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Abstract

   In view of the possible role of electron transfer in biology and medicine, and wide distribution of polyenes in living nature, we consider the electron transfer mechanism of geometrical cis-trans isomerization as an important route which can play a key role in many photochemical and biological processes. The various mechanisms of geometrical cis-trans isomerization mediated by electron transfer are discussed.

Introduction

   Polyenes are widely present in the nature and play an important role in many biological reactions, which involve electron transfer processes. On the other hand, geometrical photosensitized cis-trans isomerization is known to be one of the main processes of their phototransformation. For earlier studied substituted ethylenes it is usually accepted that the photosensitized cis-trans isomerization takes place via the triplet excited state. Two main mechanisms of the formation of triplet excited states of substituted ethylenes are suggested for sensitized cis-trans photoisomerization. Namely, via energy transfer and electron transfer. The last is characteristic for polar media and leads to formation of corresponding radical ions. In this relation, a detailed study of radical ions of polyenes seems to be very important, since long-chain polyenes form components of many biological systems in which charge transfer can potentially occur1-3). 

   For example, 11-cis retinal is a chromophore of vision pigment rhodopsin. It is assumed4-5) that its cis-trans isomerization process contributed to the formation of an image in the mammalian eye. It is interesting that certain types of cis-isomers of carotenoids (long-chain polyenes, see Scheme 1) are found to play different roles in photosynthetic bacteria6). 
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   The present review is devoted to the role of paramagnetic particles in the processes of geometrical cis-trans photoisomerization of natural polyenes in the presence of electron donors and acceptors. We focus attention on cis-trans isomerization of natural polyenes, carotenoids, for which it is one of the most typical process. Most of the reviewed results were obtained by spin chemistry techniques (CIDNP, chemically induced dynamic nuclear polarization, and MFE, magnetic field effect). Spin chemistry is known to be the effective method for investigation of the mechanisms of radical reactions, and the establishment of radical ion pair (RIP) mechanism of cis-trans photoisomerization of substituted ethylenes in the presence of electron donors and acceptors is one of the most important achievement of this technique. Besides of the radical ions mediated cis-trans photoisomerization of substituted ethylenes, the role of radical ions in the cis-trans isomerization of all-trans retinal, (-ionone and long-chain carotenoids have been investigated by the authors of this review. Scheme 1 provides some of naturally occurring polyenes described in present study.

By the present time the participation of the following paramagnetic particles in the processes of geometrical cis-trans isomerization was detected: 1) triplet states resulted from back electron transfer in triplet RIP (substituted ethylenes, (-ionone); 2) radical cations (substituted ethylenes, carotenoids); 3) cis-trans isomerization of secondary intermediates resulted from radical ions: neutral radicals, biradicals ((-ionone). Scheme 2 summarized the described mechanisms.

Scheme 2
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Here, P is polyenes, which can serve as electron donor or acceptor, and S is partner.

The geometrical cis-trans isomerization of polyenes in triplet state.

   It is the classical mechanism of geometrical cis/trans photoisomerization well known for many polyenes. The achievement of spin chemistry in this case was the establishment 20 years ago that the triplet molecules of substituted ethylenes (stilbene, (-methylstyrol) result from back electron transfer in triplet radical ion pair produced during irradiation of ethylenes with electron acceptor in polar media. This mechanism was independently proposed by two groups7-8) from CIDNP results. In addition, the russian researchers added to CIDNP results the analysis of magnetic field effect, and it allows they to conclude that for stilbene and substituted stilbenes the electron transfer mechanism of photoisomerization is the main one. Earlier the energy transfer mechanism was considered for these systems9). Later, a number of additional findings supporting this hypothesis has been published. Electron transfer mechanism of geometrical cis-trans isomerization was observed by CIDNP technique in reaction of fumaronitrile and substituted stilbenes with a set of electron donors and acceptors10-11). 

   Of course, the main interest for researchers is geometrical cis/trans isomerization of natural polyenes. In contrast to substituted ethylenes, the polyenes have usually a set of isomers. The isomers have as a rule different triplet energies, redox properties, and hence different reactivities towards electron donors or acceptors. 

   One of the first examples of RIP mediated cis-trans isomerization of natural polyene - (-ionone (I), was recently observed by means of CIDNP technique12),13). The main isomers of (-ionone are the following: 
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Scheme 3

The process of direct isomerization14)-16) was used as a reference. The conclusion about the contribution of the electron transfer mechanism of cis-trans isomerization was made from the comparison of kinetics of accumulation and decay of isomers measured by NMR technique. The fine mechanisms were determined from the analysis of CIDNP data. NMR analysis of products has shown that isomer distribution changed considerably during the irradiation of (-ionone in the presence of pyrene or triphenylamine (TPA) as electron donors. On the basis of CIDNP results we have concluded that III is the product of I3, and I is the product of III3. The isomers (-pyran (II) and retro-(-ionone (IV) were not formed from corresponding RIP. Figure 1 demonstrates the presence of only I and III polarized isomers in CIDNP spectrum during the photolysis of photostationary mixture of isomers I-IV (I:II:III:IV ~ 1:2:1:0.5) in the presence of TPA.
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Figure 1. 1H CIDNP (250 MHz) spectrum observed during laser irradiation at 308 nm of photostationary mixture of isomers I-IV (I:II:III:IV ~ 1:2:1:0.5) in the presence of TPA in CD3CN. Pre-saturation technique was used to clear away equilibrium signals. See Scheme 3 for identification of NMR signals.

