approach. However, cases 
of (a) steric hindrance, which could modify the pre
ferred reaction path, can often be detected with molec
ular models. 

Professor Coulson has remarked31 that the a elec
trons would be expected to play an important role 
(let alone because the total 0- density in an aromatic 
molecule exceeds the total -K density almost everywhere) 
and that yet the theory is reasonably successful in 
dealing only with the TT electrons. Perhaps what 
counts is that the TT density "sticks out" more32 toward 
the other molecule, but certainly the fact that reaction 
paths and reaction products seem to be predictable by 
consideration of the reactants alone is a strong indi
cation that in these cycloadditions the transition state 
is much nearer the separate conjugated systems than the 
final condensed product. A similar situation seems to 
obtain for electrocyclic ring openings (or closures) of 
cyclobutenes and cyclohexadienes.33 

(c) Existence of the Parameter k. Calculations here 
were all effected, with k = 3 (and /3 = — 3 eV), a value 
which is approximate. However variations of k within 
reasonable limits should not modify the qualitative 
behavior of the reactions, which depends on the molec
ular orbitals and their nodal properties. 

In spite of these weaknesses, the theory seems to carry 
some potentiality for a few major reasons. One is 
the ease with which one obtains an expression for the 
interaction energy, for thermal or photochemical re
actions, and the consequent ability to draw out a "theo
retical" reaction pathway or, even if one wishes, draw 
energy contours. One can distinguish readily between 
"concerted" additions, whether one-step or retarded 
one-step like the Diels-Alder reaction, and two-step 
additions. For the former one calculates T electron 
stabilization energies; for the latter one can estimate 
the 7T barrier inhibiting the second step. Admittedly 
the 7T energy changes are only indicative and ulti
mately <x energy charges will have to be computed 
to obtain accurate activation energies. But the or
ganic chemist may find it useful to possess a tool 
which he can use quickly in his laboratory and which 
enables him to test on paper, with some measure of re
liability, all the possible pathways of the reaction he is 
attempting. Of course, a good knowledge of the 
states of the separate systems is required. Furthermore, 
one should always keep in mind that a reaction which 
can occur, according to the reaction diagram, in a con
certed fashion, may yet occur in two steps via a triplet 

tions and orbital interactions has recently been emphasized by G. 
Klopman and R. F. Hudson, Theoret. Chim. Acta, 8, 165 (1967), 
and Tetrahedron Letters, 1103 (1967). 

(31) C. A. Coulson, private communication. 
(32) See for instance, M. D. Newton, F. P. Boer, and N. W. Lipscomb, 

J. Am. Chem. Soc, 88, 2367 (1966). A careful look at their Table VI 
shows that already at a distance of 2 au (1 A) from the plane of the ben
zene ring, the v density exceeds the a density everywhere. 

(33) R. B. Woodward and R. Hoffmann, ibid., 87, 395 (1965); see 
also A. Streitwieser, Jr., R. J. Jagow, R. C. Fahey, and S. Suzuki, ibid., 
80, 2326 (1958), where an early transition state is proposed on the basis 
of studies of secondary isotope effects. 
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intermediate. The reaction path may then be useful 
only in determining the first step. 

Another reason is the achievement of a certain de
gree of physical insight into the electronic mechanism 
of the reaction. Just as molecular orbitals have become 
important in understanding the stability of a given con
jugated molecule, the specific interaction of molecular 
orbitals in a reaction, and their combination to form 
intermolecular orbitals are crucial factors in deter
mining the readiness of a reaction. There have been 
many pioneers in this field.15'16'20,34 The purpose of these 
papers has been to establish more rigorously the role 
of each molecular orbital interaction. The impor-

Thermal reactions 

molecule A molecule B 
[unoccupied -^unoccupied 
[ occupied-*'' ^occupied 

Photochemical reactions 
(excited species A) 

"excited" 
"hole" 

unoccupied 
occupied 

(34) See also H. C. Longuet-Higgins and E. W. Abrahamson, /. Am. 
Chem. Soc, 87, 2045 (1965); H. E. Zimmerman, Science, 153, 837 (1966). 

tant orbital interactions may be summarized in the 
scheme shown where "excited" and "hole" refer to 
the orbital of the excited electron and the orbital with 
the hole, respectively. This scheme emphasizes which 
orbital interactions must be favorable for a given reac
tion to be allowed. The relevant orbitals are generally 
the top occupied and lowest unoccupied on each mole
cule. This scheme is strictly valid only for closed-shell 
molecules. 
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Abstract: The fluorescence characteristics of fluoranthene and three of its derivatives, 3-phenylfluoranthene, 3,3 '-
bifluoranthenyl, and 3-aminofluoranthene, are reported. For fluoranthene in particular, the natural lifetime, 
Stokes shift, and relative immunity to concentration and oxygen quenching are found to be anomalous. The first 
two of these characteristics, long lifetime and large Stokes shift, are interpreted as supporting evidence that fluores
cence takes place from a partially hidden level. For the most intense absorption band associated with this transi
tion (1Lb), ema* is estimated to be 270 ± 40. The anomalous immunity to quenching has not been explained as yet. 
Depending on the type and position of the substituents, derivatives of fluoranthene also possess some or all of the 
above anomalies. The synthesis and purification of the above derivatives of fluoranthene are also reported. 

Fluoranthene (II in Table I) is a nonalternate con
jugated hydrocarbon and therefore has been of in

terest in theoretical and experimental studies.2,3 We 
have studied the fluorescence characteristics of fluoran
thene and several of its derivatives (III-V in Table I) in a 
dilute cyclohexane solution and have found that most of 
these compounds have many anomalous character
istics. In particular, II has four anomalous fluores
cence characteristics: (1) the value of the fluorescence 
lifetime r0m obtained from measuring the decay time, 
T, and the quantum yield, QY, is many times greater 
than a calculated value, r0c (Table I), obtained by in
tegrating over its long-wavelength band; (2) its Stokes 

(1) Work performed under the auspices of the U. S. Atomic Energy 
Commission. 

(2) (a) J. Koutechy, P. Hockman, and J. Michl, J. Chem. Phys., 40, 
2439 (1964); (b) E. Heilbronner, J. P. Weber, J. Michl, and R. Zah-
radnik, Theoret. CMm. Acta, 6, 141 (1966). 

(3) B. L. Van Duuran, Anal. Chem., 32, 1436 (1960). 

shift is very large; (3) it appears to be immune to con
centration quenching and excimer formation; and (4) it 
is relatively resistant to oxygen quenching. It is our 
belief that the last two anomalies are unrelated to the 
first two. 

Fluorescence measurements were made with equip
ment and according to procedures described elsewhere.4 

All measurements were made on dilute cyclohexane 
solutions in the concentration region of about 0.2 g/1., 
and the solute was excited directly by monochromatic 
radiation. The following data were obtained: the 
absorption spectrum, the fluorescence spectrum, the 
fluorescence decay time, T, and the relative intensities of 
the fluorescence spectra of a nitrogenated and an aer
ated solution, L0JL. They are shown in Figure 1 in 
part. From the data, calculations were made of (1) the 

(4) I. B. Berlman, "Handbook of Fluorescence Spectra of Aromatic 
Molecules," Academic Press Inc., New York, N. Y., 1965. 
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