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Abstract: Correlation of the photoelectron (PE) spectra of spiro[4.4]nonatetraene (1), spiro[4.4]nona-l,3,7-triene (2), spiro-
[4.4]nona-l,3,6-triene (3), and spiro[4.4]nona-l,3-diene (4) yields the assignment of the first three bands at 7.99, 9.22, and 
10.55 eV in the PE spectrum of 1 (symmetry D2d) to ionization processes in which the photoelectron vacates the molecular 
orbitals la2(7r), lbi(ir), and 7e(ir), respectively. The difference A/(l,2) = 1.23 eV between the positions of the first two PE 
bands of 1 is equal, within the limits of error, to the difference A£(l,2) « 1.2 to 1.3 eV between the first two bands 8e(-!r*) 
••— la2(ir) and 8e(7r*) •«— lbi(ir) in the electronic absorption spectrum of I. It is shown that this correspondence is the conse
quence of spiroconjugation between two identical alternant subsystems in a molecule of D2d symmetry, e.g., in 1. 

Orbital diagrams such as the one shown in Figure 1 (see 
column a) seem to suggest that the difference AI (1,2) = 
/ (2) — 1(1) between the second and first ionization poten
tials of a closed shell molecule M should match exactly the 
difference A£( l ,2 ) = £ ( 2 , - 1 ) - £ ( 1 , - 1 ) between the ex
citation energies corresponding to the second and first 
bands in the electronic spectrum of M. More generally (see 
column b of Figure 1), the difference 

AI(i, j) = I(j) - Ki) (D 
between the (vertical) ionization potentials J(r), which ac
cording to 

M(xo) -* M+(i/v"') + e" (2) 

correspond to the ejection of an electron from one or the 
other of two nondegenerate orbitals \f/r(r = i or j), might 
naively be expected to equal 

AE(iJ) = E{j,k) - E{i,k) (3) 

where E(r,k)(r = i or j) stands for the electronic excita
tion energy 

E(r,k) = E(Xr
k) - E(xQ) (4) 

of the neutral, closed shell molecule M. (In (2) and (4), xo 
» (<Ai)2 • • • (^Pr)2 • • • (^Pn)1 is the ground state configuration 
of M and x / * WM)2 • • • OAr)1 • • • O M 2 O A A ) 1 a singly ex
cited configuration obtained by promoting an electron from 
iAr to W ) However, from the well-known matrix elements 
of the Hamiltonian for the ground and singly excited states 
of a closed shell molecule M,1 it is immediately obvious that 
the expected equality 

AE(i, j) = Al(i,j) (5) 

will generally not be true. If 

X0 = I W l . • . W r - • • W n I (6) 

is the SCF single Slater-determinant wave function of the 
ground state and 

1 1 X/ = ^ » { l W i W* • • • WJ + 
I W i - • - W r - • • * A ' } 

(7) 

V = 7f{ lW' i • W* W ^ 

I W i W r - • • W n I } 

singly excited singlet and triplet configurations of M, we 
have 

lE(r, k) = E(1X/) - E(X0) = 

(8) 

*E(r,k) = £ ( 3 x / ) - E(X0) = €(<!>„) ~ e(0r) - Jrk 

where e(iAr) stands for the orbital energy of \pr and where 
Jrk (the Coulomb integral) and Krk (the exchange integral) 
have their usual meaning, i.e. 

j r k = < WD<M2) 

i i r (D^(2) K, 

e W D W 2 ) ) = [rrlkk] 

rn\ 
W D W 2 ) ) = [rklkr] 

(9) 

(10) 

(11) 

(12) 

Assuming the validity of Koopmans' theorem, i.e.2 

Kr) = -e (^ r ) 

it follows from (3), (4), and (8) that 

A1EdJ) = AKiJ) + (Jik -Jn) + 2(K]k - Kik) 

AsE(ij) = Al(ij) + (Jik - Jjk) 

As can be seen from (11) the relationship 5 applied to sin
glet-singlet transitions will be true only if (J1^ — Jjk) + 
2(Kjk — Kfk) = 0, which is generally not the case.3 In
deed, the sign and the size of A]E(i,j) — AI(i,j) depends 
critically on the shape of the orbitals \p(, \pj, and W Hasel-
bach and his coworkers3,4 have given rules for the qualita
tive prediction of this difference, rules which can be applied, 
e.g., for the assessment of "through-space" and "through-
bond" interactions5 between localized (or semilocalized) or
bitals. 

