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Abstract-Ab inifio molecular orbital theory with the STO-3G and 4-31G basis sets is used to determine the 
equilibrium geometries, enthalpies of formation, strain energies and Spiro-interactions for spiro[3.3]heptane and 
spiro[3.3]hepta - 1.5 - diene. For spiro[3.3]heptane, molecular mechanics calculations suggest that the component 
cyclobutane rings are puckered to a greater extent than in cyclobutane itself. For spiro[3.3]hepta - I,5 - diene, 
STOJG calculations predict that the component cyclobutene rings deviate slightly from an orthogonal arrange- 
ment. Spiro-interactions in spiro[3.3]hepta - 1.5 - diene are revealed by comparing the calculated struct?ral 
parameters and strain energies with those of appropriate reference systems. The n-orbitals in spiro[3.3]hepta - 1.5 - 
diene are predicted to be split by about 0.4 eV. 

INTRODUCTION 

Spirocompounds consist of two perpendicular or near- 
perpendicular rings joined by a common tetracoordinate 
atom. The special structural arrangements of spiro- 
compounds are of chemical interest and the energies, 
structures and r-electron interactions (spirocon- 
jugation,’ spiroaromaticity’) in these molecules have. 
received considerable theoretical and experimental 
attention.3 However, despite the activity in this area, 
direct experimental thermochemical and structural data 
are rather limited. 

An alternative source of such data is from reliable 
theoretical calculations and, in particular, from ab initio 
molecular orbital theory. This technique has previously 
been used with considerable success in systematic studies 
of equilibrium geometries, molecular conformations, 
molecular energetics, charge distributions and dipole 
moments for a variety of hydrocarbons.G9 In an earlier 
paper,” we applied ab initio molecular orbital theory to 
Spiro-hydrocarbons consisting of 3- and 5-membered rings. 
In this paper, we use a similar approach to study the 
structures and energies of Spiro-hydrocarbons, namely 
spiro[3.3lheptane and spiroI33lhepta - 1,s - diene, consis- 
ting of two Cmembered rings. 

COMPUTATlONAL. MECEODANDRFSDL.'lS 

AU ab initio calculations were performed with a 
modified version of the Gaussian 70 system of pro- 
grams.““’ Structural parameters of spiro[3.3]heptane 
t&) and spiro[3.3]hepta - 1,5 - diene (C2) were fully 
optimized using the STO-49 basis setI and a gradient 
optimization procedureI with the exception that the 
C-H bond lengths and the HCH and remote HCC bond 
angles were taken from the theoretical STO-3G struc- 
tures’ of the appropriate component rings. This assump- 
tion, which was introduced to reduce computation time 
for these large systems, is justified in the light of the 
results of our previous studies of Spiro-hydrocarbons”’ 
and distorted monocyclic hydrocarbons.‘4 The cyclo- 
butene rings in spiro[3,3]hepta - 1,.5 - diene were taken to 
be planar. 

The STO-3G &uctural parame.iers obtained in this 
manner for the structures shown in Fig. 1 are listed in 

Table 1. The geometries of cyclobutane and cyclobutene 
have been reported previously ‘*” but are included in 
Table 1 for easy comparison. Also included in Table 1 
are the available experimental data’“” for cyclobutane 
and cyclobutene. All energetic data obtained in this study 
as well as some previous results needed for later dis- 
cussion are shown in Table 2. Included is the result of a 
single 4-31G calculation” on the ST0’3G optimized 
structure of spiro[3.3]hepta - 1,s - diene carried out to 
enable more reliable energy comparisons, particularly for 
ionization potentials. 

Both theory’.” and experiment’6*‘730 indicate that the 
cyclobutane ring is non-planar. We would expect there- 
fore that the component rings in spiro[3.3]heptane might 
likewise be non-planar. We have not attempted full STO- 
3G optimization of such a structure for two reasons. 
Firstly, the number of independent parameters in the C2 
structure is large and full optimization at the STO-3G 
level would be computationally expensive. Secondly, 
STO-3G is known to underestimate both the degree of 
ring puckering and the barrier to inversion in cyclobutane 
and it is likely that it would perform similarly in spiro- 
[3.3]heptane. We have therefore used the computationally 
inexpensive molecular mechanics method2’ to study the 
ring puckering in spiro[3.3]heptane. Molecular mechanics 
calculations have been shown2’-X to give structural and 
energetic results in good agreement with experiment for a 
large variety of molecules. We should note, however, that 
this method” underestimates the non-planarity of the 
cyclobutane ring by a considerable amount giving a 
puckering angle of 6” compared with experimental esti- 
mates of about 25“. We have carried out the molecular 
mechanics calculations with the limited aim of determining 
whether the ring puckering in spiro[3.3]heptane is greater 
than or less than in cyclobutane. 

