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The formation of a stable radical cation and of an unstable peroxide form of 
gossypol in the light under aerobic conditions has been established on the 
basis of an analysis of the ESR spectra obtained. The formation of mono- and 
dianions of gossypol in its alkaline solutions has been shown. 

Many reactions taking place in biological systemsin the presence of sensitizer sub- 
stances, light, and oxygen include the transfer of excitation in a contact complex from a 
sensitizer to molecular oxygen 02 with the formation of the excited singlet state ~O2 and 
with the simultaneous quenching of the sensitizer. The transfer of an electron e- with the 
formation of the oxygen radical anion 02- is a less probable event in the photodynamic effect 
[i]. A specific feature of the electron donor-acceptor (EDA) complexes arising in the latter 
case is shown in their dissociation into radical ions under the action of low-intensity light 
fluxes [2]. The electron spin resonance (ESR) method permits the radical cations or sensi- 
tizers formed in this process to be recorded [3] and in some cases it enables their structure 
to be determined [4]. 

It has been found by the ESR method that the illumination of the seeds of the number of 
plants with white light induces the formation in their coats of free radicals the concentra- 
tion of which depends on the variety and amount of pigments, the moisture content of the seeds, 
and the intensity of the light [5]. The recording of a single ESR signal in gossypol -- the 
main pigment of cotton seeds -- in its alkaline alcoholic solution and the disappearance of 
the signal on contact of the solution with air have been reported [6]. When an alcoholic 
solution of caustic potash is poured into an alcoholic solution of gossypol an ESR signal 
consisting of four lines appears instantaneously [7]. We have found no other information in 
the literature available to us on the behavior of the ESR signal of gossypol with a change 
in the external conditions, including illumination, and on the products of the transformation 
of this pigment under the action of light and air. 

In the present paper we give the results of a study of the photodynamic effects in cotton 
seeds and of the properties of their components that can cause these defects. 

In whole seeds of a cotton plant of the variety Tashkent-i we recorded an ESR signal 
similar to that described in ~e literature [5, 7]. Illumination of the seeds with light from 
an ordinary incandescent lamp led to an irreversible increase in the intensity of this signal 
by 150-200%, depending on the illumination dose. In the seed coat separated from the kernel 
the effect of illumination was retained, while in the unilluminated kernel the signal was 
practically absent but it appeared after illumination. The intensity of the ESR signal in 
the illuminated kernel was approximately two orders of magnitude lower than in the coat. 

In the seed coat of a gossypol-less mutant of the cotton plant similar effects were ob- 
served with a somewhat smaller degree of increase in the intensity of the ESR signal but no 
signal was recorded in the kernel even on illumination. This permits the assumption that the 
presence of gossypol may be one of the reasons for the appearance of the ESR signal in ir- 
radiated cotton seeds. By irradiating a sample of (~)-gossypol under aerobic conditions, we 
found that both the intensity and the form of the ESR signal depended on the intensity of the 
incident light and the temperature. In the spectrum recorded under these conditions (Fig. i, 
curve I), an ESR signal with a width between the points of maximum slope AH = 15 Oe is super- 
posed on a narrow central signal with AH = 50e. The considerable asymmetry in the combined 
spectrum shows a displacement of the centers of the superposed signals relative to one another. 
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Fig. 1 

ESR spectrum of (+)-gossypol under aerobic conditions: Fig. i. 
light; 2) after being kept in the dark for 40 h. 

Fig. 2. ESR spectra of a solution of (~)-gossypol in CC14: 
light; 2) in the dark. 

i) in the 
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The position of the center of the narrow signal corresponds to a g-factor of 2.002. The 
center of the superposed broad signal is shifted relative to the center of the narrow signal 
by 0.50e in the high-field direction, which may show the presence of two different paramag- 
netic particles (PCs) in the sample of gossypol. 

