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Abstract: The electronic structure of biphenyl, fulvalene, and related molecules in ground and excited states is 
studied. To a r-electron SCF and SCF-CI calculation we couple an evaluation of the H-H repulsion to estimate 
torsional potential energy curves in ground and excited states. The changes in conformational preferences in 
excited states are easily predicted from a simple correlation diagram connecting planar and twisted molecules. 
Thus for two coupled q 7r-electron systems one expects planar ground states, possibly twisted excited states, for 
q = 4n + 1 or 4n + 3 ;  planar ground or excited states, possibly triplet or quintet ground states, for q = 4n; 
possibly twisted ground states and planar excited states for q = 4n + 2. 

he molecule of biphenyl is planar or nearly so in T the solid state,’V2 twisted some 40” around the 
central single bond in the vapor phasei3 The ground- 
state torsion is thus clearly a delicate balance of non- 
bonded repulsion and conjugation, and the ground- 
state rotational potential has attracted some theoretical 
attention. 4-6 There have been a number of calculations 
directed toward explicating the spectrum of biphenyl.’-I3 
These calculations probe only the ground-state geom- 
etry, and generally good agreement with experiment is 
obtained for twist angles correlating well with the vapor- 
phase equilibrium geometry. That the inter-ring bond 
acquires some double-bond character in the lowest 
excited state of the molecule is an obvious conclusion 
from either a ~a lence-bond’~  or molecular-orbitalI5 
viewpoint. The influence of this potential energy 
change on the position and intensity of electronic 
transitions has been ably discussed by Jaffd and 
Orchin. Recently, some stimulating experiments 
were reported by Wagner.I6 From a study of the 
singlet-triplet absorption, its quenching, and the 
phosphorescence of biphenyl, it was concluded that in 
its lowest excited triplet biphenyl was planar, in con- 
trast to its twisted ground-state equilibrium conforma- 
tion. 
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In order to analyze this conformational change in 
biphenyl, we describe here some semiempirical self- 
consistent-field-configuration-interaction (SCF-CI) cal- 
culations on the molecule. For contrast with biphenyl, 
a molecule which as a result of a relatively minor steric 
interaction is twisted in the ground state but overcomes 
the steric disadvantage in the excited state, we chose for 
similarly detailed study a molecule planar in the ground 
state but tending less to  planarity in its excited states, 
fulvalene. We also considered the interesting cases of 
dicyclobutadiene and dicyclopropenylidene. 

Method 
To obtain a potential energy curve we superimpose on 

a Pariser-Parr-Pople SCF-CI r-electron calculation17 
an evaluation of the nonbonded repulsion between ring 
hydrogens. The method and parameters of the SCF- 
CI calculation are the same here as those reported 
previously by us. 

Fischer-Hjalmars, in her previous ground-state study 
of biphenyl,6 tested four potential functions for the 
hydrogen-hydrogen interaction. They were all of the 
form 

t 1) 
and differed if! the choice of constants. In eq 8 the 
distance is in A units and the energy in kcal/mole. We 
also tested the four potential functions and obtained 
the most reasonable geometries (planar or near-planar 
excited state, twisted ground state) with the Bartell 
function,Ig in which A = 6590, B = 0.245, and C = 
49.2. 

The H-H interaction energy, summed over all inter- 
actions, was simply added to the total ir-electron energy 
to obtain the rotational potential energy curves in 
various excited states. The Q-ir interaction which 
appears in nonplanar states was neglected, as well as 
the Jahn-Teller and pseudo-Jahn-Teller effects which 
are expected in some degenerate or near-degenerate 
rotated excited states. All the geometrical parameters 
of the molecule except the torsional angle around the 

V(H,H) = A exp(-r/B) - Cr-6 

(17) L. Salem, “The Molecular Orbital Theory of Conjugated Sys- 

(18) R. Hoffmann, A. Imamura, and G. D. Zeiss, J .  Am.  Chem. Soc., 

(19) L. S. Bartell, J .  Chem. Phys., 32, 827 (1960). 

tems,” W. A. Benjamin Inc., New York, N. Y.,  1966. 