It will be shown that in certain spiro-conjugated sys
tems,6 e.g., in spiro[4.4]nonatetraene (1), J-,k — Jjk and Kjk 
— Kjk should be zero in a first approximation, due to the 
prevailing symmetry and (almost) pairing properties of se
lected bonding (\j/lt ipj) and virtual (\pk) orbitals. Thus this 
class of compounds will yield examples where the naive ex-
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Figure 1. Level scheme for ionization and electronic transitions in the 
framework of an independent electron treatment. 

pectation expressed by (5) is exceptionally fulfilled. 

I. The Photoelectron Spectrum of Spiro[4.4]nonatetraene 
(D7 

Figure 2 shows the photoelectron spectra of 1 and its di-
and tetrahydro derivatives 2, 3, and 4. The corresponding 

0 « O=? O o 

Oo O^ 
4 5 

O O O O^ Oo 
6 7 8 9 10 

ionization potentials of 1, and those of the reference com
pounds 2 (spiro[4.4]nona-l,3,7-triene),7'8 3 (spiro-
[4.4]nona-l,3,6-triene), 4 (spiro[4.4]nona-l,3-diene),7,9 5 
(spiro[4.4]non-l-ene),10 6 (cyclopentane), 7 (cyclopen-
tene) ," 8 (cyclopentadiene),"b '12 9 (spiro[4.3]hepta-l,3-
diene = "homofulvene"),9'13 and 10 (spiro[4.3]octa-l,3-
diene)10 are given in Table I. These potentials refer to the 

Table I. Photoelectron Spectra" 

Compd 

1 
2 
3 
4 
5 
6 
7 
S 
9 

10 

, 
1st 

7.99; 8.17; 8.32 
8.25 
8.27 
8.10 

8.42' 
8.44 
8.38 

8.86* 

9.20 
8.6 0 

8 . I 5 

8.38d 

—w band 
2nd 

9.22 
9.03; 9.20; 9.37 
9.25; 9.45 

10 .3 0 

/ 0 . 7 5 

9.45 

\0.Ud 

N 
3rd 

10.55 
10.36 
10.50 

12.7 ' 

a onset 

11.7" 
11.4 
11.5 
11.0 
10.65* 
10.5 
10.9 
11.2 

e 
10.8d 

a AU ionization potentials are given in eV. Italic values are the 
most intense component(s) of the band. b Band correlated with 
orbital 6e(<r); see text.c Both components of same intensity. d Values 
taken from ref. 10.' Band at 10.9o eV correlated with Walsh-orbital' 
12ai (a); band at 11.9rj eV correlated with orbital 7b2(ff). ' Cor
responding orbital mainly of Walsh-type, centered on cyclopropane 
moiety. 

position of the corresponding band maximum or to the 
highest intensity fine-structure component and are thus 
close to the vertical ionization potential IvJ. All spectra 
have been recorded on a modified PS-15 spectrometer (Per-
kin-Elmer Ltd., Beaconsfield, England). 
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Figure 2. Photoelectron spectra. 

It is known14 that 1 rearranges to indene 11 by a unimo-
lecular process at 65° with 11/2 = 65 min, and also on irra
diation, direct (Pyrex filter) or sensitized (thiaxanthenone). 
Therefore one might have expected that the reaction 

o^ — ©o 
occurs also under the conditions prevailing in the inlet sys
tem and/or the target chamber of the photoelectron spec-
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trometer. The photoelectron spectrum of 11 has been de
scribed by Eland and Danby.15 Our own spectrum of 11 
confirms their data within +0.02 eV, i.e., 8.12, 8.95, and 
10.30 eV for the first three x bands. These fine-structured 
bands are intense and sharp, the 0 *- 0 vibrational compo
nent being the most prominent. As can be seen from Figure 
2 there is no indication of these bands in the photoelectron 
spectrum of 1. Recordings taken at different times and from 
two independently prepared samples of 1 yield exactly the 
same spectrum, i.e., the one shown in Figure 2. 