DISCUSSION 

(A) Model studies of distorted methane. and monocyclic 
systems 

In order to model the structural behavior of spiro- 
compounds, calculations have previously been carried 
out for methane,n38 cyclopropane,” cyclopropene,‘4_ 
cyclobutane” and cyclopentadiene14 with appropriate H- 
C-H angular deformations 6. 
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Fig. 1. Definition of st%tural parameters for cyclobutane (&, I), cyclobutane (Da, 3, cyclobutene (& or c,, J), 
spiro(3.3lheptane (&, 4) and spiro[3,3]hepta-1,Mene (C,, s). 
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A general conclusion of these studies was that without 
exception, a narrowing of the H-C-H angle (4) results in 
an elongation of the C-H bonds due firstly to the in- 
creasing H-m ,H nuclear repulsion, and secondly, to 
decreasing s-character of these bonds. Accordingly there 
is more carbon 2s contribution available for the C-C, 
bonds and this leads to shorter C-C, bonds and a larger 
&C-C, bond angle (0). 

The previous model studies, which were limited to 
monocyclic systems with Czo symmetry, are supplemen- 
ted here by model calculations on cyclobutene. One of 
the exocyclic H-C-H angles (4) in cyclobutene was 
constrained at 8X3”, the approximate value of the spiro 
angle in spiro[3,3]hepta - 1,5 - diene and the remaining 
structural parameters were optimized with the STG-3G 
basis set. The structural parameters obtained in this 
manner are included in Table 1. We can see that the con- 
clusions drawn on the basis of the monocyclic systems 
with C2,, symmetry still hold for the deformed cyclo- 
butene (C.). There are several additional points of inter- 
est. Firstly, the bond shortening is eater for G-C4 
(-0.011 A) than for t&C2 (-0.007 ). Secondly, the R 

bond changes for ($4, and t&C4 caused by angular 
deformation are very small but the than 
t&C4 (-0.004 A) than for t&C, (+0.002 

e is larger for 
x ). These pairs 

of results are consistent with the relative bond strengths 
of the various bonds. 

On the basis of these model calculations, we would 
therefore expect that because the C-C-C angles in the 
Spiro-compounds studied here are smaller than the H-C- 
H angles in the monocyclic systems, the C-C bonds 
around the Spiro-atoms will be shorter than those in the 
appropriate monocyclic parent ring. These predictions, 
of course, are likely to be realistic only if specific spire 
interactions are unimportant. Conversely, if the cal- 
culated structure of a Spiro-compound is at variance with 
that predicted on the basis of the model calculations, it is 
likely that specific Spiro-interactions are significant. 

(B) Analysis of STO-3G energetic data 
Some care must be taken in analysing energetic data in 

ub initio molecular orbital calculations since heats of 
reaction are not always well described. For instance, 
although good agreement with experiment is generally 
obtained, even with the minimal STG-3G basis set, for 
heats of isodesmic reactions involving acyclic molecules 
alone, unsatisfactory values are obtained for reactions 
involving comparisons of cyclic and acyclic struc- 
tures s*3’ 

In *our earlier paper,” we defined a ring separation 
reaction in which a Spiro-compound is broken up into its 
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Table 1. Molecular equilibrium geometries 