89, 5215 (1967). 

Imamura, Hoffmann 1 Ground and Excited States of Biphenyl, Fulvalene, and Related Compounds 



5380 

Table I. Observed and Calculated Excitation Energies and Oscillator Strengths in Biphenyls 

7 Obsd excitation energy --Calculated energy (oscillator strength)- __ 
(4 0" 45 90 

Singlets 
4.  l€ib 4.82 ( 1 1 )  (0.38) 5.12 (1) (0.001) 5.25 (f) 

5,22c (16,500*) 5.00 (I) (0.01) 5.22 ( 1 1 )  (0.19) 5.63 ( ) (0.002) 
5.67 (f) 5.64 (f) 6.90 A i )  (2.34) 

6.43d (45,Wb) 6.47 ( 1 1 )  (1.78) 6.57(11)(1.95) 7.48 ( I ) ( 2 . 5 5 )  
6.52 (f) 6.93 (I) (0.28) 

7.4d (35,000b) 7.30 (1) (1.70) 7.38 (I) (1.61) 

4.99 (f) 5.15 (I) (0.0004) 5.59 (f) 

3 . 2 7 ~  3.30 
Triplets 

3.60 3.82 

a Energy is in eV; 1 1  polarization parallel to long axis, I perpendicular to long axis; (f) means transition is dipole forbidden. All ob- 
Reference 11. Reference 10; also M. Na- 

8 Reference 16. 
served excitation energies measured in vapor phase, except for the longest wavelength one. 
kamizo and Y .  Kanda, Spectrochim. Acta, 19, 1235 (1963). E. P. C a n  and H. Stuecklen, J. Chem. Phys., 4, 760 (1936). 

inter-ring bond were maintained the same in ground and 
excited states. 

Biphenyl 
To check the validity of our approximations, we 

first compare the excitation energies and oscillator 
strengths calculated from the closed shell SCF-CI 
method with experimental results. As was mentioned 
above, many authors have carried out such calculations 
and obtained good agreement with experiment. Our 
results for planar, 45 O twisted and perpendicular bi- 
phenyl are presented in Table I. *O 

L I 

The approximations that enter into the 7-electron 
part of the calculation thus appear to be reliable, and 
we can proceed to the computation of the torsional 
potential. The calculations of Fischer-Hjalmars6 on 
the ground-state torsion showed that with the proper 
choice of hydrogen-hydrogen interaction potential one 
could obtain good agreement (equilibrium angle of 
twisting of 30-40") with the experimental geometry of 
biphenyl. 

Figure 1 shows the calculated total energy curves 
(7-electron SCF-CI + hydrogen-hydrogen interaction) 
of the ground state and lowest singlet and triplet excited 
states. Figure 2 shows the results of an extended 

E (ev) 

Angle of Twist 

Figure 2. Extended Huckel energy cs. angle of twist for biphenyl. 
The energy zero has been arbitrarily assigned to the planar con- 
formation. 

90 60 30 0 30 60 90 
Angle of Twist 

Figure 1. 
lowest singlet and triplet (symmetry SA) of biphenyl. 
energy scale is interrupted. 

Total energy us. angle of twist for the ground state and 
Note the 

It is clear that the agreement with experiment is good, 
especially for the 45 O twisted molecule. This geometry 
is close to the experimentally observed ground-state 
equilibrium conformation of biphenyl. However, in 
our calculations the presence of a hidden band near 
4.2 eV cannot be well explained. l 1  

(20) The idealized biphenyl geometry that was used had perfect 
hexagonal benzene rings, with C-C = 1.40 A ;  the inter-ring bond was 
1.48 A. All singly excited configurations were included in the CI. 

Huckel calculationz1 on the ground state of biphenyl. 
It should be noted that the extended Huckel calculations 
do not incorporate electron interaction and thus do not 
produce a singlet-triplet splitting. 

The use of the Bartell H-H interaction function leads 
to a slightly twisted ground-state biphenyl and to 
excited-state curves with shallow planar or near-planar 
minima. A qualitatively similar geometry for ground 
and excited states is obtained from the extended Huckel 
calculation. 

