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Abstract-Ramachandran calculations have been used to gain insight into steric hindrance in bile 
pigments related to biliprotein chromophores. The high optical activity of denatured phycocyanin, as 
compared to phycoerythrin, has been related to the asymmetric substitution at ring A, which shifts the 
equilibrium towards the P-helical form of the chromophore. Geometric effects on the electronic struc- 
tures and transitions have then been studied by molecular orbital calculations for several conjugation 
systems including the chromophores of phycocyanin. phytochrome P,, cations, cation radicals and 
tautomeric forms. For these different chromophores some general trends can be deduced. For instance, 
for a given change in the gross shape (e.g. either unfolding of the molecule from a cyclic-helical to a fully 
extended geometry, or upon out-of-plane twists of the pyrrole ring A) of the molecules under study, the 
predicted absorption spectra all change in a simikar way. Nonetheless, there are characteristic distinc- 
tions between the different n-systems, both in the transition energies and the charge distribution, which 
can be related to their known differences in spectroscopic properties and their reactivity. 

INTRODUCTION 

Biliproteins are receptor pigments involved in photo- 
synthesis and photomorphogenesis (Gantt, 1980; 
Rudiger 1979, 1980; Scheer, 1981). Their linear tetra- 
pyrrolic chromophores are characterized by some un- 
usual properties, as compared to free bile pigments, 
and also to the respective biliproteins after denatur- 
ation. The unusual properties arise from non-covalent 
interactions of the protein and the chromophores. 
These interactions are hitherto only partly under- 
stood, but conformational factors have been sug- 
gested as major causes on the basis of chemical and 
theoretical evidence (Scheer, 1981). 

Theoretical calculations have become a powerful 
tool in conformation analysis of bile pigments. Mol- 
ecular orbital (M0)f'  calculations have been per- 
formed for free bile pigments with systematic vari- 
ations of their assumed molecular geometry (and some- 
times charge also), with the aim of correlating UV-vis 
and CD-spectral features with distinct conformations 
(Burke rt at., 1972; Sugimoto et a/., 1976; Falk and 
Hollbacher, 1978; Chae and Song, 1975; Wagniere 
and Blauer, 1976; Song et a/., 1979; Song and Chae, 
1979; Pasternak and Wagniere, 1979). More recently, 
conformational restrictions have also been investi- 
gated by Ramachandran type (Scheer et a{., 1979) and 
forcefield calculation (Falk et a/., 1981). Most of these 
theoretical studies, except for Pasternak ana Wag- 

$Ahhreuiutions: APC, allophycocyanin; MO, molecular 
orbital; PC, phycocyanin; P,, P,,, phytochrome in its red 
and far-red absorbing form, respectively. 

P A  P 36 3-A 259 

niere (l979), Song et u/.  (1979) and Song and Chae 
(1979), have focused on pigments containing the con- 
jugated system of biliverdin (1) and bilirubin, the two 
main vertebrate bile pigments. 

More recently it has been shown that the structure 
of plant bile pigments exhibit some particular features 
distinct from those of the vertebrate bile pigments. 
Nevertheless, in attempts to explain experimental ob- 
servations, a reference to the MO-calculations, of bili- 
verdin in particular, has often been made. In the light 
of the many new experimental results a comparative 
computation of the various n-systems related to plant 
bile pigments, applying the same set of parameters to 
all of them, seems desirable. 

A distinguishing feature of all chromophores in bili- 
proteins is the presence of a hydrogenated ring A. The 
chromophores 2a and 2b of phycocyanin (PC), allo- 
phycocyanin (APC) and of phytochrome in its 
P,-form are examples of these structures. This particu- 
lar conjugated system has only once been studied sys- 
tematically by MO-calculations (Pasternak and Wag- 
niere, 1979). The redox properties of the related pig- 
ment 3 have also been investigated (Kumbar and 
MacColl, 1975). Studies on these particular chromo- 
phores, however, can aid in the understanding of the 
protein-chromophore interactions and reactivities 
which are crucial to the function of biliproteins. 

