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Summary 
The linear dichroic absorption spectrum of 1,3,6,8-trans-15,16-hexamethyl- 

dihydropyrene has been measured in stretched polyethylene at 77 K, and CNDO-CI 
calculations with inclusion of singly and doubly excited configurations have been 
carried out on a series of alkyl bridged [ 14lannulenes with pyrene- and anthracene- 
shaped perimeters. Transitions to e3g+ e4u type 'L and lB states are well described, 
and the results indicate that additional low-energy excited states originate from 
e3g+ e5g and e2u-' e4u type configurations interacting strongly with doubly excited 
configurations of the e3g, e3g+ e4u, e4u type. The second excited singlet state respon- 
sible for the weak transition observed between the 'L bands may be assigned to one 
of these additional states, but it is probably of complex nature, similar to the 'phan- 
tom' state in linear polyenes. 

Introduction. - The electronic structure of bridged annulenes has been the sub- 
ject of several investigations, e.g. [ 1-81. The electronic absorption spectra of these 
compounds are particularly interesting in that they provide a direct application of 
Platt's classification of electronic states of cyclic polyenes [9], and they further offer 
the opportunity for studying the effects of distortions from planarity and inductive 
and hyperconjugative perturbations on the spectroscopic properties of conjugated 
z-electron systems. 

The electronic absorption spectrum and polarized fluorescence of trans- 15,16-di- 
methyl-dihydropyrene 1 (Scheme 1) and some of its simple derivatives were investi- 
gated some time ago by Heilbronner et al. [2], and the spectra of 1,6: 8,13-cyclo- 
propanediylidene [ 14lannulene (2), 1,6 : 8,13-ethanediylidene [ 14lannulene (3), 
1,6: 8,13-propane-1,3-diylidene[l4]annulene (4), and 1,6: 8,13-butane-l,4-diylid- 
ene [14]annulene (5 )  (Scheme 1) were studied recently by Michl et al. [7] by means of 
several experimental techniques, including linear dichroism in stretched polymer 
sheets. Characteristic absorption bands in the series of alkyl bridged [ 14lannulenes 
1-5 could in all cases be assigned to L,, La, B, and B, states derived from Platt's pe- 
rimeter model [9]. However, several additional') transitions were observed. In par- 

') Throughout this paper, transitions other than L and B transitions will be termed 'additional' 
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Scheme I 
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ticular, the existence of a very weak transition between the L, and La bands indi- 
cates a fairly low-energy excited state which is not easily explained within the pe- 
rimeter model. Calculations in the Puriser-Purr-Pople (PPP) [ 101 model on deformed 
and perturbed [ 14]annulenes gave no indication as to the assignment of this transi- 
tion [2] [7]. Michl et al. [7] tentatively assigned this and 2 additional transitions at 
higher energy in the series 2-5 to partial charge-transfer transitions involving high- 
lying occupied a-orbitals of the alkyl bridge and low-energy unoccupied orbitals of 
the rc system. 

In order further to characterize low-energy electronic transitions in 1-5 and pos- 
sibly gain some insight into the origin of those apparently not predicted by the pe- 
rimeter model, we have undertaken an investigation of these compounds. First, we 
measured the linear dichroic absorption spectrum of the 1,3,6,8-tetramethyl deriva- 
tive of 1 in stretched polyethylene at 77 K. Second, we performed CNDO-CI calcu- 
lations on 1-5 using a modified version of the computer program published by 
Baumann [ 111 with inclusion of singly and doubly excited configurations in the CI 
procedure. It will be shown that this model performs reasonably satisfactorily for 
these twisted rc-systems, somewhat in contrast to expectations expressed previously 
[6] PI. The results are in general agreement with the identification of L and B bands 
suggested [2] [7], but are at variance with the tentative assignment of the additional 
transitions [7]. 