Molecule 

Sym- 
metry 
con- 

straint 

Strut- 
tural 
para- 

meter’& STOJG Exptl 

Cyclobutane 1 

2 

Cyclobutene 3 

Spiro[3.3]- 
heptane 4 

Spiro[3.3]hepta- 
Udiene 5 

Du CI-CZ 1.554’ 1.548d 
G-H, 1.087 1.092 
CI-Hz I .087 1.092 
H&X2 108.7 110.0 
ClC2.4G 173.1 145 - 153 

a 1.2 4.0 

D4h Cl-G 1.554” 
Cl-H, 1.087 
H,C,H2 108.7 

c 2” CA3 1.314’ I .342’ 
Cl-G 1.526 1.517 
Cl-C4 I.565 I.566 
G-H3 I .082 I .083 
G-H5 1.089 1.094 
H3CzCn 134.2 133.5 
H5C4H4 109.0 109.5 
H5&4C1 136.3 135.8 

cs4 G-c, 

G-C4 

Cl-c4 

(cd,-c) 

(G-H3 

G-H,) 

CI-HI 

H3C2C3 

H4c3C2 

H5.&4C I 

%2W4 

WIGH~I 

WBs 

cIc2c3 

I.316 
1.522 
1.554 
I.519 
1.082 
1.082 
1.089 
1.098 

134.5 
134.0 
136.7 
136.0 
85.3 

109.1 
93.4 

ES: 

G-H,) 

(C3--H3) 

c2cIc4 

W3C3H3 

UW2H2) 

HI.~WI 

1.549 
1.550 
1.087 
1.087 

90.0 
108.7 
108.7 
135.0 

c2 G-c2 

G-c3 

c’s: 

G-H,) 

G-Hz) 

G-HI) 

H&2& 

(H2c3c2) 

c2cIc4 

C5W2 

cJcIc2c3 

H3.4CCE1 

W3W4) 

I.526 
1.318 
1.567 
1.524 
1.082 
1.082 
1.089 

134.4 
134.2 
85.4 

127.6 
127.7 
136.3 
109.0 

An additional energetic property of interest is the 
strain energy. The strain energy measures the energy 
increase in deforming a molecule from an idealized 
model structure in terms of bond stretching, bond-angle 
bending, torsion and compression of non-bonded “The symbol XiJ denotes the midpoint of Xi.. .X, *Bond 

lengths in Angstroms, bond aagles in degrees. Assumed values in atoms.“” Here, we employ our predicted heats of. 
parenthesis, see text. ‘From Ref. 5. dFrom Ref. 16. ‘From Ref. 1’ formation for Spiro-compounds as well as experimental 
15. ‘From Ref. 18. Weformed structure, see text. data for reference molecules to evaluate strain energies 

Table 2. Calculated total energies, ring separation energies, heats 
of formation and strain energies 

STO-3G 43lG” 

Total energies (hartrees) 
Methane -39.72686’ 
Cyclobutane (024) -154.27390’ 
Cyclobutane (D4*) -154.27387’ 
Cyclobutene (C,.) -153.04028’ 
Cyclobutene (C,) -153.01793 
Spiro(3.3lheptane -268.82810 
Spiro[3.3]hepta-I.5diene -266.36182 

Rmg separation energies &xl mol-‘) 
Spiro[3.3]heptane 4.5 
Spiro[3.3]hepta-1,Sdiene 5.1 

Heats of formation (kcal mol-‘) 
Spiro[3.3]heptane 26.9 
Spiro[3.3]hepta-l,Sdiene 87.7 

Strain energies (kcal mol-‘) 
Spiro[3.3]heptane 56.8 
Spio[3.3]hepta-l,5diene 63.0 

-40.139766 
-155.86606’ 
-155.86594’ 
-154.66731’ 
-154.65102 

-269.20545 

6.7 

86.2 

61.4 

“Energy calculated using STO-3G optimized geometry. bFrom 
Ref. 7. ‘From Ref. 5. dFrom Ref. 15. ‘Obtained using calculated 
ring separation energies (see text). 

component rings. The corresponding ring separation 
energy (RSE) then is a measure of the interaction be- 
tween the component rings. Since the ring separation 
reaction is not only isodesmic but also conserves ring 
type, we might expect to get good ring separation ener- 
gies even with STO-3G calculations. Indeed, there is 
good agreement (within 1 kcal mol-‘) between theoretical 
(STO-3G) and experimental RSE values for spiropen- 
tane, the only one of the Spiro-compounds for which a 
gaseous enthalpy of formation is experimentally avail- 
able. For the Spiro-compounds treated in this paper, the 
ring separation reactions are given by eqns (1) and (2). 
Calculated RSE’s are included in Table 2. 