Complementary to chemical reactivity and spectro- 
scopic studies of this conjugation system (Krauss and 
Scheer, 1981; Kufer and Scheer, 1979) we have 
recently started a theoretical approach to the confor- 
mational analysis of biliprotein chromophores by 
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Ramachandran type calculations (Scheer et ul., 1979). 
This  s tudy has  n o w  been extended t o  include interac- 
tions between rings tha t  a r e  n o t  directly linked and t o  
M O  studies o n  selected s t ructures  t o  assess the 
influence of conformational  and chemical changes on 
the absorp t ion  spectrum and o ther  parameters  gov- 
e rned  b y  the  n-electron system. 

METHODS 

Run~uchuridrriri culculutions. These have used a pre- 
viously published set of parameters (Scheer et ul., 1979). 
The basic geometry of biliverdin ( I )  was taken from the 
X-ray data of Sheldrick (1976). The geometries of phyco- 
cyanobilin (3). phycocyanin 2a and the phytochrome P ,  
chromophore 2b were derived by means of a combination 
of various X-ray structural results. Basically, the ring B, C, 
D-fragment was taken from biliverdin (Sheldrick, 1976). 
that of ring A from a succinimide of known stereochemis- 
try similar to ring A (Lotter et ol.. 1977). No correction has 
been made for the 18-ethyl group present in 2a and 3 
instead of the 18-vinyl group in Zb, due to similar steric 
parameters. 

Molrcirlur orhirul culculurions. These were performed in 
the n-clectron approximation introduced by Pariser. Parr 
and Pople ('PPP-approximation'). A set of parameters de- 
veloped earlier (Dorr et ul.. 1966) was used without modifi- 
cation. This set has successfully been applied in the past for 
the various types of planar organic molecules (e.g. Melzig 
e r  a/., 1981) and no attempt was made to optimize the 
agreement between calculated and experimental results by 
modification of the parameters. For non-planar geometries 
the resonance integrals were chosen as  @(z) = &.cos z, 
with z being the torsional angle of the corresponding 
bonds. In order to take into account the effect of hypercon- 

6OOH CooH 

Figure I .  Structure and numbering system of investigated 
bile pigments. 

jugation, the carbon atoms numbers 2 and 3 were rep- 
resented by doubly occupied atomic orbitals with par- 
ameters: U,, = - 16eV (Z' = 2). ycc = 10.0 eV, 
ycc, = 5.2 eV and b,, = 0.2 Po = -0.48 eV. 

The values of these parameters are chosen by analogy 
with the parameters of heteroatoms, which contribute two 
electrons to the n-system. Their precise values are not criti- 
cally important for the resulting excitation energies (e.g. 
Melzig et ul., 1981). The configuration interaction was 
limited to the 16 lowest singly excited configurations. Test 
runs including 36 singly excited configurations resulted in 
essentially the same excitation energies and f-values for the 
first transitions. which are of interest here. 

RESULTS AND DISCUSSION 

Rumuc~~undrun culculutions 

In the previous analysis of 1 and 2 by Ramachan-  
d r a n  calculations, on ly  interactions between rings di- 
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Figure 2. Sterically allowed (cross-hatched areas), possible 
(lined areas) and forbidden regions (blank) for the A-dihyd- 
robilindion-chromophore of C-phycocyanin and phyto- 
chrome P,. The regions correspond to energies in the 
ranges 6 -1, -1  < E i 0, and > 0, respectively. The 
out-of-plane geometries for the calculations shown in Figs. 
7 and 8 are marked (0). For the definition of c$ and $, see 

footnote below. 

rectly linked to each other have been taken into ac- 
count. In all cyclic geometries of the tetrapyrrole 
skeleton, an interaction is also expected between the 
sterically adjacent rings A and D. This interaction has 
been studied by the following approach. The ring B, 
C, D-fragment has been fixed in the slightly helical 
geometry present in crystalline 1. The C-4,5 and the 
C-5,6-bonds, which are formally a double and a single 
bond, respectively, have then each been rotated in 10" 
increments. The dependence of the total energies on 
the two angles of rotation, 4 and $*, as well as the 
separations of atoms coming critically close to one 
other, have been summarized in Figs. 2 and 3. 
Regions with energy values between 0 and -1  and 
between - 1 and -2 are depicted in Fig. 2 by the 
lined and cross-hatched areas, respectively. 