The photoelectron spectroscopic evidence for spiroconju-
gation has been first described by Schweig and his cowork
ers. In a series of papers they investigated the photoelectron 

spectra of tetravinylmethane (12, X = C),1 6 tetravinylsil-
ane (12, X = Si),17 9,9'-spirobifluorene (13, X = C), 9,9'-
spirobi(9-silafluorene) (13, X = Si),18 and 1,1 '-spirobiin-
dene(14).19 

H. Simple Molecular Orbital Model for 
Spiro[4.4|nonatetraene (1) 

As a basis for the discussion of the photoelectron and 
electronic spectra of 1 we construct a simple MO model for 
1 following the rules given by Simmons and Fukunaga6a 

and by Hoffmann, Imamura, and Zeiss.6b 

The 62 electrons of 1 (symmetry D2lt) occupy the fol
lowing set of bonding molecular orbitals 

8 x a t + 1 x a2 + 1 x b ! + 7 x b2 + 7 x e (13) 

The three highest occupied orbitals la2(7r), Ib](Tr), and 
7e(7r) of local x symmetry are best visualized as linear com
binations of either the la'2(x) or the 2b'|(7r) orbitals of the 
two spiro-connected cyclopentadiene moieties of individual 
C 2 symmetry. To avoid confusion of the orbital labels we 
have marked the orbitals of 8 (C2) with a dot, e.g., 
a 2 belongs to the irreducible representation A2 of C 2,, and 
a2 to the representation A2 of D2d- Note that 2b; (x) is a 
"true" 7T orbital of 8 while lbi(-jr) is best described as a 
pseudo-ir orbital of the bridging methylene group. 

Because of the high symmetry of 1 a ZDO linear combi
nation of bond orbitals will be sufficient for our purposes. 
The numbering and the relative phases of the basis x orbit
als 

T. = 7 ^ ( 0 « + 4V> (14) 

(e.g., n = a, p. = 1, J> = 2) and thus of the atomic 2p orbitals 
^1x are shown in the following diagram and Newman projec
tion: 

1 a 

The four highest occupied LCBO molecular orbitals (in de
scending order) are 

Ia2(TT) = V2(TT1 - TT6 - TT0 + TTd) 

Ib1(TT) = V2(TTa - TT1, + 7TC - 7Td) 

, UoJ 
( = /2(7ra + T b + TTC + TTd) 

7e(Tr)< 
( = V 2 U 1 + TT,, - TT0 - TTd) 

IQ2(Tt) 1b,(Tt) 7e(TX) 

If the basis orbitals 7rn are assigned an orbital energy 
<7rn|5C|7rn) = Aw and if the interaction matrix elements 
(resonance integrals) are <7ra| 5C| 7Tb) = T̂r0J 3Cj TTd) = B, 
( x a | 3 C | x c > = - < 7 T a | 3 C | x d ) = -<7rb|3C|7Tc> = <Xb|3e|7Td> = 

b, then the energies of the LCBO orbitals in eq 15 are 

e(la2(7r)) = A, - B - 2b 

<• (Ib1(Tr)) = Ar - B + 2b (16) 

e (7eM) = A, + B 

The lowest unoccupied (antibonding) molecular orbitals 
have to be written in terms of the antibonding basis orbitals 
Xn* of energy A „.*. They form the degenerate set 

( = V2(7ra* + TT/ + TTC* + TTd*) 

8eU*K (17) 
( = V2(TT1* + TT,* - TT0* - TTd*) 

Had we used the traditional conventions of HMO theory 
[i.e., all Coulomb integrals equal a; resonance integrals 
equal /3 if n,v = 1,2; 3,4; 6,7; 8,9; if n,v = 2,3; 7,8 use n/3 
and for the homoconjugative interactions, mfi if n,i> = 1,6; 
4,9; and — m/3 if /Li,̂  = 1,9; 4,6; note that m < n < 1] then 
the orbital energies associated with the highest occupied 
bonding orbitals would be 

e(la2(zr)) = a - (2m + n - ((2m - n)2 + 4)1/2)/3/2 

6(Ib1(Tr)) = a + (2m - n + ((2m + n)2 + 4)1/2/3/2 

(18) 

e(7e(x)) = a + (n + (n2 + 4)1/2/3/2 

III. Interpretation of the Photoelectron Spectra of 1, 2, 3, 
and 4 

The following discussion makes use of Koopmans' theo
rem (eq 10) with I(r), the (almost) vertical ionization po
tentials, taken from Table I. 

