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Abstract 
In recent experimental and theoretical studies of the photochemical proton transfer 

from hypericin, it was conjectured that the relative stability of the various hypericin 

radical anions parallels the relative stability of the corresponding tetraoxo derivatives 

of the parent hydrocarbon (bisanthrene). In order to test this hypothesis, we 

determined the energies and geometries of the respective tetraoxo-bisanthrenes by 

quantum-chemical methods and analyzed their dependence on molecular structure. 

The stability order of tetraoxo-bisanthrenes was indeed found to match that of the 

hypericin radical anions.  
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1. Introduction 
Hypericin 1 (Fig. 1), a dimethylhexahydroxydioxo derivative of the benzenoid 

hydrocarbon bisanthrene 2 (Fig. 1), has been known for a long time for its interesting 

(photo)physiological and pharmacological properties. This compound is found in 

various plants, in particular in St. John's wort. Since antiquity this plant has been 

used in medicine for the healing of wounds and, in recent times, against alcohol 

craving. Details on the chemistry of hypericin and its various roles and applications in 

physiology and pharmacology, as well as an exhaustive bibliography, may be found 

in a recent review by Falk, whose research team has been responsible for most of 

the recent physico-chemical studies on hypericin.1 It was recently discovered that, 

under the influence of light, hypericin shows virucidal and antiproliferative activity as 

well as cytotoxic effects on tumour cells.1 Because of these properties, the study of 

the photochemistry of hypericin has gained much in importance. 

 

 
Figure 1 Hypericin 1 and its parent hydrocarbon bisanthrene or 

phenanthro[1,10,9,8-o,p,q,r,a]perylene 2, and the numbering of their 
carbon atoms. Species 3 is the most stable radical anion of hypericin; 4 is 
the corresponding tetraoxo bisanthrene. 

 

Under physiological conditions hypericin is in its 7,14-dioxo tautomeric form (as 

shown in 1), although other tautomers may also exist.2 Since compound 1 is a strong 

acid, it is present almost exclusively as the 3-hypericinate anion (that is, the anion in 
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which the proton is missing from the OH-group at position 3). A remarkable property 

of hypericin is that upon irradiation it becomes a much stronger acid and loses one 

more proton.3-5 Based on both experimental5 and theoretical6 examinations, it was 

concluded that the 3-hypericinate anion is first oxidized to an uncharged radical, 

which is then deprotonated for the second time, forming a radical anion. 

In order to establish the position from which the second proton originates, 

quantum chemical studies (using the AM1 calculation scheme) of the possible 

doubly-deprotonated radical anions of hypericin have been undertaken.6 [In what 

follows, the species in which protons are missing from the OH groups at positions x 

and y will be referred to as the (x,y)-species.] It was shown6 that the two most stable 

radical anions are the (3,4)- and (3,6)-species (heats of formation –975.0 and –963.6 

kJ mol–1, respectively). The (3,1)-, (3,8)- and (3,13)-radical anions are significantly 

less stable (heats of formation –931.4, –925.1 and –914.4 kJ mol–1, respectively). 

This implies that the second proton originates from the OH groups in positions 4 

and/or 6, and not from the OH groups in positions 1, 8 and 13.  

The five possible radical anions of hypericin are formally related to certain 

tetraoxo-derivatives of the parent hydrocarbon 2. Thus:  

• the (3,4)-radical anion of hypericin (formula 3 in Fig. 1) corresponds to 

3,4,7,14-tetraoxo bisanthrene (formula 4 in Fig. 1), a conjugated molecule 

possessing five Kekulé structural formulas (K = 5);  

• the (3,6)-radical anion of hypericin corresponds to 3,6,7,14-tetraoxo 

bisanthrene (K = 5), which by symmetry is identical to the 1,4,7,14-tetraoxo 

species;  

• the (3,8)-radical anion of hypericin corresponds to 3,7,8,14-tetraoxo 

bisanthrene (K = 1);  

• the (3,1)-radical anion of hypericin corresponds to 1,3,7,14-tetraoxo 

bisanthrene (K = 0);  

• the (3,13)-radical anion of hypericin corresponds to 3,7,13,14-tetraoxo 

bisanthrene (K = 0).  

Within a series of isomeric benzenoid molecules, the thermodynamic stability is 

known to be a monotonically (almost linearly) increasing function of the number of 

Kekulé structures K.7 Applying this rule to the tetraoxo derivatives of bisanthrene, one 

arrives at a surprising conclusion:6 the stability order of the radical anions of hypericin 

matches the stability order of the corresponding tetraoxo bisanthrenes.  
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Figure 2 The 13 possible Kekuléan isomers of tetraoxo bisanthrene that correspond 

to (possible) radical anions of hypericin, in order of decreasing stability. 
 