Linear dichroism of 1,3,6,8-trans-15,16-hexamethyl-dihydropyrene. - The polar- 
ized absorption spectrum measured in stretched polyethylene at 77 K according to 
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Fig. I.  Polarized absorption spectrum of 1,3,6,d-trans-Ii I6-hexamethyldihydropyrene measured at 77 K in 
stretchedpolyethylene. The Figure shows the reduced absorption curves A,= Ell -0.95EI (full line) and 
A,= 1.40 [EL -0.55Ell J (broken line). where El, and E l  are the absorption curves measured with the 
stretching direction parallel and perpendicular to the plane of the linearly polarized light. The designa- 
tion of axes deviates from that usually adopted in stretched sheet work [I21 [16]. The labeling of peaks a-f 

refers to the labeling in [2]. 

the procedure of Eggers et al. [ 121 is shown in Figure I (for experimental details, see 
[13-151). The stretched sheet spectrum in the region above 2.5 eV has been deter- 
mined at RT. by Schmidt [4]; the 2 spectra are essentially similar in that region, 
apart from improved resolution of the medium intense absorption between 2.5 and 
3.0 eV in the low temperature spectrum. Figure I shows the reduced absorption 
curves obtained from the experimental dichroic spectra using the reduction factors [ 121 
d!=0.95 and d l=0 .55 .  These values were determined from the assumptions that 
the peak at 3.4 eV (f) and the peaks at 1.9 and 3.2 eV (a and d) are ‘long’ and ‘short’ 
axis polarized, respectively. The reduction factors correspond to the orientation fac- 
tors [12] [16] K1= 1/(2d0,+ 1)=0.48, K,=di/(2+d!)=0.32, and K 3 =  l-K,-K, 
= 0.20. The orientation factors are quite similar to those for pyrene ( K ,  = 0.54, 
K2=0.32) [ 171. The observation K2> K ,  indicates that ‘short’ axis polarized features 
such as a and d are polarized along the ‘in-plane’ z-axis rather than along the ‘out- 
of-plane’ x-axis, which is the axis least likely to align with the stretching direction. 

The polarized absorption spectrum in Figure I is consistent with the relative po- 
larization directions of the main bands a, c ,  d and f as determined by polarized 
fluorescence of the 2-acetamido derivative of 1 [2]. The stretched sheet spectrum 
contains additional detail. Band a shows strongly mixed polarization (in contrast to 
the corresponding band in 2-5 [7]) and band b is predominantly ‘long’ axis polar- 
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ized. Between the bands c and d are observed at least 3 ‘short’ axis polarized peaks 
and one ‘long’ axis polarized peak. The transition e appears as a poorly resolved 
‘short’ axis polarized absorption overlapping the tail of band d and the onset of the 
very strong band f .  

Calculations. - In the preliminary stages, some calculations were performed using Del Bene & JaflPs 
CNDO/S-CI [lS] and Krogh-Jespersen & Ratner’s INDO/S-CI 1191 methods with inclusion of singly ex- 
cited configurations in  the CI. Both methods predicted reasonably well the position of L and B bands for 
a compound such as 3, but they did not predict any additional transitions below the B hands, irrespective 
of variation of geometry or extent of singly excited C1. However, as pointed out in [7], a large number of 
doubly excited configurations are present at relatively low energies. and we decided to use Baumann’s 
CNDO/S-CI program [ 1 I ]  which includes these configurations. 

The original CDC-version of this program [ l l ]  was modified to conform to IBM standards; during 
this procedure some errors were corrected. The calculations were performed with inclusion of the 49 
singly excited singlet configurations derived by promotion from the 7 highest occupied into the 7 lowest 
unoccupied orbitals, as well as  the 45 doubly excited singlet configurations derived by excitation from the 
3 highest occupied to the 3 lowest unoccupied orbitals. This is a significant extension of the CI relative to 
the calculations referred to above, but i t  is still very limited, considering the size of the compounds 1-5, 
and the selection of configurations is quite arbitrary. We feel, however, that calculations at  this level 
should give a first indication of possible assignments of low-energy transitions in these species, since it is 
un&ely that extension or optimization of the CI expansion introduces completely new transitions below, 
say, 4 eV. The original parameters stored in the program were applied [I l l ,  except for the p values for 

eV 

5 
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/ 
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Fig.2. Correlation of observed and calculated transirion energies for  1-5 (solid points) and 6-11 (open 
points) 
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carbon and hydrogen which were taken as Doc= - 15.0 eV and DoH= - 10.0 eV (1 eVz96.487 kJ/mol 
z 8068 cm-I). Furthermore, carbon 2s-2p contributions to electric dipole transition moments were in- 
cluded according to 

(2\'71?/J-\= 5/2,\? ( : I L L 1  (1) 

where [ is the SIater exponent. These contributions might be important in calculation of intensities of 
g-n type transitions. 