co + CH4 - 0 + 0 (1) 

00 / ’ + CH4 

Theoretical RSE’s may be used in conjunction with 
experimental enthalpies of formatiot? for methane, 
cyclobutane and cyclobutene to predict heats of forma- 
tion for spire-compounds through (1) and (2). Values 
calculated in this way are also shown in Table 2. 
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as the negative of the enthalpy changes in the formal 
reactions (3) and (4).t 

C,H12(spiro[3.3]heptane) + 8C2Hs(ethane) 
+ CSHll(neopentane) + 6CXH8(propane) (3) 

C,Hs(spiro[3.3]hepta-lJ-diene) + 2C2H4(ethylene) 
+ 6CZH6(ethane) + CJHlz(neopentane) + 4&H&ropene) 

+ 2C&(propane). (4) 

Results are also included in Table 2. Strain energies will 
be further discussed later in this paper. 

(C), Spiro[3.3]heptane 
Spiro[3.3]heptane is an experimentally known 

compound.35 However, neither its structure not its 
thermochemical properties have been experimentally 
characterized although these properties have been of 
theoretical interest.*’ 

Initial calculations were carried out on the p*1 con- 
formation in which the component rings are each taken 
to be planar. As expected, the C& length is shorter 
than the CI-C2 bond in cyclobutane. At the STO-3G 
level, the appropriate values are 1.550 and 1.554A, 
respectively, while molecular mechanics calculations 
yield 1.542 and 1.548 A. 

Molecular mechanics calculations were also performed 
on a structure of CZ symmetry in which the cyclobutane 
rings are allowed to become non-planar. The Cz form is 
found to be more stable than L& by about 
0.29 kcal mol-’ compared with a similarly calculated in- 
version barrier in cyclobutane of 0.03 kcal mol-‘. The 
puckering angle in spiro[3.3]heptane (11“) is considerably 
larger than that predicted by the same method for 
cyclobutane (6“). Since the calculated cyclobutane values 
are considerably smaller than experimental values, it is 
likely that the ring puckering in spiro[3.3]heptane is also 
underestimated. In any case, we conclude that the four- 
membered rings in spirot3.3lheptane are puckered and 
the degree of puckering appears larger than in cyclo- 
butane. 

The calculated RSE is 4.5 kcal mol-’ which is much 
greater than that found in spiro[2.2]pentane 
(0.1 kcal mol-’ for STO-3G). This reflects the smaller 
distortion at the Spiro-carbon in spiro[3.3]heptane. The 
calculated strain energy is 56.8 kcal mol-’ which is 
3.4 kcalmol-’ greater than twice the strain energy in 
cyclobutane. Our results therefore support the notion of 
Wiberg et al.n based on their model study of methane 
that the distortion energy for the unsymmetric bending 
mode is less than half that for the symmetric bending 
mode. The excess strain in spiro[2.2]pentane compared 
with its component rings (8.3 kcal mol-‘)I0 is somewhat 
larger than the corresponding value (3.4 kcalmol-‘) in 
spiro[3.3]heptane. Again, this reflects the decreased 
strain at the Spiro-carbon in spiro13.3lheptane compared 
with spiro[2.2]pentane. A rough estimate of the strain at 
the Spiro-carbon can be obtained by assuming that all 
methylene groups have the same strain as in cyclo- 
butane. This yields about 17 kcal mol-’ while a similar 
analysis for spiro[2.2]pentane results in a much larger 
value, 27 kcal mol-‘. ~__ _.. 

tThese equations represent a particular class of isodesmic 
reactions which have been named “homodesmotic reactions” 
(Ref. 34a). Alternatively, the conventional strain may be obtained 
by considering branching effects in addition to an appropriate 
isodesmic reaction (Ref. 34b). 

(D) Spiio[3.3]hepta-IJ-diene 

Spiro[3.3]hepta - 1,5 - diene has attracted experimental 
and theoretical interest because it represents a dissym- 
metric, homoconjugated, rigid and Spiro-linked 1,4-diene 
system. Spectroscopic studies% have suggested the exis- 
tence of spiroconjugative interactions in this molecule. 