The signs and intensities of polarized lines correspond to hfi constant distribution of (-ionone radical anion17). (-pyran (II) didn’t form radical anion with the donors under study, however, the formation of RIP, radical cation of II and radical anion of pyrene, was observed by CIDNP technique13). CIDNP spectrum has shown that I is the product of II3 resulted from triplet recombination of this RIP. Thus, the CIDNP spectrum provides the direct information about the nature of RIP and decay route of triplet molecule.

Geometrical cis-trans isomerization of radical ions

   Analogously RIP mediated cis-trans isomerization of triplets, the self-isomerization of radical ions was first detected in the photolysis of substituted ethylenes8),11),18). E.g., the fast isomerization of radical cation of cis-stilbene was suggested by Kruppa et al11) on the basis of CIDNP experiments. We have not got any experimental manifestations of this mechanism of isomerization for radical ions of short-chain polyenes ((-ionone, all-trans-retinal), at least at microsecond time scale. The combined consideration of CIDNP, EPR, electrochemical data, and quantum chemical analysis has demonstrated that the radical ions of I and II do not undergo to geometrical cis-trans isomerization19). Quantum chemical calculations show that activation barrier for cis-trans transitions of (-ionone radical ions is equal to 10 - 20 kcal/mol. Correspondingly, the isomerization rate constants should be less than 104 s-1. So, this process is not of importance for RIPs during its life-time under normal conditions. 

   Nevertheless, some progress in the observation of cis-trans isomerization of radical cations of polyenes was made using chemical and electrochemical generation of corresponding radical ions20)-21). These studies were motivated by the observation that the life-time of carotenoid radical cation formed electrochemically in dichloromethane was typically minutes in dilute solution22). HPLC analysis of the products mixture after bulk electrolysis of (-carotene, apo-carotenal, and canthaxanthin shows the presence of a number of isomers which were identified as 15-cis, 13-cis, 9-cis, 9,13-dicis, and all-trans. The isomers ratio defined from HPLC data was approximately 4: 21: 21: 4: 50 (%) for these isomers. This ratio differs considerably from one determined by Hashimoto et al23) for triplet-sensitized isomerization of (-carotene. Under photostationary conditions the authors have observed 4 main isomers, 15-cis, 13-cis, 9-cis, and all-trans with the ratio (%): 1.5: 4: 10.5: 84. AM1 molecular orbital calculations16) show that the energy barrier of cis-trans isomerization are much lower in radical cation (( 20 kcal/mol) and dication (( 0 kcal/mol) than in neutral carotenoid (( 55 kcal/mol). The calculated bond lengths changed considerably in the middle part of conjugated chain. C15=C15 and C13=C13 bond lengths changed from 1.35 Å in neutral carotenoid to 1.40 Å in radical cation, and to 1.45 Å in dication. The latter value corresponds to the length of single bond. At present, we can not separate the contributions of radical cation and dication to the isomers distribution, since they are in equilibrium reaction.

Car++ + Car ↔ 2Car+.
   The same ratio of cis-isomers has been obtained through chemical generation of carotenoid radical cation by using oxidation of carotenoids with FeCl321), and photochemical oxidation with quinones: chloranil, dichloro-benzoquinone (unpublished result). In all cases HPLC was used for the analysis of isomers.

Geometrical cis-trans isomerization via biradicals and neutral radicals

   Electron transfer reactions resulted in biradical formation are well-known in photochemistry (for example, Patterno-Buchi reaction24)-25), see Scheme 4). 
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Due to the presence of a large number of double bonds in the molecules of polyenes, it could be expected, they might be a good target for such reaction. We have demonstrated this route of cis-trans isomerization by CIDNP technique during the photolysis of (-ionone with quinones19). Patterno-Buchi type radical-adduct was detected by CIDNP technique in the reaction of (-ionone with chloranil. The appearance of polarized cis-isomer in the condition of the lack of energy for triplet recombination of RIP points to the possibility of “biradical passway” of isomerization. The isomerization occurs as a result of rotation around double bond in intermediate biradical. This mechanism of cis-trans photoisomerization was earlier described by M. Goez with coauthors24)-25). The isomerization of the other isomer, (-pyran, via unstable diamagnetic adduct with quinone was detected during its reaction with weak quinone - duroquinone19). Despite the lack of energy for triplet recombination of RIP, the polarized isomers III and IV (see scheme 3) was observed during the photolysis of (-pyran (II) in the presence of duroquinone. The analysis of CIDNP spectrum shows that isomers III and IV result from intermediate (-pyran radical cation.

   The photolysis of all-trans-retinal in the presence of quinones also results in polarized cis-isomers formation26). NMR analysis of the products shows significant changes of isomer distribution compared with direct photolysis. 

   During the photolysis of (-ionone in the presence of electron donors two mechanisms of cis-trans isomerization were suggested from CIDNP data. The first one is previously described RIP mediated isomerization of excited triplet, and another one is cis-trans isomerization of protonated radical anion of (-ionone in solution12). Radical anion of (-ionone is known to undergo of fast protonation in the presence of hydrogen donors2). CIDNP results show that the product of isomerization of trans-form of neutral radical is cis-isomer.

Conclusion

  Thus, the participation and the role of radical ions, neutral radicals, biradicals and triplet states of polyenes were demonstrated in the process of geometrical cis-trans isomerization of natural polyenes in the presence of electron donors and acceptors.
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