a Bands. As can be deduced from the photoelectron spec
tra of 6, 7, and 8, the onset of the a bands moves to higher 
ionization potentials with increasing unsaturation (6, 10.5 
eV; 7, 10.9 eV; 8, 11.2 eV). This is a quite general phenom
enon which has already been observed previously for a large 
variety of hydrocarbons.20 In a similar fashion we observed 
I (a onset) 11.0 eV for 4, 11.5 eV for 3, 11.4 eV for 2, and 
11.7 eV for 1. The latter band is probably due to the ejec
tion of an electron from orbital 6e(cr) as can be shown by 
the following argument. In the photoelectron spectra of ful-
vene21 and of homofulvene 913 b one observes bands at 12.1 
and 11.9o eV, respectively, which are due to the ejection of 
the photoelectron from the orbital 7b2(<r), localized in the 
CC-o- bonds 1,2 and 3,4. As two such orbitals contained in 
the two cyclopentadiene moieties of 1 will have zero inter
action for symmetry reasons (cf. the following diagram) 

their linear combination yields the degenerate pair 6e(<r), 
the orbital energy of which should be roughly the same as 
that observed in fulvene and 9, i.e., approximately —12 eV. 
The observed value is —11.7 eV. 
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TT Bands. Once the onset of the a-band system has been 
established, all bands at lower ionization potentials must 
necessarily be bands due to the ejection of an electron from 
orbitals which are dominantly x in character. 

Spiro[4.4]nona-l,3-d'ene (4). The PE spectrum of this 
compound has been discussed previously by Gleiter and his 
coworkers.10 the two components at 8.10 and 8.38 eV of the 
first band have roughly the same intensity. This yields 
e(3a2(x)) « —8.10 to —8.38 eV. The second band defines 
e(7b}(x)) = — 10.3o eV. Compared to the orbital energies 
((IaJ(Tr)) = -8 .6 0 eVande(2b}(x) ) = —10.75 eVof 8, both 
orbitals of 4 are shifted by approximately 0.5 eV, due to the 
destabilizing influence of the alkyl moiety. The orbital split 
e(3a2(x)) - «(7b}(x)) = 2.10 to 1.92 eV is in complete 
agreement with that observed for 8, i.e., 2.I5 eV. l l a '1 2 

Spiro[4.4]nona-l,3,7-triene (2). As shown in the correla
tion diagram of Figure 3 the photoelectron spectrum of 2 is 
almost self-explanatory. We observe three x bands of which 
the first and third correspond to an ionization process, in 
which the electron vacates 2a2(x) or 7b} (x), respectively. 
Both these orbitals are displaced in energy by 0.20 to 0.3s 
eV (first band) or 0.4o (third band) relative to the orbitals 
la'2(x) and 2b} (x) of 8, as expected in view of the substitut
ing cyclopentene moiety present in 2. For the split we ob
serve e(2a2(x)) - e(7bi(7r)) = 2.Il to 1.95 eV, i.e., the 
same value as in 4. 

The second band in the spectrum of 2 corresponds to 
ejection from orbital 8b2(x) which is centered almost exclu
sively on the x orbital in position 7,8. That t(8b'2(x)) hap
pens to be exactly equal to e(3b}(x)), i.e., the x-orbital ener
gy of 7, is presumably accidental; the small effects due to 
the cyclopentadiene ring, i.e., destabilization caused by en
larging the a frame and stabilization as a result of its unsat-
uration, cancel each other. 

Spiro[4.4]nona-l,3,6-triene (3). From the data collected 
in Table I or viewed in Figure 2, it can be seen that there is 
little difference between the PE spectra of 2 and 3. Hence 
the discussion and assignment given for 2 should apply to 3 
with only slight modifications. This might seem surprising 
at first, because of the presence of spiroconjugation between 
x c and the linear combination (xa — xb) /V2 (both belong
ing to A" in Cs) in 3 and its absence in 2. However, as was 
shown previously in a similar case22 this result can easily be 
explained by a second-order perturbation argument. 