The structure of spiro[3.3]hepta - 1,5 - diene is of 
interest. The CrC& bond angle (85.3’) is less than the 
H&-H1 angte in cyclobutene (109.00) and, according to 
our model study of cyclobutene, we would expect bond 
contraction in the C1-C2 and Cl-C4 bonds. However, the 
calculated C& bond length is almost identical to the 
corresponding length in cyclobutene. Moreover, the Cl- 
Cq bond (1.567 A) is about 0.002 A longer than the cor- 
responding bond in cyclobutene. It seems then that 
specific Spiro-interactions are influencing the structure of 
spiro[3.3]hepta - 1,5 - diene. 

In order to rationalize the structural effects, it is useful 
to examine the orbital interactions in the system. The 
HOMO-HOMO interaction 7 between the two ethylenic 

DONOR DONOR 

7 

fragments involves four electrons and is net destabiliz- 
ing.63’ This would cause a lengthening of C1-CZ so as to 
partially relieve such unfavorable interaction. Contribu- 
tions to the lengthening of C1-C2 as well as C&4 may 
also be attributed to repulsive interactions (8 and 9) 

DONOR 

DONOR 

DONOR 

DONOR 

9 

between filled Walsh orbitals38*39 of one cyclobutene and 
the HOMO of the other. 

Orbital interactions which -are likely to be more im- 
portant involve pseudoconjugative interaction of the 
filled Walsh orbitais of one cyclobutene with the LUMO 
of the other (10,ll). Such interactions should lead to 
decreased bonding and hence a lengthening of C&4. 
Pseudoconjugative interaction similar to 10 is found to 
be important in interpreting structural variations due to 
Spiro-interactions for spiro[2.4]hepta - 4,6 - diene and 
spiro[2.4]heptatriene.“’ 

Finally, we note that the bond lengthening of CZ-C, is 
greater for spiro[3.3]hepta - 1,5 - diene (0.004 A) than for 
the’distorted cyclobutene (0.002 A). This may be due to 
interaction between the HOMO of one cyclobutene ring 
and the LUMO of the other (12). Interaction 12 should 
lead to a bond elongation for C&S. 

In short, we believe that interactions 7-12 may all be 
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ACCEPTOR DONOR 

ACCEPTOR DONOR 

II 

ACCEPTOR DONOR 

12 

operative and the equilibrium structure reflects the 
balance of the forces involved. Because there are several 
opposing effects, the net effect of geometric distortion 
and Spiro-interaction turns out to be quite small. 

Another point of interest concerns the angle between 
the two cyclobutene planes in spiro[3.3]hepta - 15 - 
diene. Symmetry considerations demand a distortion (of 
indeterminate magnitude) from a fully orthogonal struc- 
ture. Indeed, our STO-3G calculations indicate that the 
two planes are twisted very slightly (0.5’) from ortho- 
gonality. The distortion occurs in a direction such that 
the two ethylene fragments are moving closer to co- 
planarity which would be favored by conjugative inter- 
action. Of course, a large distortion of this type would be 
energetically expensive as evidenced in the extreme by 
the large energy difference (about 150 kcalmol-‘)” be- 
tween planar and tetrahedral methane. 

The small structural variations do not tell us whether 
the ground state of spiro[3.3]hepta - 15 - diene is stabil- 
ized or destabilized by Spiro-interactions. However, the 
calculated strain energies shed some light on this prob- 
lem. Since the bond angles around the central carbon 
atom of spiro[3.3]hepta - 1,5 - diene are more distorted 
than those of spiro[3.3]heptane, we would expect that the 
excess strain energy of the former compared with its 
component rings would be larger than the corresponding 
value for the latter. In fact, we find the opposite behavior 
(2.8 vs 3.4 kcal mol-‘) suggesting some stabilizing effect 
in spiroI3.3lhepta - 1,5 - diene. Equally, the slight stabil- 
izing effect in spiro[3.3]hepta - 1,5 - diene is revealed by 
comparing the calculated ring separation energy for 
spiro[3.3]hepta - 1,5 - diene (5.1 kcal mol-‘) with that for 
spiro[3.3]heptane (4.5 kcal mol-‘). 