Why is biphenyl planar or nearly planar in its lowest 
excited states? We have assumed that the H-H inter- 
action is the same in all states, and so the excited state 
preference is a direct consequence of the lesser curvature 
of 7-electron energy. Figure 3 shows the n-electron 
energy (SCF-CI, all singly excited configurations) 

(21) R. Hoffmann, J .  Chem. Phys. ,  39, 1397 (1963), and subsequent 
Here we use the same parameters, except for a H 1s exponent papers. 

of 1.3. 
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curves of the group of lower singlets and triplets of 
biphenyl. The relation between curvature and sym- 
metry is readily explained on the basis of a correlation 
diagram connecting the levels of a 90" twisted biphenyl 
with those of a planar molecule. 2 2  

The energy levels of an isolated benzene ring are most 
familiar. They are reproduced below, classified ac- 
cording to their symmetry or antisymmetry with respect 
t o  a plane which will contain the long biphenyl axis. :az 

- - I +  

S 
I 

+ +  A S 
I 

- i  + 
+ A +  S 

+ S +  

In a planar biphenyl each of these orbitals will com- 
bine with a corresponding orbital of the other phenyl 

---plane 1 

I 

plane 2 

ring to  give two molecular orbitals, one symmetric, the 
other antisymmetric, with respect to  plane 2. Four 
possible symmetries arise. 

ss i A  

----- 
AS AA 

It is clear that, of the two combinations arising from 
an S orbital, SS will be stabilized considerably, since it 
is 1-1 ' bonding, whereas SA will be destabilized, since 
it is 1-1 ' antibonding. 

AT+ ss 

On the other hand, the two orbitals arising from an A 
level will not be split by much, since, as a consequence 
of antisymmetry with respect to  plane 1, those molecu- 
lar orbitals have no  contribution from atomic orbitals 
at  carbons 1 and 1'. The splitting which puts AS at 
slightly lower energy than AA arises from long-range 
interactions such as 2-2'. 

(22) This correlation diagram has also been constructed by Jaffd and 
Orchin, ref lSa, p 401. 

- l6$ i u  
t ' S S A  

E triplets 

-166 90 60 30 0 30 60 90 
Angle of Twist 

Figure 3. SCF-CI potential energy curves for biphenyl. The 
singlets are at right, the triplets at left. Some energy curves are 
very close to coinciding and have been drawn in the diagram as a 
single curve with two labels attached. Note the interrupted energy 
scale. 

On the 90" twisted side there is generally little inter- 
action, the system being essentially two noninteracting 
benzene rings. The little interaction there is is of the 
spiro type, l6 again dependent on long-range inter- 
actions. Even this minor interaction is straightforward 
to analyze. Orbitals of bz and b3 symmetry (SA and SS 
in the planar form) merge into an e orbital in the Dzd 
geometry. al and bl orbitals (formerly AA and AS) 
now split very slightly as a result of a spiroconjugation, 
with al below bl. 

Dp T 

01 bl 

The complete correlation diagram may now be drawn 
(Figure 4). We have gone in some detail through the 
above analysis to  illustrate how simple ideas of bonding 
and overlap can predict the entire course of a correlation 
diagram. The actual energy levels confirm this analysis 
in every detail. Now that each level is characterized by 
a tendency to  twist (SA), to  resist twisting (SS), or to  
remain at the same energy irrespective of twisting (AS 
or AA), we can proceed to characterize the twisting 
proclivities of excited states. 

The lowest energy multiplet of singlets arises from 
primarily the SA - SS (state symmetry SA), SA - 
AS (AA), SA 4 AA (AS), and SA - SA (SS) excita- 
tions. From the twisting properties of the levels, we 
would anticipate the SS state  to resist twisting by as 
much energy as the ground state, the AA and AS 
states to resist twisting more, and the SA state to  

h a m u r a ,  Hoffmann Ground and Excited States of Biphenyl, Fulvalene, and Related Compounds 
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b,(SA)+ - - - - - - - - -__ 
b,(SS)+ - - - - - - - - -  - - 

0’ twist angle- -90°  
planar perpendicular 

Figure 4. Correlation diagram relating the levels of planar and 
90” twisted biphenyl. The energy levels are classified according 
to their symmetry in Dz and their nodal properties in the planar 
geometry. 

prefer planarity by still more. This is what is observed 
in Figure 3 .  