From the correlation diagram of Figure 3 and the argu
ments given in the previous paragraph we have to conclude 
that the semilocalized orbitals xc and (x a — xb) /v / 2 of 3 
differ in energy by about 0.9 eV. In terms of the parameters 
used in (16) the interaction term between these two orbitals 
is (xcj3C|(xa — x b ) / \ / 2 ) = b V 2. As we shall see, the anal
ysis of the PE spectrum of 1 yields b = —0.3 eV (see also 
ref 19). Accordingly, «(xc) and e((xa — Xb)/V2) would suf
fer at best perturbations of the order of (—0.3V'2)2/0.9 = 
0.2 eV. This is presumably an upper limit. The lack of fine 
structure of the second PE band in the spectrum of 3 (as 
compared to the corresponding band of 2) indicates a cer
tain lack of rigidity in the molecule. Relief of conformation
al strain between the two eclipsing methylene groups would 
lead to a decrease in size of b and thus of the perturbation 
derived above. In view of all the other effects neglected in 
our argument, such a small shift in orbital energy and thus 
in the observed band position would pass unnoticed. 

Spiro[4.4]nonatetraene (1). As has been discussed in the 
previous section, only the semilocalized la'2(x) orbitals of 
each ring can interact, yielding the orbitals la2(x) and 
lb | (x ) . It is obvious from the correlation diagram of Figure 
3 that these have to be correlated with the first two bands at 
7.99 and 9.22 eV. The two highest occupied orbitals lie 

2 8 1 8 

r\ r\ r\ 

(eV) 

- 8 

-9 

-10 

Q 
Ia2(Tl) 

2a*2(TT) 

3b* (TT) 8b*2(TT) 

7 b* (TT) 

7e(TT) 

, 2 ^ ( T T ) / \ 2b*i(TT) 

Figure 3. Orbital diagram. 

symmetrically with respect to e(la"2(x)) of 8, rather than to 
3a2(x) of 4 or 2a2(x) of 2. The reason is that in the latter 
two compounds these orbitals are destabilized by the alkyl 
moieties whereas in 1 the relative inductive influence of the 
two cyclopentadiene units on each other is about zero. This 
is not unexpected. When x systems are joined together to 
form larger ones (e.g., two or three ethylene units to yield 
butadiene, hexatriene,12 fulvene, or bismethylenecyclobu-
tene21 or two benzene rings to yield biphenyl,15-23 the mean 
of the orbital energies of the resulting x orbitals is equal to 
the orbital energy of the parent orbitals within small limits 
of error. On the other hand, alkyl substitution will always 
lead to large destabilizations.12'24 

The linear combinations of the semilocalized orbitals 
2b} (x) of the two rings yield the degenerate pair 7e(x). 
Ejecting an electron from 7e(x) should therefore induce a 
Jahn-Teller distortion of the radical cation I + in the ^E(x) 
state. Indeed the third band in the photoelectron spectrum 
shows the characteristic shape usually observed when an 
electron is ejected from a degenerate orbital of an unsatu
rated hydrocarbon, e.g., 1,3,7-cyclononatriene,22 barrel-
ene,20c bullvalene,20b triquinacene,25 or allene.26 

Two orbital energy (ionization potential) differences will 
be of importance in the ensuing discussion: (a) the orbital 
energy split A/(1,2) = e(Ia2(Tr)) - <<lb,(x)) = 1.23 eV, 
which measures the homoconjugative spirointeraction be
tween the two semilocalized orbitals la'2(x), and (b) the or
bital energy split A / D between the mean of e(la2(x)) and 
«(lbi(x)) and the energy of the degenerate pair f(7e(x)), 
i.e., A/D = '/2[6(Ia2(X)) + «(lb,(*))] - €(7e(x)) = 1.95 
eV. It is a measure of the interaction responsible for the 
split in energy between the semilocalized basis orbitals 
la2(x) and 2b} (x) of each subsystem, neglecting spirocon
jugation. 

IV. Electronic Spectra of 1, 2, and 4 

The electronic spectrum of I 7 (see Table Il and Figure 4) 
in the region X >1500 A consists of four bands at 60,000, 

Heilbronner, et al. / Spectra of Spiro[4.4]nonatetraene 
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Table II. Electronic Spectrum of Spiro[4.4Jnonatetraene (1)" 

f„»x, cm ' 1 

?On»et. C m - 1 

&Emax, eV 
A£onset. eV 
w, c m - 1 

?max, Cm""1 

?Onset, C m - 1 

^ ^ m a x , C ' 