In the abovementioned work,6 the relative stabilities of the tetraoxo bisanthrenes 

were estimated only on the basis of their K-values. In view of the anticipated 

electrostatic repulsion and other steric and electronic effects of the four oxo groups, 

such an estimate cannot be considered as fully satisfactory. In order to fill this gap we 

have undertaken further quantum chemical examinations. Thus, the purpose of this 

work is to gain more detailed and more reliable information on the properties of 

tetraoxo bisanthrenes (in particular, their energies and geometries). We believe that 
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such a study will contribute to the better understanding of the fine details of the 

photooxidation of hypericin and, less directly, of its physiological activity.  

In this work we report the results of quantum chemical studies (obtained by 

means of the AM1 method) of the tetraoxo derivatives of bisanthrene that are related 

to the radical anions of hypericin, as specified above. We have considered only 

Kekuléan species, that is molecules for which the K-value is greater than zero. There 

are 13 possible isomers of this kind, the structures of which are depicted in Fig. 2. 

 

2. Method 

The results reported in this work were obtained by using the AM1 (Austin Model 1) 

semiempirical molecular-orbital calculation scheme at the restricted Hartree–Fock 

(RHF) level.8 A MOPAC computer software package was employed.9, 10 The 

geometries were fully optimized. In some cases the molecules considered possess 

two stable conformations, which is analogous to what has previously been observed 

in the case of hypericin.11, 12 In view of the earlier proposed terminology11, 12 we refer 

to these conformations as "propeller" and "double-butterfly". 

Earlier RHF calculations performed on non-Kekuléan tautomers of hypericin13 

and the corresponding dioxo derivatives of bisanthrene14 showed that the energies of 

these species are more than 100 kJ mol–1 below the energy of the least stable 

Kekuléan isomer. Therefore such hypothetical moieties are of little or no chemical 

relevance. Bearing in mind these findings, the tetraoxo isomers of bisanthrene for 

which K = 0 were excluded from the present study.  

 
3. Results 

The energies of the tetraoxo bisanthrenes are given in Table 1. In Fig. 3, 4 and 5 are 

shown the geometries of three isomers of tetraoxo bisanthrene. Of all the 13 tetraoxo 

bisanthrene isomers studied, only the 1,6,8,13-species is planar (Fig. 3). 

In what follows we examine the violations of some carbon atoms from the 

molecular plane. These are caused by the oxygen atoms attached to the respective 

carbon atoms, and their mutual repulsion. The out-of-plane deformations of the 

oxygen atoms are usually much larger.  
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Table 1 The energies of the tetraoxo bisanthrenes (from Fig. 2), relative to the most 
stable 1,6,8,13-isomera 

 

Isomer K Energy / kJ mol–1 

1,6,8,13- 6                    0   

1,4,8,13- 6                    3.16   

3,4,8,13- 6                  23.69    

1,4,7,13- 4                  40.76   

3,4,7,14- 5                  41.51   

1,4,7,14- 5                  42.39   

1,6,7,13- 4                  59.24   

3,4,7,13- 4                  60.02   

1,6,7,14- 5                  60.85 (p)   62.75 (db) 

1,4,8,14- 4                  60.9   

3,7,8,13- 4                  64.77   

3,7,8,14- 1                157.2   

1,7,8,14- 1                174.63 (p) 178.81 (db) 
 

a K = number of Kekulé structures, (p) = "propeller" conformation, (db) = "double 
butterfly" conformation; for details see text.   

 

As mentioned above, all tetraoxo bisanthrenes except the 1,6,8,13-isomer (Fig. 

3) are non-planar. For example, the C4 atom of the 1,4,8,13-isomer is out of the 

plane by approximately 8.5° while the analogous deformation in the 1,4,7,13-species 

is almost identical (9°). The isomer 1,4,7,14- has an analogous deformation at the C4 

atom of 10.2°; an additional deformation of 11.2° is caused by the repulsion between 

the two oxygen atoms in positions 1 and 14. The isomers 1,4,8,14-, 3,7,8,14- and 

3,7,8,13- have similar deformations of the carbon skeleton (9–10°) as a consequence 

of the repulsion between the bay-oxygen and hydrogen atoms (those in positions 3 

and/or 4). Each of these molecules has an additional deformation by 4–8°, the first 

one in position 1,4 whereas the second and third ones have deformations in position 

7,8. These deformations are caused by the repulsion between the adjacent O-atoms. 
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Figure 3 1,6,8,13-Tetraoxo bisanthrene, the most stable of the tetraoxo bisanthrene 
isomers, is perfectly planar. 