An experiment with saturation by the power of the microwave field [3] performed with a 
sample of illuminated gossypol showed that the narrow signal was saturated at an applied power 
of 20 mW, while the broad signal showed no signs of saturation even at i00 mW. The intensi- 
ties of both signals rose with an increase in illumination regulated by a change in the dis- 
tance from the source of light to the sample. A rise in the temperature of the sample from 
20 to 90oC led to a fall in the intensities of both signals by 50%. After a previously il- 
luminated sample of gossypol had been kept in the dark for 40 h at 20°C, the intensity of the 
broad signal had fallen by 80% (Fig. I, curve 2), while the intensity of the central narrow 
signal had fallen by only 10% and it remained practically at this level for an indefinitely 
long time. After being kept in the dark for five days, the intensity of the broad signal fell 
to the level of the apparatus noise. 

The combination of the above-mentioned facts -- the difference in the g-factors of the broad 
and narrow signals and the different behaviors of the intensities after being kept in the 
dark and on saturation by microwave power -- show that the signals observed do actually belong 
to two different PCs that are products of the photoreaction of gossypol with 02. The stable 
type of PCs with the narrow signal must be assigned to the radical cationic form of gossypol 
P+" formed on the photodissociation of its EDA complex with the isolation of the radical anion 
02-'. The less stable type of PCs with the broad signal obviously relates to an unstable perox- 
ide radical F--O--O" which is then converted into a diamagnetic molecule of gossypol peroxide 
or a hydroxy derivative of gossypol. 

In view of what has been said, there is no point in estimating the number of PCs in 
gossypol from the intensity of its ESR spectrum [6], unless information is available on the 
prehistory of the samples the intensity of the light falling on it, the size of the illumi- 
nated surface, and the temperature. 

The dissolution of previously illuminated (~)-gossypol in CCi~, CH2C12, CHsOH, C2H~OH 
and in pure cottonseed oil triacylglycerols led to the disappearance of the ESR signal. The 
illumination of nonalcoholic solutions of gossypol caused the appearance of it of only the 
signal of the radical cationic form P+" with AH = 60e (Fig. 2), clearly observable in the 
light over a wide range of temperatures and concentrations of the pigment but disappearing in 
solution in the course of a few minutes after the switching off of the light. 

The disappearance of the ESR signal is undoubtedly due to exchange processes in the solu- 
tions as a result of which the stabilization of the radical cation form is limited to a far 
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Fig. 3. ESR spectra of gossypol solu- 
tions: i) in 0.1 N NaOH in H20 under 
an aerobic conditions; 2) the same 
solution with access of air; 3) in 0.i 
N NaOD in D20. 

smaller time interval than is the case in dry gossypol. The absence of the broad ESR signal 
of the peroxide form of gossypol in solutions in the light may be considered as a consequence 
of the short lifetime of organic peroxide radicals in solutions [3]. It is obvious that only 
on the illuminated surface of dry gossypol do the conditions exist for the stabilization of 
its peroxide radicals which permit their signal to be recorded on illumination and several 
hours after the sample has been kept in the dark. 

In alcoholic solutions of gossypol where illumination did not cause the appearance of 
any ESR signal whatever, obviously, the conditions for the stabilization even of the radical 
cation form of gossypol are absent. Here we must also take into account the fact that the 
lifetime of 102 in alcohols is one of the shortest for condensed media and differs from that 
in chlorinated organic solvents and lipids by a factor of several hundreds [8]. 

What has been said above permits the following probable scheme of the behavior of gossypol 
in the presence of oxygen in the light to be suggested: 

F - - O - - O "  
h ,  ,7, 

~ + o.,::~ r * + o~ -. l r *  o,1 -+ l r '  o~1 ~:  
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The fastest stage in the suggested scheme is the transfer of excitation from the carbonyl 
groups of gossypol F* to 02 in the contact complex [P*02] ~ [F~O~]. Because of the short life- 
time of ~02, the subsequent reactions have a smaller probability. This is in harmony with the 
fact reported in the literature of the low yield of 02-" in reactions of sensitizers in the 
excited state [i]. Furthermore, the rapid breakdown of the EDA complex [F*~02] in the light 
that we have established by the ESR method gives grounds for excluding it from the direct pre- 
cursors of the peroxide form of gossypol. 

It remains to be assumed that the most probable precursor of the peroxide form with the 
contact complex of gossypol in the ground state with singlet oxygen is [FI02]. It follows 
from this that in systems generating 102 under dark conditions gossypol in high concentrations 
may exhibit antioxidant properties by forming the contact complex [Pl02]. In addition to this, 
the combination of a medium with a long lifetime of ~02 and a low concentration of F* may lead 
to the appearance of its preoxidant properties through the generation of ~02 end of 02-" in 
the light. The latter must be borne in mind when kinetic measurements in systems containing 
gossypol are performed under conditions of illumination [9]. 