A£onset, eV 
w, c m - 1 

foK, c m " 1 

vonsEt, c m - 1 

A£,„1>x, eV 
A^onsct, eV 
u, cm - 1 

Smax, cm"1 

VOnset. C m - ' 1 

A£m;«, eV 
A£0n8et, eV 
a, cm - 1 

1st band 2nd band 

Gas Phase 
36,5006 48,780 
34,000 43,500 
4.53 6.05 
4.20 5.39 
1150 

fl-Hexane 
37,200d 47,200 
33,100 43,100 
4.61 5.85 
4.11 5.34 
1350 800 

Rigisolve (23°) 
37,200-* 47,300 
33,100 43,500 
4.61 5.86 
4.11 5.39 
1350 800 

Rigisolve(-150°) 
37.200 
33,100 
4.61 
4.09 
1300 

3rd band 

54,600 
53,000" 
6.78 
6.6 ' 
400 

" Band positions ? have been rounded to the nearest 100 cm-1, 
transition energies AE to the nearest 0.01 eV, and vibrational fine-
structure spacings d to the nearest 50 cm"1. Numbers in italics 
refer to the 0 *- 0 transition. 6 Third vibrational fine-structure 
maximum in the band (2 *- 0, ?). ' Uncertain by ~500 cm"1 or 
~0.1 eV. d Fourth vibrational fine-structure maximum in the 
band(3*-0, ?). 

8e~1a2 8e—1b, 

- A E ( U ) -

"20 30 40 50 kK 
Figure 4. Electronic absorption spectrum of spiro[4.4]nonatetraene: 
solvent, rigisolve. 

55,000, 48,000, and 37,000 c m - ' (i.e., E(r,k) = 7.4, 6.6, 
5.3, and 4.1 eV) with an intensity ratio of approximately 
25:50:5:1. We assign the three bands at longest wavelength 
to the following transitions (in orbital language). 

1st band 
2nd band 
3rd band 

8e(rr*) 

8e(7T*) 

8e(T7*) 

Ia2(W); s ta te symm: E, xy 

Ib1(Tr); s tate symm: 1E, xy 

7e(rr); s tate symm: 1B2 , z 
(19) 

As expected for a rigid molecule, all three bands show vi
brational fine structure which is especially prominent in the 
gas-phase spectrum of 1 (McPherson double-beam spec
trometer, Model 225) and in the spectrum recorded at 
— 150° in rigisolve {i.e., 2,2-dimethylbutane-n-pentane, 
ratio 8:3, Cary Model 14 spectrometer). The fine structure 
of the second and third bands is more diffuse and does not 
sharpen up at low temperature. 

Relative to the gas phase there is a slight change in the 
Franck-Condon factors when the spectrum is recorded in 
solution. In the gas phase the 2 -<— 0 component of the pro
gression is the most intense whereas the 3 — 0 is the most 
prominent in the solution spectrum. Also a solvent shift of 
~ 5 nm is observed. 

The most notable feature is that the difference A£( l , 2 ) 
between the band positions for the first and second band 
(1.19 eV in the gas phase, 1.23 to 1.28 eV in solution) is the 
same, within the limits of error, as the split M (1,2) = 1.23 
eV observed in the photoelectron spectrum of 1. 

The spectra of 2 and 4 (Figure 5) show a single band at 
39,500 cm"1 (4.90 eV) in the region \ >2000 A which is 
devoid of vibrational fine structure, presumably because of 
the greater flexibility of the molecular framework. The po
sition of this band is thus intermediate of the positions of 
the first two bands in the electronic spectrum of 1, lying 0.3 
eV below their mean (5.2 eV, from the positions of the max
ima). 

V. Discussion 

We discuss first the split A / D = V2[^(Ia2(Tr)) + 
e(lbi(7r))] — e(7e(7r)) of 1 (i.e., mean of first and second 
band position VJ-. third band position). It corresponds to the 
difference between the orbital energies of the two ir orbitals 
of the s-cis- butadiene moieties of 2 (2.1 to 1.9s eV), 3 (2.2 
eV), 4 (2.2 to 2.O5 eV), and 8 (2.15 eV). In 9 (1.30 eV) and 
10 (1.74 eV) the gap is reduced, as a consequence of the in
teraction of the bi(x) orbital with the Walsh orbitals of the 
cyclopropane or cyclobutane ring, this interaction being 
larger in the former case. The observed value A / D = 1.9s 
eV for 1 is in good agreement with the above results for 
other systems, especially if one considers that an LCAO 
model (see (18)) predicts a small decrease relative to the 
split characteristic for each of the individual spiro-con-
nected moieties. From (16) we deduce that A / D = — 2B, 
which yields B = — 1.0 eV and in a first approximation ac
cording to (14) nB = - A / D = - 1 . 9 5 eV. However, from 
(18) we deduce that A / D ~ - ( « - m 2 / ( n 2 + 4)'/2)/3 which 
implies that the above calibration of the LCAO model is 
true only if m « n. 