The ordering of the excited singlets differs somewhat 
from that of the triplets. Roughly speaking, the 
singlet-triplet splitting is twice the exchange integral 
(this is, of course, exactly true in the SCF method, but 
only approximately so when CI is included). In the 
assumption of zero differential overlap the splitting 
becomes 

AES-+T(<-i) = 2Kfi = 2 C C C , r C i s C 3 r C 3 s ( Y Y I S S )  = 
r~ 

2 C ( c z r C j r ) 2 ( r r 1 r r )  + C C C d r C l , C j r C , s ( Y r I S S )  ( 2 )  
T T 8 f . T  

In eq 2 ,  the dominant term is the first. In order for 
this term to be large, the molecular orbitals i and j 
should have the same or related symmetry. In ad- 
dition, the smaller the number of nodes passing through 
atoms in the product of the molecular orbitals i and j ,  
the greater the splitting. On the basis of this argument 
it is expected that SS and SA states will have the largest 
singlet-triplet splittings, in agreement with Figure 3. 

To strengthen our confidence in the excited-state 
properties, we also calculated the lowest triplet states by 
the open-shell method proposed by Roothaan. 3 

There appear no significant differences in the rotational 
potentials. It is interesting to note, however, that the 
closed-shell SCF-CI method yields a lower energy than 
open-shell SCF. 

Our calculations did not allow for geometry changes 
other than torsions in excited states. Such geometry 
changes clearly must take place and are quite pre- 
dictable from the nodal structure of orbitals involved. 
Thus the SA biphenyl excited state is primarily a product 
of the SA - SS excitation. These orbitals have the 
following appearance. 

- ;;-; 
‘”I 

I I I  

(23) C. C. J. Roothaan, Reu. Mod. Phys., 32, 179 (1960). 

On excitation the 1-1 ’ and 2-3 bonds are strengthened 
and the 1-2 and 3-4 bonds weakened. This is apparent 
in the calculated bond orders, and indicates the quinoid 

0.67 0.71 

ground state excited singlet 

valence structure for the excited state 

Fulvalene 
The characteristic electronic features of nonalternant 

hydrocarbons such as fulvene, fulvalene, etc. have been 
extensively studied by Nakajima and coworkers. 2 4  In 
their studies they obtained good agreement with ex- 
periment on the excitation energies and intensities of the 
fulvalene spectrum. In our work we use precisely the 
same procedure as that described in the above section 
for biphenyl. 

The ordering of fulvalene levels would be obtained 
from a simple Hiickel calculation. We prefer the more 
instructive twofold constructions of Figure 5 .  The 
simplest analysis begins with the 90” twisted molecule. 
Neglecting the spiro interaction this is merely a system 
of two noninteracting cyclopentadienyl radicals, with 
each well-known energy level of the five-membered ring 
simply doubled. As twisting toward the planar form 
proceeds, by precisely the same argument as we pre- 
sented for biphenyl, each “doublet” of the 90” twisted 
geometry will split into a stabilized b3 (SS) and a de- 
stabilized bz (SA) level. Each “quartet” will yield a 
stabilized b3, a destabilized bz, and relatively unaffected 
al and bl levels. 

An alternative way to  build up the fulvalene orbitals 
is to consider them as arising from the interaction of two 
butadienes and an ethylene. The interaction diagram 
is shown at left in Figure 5 .  It shows clearly the re- 
pulsion of levels of the same symmetry species. 

The correlation diagram very simply rationalizes 
the preferred planar conformation of fulvalene. There 
are two occupied 7r levels which resist twisting (b3) but 
only one which favors it (bz). The correlation diagram 
also predicts the twisting tendencies of various excited 
states. The al + bz and bl + bp singly excited con- 
figurations should resist twisting by less than the ground 
state and the b3 + bz excited configuration by still less. 