It is of interest to compare spiro[3.3]hepta - 1,5 - diene 
with its isomer spiro[2.4lhepta - 2,4 - diene which we 
have studied in detail elsewhere” at the same level 
@TO-3G) of theory. The calculated total energies and 
heats of formation indicate that spiro[2.4]hepta - 2,4 - 
diene is considerably more stable than spiro[3.3]hepta - 
1,5 - diene with calculated energy differences of 28.2 and 
31.6 kcai mol-’ respectively. On the other hand, the two 
molecules have nearly identical ring separation energies 
indicating that they are about equally stabilized by spiro- 
interactions. The marked difference in stabilities must 
therefore be attributed to differences in the component 

rings, cyclopropane and cyclopentadiene in the one case 
and two cyclobutene rings in the other. Indeed, the 
energy differences between these pairs are 26.8 (STO- 
3G) and 30.2 (experimental) kcal mol-‘. This result can in 
turn be attributed to the reinforcing effects of con- 
jugative stabilization in the first pair and greater strain 
destabilization,in, the second. 

Spiro[33]hepta - 1,5 - diene is predicted to have a 
small dipole moment (0.86 D for STOJG, 0.11 D for 
4-31G) pointing along the CZ axis from the Spiro-carbon 
into the quadrant containing the double bonds. The small 
moment is consistent with expectations based on cal- 
culations for the optimized and distorted structures of 
cyclobutene. The dipole moment of cyclobutene is small 
(0.13 D experimentaNy and 0.05X1.07 D theoreticallys) 
with the double bond at the positive end of the dipole. 
This moment is reinforced, but only slightly, in distorted 
cyclobutene (to 0.11-0.13 D theoretically). Because the 
angle between the two component dipoles in spiro- 
[3.3]hepta - 1,5 - diene is larger than 120”, the resultant 
moment in this molecule is reduced from these values. 

An orbital interaction diagram for the r-type orbitals 
of spiro[3.3]hepta - 1,5 - diene constructed using our 
4-31G results is displayed in Fig. 2. The first ionization 
potential for cyclobutene (9.57 eV), calculated according 
to Koopmans’ theorem,‘* is in good agreement with the 
experimental value (9.59eV) determined from the pho- 
toelectron spectrum.43 A slightly diierent theoretical 
value (9.37eV, 4-31G) was obtained by Wiberg et a[.43 
using the experimental geometry as opposed to our STO- 
3G optimized geometry. 

As the H&-H2 angle of cyclobutene decreases from 
109.0” to 85.3”, the energy of the HOMO increases from 
-9.57 to -9.45eV while the LUMO energy decreases 
from 5.28 to 5.17eV. Quite similar trends occur in 
cyclopropene and cyclopentadiene.‘4 The destabilization 
of HOMO levels and stabilization of LUMO levels is 
related to the C=C bond lengths: the HOMO levels are 
bonding across C=C and are destabilized when the bond 

13b(r2,) 

Fii. 2. Correlation of 4-31G o-orbital energies for cyclobutene, 
distorted cyclobutene and spiro[3.3]hepta-1.5diene with orbitals 
class&J under Cs,, C, and C, symmetries respectively. Note 
that the component cyclobutene rings in the spiro compound 

have no elements of symmetry within the C, point group. 
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length is increased while the LUMO levels are antibond- 
ing across C=C and show the opposite behavior. 

The two ethylene fragments of spiro[3.3]hepta - 1,5 - 
diene are able to interact and this of course leads to a 
splitting of the ground and excited state energy levels of 
the diene as shown in Fig. 2. Accordingly, a bathoch- 
romic (red) shift of the lowest P + g* transition (r*+ r3 
in Fig. 2) relative to the transition band in cyclobutene is 
expected.t However, we emphasize here that the obser- 
ved red shift should be attributed in part to the 
consequences of the H-C-Hglar deformation. 

ine 
~.__~-- -..--. 