A/(1,2) = e(la2(ir)) - e( Ib1(Tr)) = 1.23 eV measures the 
spiro interaction of the a2(Tr) orbital in 1. According to the 
LCBO model (eq 16) we have A/(1,2) = -4ft or ft = 
-0 .31 eV. With reference to (16) this yields mB ~ -0 .62 
eV. Again the LCAO model underlying the formula in (18) 
leads to a slightly more complex relationship, namely 
A/(1,2) « - 2 w ( l + n/(n2 + 4)'/2)/3. 

If one wants to adjust the orbital energies (eq 18) to the 
observed band positions of the 7r bands of 1, the following 
set of parameters is obtained: « = —6.42 eV, B = —2.93 eV, 
nB = -2 .05 eV (n = 0.70, assumed), mB = -0 .46 eV (m 
= 0.16). With these we calculate from (18): e(la2(Tr)) = 
-7 .91 eV, 6(Ib1(Tr)) = -9 .15 eV, and e(7e(Tr)) = -10.55 
eV in agreement with the observed band positions. Note 
that mB is only 3A of the value found by assuming nonpolar-
izable, fixed Tr-basis orbitals Trx (see (16)). 

A comparison of the electronic and photoelectron spectra 
of 1 is of particular interest. As shown above we find that 
the difference between the positions of the first and second 
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Figure S. Electronic absorption spectra of spiro[4.4]nona-l,3,7-triene 
(2) and of spiro[4.4]nona-l,3-diene (4): solvent, rigisolve. 

bands in the electronic spectrum is A£"( l ,2) = 1.19 eV in 
the gas phase and 1.23 to 1.28 eV in solution, i.e., the same 
within experimental error as the gap A / (1,2) = 1.2 eV be
tween the orbital energies e(a2(7r)) and e(bi(u-)) derived 
from the photoelectron spectrum. W e shall now show why 
the naive expectation in eq 5 is fulfilled in this par t icular 

case. 
27 

With reference to Figure 1 the relevant orbitals are those 
given in (15) and (17) , i.e., \p i = Ia 2 (X) , ^i = lbi(-n-), and 
\p-] = 8e (x*) , as shown in the following diagram: 

8e 

IQ2 

Ib1 

7e 

(TCa+TT* ^TC+TEd)/2 
(TEQ+TEt,-TEJ-TEd)/2 

(20) 

(TEa-TEb- TEc • TEd)/2 

(TE0-TEb +TEc-TEd)/2 

(TEa + TEb+TEc + TEd)/2 
(TEa + TEb-TEc-TEd)/2 

For simplicity we shall now drop the designations x and x*. 
The ground configuration (eq 6) of 1 is 

Xo Ib1 Ib 1 Ia2 Ia2 (21) 

The two singly excited configurations which correspond to 
the promotions 8e *- Ia2 and 8e «- lb] (see (20)) are both 
degenerate because o f f XA2 = E X B \ = E under D2d. 
From (7) one obtains 

r» = 4 { i . . . Ib1Ib1 Vl 
la28el . Ib 1 Ib 1 SeIa 2 I ) 

(22) 
1X2"

1 = j={\ . . . Ib 1 SeIa 2 Ia 2 I + I . . . Se Ib 1 Ia 2 Ia 2 I j 

Relative to (14) the antibonding 7rn* orbitals are defined 

71 U M - <t>„) (23) 

i.e., in such a way that the spiro-connected 2p AO's </>M (^ = 
1, 4, 6, or 9) have the same sign in 7rn* as in xn. The ZDO 
approximation underlying formulas 15 and 17 implies that 
for n ^ m one has x„xm = 7rn7rm* = x n*xm* = 0 and Trn

2 = 
7Tn*

2. The transition densities TrnXn* can be characterized in 
a first approximation by the corresponding local transition 
moments Ann*, which have their negative ends (positive 
electron density) directed toward the spiro-connected cen
ters 1, 4, 6 and 9. 