The excitation energies and oscillator strengths we 
calculate25 (closed-shell SCF, all singly excited con- 
figurations in CI) are presented in Table 11, together 
with the results of NakajimaZ4 and experimental ob- 
servations. 

The calculated values are not in good agreement with 
experiment for the planar form. A point of some 
(24) T. Nakajima and S. Katagiri, Bull. Chem. SOC. Japan, 35, 910 

(1962). 
(25) The following assumptions were made regazding the fulvalene 

geometry: all C=C = 1.35 A ;  all C-C = 1.48 A ;  CzClCs angle = 
108”; all other angles determined by assumed distances. All singly 
excited configurations were included in CI. 

Journal of the American Chemical Society 1 90:20 September 25, 1968 
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I I  ' singlets' 

SA- 
SS-;'-. - 

I t  
I triplet; 

two donor two 
butadienes fdvdeno cyclopentadienyl 
+ethylene radicals 

Figure 5 .  The energy levels of fulvalene. At right is a correla- 
tion diagram relating a 90" twisted fulvalene (two cyclopentadienyl 
radicals) to the planar molecule. At left is an interaction diagram 
deriving the planar fulvalene levels from those of an ethylene and 
two butadienes. 

importance and one which we plan to check in the future 
is the question of the adequacy of the usual extent of 
CI, i.e., all singly excited configurations, for non- 
alternant hydrocarbons such as fulvalene. We, like 
others,26 have found the effects of complete CI dramatic 
on even simple alternant hydrocarbons such as buta- 
diene, and we would expect the inclusion of multiply 
excited configurations to  influence the level ordering of 
nonalternant hydrocarbons still more. 

Table 11. Observed and Calculated Excitation Energies 
and Oscillator Strengths in Fulvalene 

Energy (polarizationb) (oscillator strength) 
Obsd Calcda Nakaiima, et aLc 

3.41 (f) 2.38 (f) 
2.98 (?) 3 . 4 7 ( 1 ) ( 0 . 0 5 )  2 . 4 7 ( 1 ) ( 0 . 0 3 )  
3 .93(0.3)  4,79(\1)(1.18) 3.81 ( 1 1 )  (1.2) 

6.32 (f) 
6.44 (f) 

- 

Q Twist angle = 0". Polarization is indicated with respect to 
the long axis. e Reference 24. 

We calculate the torsional energy curves for fulvalene 
ground and excited states from the closed-shell SCF 
method. Since configuration interaction had little 
effect on the torsional potentials of biphenyl, we chose 
not to include it here. Also, with the assumed ful- 
valene geometry,25 a CI-C2-H angle of 120°, and a C-H 
distance of 1.09 A, one finds that the near$st H-H 
contact in the planar molecule is at  2.70 A. This 
is just outside the repulsive region of the Bartell 
potential, and for this reason we omit consider- 
ation of the nonbonded interactions in the case of 
fulvalene. The results are depicted in Figure 6 .  
Several interesting comparisons may be made with 
Figures 3 and 4 for biphenyl, keeping in mind the very 

(26) E.g.,  J. Kouteckj, J .  Chem. Phys. ,  47, 1501 (1967). 

-1371, , , , I I , I I , I d  
90 60 30 0 30 60 90 

Angle of Twist 

Figure 6. SCF-state energies for fulvalene as a function of twisting. 
Singlets are at left, triplets at right. 