The procedure was tested by its ability to reproduce singlet-singlet transitions in the planar n-elec- 
tron systems pleiadene 6 1201, azuleno(l,2,3-~d)phenalene 7 [15], azuleno(5,6,7-cd)phenalene 8 [21], 
aceheptylene 9 [14], dicyclohepta[cd,gh]pentalene 10 1221, and pyrene 11 [ 171 (Scheme 2). In the case of 6. 
7 and 8 idealized 'regular' geometries with all C-C distances equal to 140 pm were employed. For 9 and 
10 structures estimated by Lindner [23] were used, while for 11 the experimental geometry [24] was taken. 
Figure 2 shows the linear regression of observed energies for 30 selected transitions in 6-11 on the corre- 
sponding calculated ones (open points). Only transitions for which the assignment based on experimental 
criteria and the results of PPP-type and other calculations is well established, were included in the cor- 
relation. The Doc and parameters were adjusted to obtain a regression line with slope equal to unity 
(see above); the standard deviation is 0.17 eV (1400 cm-l) and no deviations are larger than 0.4 eV 
(3400 cm-I). These results are reasonably satisfactory, but not better than corresponding PPP-results [ 141 
[15] [I71 [20-221. It is particularly important that the calculations reproduce low-energy states in 6 and 7 
which depend strongly on doubly excited configurations in the CI description [15] [20] (see Table 1 ) .  This 
indicates that the method is adequately parametrized for a description of such states in n-electron sys- 
tems of a size comparable to those of 1-5. 

As a further test of the applicability of the method, we have compared observed ionization energies 
and calculated orbital energies (Koopmans' theorem [25]). In the calculations on the bridged [ 14lannul- 
enes we used geometries derived from experimental X-ray data for 1 [26], 4 [27], and 5 [28], while the 
results for 2 and 3 were based on geometries calculated by Lindner's combined force field and n-SCF- 
LCAO-MO method [23] which yields results in close agreement with experiment [29] [30]. The results 
displayed in Figure 3 indicate that the calculated orbital energies are in excellent agreement with the 
shifts and relative spacing of the lowest few ionization energies as measured by photoelectron spectro- 
scopy [5] [6]. The only discrepancy concerns the third level of 1 (a,,) which is predicted at relatively high 

Table 1. Observed and calculated transition energies E (ev), polarization directions, and log E values for 
pleiudrrie 6 and azuleno(I,2,3-cd)phenalene 7 

Obs. Calc. 

E pol. 

1.45 Y 
2.46 
2.85 z 

3.29 Y 

1.41 Y 

3.3 Y 

3.43 z 

3.6 1 Z 

2.58 z 
3.17 z 

log t' 

- 3  
-2  
-4 

3.8 
3.6 

2.5 
4.7 
3.9 

4.9 

E 

1.55 
2.42c) 
2.86 
2.89 
3.19 
3.38 

1.43 
2.27 
3.1Se) 
3.22 
3.40 
3.42 

pol. 

Y 
Z 

2 

V 

i 
z 

Y 
Z 

z 

Y 
Y 
z 

log E a )  

3.3 
3.0 
4. I 
2.4 
3.7 
3. I 

2.4 
4.0 
3.4 
3.1 
1.5 
4.6 

") 
b, 
") 67% doubly excited character. 
d, 
3 31% doubly excited character. 

Estimated by the relation log c = 4.74+ log f [ 111 
Observed band origins from [20]. 

Observed band maxima from [15]. 
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Scheme 2 

6 7 8 

9 10 11 
binding energies. The predicted ordering is in agreement with the original assignments [5] [6] except for 
the ordering of the closely spaced 2 first levels in 10, 2 and 3; however, the ordering indicated in Figure 3 
is consistent with the results of other all-valence-electrons calculations [8] [3 I]. 