The results obtained in a number of investigations [9-11] permit the assumption that the 
physiological action of gossypol may be connected with the appearance of active forms of oxy- 
gen. It must be mentioned that normal energy metabolism in the cell requires alkaline pH values 
at which gossypol, like other polyphenols, is converted into the anionic form, which must be 
reflected on its donor-acceptor properties. In the light of this hypothesis, we have studied 
the behavior of gossypol under alkaline conditions by the ESR method. 

The addition of gossypol to a 0.I N aqueous solution of NaOH under the conditions of 
limited contact with air is accompanied by the appearance of an ESR signal with a hyperfine 
structure (HFS) (Fig. 3, curve i), the form of which changes as air diffuses into the solution 
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(Fig. 3, curve 2), while the intensity of the signal is practically independent of the illu- 
mination of the solution. When the area of contact of air with this solution is brought to a 
minimum by enclosing it in a plane quartz cell with a distance between the walls of 0.i mm, a 
gradual change in the color of the top part of the solution from yellow-green to cherry-red/ 
brown is observed due to the slow diffusion of the products of the interaction of gossypol 
with 02 from the surface into the b~ik of the sample. The spreading of the cherry-red/brown 
coloration through the whole volume of the cell is accompanied by a broadening of the HFS 
lines as far as the complete disappearance of the spectrum. 

The observed phenomena are connected with the transfer of e- from the anionic form of 
gossypol that is formed under alkaline conditions to a 02 molecule. At comparable concentra- 
tions of gossypol anions and 02, the exchange of electrons between them leads to a broadening 
of the lines in the spectrum, while when the 02 is present in excess, it leads to the dis- 
appearance of the spectrum and to the appearance of a new isolated assymmetric signal in al- 
most the center of the spectrum that has disappeared. As can be seen from the results ob- 
tained, the transfer of e- in the system takes place under dark conditions and does not depend 
on illumination. 

The spectrum presented in Fig. 3, curve i, consists of a quartet of triplets with a bi- 
nomial distribution of the intensities of the lines, 1:2:1 and 1:3:3:1, and with a g-factor 
of 2.002. This distribution of intensities is due to interactions of a lone electron in the 
anionic form of gossypol with two magnetically equivalent protons with a hyperfine splitting 
constant a2H = 0.60e and with three magnetically equivalent protons with asH = 2.30e. The 
replacement of H20 in the alkaline solution by heavy water, D~O, permitted additional informa- 
tion to be obtained for the assignment of the constants observed. 

Figure 3, curve 3 shows the ESR spectrum obtained on the addition of gossypol to a 0.i N 
solution of NaOD in D20. The asymmetry observed in the center of the spectrum is due to the 
superposition of a signal appearing when 02 is present in the solution. The retention in the 
spectrum of the splitting of the lines into a quartet with asH = 2.30e (Fig. 3, curve 3) 
serves as a proof that it is caused by the interaction of an unpaired electron with three 
equivalent protons of one CHs group attached directly to the aromatic ring in the structure 
of gossypol. The conversion of the triplets of the lines of the quartets into doublets with 
a hyperfine splitting constant a,H = 0.60e is connected with the replacement of one of two 
magnetically equivalent protons responsible for the splitting into triplets by D. 

The deuterium nucleus, with spin i must split the lines into triplets with an intensity 
ratio of izl~l and with a somewhat smaller value of the constant than a2H [3]. The small 
value of a2H and the exchange of deuterium nuclei with the medium leads to the situation that 
the splitting due to the interaction of the unpaired electron with the deuterium nucleus ex- 
pressed in a broadening of all the lines of the spectrum in D20 (Fig. 3, curve 3) as compared 
with the spectrum in H20 (Fig. 3, curves i and 2). Thus, one of the two magnetically equiva- 
lent protons responsible for the splitting of the lines of the quartet into triplets in the 
spectrum of the radical anion form of gossypol undergoes exchange with the medium. 