different energy scales for the two sets of figures. In 
the ground state of biphenyl, the a-electron energy 
favors a planar molecule by only 0.6 eV, an energy 
overcome by the H-H repulsions. As expected from 
the valence structure, fulvalene resists twisting by much 
more in its ground state, some 4.2 eV. In some biphenyl 
excited states there are greater preferences (up to  1.4 
eV) for the planar form than in the ground state. In 
the excited states of fulvalene the stability of the planar 
geometry is generally reduced (relative to the ground 
state), but the torsional energies remain large. The 
greatest effect, as anticipated from the discussion of the 
correlation diagram, is for the SA(B1) state arising from 
the b3 + b2 excitation. 2,2'-Substituted fulvalenes 
would be expected to be nonplanar in the 3B1 state. It 
is interesting to  compare the effect of going from ground 
to excited state on the torsional potential in our present 
cases of fulvalene and biphenyl with the simple case of 
ethylene: in ethylene excited states the torsional po- 
tential clearly reverses; *', 28 the excited state prefers to 
be twisted 90" from planarity. In biphenyl and ful- 
valene the a bonding which causes planarity, or its 
uncoupling, is diluted by the molecular orbitals in- 
volved in the excitation being delocalized over a larger 
number of atoms. We have noted this effect previously 
in equilibrium geometry changes in excited states of 
polyenes : butadiene twists around one double bond, 
hexatriene twists around the central bond, and octa- 
tetraene and higher polyenes remain planar, though 
all torsional barriers are lowered. 2 9  

It is also interesting to point out again that the 
presence (SA) or absence (AS,AA) of a significant 
singlet-triplet splitting in different symmetry excited 
states of molecules like biphenyl and fulvalene is pre- 
dictable on the basis of the nodal structure of the or- 

(27) R. S. Mulliken and C. C. J. Roothaan, Chem. Reo.,  41, 219 
(1947). 
\ - -  

(28j' An excellent discussion is given in R.  McDiarmid and E. Char- 

(29) R. Hoffmann, Tetrahedron, 22 ,  521 (1966). 
ney, J .  Chem. Phys., 47, 1517 (1967). 
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SA- - - 

SA-. 

ss--'- 

two 
cyclobutadiener 

ss-/' Is"=;:. \-... 
',, SA+--,-- 

three planar two 

-- - \Ss+---- ---- 
ethylenes cyclopropenyls 

Figure 7. The energy levels of dicyclobutadiene and dicyclo- 
propenylidene. At right are correlation diagrams relating the 
levels of a 90" twisted molecule to those of the planar geometry. 
At left are interaction diagrams showing the construction of the 
planar from energy levels from noninteracting components. 

bitals. Still another interesting observation is the 
crossing of the twisted ground-state singlet surface 
with the excited triplet curve for fulvalene. This is 
highly reminiscent of a similar phenomenon calcu- 
lated for ethylene. 27, 2s 

Dic yclobutadiene and Dicyclopropen ylidene 

The first-named of these is very much a hypothetical 
molecule. Its electronic structure does present some 
interesting problems. The level ordering in both mol- 
ecules is easily derived by the two approaches we have 
illustrated: a correlation diagram from a 90' twisted 
system or an interaction diagram from some simpler 
components. In the case of dicyclobutadiene the 
components may be taken as two allyl radicals and a 
double bond. The level schemes are shown in Figure 
7. 

There are several direct implications of the dicy- 
clobutadiene correlation diagram. (1) The AA and AS 
levels are virtually degenerate and so the ground state 
of the molecule should be a triplet arising from the 
(AS) '(AA) configuration. Perhaps even the quintet 
arising from (SS)'(AS)l(AA)'(SA)l is competitive. (2) 
The molecule in its lowest singlet or triplet should 
definitely prefer to be planar, by a torsional energy as 
great as fulvalene. This conclusion follows from the 
fact that there are two SS levels favoring planarity and 
only one SA level preferring twisting. The tendency to  
planarity in two T systems coupled by a formal single 
bond was unusual but, as will be seen below, was 
confirmed by the computations. (3) All the lower 
singlets and triplets are anticipated to have the same 
twisting tendencies. 

- 95 
1 

> al 
Y 

g -100 

z 
c 
w 
0 
- 
+ 

-105 

4530150 153045 
Angle of Twist 

Figure 8. Torsional potential of the lowest singlet, triplet, and 
quintet states of dicyclobutadiene. 