An important feature of this diagram is its asym- 
metry. From the two regions of minimum energy 
which have small positive or negative values of 4, the 
'allowed' region for negative twist angles is further 
from 4 = 0 than that for positive twist angles. This 
asymmetry is, of course, due to the asymmetrically 
substituted C-2 and C-3 present in ring A and sheds 
further light on the origin of the high optical activity 
of denatured 2a and 2b (Lehner et a/., 1981; Lehner 
and Scheer, unpublished). In the denatured pigments, 

*The angles c$ and (L correspond to rotations around the 
C-4.5 and C-5.6 bond, respectively. These angles have 
values of 4 = 180" and (L = 0" in the cyclic geometry A. 
Positive signs are defined for counter-clockwise rotations 
viewing from C-5. 

the chromophores are predominantly present in one 
or more cyclic conformations. Due to the steric hin- 
drance of the &1 and &I9 atoms, planar conforma- 
tions are forbidden and helical conformations are 
favored. The two possible helices of opposite twist are 
present in thermal equilibrium (Lehner et al., 1979). 
Optical activity in bilindions can then arise if either 
one of the two oppositely twisted, helical forms is 
present in excess. Such a situation can be induced by 
dissolution of 1. 4 or 5 in chiral solvents (Lehner er 
a/., 1978, 1981). or by the adsorption of 1 to serum 
albumin (Blauer and Wagniere, 1975; Wagniere and 
Blauer, 1976). It can also be caused by the presence of 
asymmetric centers within the molecule (Moscowitz et 
a/., 1964). Earlier Ramachandran calculations (Scheer 
et al., 1979) taking into account only steric interac- 
tions of the asymmetrically substituted ring A with 
ring B have indicated that P C  and P, should exhibit a 
positive long-wavelength C D  band due to the preva- 
lence of the P-helix (Scheer et a/., 1979). This earlier 
argument, which was based entirely on the interac- 
tions between rings A and B, is now supported by the 
interactions between rings A and D, which again 
favor the P-helix. 

Moiecular orbital calculations 

The conjugated systems studied are summarized in 
Fig. 5. The 2,3-dihydrobilindion-system (I) is con- 
tained in the chromophores of P C  and APC (2a), as 
well as in the model system 4. In some cases, separate 
calculations have been performed on its tautomer, 11. 
In addition to the free base I, its protonated form 111 
as  well as its cation-radical IV have been considered. 
The former is already favored below pH 5.25 (Grom- 
bein et a/., 1975) and may thus be formed within the 
protein. The latter has been postulated as an inter- 
mediate in (photo)oxidation of 4 and in the phyto- 
chrome photoconversion (Krauss and Scheer, 1979, 
1981). For phytochrome P,, the 18-vinyl system V and 
its tautomer VI have been used (Rudiger er al., 1981). 
Since P C  and P, perform rather different functions in 
vioo, the question arises as to the effect of this change 
of substituents. VII is present in mesobiliverdin (6) 
and octaethylbilindion (5), VIII is the conjugation sys- 
tem of biliverdin (1). The reactivities of these fully 
unsaturated pigments differ substantially from those 
of the dihydrobilindiones (see Scheer, 1981) and it was 
interesting to check whether these differences could be 
traced to distinct changes in the n-system. Finally, the 
n-system IX of the 3-ethylidene-bilindion 3 has been 
included as the main cleavage product of 2a. 

The results agree satisfactorily with the known 
spectral properties of bile pigments. No attempt was 
made to obtain a better fit by adjusting the basic data 
set. since many structural details of bile pigments in 
solution are not yet fully understood and probably 
more than a single species is present in thermal equi- 
librium. The focus of this work was rather to investi- 
gate the influence of structural variations on the elec- 
tronic states. These variations have been selected for 
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Figure 3 .  Interatomic distances for non-bonded atoms coming critically close to each other during 
out-of-plane rotations of ring A in dihydrobilindions. The axes are given as in Fig. 2 by the torsional 
angles 4 and $ of the C-4.5 and C-5,6 bonds, respectively (for definition see footnote to previous page). 
For each pair of atoms. isodistant profile lines are given in the contact region, with the distance 

indicated in [A]. 

study on the basis of a suspected or known import- 
ance with respect to biliproteins. 