All things considered, the results indicate that the procedure outlined in this section is applicable to 
the electronic structure of the annulenes 1-5. Results for excited states of these compounds are discussed 
in the following. 

Results and discussion. - Observed calculated transitions for 1-5 are given in 
TubZe2, and the correlation of the most important transitions is indicated in 
Figure4. The experimental data are taken from Heilbronner et al. [2] (1) and Mzchl 
et al. [7] (2-5). The polarization directions for 1 are inferred from the stretched sheet 
spectrum of the methyl derivative in Figure 1. 
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Table 2. Observed and calculated singlet transition energies E (ev), polarization directions, and oscillator 
strengthsffor the alkyl bridged [14]annulenes 1-5 

Obs. Calc. 
E pol. f E pol. f 

1.93 
2.34 
2.65 

3.28 
3.51 

3.67 

2.04 
2.45 
2.85 
3.04 

3.12 

3.41 

3.84 

2.23 
2.64 
3.07 
3.25 
3.35 

3.66 

3.99 

2.43 
2.80 
3.1 
3.41 
3.6 (?) 

3.85 

4.09 

2.46 
2.83 
3.16 
3.47 
3.66 (?) 

Z 

01) 
Y 

Z 

Z 

Y 

Y 

(X) 
y or : 
y or z 

X 

y o r z  

X 

X 

(X) 
y o r z  

y o r z  

y o r z  

X 

X 

X 
(X) 
y o r z  

y or z 

y or z 

X 

X 

X 
(XI 
y o r z  

y o r z  
y or z 

X 

3.90 
4.09 X 

0.002 - 0.0002 
0.085 

0.20 
-0.1 

0.68 

0.013 
0.0003 
0.008 
0.03 

0.03 

0.13 

1.3 

0.020 
0.0004 
0.02 

0.08 

0.15 

1.1 

0.004 
0.0001 
0.06 
0.09 

-0  

0.15 

1.6 

0.003 
0.0002 
0.04 
0.11 

0.21 
1.2 

-0 

1.88 

2.44 
3.10b) 
3.2F) 
3.59') 
3.68 
3. 7OC) 
3.799 
3.95 

2.09 

2.61 
3.4Sb) 
3.5Ib) 
3.61b) 
3.65 
3.80 
3.977 
4.15b) 
4.21 

2.23 

2.79 
3.46b) 
3.72b) 
3.7F) 
3.80 
3.977 
4.2oC) 
4.27 

2.53 

2.94 
3.559 
3.739 
3.999 
4.12 
4.24 
4.24 

2.60 

3.02 
3.60 
3.66b) 
4.11 
4.15 

: 

-Y 
~ 

- 
- 

Z 

- 

- .v 
X 

Y 
Z 
- 

Z 

Y 
- 

Z 
: 
X 

X 

Y 
- 

Z 

Z 

Y 
- 

Z 

X 

X 

Y 
~ 

z 
z 
Y 
- 

X 

X 

Y 
Z 
- 

Y 

0.014 

0.006 
- 

- 

0.53 

- 

1.19 

0.022 

0.006 
0.010 

0.003 
0.48 

0.004 
0.005 
1.49 

0.018 

0.03 1 

0.004 
0.0004 
0.39 

0.004 
1.49 

0.007 

0.037 

0.0009 
0.000 1 
0.28 

1.23 

0.001 

0.012 

- 

- 

- 

- 

- 

-0  
- 

0.27 
X 1.01 

") 
b, 
") 
d, 

Observed band maxima from [2], polarized directions inferred from the spectrum in Figure I 
More than 20% doubly excited character. 
More than 50% doubly excited character. 
Observed band origins from 171. 
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obs. calc. 
Fig.4. Observed (left) and calculated (right) transition energies f o r  the alkyl bridged [14]annulenes 1-5. 
Solid and broken bars indicate 'long-axis' and 'short-axis' polarized transitions, respectively; dotted bars 
indicate transitions which are predicted to be 'out-of-plane' z-axis polarized in 2-5. The thickness of the 
bars indicates very weak (f<0.01), weak (0.01 i f tO.1) .  and medium to intense (f>0.1) transitions; 
transitions which are predicted to be forbidden by symmetry are indicated by circles. Not all calculated 

transitions are shown (cf: Table 2). 