Figure 8 shows the potential energy curves of the 
lowest singlet, triplet, and quintet. The singlet curve is 
obtained from a closed-shell calculation ; the others are 
from an open shell. The triplet state is lowest, but the 
quintet is not far above it. It should, however, be 
noted that complete CI will no doubt stabilize the singlet 
curve since doubly excited configurations are very 
important in nearly degenerate systems. All the lower 
singlets and triplets of dicyclobutadiene show the same 
preference for a planar geometry as the states shown 
in Figure 8. This tendency is remarkable. The 
valence structure which puts a double bond at the ring 
junction must describe the system well. 

The ground and lower excited states of dicyclopro- 
penylidene are shown in Figure 9. The torsional be- 
havior is not interesting, but the spectral predictions 
for this very strained molecule are remarkable. An 
allowed singlet transition comes at 2.6 eV, and the 
lowest triplet is only 1.7 eV above the ground state. 
These are remarkably low energies for what is essen- 
tially a conjugated triene, but in view of our relative 
lack of success in calculating the fulvalene spectrum 
they should be treated with skepticism. 

General Use of the Correlation Diagram 
The essential features of the correlation diagram we 

drew for bicyclopropenylidene will be trivially modified 
for bicycloheptatrienyl (heptafulvalene). It is easy 
to  derive the following general rules for the torsional 
behavior of two coupled n-electron systems, each with 
q T electrons 

(1) q = 4n + 1. The essential part of the correlation 
The ground state is planar. diagram is shown below. 

Excited states reduce the tendency 
bulky substituents may twist. 

7 

to  planarity and with 

Journal of the American Chemical Society 1 90:20 September 25, 1968 
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I l l  - 
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- 

0)  singlets b 4  triplets 
c -75- - 
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- 
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90 60 30 0 30 60 90 

Angle of Twist 

Figure 9. Total energy as a function of twist angle for the lowest 
singlets (left) and triplets (right) of dicyclopropenylidene. Double 
labels imply two energy curves nearly coincident. 

(2) q = 4n + 3. Theground state is planar. Ex- 
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cited states reduce preference for planarity and may 
twist. 

The ground state is planar and likely (3) q = 4n. 

7 

to  be a triplet (or quintet). Conformational preferences 
in ground and lower excited states remain the same. 

(4) q = 4n + 2. The ground-state T energy is 

L 7 
indifferent to twisting and so steric forces may lead to an 
equilibrium twisted conformation as for biphenyl. 
Lower excited states show greater tendency to planarity. 

This use of correlation diagrams can be extended to  
other series of molecules. Consider the correlation 
diagrams of Figure 10 for the interaction of two allylic 
systems with q electrons, illustrated for biallyl and 
bipentadienyl. The antisymmetric allylic orbitals are 
coupled only by a spiro interaction18 but symmetric 

planar perpendicular 

Figure 10. Correlation diagrams for biallyl and bipentadienyl. 

planar perpendicular 

Ok 
Figure 11. Correlation diagram for twisting benzyl. 

ones by the much stronger direct interaction. Thus 
for biallyl, or any system with q = 4n + 3, there is a 
delicate balance between singlet and triplet ground 
states. For q = 4n + 1, the nonbonding orbital 
splitting is large and the molecule is clearly a singlet 
ground state (Le., bipentadienyl becomes 3,4-di- 
vinylhexatriene). The q = 4n + 1 systems should have 
planar ground states and twisted excited states, but the 
conformational preference of the q = 4n + 3 diradicals 
should not change in its lowest energy states. The 
electronic structure of biallyl is of considerable interest, 
and extensive calculations on this molecule were carried 
out in our laboratory. 30 

The interaction of two r-electron systems with 
unequal numbers of electrons may be analyzed in a 
parallel manner. Consider for instance the correlation 
diagram relating the energy levels of a twisted benzyl 
system with those of a planar one (Figure 11). As one 
twists from perpendicular to planar, the methyl p 
orbital begins to interact with phenyl ir orbitals of 
similar symmetry. The correlation diagram implies 
that ground and excited states of benzyl radical should 
have similar torsional preferences. We plan to  report 
on the benzyl system at a later time. 
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