Gross shape of' the molec.ulc.,s 

To estimate the influence of the gross molecular 
shape, computations have been made for the basic 
geometries A. B and C (Fig. 4) with all structures 
(I-IX) considered. The three basic geometries are the 
cyclic-helical geometry A (all-syn. Z)t, the semi-open 
B (anti, 2 ;  syn, 2 ;  syn, 2) and the fully extended C 
(anti, Z ;  anti. Z;  syn, Z).  The coordinates for the latter 

?The all-.sy, Z geometry A is similar to that of bili- 
verdindimethylester in the crystal (Sheldrick, 1976), but the 
twist giving rise to a helical structure has been located at 
the C-9, 10 and C-10,11 bonds only, rather than on all 
three methine bridges. 

two have been derived from the former by rotation 
around C-14,15 by 180" and by rotation around 
C-9,10 and C-14,15 by 180", respectively. 

The changes are most evident in the oscillator 
strengths of the transitions with excitation energies 
below approximately 30000 cm- I ,  corresponding to 
the absorption bands in the visible and near UV spec- 
tral range. Upon opening the cyclic-helical to the 
more extended geometries, the first transition in- 
creases in oscillator strength, whereas the prominent 
near-UV transitions decrease (Fig. 6). In every case, 
the change is most pronounced for the first conforma- 
tional change (rotation around C-14,15 to the semi- 
open geometry 9). This effect is well known theoreti- 
cally (Burke et a!., 1972; Chae and Song, 1975; Sugi- 
mot0 et a/., 1976; Falk and Hollbacher, 1978; Wag- 
niere and Blauer, 1976) and experimentally (Bois- 
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small intensity in the intermediate range between 
400nm and the red band, which are generally most 
prominent in the semi-open geometry B. The spectra 
of bile pigments contain generally only two broad, 
unstructured bands in the spectral region above 
300 nm, one in the red to orange and one in the near 
UV. The existence of transitions with low oscillator 
strength may explain the non-zero absorption in the 
region between these bands and the fine structure oc- 
casionally seen in the major bands. The existence of 
these intermediate transitions can be justified on the 
basis of their importance in the radiationless deactiva- 
tion of higher excited states, corresponding to the 
near UV band. Accordingly, in bile pigments fluor- 
escence is observed only from the lowest excited state, 
whereas in azulene and derivatives for which a simi- 
larly wide gap between the absorption bands exists, a 
dual fluorescence from the first and second excited 
states is observed. This can be rationalized on the 
basis of intermediate states of low oscillator strength 
in the bile pigments, while no such states exist in the 
azulenes. 

In the cation-radical IV, the ‘red’ absorption band 
is no longer due to the first but rather the second 
excited state, with the former giving rise to a band 
above IOOOnm. The small oscillator strength of the 
latter, together with its low energy, makes fluor- 
escence of cation radicals unlikely even in the absence 
of other deexcitation mechanisms. The zinc-complex 
of a cation radical recently studied is non-fluorescent 
(Krauss and Scheer, 1979), in contrast to the strong 
fluorescence of such complexes with closed shell bilin- 
dions. 

In addition to these common features, some distinct 
differences between the pigments, especially for IV 

A 

B 

C 

Figure 4. Parent geometries for the M O  calculations in 
Fig. 6. The geometries are indicated in Fig. 6 by the capital 
letter following the roman number of the respective conju- 
gation system. A corresponds to the cyclic-helical geo- 
metry of biliverdin ( la)  in the crystal (Sheldrick. 1976), B 
and C are derived by 180” rotations at the C-14,15 and the 

C-14,15/C-l0,11 bonds, respectively. 

Choussy and Barbier, 1978; Falk and Thirring, 1981; 
Lehner rt a/., 1978) for biliverdin, and has been pre- 
dicted as well for the A-dihydrobilindion chromo- 
phore (Pasternak and Wagniere, 1979; Song and 
Chae, 1979). The same trend apparently prevails after 
protonation to the cation (Fig. 6b) and also after one- 
electron oxidation to the cation radical (Fig. 6c). The 
relative intensities of the UV and red bands are thus a 
good indicator for the gross molecular shape. 

By contrast, ;b,,,,,x of the red band strongly depends, 
for any given geometry, on the length of the conju- 
gated system: a fact which has already successfully 
been applied as an analytical tool (Kost et al., 1975; 
Scheer, 1976). 