eV 

-1 

-2  

- 0  

- 9  

1 2 3 4 5 

Fig. 5. Calculated e3n and e4u frontier orbit& f o r  1-5 (cf: Scheme 3) 
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L and B transitions according to Platt [9] correspond to excitation of an electron 
from the 2 highest occupied to the 2 lowest unoccupied perimeter n-orbitals, as in- 
dicated in Figure 5. These ‘frontier’ orbitals have e3g and e4” symmetry, respectively, 
in an unperturbed D14h [ 14]annulene, where they are completely determined by 
symmetry. The symmetry is reduced to C,, in the bridged [ 14lannulene 1 and to C,, 
in 2-5 (Scheme 3). The splitting of the e3g and e4” type orbitals in these compounds 
can be explained in terms of the effects of twisting and non-planarity of the perime- 
ter and ‘through-space’ and ‘through-bond’ transannular interactions [ 1-31 [5-81. 
The present results predict a reversal in the order of the 2 highest occupied b ,  and b2 
orbitals in the series 2-5; this is due to interaction of the b, orbital with an occupied 
o orbital of the bridge in the case of 2 and 3. In 2 this o orbital is the w (A) Walsh- 
type orbital of the cyclopropane ring, in 3 a closely related ethane orbital with C-C 
anti-bonding and C-H bonding characteristics (1 e” in eclipsed ethane [32]). No 
equivalent orbitals are available in the propano- and butano-bridged compounds 4 
and 5. Similar results were obtained with the extended Hiickel method [8]. 

The calculated ‘frontier’ orbital gap increases through the series 1-5, which is 
consistent with the observed shift of the L and B transitions towards higher energies. 
For compounds 2-5, Michl et al. [7] explained this trend as due to an increasingly 
dominating transannular homo-conjugative interaction. The orbital shifts from 1 to 
2 and 3 are largely due to the different topologies, which cause the a-orbitals of the 
alkyl bridge to interact with different perimeter ;rr-orbitals. A high-lying occupied 
a-orbital of the butane bridge in 1 interacts quite strongly with the highest occupied 
ag perimeter orbital, leading to a very low first ionization energy (observed value 
6.8 eV) [5] and low L and B transition energies (Fig. 3 and 4) .  

The calculated Lb,  La, Bb and B, transitions compare well with the experimental 
data. The correlation of observed [2] [7] and calculated transition energies is indi- 
cated in Figure 2 (solid points); it is seen that the scatter of the points is comparable 
to that for points relating to n-n* transitions in planar hydrocarbons (open points). 
The Lb transitions which correspond to the first band in each spectrum are particu- 
larly well reproduced. The energy is predicted to within a few hundredths of an eV 
and the variation of the oscillator strength in the series 1-5 is quite well reproduced, 
as shown in Figure 6. The La transitions are generally predicted at slightly too low 
energies, and the correlation of observed and calculated oscillator strengths is less 
convincing. In particular, the intensity of the La band of 1 (corresponding to band c 
in Fig. I )  is grossly underestimated. However, the experimental determination of 
oscillator strengths for these transitions is complicated by overlapping bands, and 
contributions, due to vibronic coupling with the much stronger B bands are prob- 
ably significant; a similar conclusion was reached by Heilbronner er al. [2]. 

The results suggest a minor reassignment of the La band in the case of 2, relative 
to the assignment suggested by Michl et al. [7]. Correlation of results in the series 
1-5 favours assignment of the peak at 2.85 eV in the spectrum of 2 to the La transi- 
tion, rather than the peak at 3.04 eV (Table 2, Fig. 4). Within this assignment, the L, 
and La bands are in all cases shifted similarly, except when going from 3 to 4 where 
the shift of the L b  band is much larger than that of the La band, as predicted by the 
calculation. This assignment is furthermore consistent with the predicted relative 
intensities of the Lb and La transitions for 2 (e.g., Fig. 6). 
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obs. calc. 