calculated energy split&g between the two 
highest occupied orbital& oiy 0.3 eV for STO-3G and 
0.43 eV for 4-31G, which is about one quarter of the 
corresponding orbital energy splitting in spiro- 
[4.4]nonatetraene (about 1.2 eV experimentally and 
1.12 eV for STO-3G).‘°C5 The reduced splitting is not 
unexpected since spiro[3.3]hepta - I,5 - diene contains 
just one sideways interaction of p orbitals while 
spiro[4.4]nonatetraene has four such interactions 
However, the photoelectron spectroscopic data& for 
spiro[3.3]hepta - 1,5 - diene (Table 3) seem to suggest 
that the splitting is as high as 1.28eV. In the light of 
Wiberg’s demonstratior? of the reliability of 4-31G cal- 
culations in interpreting photoelectron spectra of hydro- 
carbons, we suggest the possibility of an additional band 
in the spectrum, somewhere between 9.02 and 10.30eV 
corresponding to ionization from the 12a (PI) molecular 
orbital. Due to the low resolution of the spectroscopic 
measurements” and the low symmetry of spiro[3.3]hepta- 
1,5 - diene, it is possible that the missing band (12a) 

Table 3. Photoelectron spectra and Md energy levels 
(-EN, 4-31G) of spiro[3.3]hepta-1,5diene (eV) 

Symmetry Calcd Scaled” Exptlb 

13b 
12a 
12b 
llb 
lla 
1Oa 
lob 
9a 
9b 
8a 
8b 

2 
6a 
6b 
5b 
4b 
sa’ 

9.26 9.37 ‘9.02 
9.69 9.70 

11.38 11.01 10.30 
12.29 11.71 11.26 
12.51 11.88 
13.73 12.82 12.41 
14.14 13.14 
16.19 14.72 14.18 
16.24 14.76 
16.56 15.00 (14.50) 
18.54 16.53 16.23 
18.77 16.71 
19.94 17.61 
23.05 20.01 (19.26) 
24.29 20.97 
24.52 21.15 
30.21 25.54 
32.19 27.07 

“The scaled values are obtained by employing the 
correlation (Ref. 43) -IP = 0.772 EMO- 2.22. ‘From 
Ref. 46. 

tThe use of calculated orbital energies in predicting excitation 
energies is a hazardous procedure and subject to the limitations 
of Koopmans’ theorema and a single determinant treafment (see, 
e.g. Refs. 44,45). Ideally, we should calculate these quantities as 
energy differences between the appropriate states. This is a 
considerably more diicult computational task, for which a 
configuration interaction treatment is desirable. We would hope 
nevertheless that the approximate orbital treatment we employ 
here may provide useful qualitative results. 

may have an intensity which is very low or it may 
overlap with the 13b (9.02 eV) band. A reinvestigation of 
the photoelectron spectrum with higher resolution may 
solve this problem. 

We have listed in Table 3 for future reference the 
4-31G energies for the several highest occupied molecu- 
lar orbitals. Also shown are values scaled according to a 
formula proposed by Wiberg et al.” and the photoelec- 
tron spectroscopic values reported by Bodor et ~1.~ 
These correspond to adiabatic ionization potentials while 
our calculated molecular orbital energies should be 
compared with vertical ionization potentials which are 
normally slightly higher. Because of the many missing 
bands in the experimental spectrum, it is impossible to 
comment on the quality of our attempted correlation 
between theoretical and experimental results. Again, a 
more highly resolved experimental spectnim would be 
desirable. 

CONCUJSlON 

Our ab initio molecular orbital calculations for 
spiro[3.3]heptane and spiro[3.3]hepta - 1,5 - diene yield 
interesting information concerning the equilibrium 
geometries, enthalpies of formation, strain energies and 
Spiro-interactions in these molecules. Structural varia- 
tions in spiro[3.3]heptane may be explained in terms of 
the results of model calculations on cyclobutane. For 
spiro[3.3]hepta - 1.5 - diene, in addition to the results of 
model calculations on cyclobutene, we need to take into 
account the effects of specific Spiro-interactions. Mole- 
cular mechanics calculations show that the component 
rings in spiro[3.3]heptane are each puckered to a greater 
extent than in cyclobutane itself. STG-3G calculations 
predict that in spiro[3.3]hepta - 1,5 - diene, the planes of 
the component rings deviate by about 0.5” from an 
orthogonal structure. The splitting of the r-orbitals in 
spiro[3.3]hepta - 1,5 - diene is predicted to be about 
0.4 eV. 
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