In addition to the red band and a series of more or 
less closely spaced bands in the near UV, the calcu- 
lations consistently predict a few bands of medium to 

should be noted: 

(i) in the free bases I, V and VIII the increase in 
oscillator strength in the first excitation band is ac- 
companied by a monotonous increase in excitation 
energy. Whereas this trend also prevails for the 
extreme geometries A and C in 111 and IV, the semi- 
open form behaves differently: the protonated I11 has, 
in this form, the first transition at highest energy, the 
cation-radical IV at lowest energy. 

(ii) The near UV region between 300 and 400 nm is 
characterized by several transitions. In the cyclic-heli- 
cal geometry A, it is generally dominated by one 
strong band, which becomes of comparable intensity 
to the others in the geometries B and C. Again the 
cation radical shows a difference. In IV, this region is 
rather structured with widely spaced bands of com- 
parable intensity in all three geometries. 

(iii) In addition to the two major bands (‘red’ and 
‘near UV’), there are always transitions in the ‘blue’ 
spectral region. These transitions are generally of 
minor oscillator strength, with a few important excep- 
tions. They are always more pronounced in the semi- 
open forms and in the cation radical they are 
expected to be important in either geometry. Free 
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Figure 5. Conjugated systems for the M O  calculations presented in their cyclic geometries. They are 
indicated i n  Figs. 6 9  by the roman numbers. 

cation-radicals of bilindiones have been characterized 
electrochemically (Eivazi et a/ . .  1977). Their UV-vis 
spectra are not yet known, but the points (ii) and (ii i)  
are corroborated with respect to IV by the recent 
observation of a complex band system in the near UV 
and blue spectral regions for a cation-radical-zinc 
complex (Krauss and Scheer, 1979). 

It also should be noted that rubinoid pigments 
which can easily be formed from bilindiones by the 
addition of nucleophiles (including H --during reduc- 
tion), absorb (and fluoresce !) in this spectral range 
(Holzwarth e r  a/ . .  1978; Kufer and Scheer, 1979). 
Interestingly, the ‘blue’ band is absent in phytochro- 
mohilin, in which the 18-ethyl group in 3 is replaced 
by a vinyl substituent. 

(iv) The long-wavelength absorption maximum is 
always shifted to the blue upon unfolding the mol- 
ecule. This shift is more pronounced for the first step. 
e.g. cyclic to semi-extended, and in some cases the 
latter form is even slightly more blue shifted than the 
fully extended one. This indicates a pronounced inter- 
action of the two ‘end-rings’, which is already elimin- 
ated in the first step of unfolding. 

(v) The calculations predict a particularly low 

intensity of the long-wavelength band in the cyclic 
form of protonated dihydrobilindion. In 4 (as for 
bilindions in general), the intensity of this band in- 
creases upon protonation (Scheer, 1976), indicating 
that a more extended conformation is favored for the 
cations. This could be due to  the electrostatic repul- 
sion of the four positively charged nitrogens (see 
below). 

T U L ~  tomcrism 

The two ‘inner’ nitrogens (N,,, NZ3) occupy essen- 
tially equivalent positions in the hiliverdin-type pig- 
ments 1, 5 and 6. The two tautomers with the ’inner’ 
proton at either one of these positions are, therefore. 
expected to give rise to very similar spectra. This par- 
tial symmetry is removed in the dihydrobilindions 2a, 
b and 4. The results for the two tautomers I and I1 
bearing the free electron pair at NZ3 and N,,, respect- 
ively are shown in Fig. 6a. The ones for the 18-vinyl- 
system V and VI are similar (not shown). The most 
pronounced feature is a slight blue-shift of the long- 
wavelength-band, and a shift of the near UV-bands in 
the opposite direction. The presence of two tautomers 
thus contributes to the broad appearance of the 
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Figure 6. Shape dependence of bile pigment absorption spectra. Calculated positions i.,,, (nm) and 
oscillator strengths of the transitions <40000cm- '  of the parent geometries A, B and C (Fig. 4) of the 
conjugated systems ILV, VII and IX. The respective structures are indicated by the roman number 
followed by a capital letter in the upper left. In Fig. 6a, the heavy and thin lines correspond to I and its 
tautomer 11, respectively. The transitions marked in (f) with asterisks show charge transfer between vinyl 

groups and the aromatic system (see 'Influence of vinyl groups'). 
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absorption bands. The low temperature photochemis- 
try of bilindions and biliproteins has also tentatively 
been assigned to a H+-transfer process (Friedrich et 

bilindiones with almost planar molecular framworks. 
Here the transitions (but not the topology-dependent 
electron densities) are strongly influenced by the geo- 

al., 1981). 