Fig.6. Observed (left) and calculated (right) oscillator strengths f for Lb (solid line) and L, (broken line) 
in 1-5 

The calculations predict several additional excited states below the B states. 
These states involve singly excited configurations of the e3,+ e5g and e2u-+ e4u type 
and doubly excited configurations of the e3g, e3g+ e4,,, e4u type (Scheme 3) .  This 
group contains 8 singly excited and 10 doubly excited configurations with energies 
between 4 and 6 eV; they have A, and B, symmetry in the CZh compound 1 and A ,  
and A2 symmetry in the Czv compounds 2-5. Transitions from the ground state to 
states derived from these configurations are all forbidden by symmetry, except for 
transitions to A, states in 2-5 which are polarized along the ‘out-of-plane’ z-axis. 
The interaction between singly and doubly excited configurations is very significant; 
this interaction is responsible for the prediction of additional states below the B 

Scheme 3 

D14h 

e5g 

e3g 

e4u 

e2u 
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states, as shown in Figure 7. The large shift of the A, (A,) and B, (A2) states relative 
to the L and B states on inclusion of doubly excited configurations in the CI is 
largely due to the fact that the e3,, e3g+ e4,, e4,, type configurations interact strongly 
with the former states but are prevented by symmetry from interaction with the lat- 
ter; the L and B states mix only with higher configurations of A, (B,) and B, (B2) 
symmetry. This symmetry restriction applies to the unperturbed D14h [ 14lannulene 
itself and to all perturbed systems which maintain inversion symmetry and/or the 
‘out-of-plane’ C2 axis. A different situation is represented by cyclopenta [hlcycl- 
[4.2.2]azine 12 which can be considered as a perturbed planar [14]annulene de- 
formed to C2, symmetry with the C2 axis ‘in-plane’ [13]. In this case, all types of 
single and double promotions between perimeter 71 orbitals lead to configurations of 
A, and B2 symmetry (cJ Scheme 3) and the symmetry restriction indicated above for 
1-5 does not apply to 12. Inclusion of doubly excited configurations in CNDO-CI 
calculations on 12 did not lead to the prediction of additional states below the B 
states, indicating that the symmetry restriction is crucial for the results in the case of 
1-5. 

12 

It is interesting to estimate the role of the bridging alkyl group and the various 
perturbations of the perimeter in the prediction of low energy additional states in 
1-5. We have performed a few calculations on a regular D14h [14]annulene with 

1 

3 

(a) 

(b )  

(a)  

( b )  

I 
I 

I 
G I 

I 
I 
I 

I , I  

/ 
G 

G 

1 

/’ 
G 

0 1 2 3 eV 

Fig.1. Calculated results for  1 and 3, (a) with inclusion of singly excited configurations onlv, and (b) with in- 
clusion also of doubly excited configurations (G indicates the ground state; for remaining symbolism, see 

iegend to Fig. 4 )  
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C-C and C-H distances equal to 140 and 110 pm, respectively. Inclusion of doubly 
excited configurations in the CI introduced at least 2 doubly degenerate states be- 
tween the L and B states. A calculation including 42 singly excited and 56 doubly 
excited configurations below 10 eV thus predicted B,, (Lb) and B,, (La) states at 2.05 
and 2.62 eV, respectively, E2,(C) and E6,(K) states at 3.95 and 4.04 eV, respectively, 
and the E,,(B) state at 4.32 eV. Hence, within the model and the parametrization 
applied, perturbation of the [ 14lannulene due to twisting, non-planarity, or trans- 
annular and hyperconjugative interactions is not essential in bringing down addi- 
tional states below the B states. On the other hand, these interactions may further 
lower the energy of these states, In particular, interaction with c7-orbitals tend to de- 
stabilize the e2, type orbitals, thereby lowering the energy of e2u+ e4, type configu- 
rations, leading to further stabilization of states in 1-5 involving these configura- 
tions. These states are influenced to some extent by 0-n mixing, but inspection of the 
calculated wave functions indicates that it would be misleading to characterize tran- 
sitions to these states as n-n” or charge-transfer transitions in the sense implied by 
Michl et al. [7], since the partial charge transfer from the alkyl bridge to the n system 
is insignificant (see later an exception in the case of 2). 