To prove that (5) is true (in first order) for 1 we have to 
evaluate the Coulomb and exchange integrals 9 of expres
sion 11, i.e. 

J11-1 = [Ia2Ia2I 8e8e] 

Ji,-\ = [Ib1Ib1ISeSe] 

K1, _t = [ l a 2 8e |8e l a 2 ] (24) 

#2,-1 = [Ib1SeISeIb1] 

and to show that (11) coverges to (5). 
Because of the ZDO approximation introduced above 

one finds after inserting (15) and (17) into (24) that /1,-1 
and 72 ,- i yield 

l u m n 

leading to J \-\ — J2,-1 = 0. In a similar fashion it is found 
that A^i1-I and AT2,-1 are equal, i.e. 

i 
16L W f»TW K^. 

T A* A I TJ!, T.Tl* + 77,ITH : 

)= K, 

16L 

^ b T b ' + HoITr TiTg*] 

l . - l 

(26) 

Note tha t the upper and lower exchange integrals, result
ing from the corresponding components of 8e shown in (17), 
have necessarily the same value, because the underlying 
pair of transit ion densities span the E representat ion of 
D 2d' This is obvious by inspection of the following di
agrams, in which these transition densities are character
ized by the ensemble of the local transition moments £nn*: 

^aa* eld* eld* 

(27) 

f*bb* ^cc * 

Ia2 8e (upper) 
lbi 8e (lower) 

H bb* ^cc* 

Ia2 8e (lower) 
lb. 8e (upper) 

Again one finds that Ki _i - K2 -1 = 0 and consequently 
that A ' £ ( 1 , 2 ) = A/ (1 ,2 ) to first order. 

To support this conclusion S C F calculations have been 
performed for 1 using the C N D O / 2 , 2 8 M I N D O / 2 , 2 9 and 
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SPINDO 3 0 procedures and a standard D 2d geometry for 1. 
The results agree with those derived above, as shown by the 
CNDO/2 and MINDO/2 values obtained for the Coulomb 
(eq 25) and exchange integrals (eq 26) (values in eV): 

^1E[I,2) -

Jl.-1 ^2,-1 #2,-1 #1,-1 A/( l ,2) 

CNDO/2 7.43 7.35 0.70 0.80 - 0 . 1 2 (28) 

MINDO/2 6 .05 6.01 0.47 0.52 - 0 . 0 5 

Thus the difference A'£(1 ,2) - A/(1,2) is practically zero, 
within the limits of error of such semiempirical calculations. 

As expected, a closer examination of the computed orbit-
als reveals that the three models differ significantly in many 
respects. This points out once more the danger of relying on 
a single procedure only, when interpreting photoelectron-
spectroscopic data.-" 

Of course all three models agree in making \a.z(ir) and 
1 b i (TT) the two highest occupied molecular orbitals of 1. For 
symmetry reasons these orbitals are strictly of local T char
acter, i.e., there is no contribution from a orbitals. How
ever, this is where the agreement ends! In contrast to SPIN-
DO, both C N D O / 2 and MINDO/2 yield as an artefact a 
high-lying a orbital between the orbitals 7e(r) and 2 bj(TT), 
a result hardly compatible with the photoelectron-spectros-
copic result (cf. Figure 2). In addition according to 
CNDO/2 and MINDO/2 the orbital 7e(x) shows roughly 
the same degree of a/rr mixing as does the much lower 
lying orbital 5e, so that it becomes almost impossible to as
sign more w character to one or the other of the two. On the 
other hand 7e(-7r) appears almost pure ir with very little a 
contribution according to the SPINDO results. A much 
more serious discrepancy is that the lowest unoccupied or
bital (LUMO) is 8e(7r*) in the CNDO/2 and MINDO/2 
model, as also assumed in our primitive treatment, but a a 
orbital if the SPINDO calculations were to be believed. 
(This is the reason why this model has been excluded from 
the comparison given in (28).) 

This lack of agreement on important points between such 
semiempirical calculations, even in a case where one might 
have expected that the orbital sequence is predetermined by 
symmetry, should serve as a warning when such models are 
used as a basis for the interpretation of photoelectron spec
tra. We believe that the correlation technique, i.e., the em
pirical comparison of the photoelectron spectra of systemat
ically varied and closely related systems (e.g., 1, 2, etc.), 
yields much more reliable assignments. 
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