Deoiations porn planarity 

metry of the respective n-systems. The effects of pro- 
nounced deviations from planarity have been assessed 
in I and its tautomer I1 for selected rotations of 6 and 

The results discussed so far have been obtained for $ up to 40" from the respective basic structures A and 

V n m l  
(b) 

Figure 7. Deviations fi-om planarity and their effect on the absorption of the A-dihydrobilindion chro- 
mophoric system I (7a) and its tautomer I1 (7b) present in phycocyanins (2a) and the 2,3-dihydrobilin- 
dion 4. Calculated positions (nrn) and oscillator strengths of the transitions a250 nm-'. The angles are 
given in the order 4, I//. The sterically allowed positions defined by 6, $ < 40". for which the calculations 

have been performed, are indicated in Fig. 2 by 0. 
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B. I t  is accepted that rotations of 40" represent maxi- shift of the visible band. Falk et al. (1980) have 
mum values for which the n-subsystems are not yet recently synthesized a 21,24-methanobilindion, which 
uncoupled. Furthermore, only such geometries which has a distinctly red-shifted band of lower intensity, as 
are allowed for steric reasons have been considered compared to the conformationally less restricted 
(see markings in Fig. 3). The results are summarized bilrndions like 1. This spectral characteristic may arise 
in Fig. 7a. b. from a larger twist due to the steric effect of the 'cen- 

For the cj.clic fbrtns, a twist of 4 results in a de- tral' CH2 group, which is indicated from the inspec- 
crease in the ratio 
9 = f(UV)/f(vis) with a 

of the oscillator strengths tion of molecular models. 
concomitant pronounced red- In the semi-open conformations, the most character- 

f 
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Figure 8. Deviations from planarity and their effect on the absorptions of the 18-vinyl-2.3-dihydrobilin- 
&on cliromoplioric system V (5a) and its tautomer VI (5b) present in phytochrome P, (2b). Details as in 

Fig. 7. 
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istic feature is an increase in the intensity of the ‘blue’ 
band beyond that found for the planar form. Confor- 
mations of this type are expected to exhibit a rather 
unusual spectrum with three bands of similar 
intensities. The effects of a positive and a negative 
twist are similar in this respect. 

The effect of deviations from planarity has also 
been studied for the 18-vinylbilindion tautomers V 
and VI (Fig. 8). While the trends are similar to those 
discussed above, two particular features should be 
noted. Firstly. the absence of a strong third band in 
the 450nm range and secondly, a small red-shift of 
approximately 15 nm for the long-wavelength band. 
The latter observation is consistent with the extended 
conjugation system. 

Electron derisities 

Our investigations have focused on two effects. 
The first concerns changes in electron density upon 
opening the cyclic geometry A via the semi-extended 
form B to the fully extended geometry C discussed 
under the gross shape of the molecule. Figure 9 
depicts the 71-electron density of the ground states of 
geometry A. Only those positions in which the ge- 
ometry dependent changes ( A - - t B - + C )  of the net 
charges, A. exceed 0.1 atomic units, have been 
marked. The second effect concerns changes in net 
charge upon excitation. Since higher excited states 
relax rapidly to S,  (see above), the most important 
photophysical and photochemical processes of the 
bile pigments start from this state. Changes in net 
charge between S ,  and So exceeding 0.1 atomic units 
are also depicted in Fig. 9 by the symbol ‘0- 1’. The 
next higher singlet states generally do not show any 
significant new aspects, with the exception of N,, and 
vinyl substituents discussed below. 

The gross molecular shape is generally of only 
minor importance to the electron density, but the 
influence is somewhat more pronounced in the fully 
unsaturated VII and VIII (increase at  C-2 and C-18, 
decrease at N-23) than in the 2,3-dihydro structures I, 
11, V and VI. 