Additional low-energy transitions in 1-5 are thus predicted to be characteristic 
for the [14]annulene chromophore, rather than transitions depending on the presence 
of the saturated bridge. The basic mechanism which leads to the prediction of low- 
energy additional states is similar to the one which leads to reversal of the 2 lowest 
excited singlet states of trans-polyenes when doubly excited configurations are in- 
cluded in the CI [33]. The n orbitals of a C2h trans-polyene have alternatingly a, and 
b, symmetry. Transition from the highest occupied to the lowest unoccupied orbital 
is allowed and gives rise to a B, state which is related to the B states of the cyclic 
polyene. Strong interaction between the next-lowest singly and lowest doubly 
excited configurations predicts a low-energy excited A, state which is believed to 
correspond to the ‘phantom’ state observed below the B, state in some trans-polyene 
derivatives [33] [:34]. The prediction of similar low-energy states for [ 14lannulenes is 
a reflection of the close correspondence between the electronic structures of linear 
and cyclic polyenes [35] and indicates that the low-energy ‘phantom’ states observed 
for both classes of compounds may be closely related. 

We believe that the additional transitions observed in 1-5 must involve states of 
the type discussed above, at least in case of the weak transition observed between 
the L, and La bands. In any case, no other calculated transitions come near this re- 
gion. This transition is clearly seen in the spectrum in Figure 1 (b) and in the spectra 
of 2 and 3, but overlaps strongly with the tail of the Lh band in case of 4 and 5 [7]. 
The calculated transition energy is at least 0.7- 1.0 eV too high (Table 2, Fig. 4); 
variation of parameters and extension of the CI did not remove this discrepancy. 
Leclercq & Leclercq [33]  had similar problems in reproducing the ‘phantom’ A, state 
of diphenyl-trans-polyenes in spite of very extensive CI calculations. They con- 
cluded that the ‘phantom’ state may not have pure-valence character. It cannot be 
excluded that the second excited singlet state in 1-5 is of similar complex nature. 
The calculated results indicate that it has A, or B, symmetry in 1 and A, or A, sym- 
metry in 2-5, implying that the predominantly ‘long’ axis polarized intensity of the 
observed absorption band is not intrinsic but borrowed from much more intense 
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neighbouring transitions by vibronic interactions. A similar state is not predicted for 
12, as discussed above. Unfortunately, the absorption spectrum of 12 [13] does not 
allow any conclusion concerning the existence of a weak transition corresponding to 
transition b in Figure 1. Definitive assignment and characterization of this extremely 
interesting state of 1-5 must await the results of further investigations. 

The spectral region between the L and B bands of 1-5 is complicated, as clearly 
demonstrated by the region between the peaks c and d in Figure 1. Assignment of 
bands in this region to the several transitions predicted between 3 and 4 eV is diffi- 
cult and is probably complicated by strong vibronic interaction with the intense B 
bands. We therefore refrain from further consideration of this spectral region, apart 
from the possible assignment of the fairly intense ‘short’ axis polarized transition 
observed at 3.04 eV in the spectrum of 2, close to the weaker La band at 2.85 (our 
assignment). The transition is indicated by a dotted bar in Figure 4. The calculated 
results indicate that this absorption can be assigned to an ‘out-of-plane’ z-polarized 
transition to a totally symmetric state predicted at 3.47 eV (Table 2). This transition 
is predicted to be more intense than the ‘in-plane’ y-polarized La transition; this 
result is independent of the inclusion of one-center s-p contributions (1) to the tran- 
sition moment. The excited state is fairly well described by the configuration derived 
by promotion of an electron from the third highest occupied orbital a ,  (w)(Fig. 3) to 
the lowest unoccupied e4,-type orbital a, (n*) (Fig. 5). The al  (w) orbital is the result 
of strong interaction between the w (S) Wulsh-type orbital of the cyclopropane ring 
and the appropriate component of the e,,-type perimeter n-orbital; the Wulsh-orbit- 
a1 character is 61%. Related transitions to low-energy A, states are predicted in 3 , 4  
and 5, but with strongly decreasing intensity through the series 2-5, in fairly good 
agreement with experiment [7] (Table 2, Fig. 4). 