 

 

 

Figure 4 3,4,7,14-Tetraoxo bisanthrene, which corresponds to the most stable 
radical anion of hypericin. 

 

Compounds 3,4,8,13-, 3,4,7,14- and 3,4,7,13- comprise a group of isomers that have 

only one noticeable deformation of the carbon atom skeleton, which is caused by the 

repulsion between two bay-region oxygen atoms. The deformation in all cases is 

about 16°. The geometry of the 3,4,7,14-isomer is depicted in Fig. 4. The 1,6,7,13-

tetraoxo derivative has a slight deformation (8°) of the carbon-atom skeleton, mainly 

localized at the position 1,6.  
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Figure 5 1,6,7,14-Tetraoxo bisanthrene occurs in two conformations of nearly 
equal energy. In the "propeller" conformation (a), the oxygen atoms in 
positions 1 and 6 as well as those in positions 7 and 14 lie on the 
opposite sides of the molecular plane; in the "double-butterfly" 
conformation (b), the oxygen atoms in positions 1 and 6 as well as those 
in positions 7 and 14 lie on the same side of the molecular plane. 

 

In the case of the 1,6,7,14-isomer there is a pronounced repulsion between the 

oxo groups in positions 1 and 14, as well as between those in positions 6 and 7. This 

causes deformations of two types, resulting in two distinct conformations (Fig. 5). In 

the "propeller" conformation the deformations are 9.4° and 8.2°, respectively. In the 

"double butterfly" conformation the analogous deformations are 9.4° and 8.5°. The 

"propeller" is somewhat more stable than the "double butterfly" (Table 1). The 

situation is similar also in the case of the 1,7,8,14-tetraoxo compound, where two 

repulsions between the oxo groups at C1-C14 and C7-C8 cause nearly isoenergetic 

conformers.15 

 
4. Discussion  

Our results are in good agreement with the expected6 stability order of the tetraoxo 

bisanthrenes corresponding to the radical anions of hypericin. Indeed, the 3,4,7,14-

tetraoxo and 1,4,7,14-tetraoxo species have practically equal energies, and are much 

more stable than the 3,7,8,14-isomer. The energies of the non-Kekuléan 1,3,7,14- 

and 1,7,13,14-tetraoxo isomers have not been calculated, but they certainly 

significantly exceed the energies of the Kekuléan isomers.  
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Comparing the data given in Table 1 and the structures given in Fig. 2, we arrive 

at the following conclusions.  

The most favourable arrangement of the four oxo groups is in positions 1,6,8,13, 

when they are as far apart as possible, and when no steric repulsions in positions 3 

and/or 4 are present. The same arrangement enables a planar geometry and a 

maximum Kekulé structure count, K = 6.  

The 1,4,8,13-isomer also possesses six Kekulé structures and has only a 

slightly higher energy caused by the (weak) repulsion between the H atom in position 

3 and the O atom in position 4. When O atoms are present in both positions 3 and 4 

(as in the 3,4,8,13-isomer), the repulsion is significantly greater, causing an increase 

in energy of over 20 kJ mol–1.  

In general, the stability of the tetraoxo bisanthrenes diminishes with the 

decreasing number of Kekulé structures (see Table 1), but a few exceptions exist. 

Another major destabilizing effect is the presence of close-lying oxo groups, such as 

in positions 1-14, 3-4, 6-7, 7-8 and/or 13-14. Each such O–O repulsion increases the 

energy by approximately 20 kJ mol–1. Compare, for instance the 1,4,7,13- and 

3,4,7,13-isomer pairs, or the 3,7,8,14- and 1,7,8,14-derivatives. In some cases, 

species with smaller Kekulé structure counts but without O–O repulsion (e.g., the 

1,4,7,13-isomer, K = 4) may be more stable than species with a greater number of 

Kekulé structures but with O–O repulsion (e.g., the 1,4,7,14-isomer, K = 5).  

The isomers with a single Kekulé structure, namely the 3,7,8,14- and 1,7,8,14-

species, are found to have energies that are lower than those of the other tetraoxo 

bisanthrenes by some 100 kJ mol–1. This confirms once again that cyclic conjugation 

(or, in old-fashioned wording, "resonance") is the dominant -electron effect 

influencing the stability order of isomeric benzenoid compounds.7, 16  
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