Excitation to S, produces significant electron den- 
sity changes at only a few positions. One particular 
exceptions is C-10. Its low electron density has 
already been noticed in an earlier M O  study of bilin- 
diones (Pullman and Peradlt, 1959), and the resulting 
reactivity of this position towards selective nucleophi- 
lic attack has since been amply demonstrated (Bras- 
lavsky et ul., 1978; Kufer and Scheer, 1979; Manitto 
and Monti. 1979; Falk et al., 1980). This reactivity 
should decrease upon excitation, because the net 
charge at C-10 is generally reduced to zero in the S,  
state. This agrees with our experimental observation 
of the absence of addition products at C-10 during 
photochemical studies of I, I1 and VI (see Scheer, 
1981). The changes at other C-atoms are comparably 
small, with the notable exception of C-5 in the cation- 
radical IV, which shows a pronounced decrease in 
electron density upon excitation. This may be linked 

with the selective attack at  C-5 during photooxidative 
reactions of 2,3-dihydrobilindions, which have been 
suggested to proceed via a cation-radical intermediate 
(Krauss and Scheer, 1979, 1981). The observed reac- 
tions can generally occur in the dark, but are light- 
assisted, which can be rationalized on the basis of 
dark formation of the cation-radical and a subsequent 
photochemical reaction. 

Upon electronic excitation pronounced electron 
density changes at nitrogen atoms occur only for the 
‘outer’ N-21 and N-24, while the ‘inner’ N-22 and 
N-23 are less affected. This is the case irrespective of 
their state of protonation (see Table 1). These changes 
are more pronounced in the 2,3-dihydrobilindiones I, 
11, than in the fully unsaturated VI. Proton transfer 
has been suggested as a deexcitation pathway in bile 
pigments (Falk and Neufingerl, 1979), as well as a 
primary photochemical step in the phytochrome 
interconversion (Song et al., 1981 ) and photochemical 
hole burning (Friedrich et a/., 1981). According to the 
results represented in Table 1, intramolecular proton 
transfer is expected to proceed between rings D and C 
in I (or A and B in II), rather than ‘inner’ rings (B to 
C or cicr versa). Furthermore, intermolecular 
H+-transfer most likely involves N-24. This change in 
electron density at N-24 is even more pronounced in 
the S, and some higher excited states. The more sym- 
metric, fully unsaturated structure VII and IX show a 
decrease of 0.19 and 0.15, respectively, while the struc- 
tures with hydrogenated rings show values up to 0.35. 
The only exception to this is the cation-radical IV 
(0.04). For intramolecular H +-transfer, the difference 
of the charge density changes at the donor and accep- 
tor atoms is important, rather than the absolute 

Table I.  Differences of the net charge changes (Ae. in 
atomic units multiplied by 100) induced by excitation to S ,  
at the nitrogen atoms bearing protons and the unpaired 
electron, respectively. Negative sign denotes differences 
unfavorable for proton transfer (see Fig. 5 for the conjuga- 
tion systems and Fig. l ,  formula 4 for numbering of 

N-atoms) 

Ae between: 
Conjugation 

systems N L l l N 2 ,  N2,. N2, N,,, N,, 

I 9 0 17 
11 10* -4* 9* 
Ill$ 9 -4 8 to 14 

V 8 2 1 1  to 19% 
VII 8 3 14 
VlIl 9 - I  16 
IX 10 - 5  10 

IV 15 to 28t 4 0 to - 5 s  

*In the tautorneric form 11, N2, and N,, have to be 
interchanged and the headings then read: N,,, N2,; N23. 
N2, and N,,,N,,. 

?.Larger for extended conformations. main contribution 
from N 2 , .  

:Values listed for comparison. In 111. only intramolecu- 
lar proton e.cchanye rather than transfer is possible. 

$Larger for extended conformations. main contribution 
from N,,. 
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Table 2. Influence of out-of-plane twists of ring A on the absorption spectra of dihydrobi- 
lindions. The twist is indicated by the torsional angles 4 and t j  around the C-4,5 and the 
C-5,6 bonds, respectively. The geometries investigated are marked by 0 in the Ramachan- 
dran diagram (Fig. 2). Excitation energies to the four lowest excited states are given by the 
corresponding absorption wavelength I,,,,,, (nm) and the oscillator strength f. For S, and 
S4, the angle GI (in the quadrant between 0 and 90“) between the transition dipoles of the 
So 4 S, and the So + S3, S4 excitations are given in the last two columns. These tran- 

sitions correspond to the ‘red’ and the ‘near Uv’ absorption bands. 