We shall conclude with a few remarks on the MCD. (magnetic circular di- 
chroism) [36] B-terms for the lowest transitions in 1-5. Michl [37] has derived a 
simple rule 

sign B = sign (AHOMO - ALUMO) (2) 

relating the sign of the lowest x-n* B-term in a perturbed [4n + 2lannulene to the 
energy difference between the 2 highest occupied n orbitals (AHOMO) and that of 
the 2 lowest unoccupied n orbitals (ALUMO). It is then clear by inspection of Fig- 
ure 5 that the lowest B-term is predicted to be positive for 1 and negative for 2-5. 
This is in agreement with the observed MCD. spectra for 2-5 [7]; indeed, not only 
sign but also variation of magnitude of the B-term for the L, transition is well pre- 
dicted by the quantity AHOMO - ALUMO (observed lowest B-term for 2-5 is - 0.3, 
-0.6, -0.4, and -0.1, respectively, in units of 10-38, D2/cm-’; the corresponding 
value of AHOMO - ALUMO is - 0.30, - 0.60, - 0.41, and - 0.23 eV). If the B-term 
for the L, transition is dominated by magnetic coupling with the L, transition, then 
its sign should be opposite to that of the L, transition, i.e. positive in 2-5. This is in 
agreement with the observed signs, except in the case of 2 where the L, band at 
2.85 eV has a negative B-term, and the stronger peak at 3.04 eV a positive B-term 
PI. This was one reason why Michl et al. assigned the latter peak to the L, transition. 
However, the B-term for the peak at 2.85 eV is probably dominated by coupling 
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with the neighbouring transition at 3.04 eV which is much closer in energy and 
much more intense than the L, transition (Table 2). According to our assignment, 
the 2 peaks at 2.85 and 3.04 eV are polarized in mutually perpendicular directions, 
along the 'in-plane' y-axis and the 'out-of-plane' z-axis, allowing for strong magnetic 
coupling. An analysis of MCD. B-terms for the three-dimensional chromophore 2 
would probably be rewarding. 

Conclusion. - The most important results of this investigation can be summa- 
rized as follows: 

a) CNDO-CI theory performs reasonably satisfactorily for L and B transitions in 
bridged [14]annulenes, even within a limited CI. The results for additional transi- 
tions depend strongly on the extension of the CI expansion, particularly on the in- 
clusion of doubly excited configurations. 

b) Prediction of the second excited singlet state responsible for the weak transi- 
tion observed between the L bands is not straightforward. It probably involves 
several strongly interacting e3g+ eSg, e2"+ e4", and e3g, e3g+ e4,,, e4,, type configura- 
tions and may correspond to the 'phantom' state in linear polyenes. 

c) A fairly intense 'out-of-plane' polarized transition is predicted for 2, involving 
partial charge transfer from an occupied Walsh orbital of the cyclopropane bridge to 
the lowest z" orbital of the perimeter. 
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285. Stereochemie der Bildung und Spaltung der (Co-C)-Bindung 
an einem Vitamin-B,,-Model1 

3. (vorlaufige) Mitteilung’) 

von Lorenz Walder, Gerhard Rytz, Kurt Meier und Rolf Scheffold 

Institut fur organische Chemie der Universitat Bern, Freiestrasse 3, CH-3012 Bern 

@.XI. 78) 

Stereochemical Course of the Formation and Cleavage of the Co-C Bond in a Vitamin BIZ Model 

Summary 

The electrosynthesis and properties of a chiral cobalt alkyl complex 4 are 
described. The reductive cleavage of the Co-C bond occurs with retention of 
configuration at the C-atom. 

I )  2.Mitt.: ((Uber Synthese und Reaktionen von Metallkomplexen mit porphinoidem Ligandsystemw, 
s. [l]. 
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