Twist angle 

40 0 
40 

180 
320 

220 40 
220 

320 140 

s, 
j.,dfl 

602 (0.47) 
635 (0.33) 
598 (0.50) 
621 (0.43) 
607 (0.62) 
604 (0.64) 
65 1 (0.29) 

s2 
L X ( O  

450 (0.05) 
452 (0.03) 
452 (0.04) 
452 (0.06) 
451 (0.15) 
452 (0.14) 
448 (0.04) 

s3 

j . , d J  

378 (0.39) 
398 (0.40) 
382 (0.39) 
390 (0.52) 
385 (0.71) 
391 (0.67) 
41 1 (0.34) 

s4  

j.max(O 

349(1.41) 
363 (1.67) 
350 (0.97) 
366 (1.47) 
364 (1.43) 
364(1.10) 
361 (1.32) 

Transition dipole 
angle GI between : 
S,IS, SlJS4 

63 68.7 
61 61.6 
55 62 
56 68 
90 95 
75 84 
51 57 

changes themselves. In the case of some indigoids and 
anils, which exhibit a comparatively high degree of 
conformational and tautomeric freedom, M O  calcu- 
lations with the same basic set have also predicted 
such differences of charge density changes around 
0.15 for atoms involved in H-bonding. It has been 
shown experimentally that this is sufficient to make 
proton transfer an efficient deexcitation pathway 
(Melzig, 1981). The changes in bile pigments are less 
pronounced (Table 1). The rapid radiationless decay 
of S ,  in free bile pigments may then require other 
(additional) mechanisms, e.g. the flexibility of these 
molecules. 

Influence of vinyl groups 

Other electron density changes aO.1 are only ob- 
served in the vinyl-substituted pigments V and VI and 
VIII. Here, some of the higher excited states (marked 
with asterisks in Fig. Sf) show a prominent charge 
transfer between the vinyl group(s) and the aromatic 
system. 

In the ground and the first excited state(s) the vinyl- 
groups are only loosely coupled to the tetrapyrrole 
system. The transition to the S1-state, therefore, rep- 
resents the ‘localized’ excitation of the tetrapyrrole 
conjugation system. Since the excitation of isolated 
double bonds requires far UV light, the vinyl groups 
affect neither the excitation energy nor the charge dis- 
tribution and the oscillator strengths in a pronounced 
way. Experimentally, vinyl groups in bilindions pro- 
duce only a slight red shift in both the near UV and 
the red band, with the extinction coefficients and their 
ratios being dependent on the ‘endo’ (C-3 or C-17) or 
‘exo’ position (C-2 or C-18) (Stoll and Gray, 1977). 
The electron density a t  (2-10, and thus the reactivity 
towards nucleophiles, remains unchanged by the vinyl 
groups. 

Tautomerization 

Tautomerization (I vs. 11) leads to an inverted elec- 
tron density map of rings B and C, with rings A and 

D being essentially unaffected. In the protonated form 
111, formally derived from tautomer I, the electron 
densities of rings A, B and D remain unchanged, 
whereas that of ring C becomes similar to that of the 
corresponding ring in the tautomer 11. Apparently, 
the state of protonation affects only the rings directly 
involved. Such localized effects have also been ob- 
served in other areas of bile pigment research, e.g. in 
proton NMR (Kraus, 1980). 

Orientation of transition dipole moments 

Transition dipole moments of the ‘planar’ ge- 
ometries have small to negligible Z-components. They 
increase, as expected, in going to non-planar confor- 
mations. Although the relative contributions of D,, 
D, and DZ to the total transition dipoles change con- 
siderably, the angles between them remain fairly con- 
stant (Table 2). Since fluorescence depolarization and 
linear dichroism experiments generally yield only the 
relative orientations of these dipoles, their interpreta- 
tion with respect to molecular geometry is thus am- 
biguous. It also appears that the Q-values only poorly 
reflect the geometric changes from planar to non- 
planar conformation. The ratio of oscillator strengths 
of the first transition to that of the summed near 
UV-transitions (S3, S,) remains roughly constant 
(Table 2). 
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