The dissolution of gossypol in a concentrated aqueous solution of caustic soda caused 
the brief appearance of an intense ESR signal in the form of a doublet with splitting between 
the components of 20e. The position of the center of the doublet was shifted by 0.20e in the 
low-field direction as compared with the center of the spectrum of a 0.i N alkaline solution 
of gossypol. The diffusion of air into the bulk of the solution led to the disappearnace of 
the doublet, obviously, because of the transfer of e- to 02. The replacement of H20 by D20 
in this solution scarcely changed the form of the doublet. It was reported long ago that in 
a concentrated solution of caustic soda gossypol, losing carbonyl groups, is converted into 
apogossypol [12, 13]. It is obvious that the difference of the ESR spectrum obtained in this 
solution from the spectrum of gossypol in a 0.i N solution of caustic soda is connected with 
just this circumstance. 

In the initial gossypol, the spatial closeness and the presence of a hydrogen bond be- 
tween the aldehyde and hydroxy groups may be responsible for the equality of the constants 
of hyperfine splitting on their protons, which gives grounds for considering these protons to 
be responsible for the splitting into triplets of the lines of the quartet in the spectrum 
of F-" (Fig. 3, curve i). In a concentrated solution of caustic soda the loss of the carbonyl 
groups by the gossypol and the redistribution of the electron density connected with it leads 
to the above-mentioned transformation of the ESR spectrum into an intense doublet. This re- 
lates to solutions not containing 02. The contact of the solutions with air leads to the ex- 
change of electrons with O2 and to the formation of a dianion F 2=. 
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Exchange interactions between unpaired electrons in the symmetrical parts of the dianion 
must, according to theory [14], cause a deviation in the distribution of the intensities from 
binomial, as is actually observed on the contact of a 0.i N alkaline solution of gossypol with 
air (Fig. 3, curve 2). With an excess of 02, the equilibrium (i) is shifted to the right, 
which leads to a disappearance of the ESR spectrum of alkaline solutions of gossypol when 
they are shaken in the air. Correspondingly, an excess of gossypol should lead to shifts of 
the equilibrium (i) to the left and of equilibrium (2) to the right, leading to the blockage 
of the reaction 02-" anions. 

Alkaline alcoholic solutions of gossypol under anaerobic conditions possess ESR spectra 
with similar parameters, but in the presence of 02 more extended spectra arise than in aqueous 
alkali. This fact can be evaluated as the influence of the medium on the interaction of 02 
with gossypol. 

Thus, it may be considered that for the gossypol anion the form of the ESR spectrum (Fig. 
3, curve i) is due to the interaction of an unpaired electron with the protons of a terminal 
methyl group, with the proton of an aldehyde group, and with the mobile proton of a hydroxy 
group forming a hydrogen bond with an aldehyde group. Experiments with illumination of solu- 
tions of gossypol show that the transfer of an electron between the gossypol anion and oxygen 
may take place under dark conditions, while the transfer of an electron by gossypol and oxygen 
molecules requires their previous passage into excited states. These properties of gossypol 
may explain the photodynamic effects in cotton seeds and the tissues of the cotton plant. 

EXPERIMENTAL 

High-resolution spectra in the form of the first derivative of the absorption line were 
recorded on a Varian E-4 radiospectrometer with slow passage under conditions remote from the 
saturation of the signals. The samples were illuminated with light from an incandescent 
electric lamp with a power of i00 W placed in a 01-24 illuminator at distances from 0.3 to 3 m 
from the optical slit of the resonator. A layer of water 3 cm thick was used as a heat filter. 

Seeds from the cotton plant of the Tashkent-i variety obtained from ISSKh MSKh SSSR im. 
G. S. Zaitseva (G. S. Zaitsev Agricultural Institute, Ministry of Agriculture of the USSR) and 
the seeds of a gossypol-less mutant of the L-479 line kindly supplied by Sh. Turabekov of the 
Laboratory for Special Cotton-Plant Genetics (Tashkent State University). 

(+)-Gossypol and the triacylglycerols were isolated from cottonseed oil by methods de- 
scribed previously [15, 16]. 

SUMMARY 

i. In dry (~)-gossypol on its illumination under aerobic conditions, two different ESR 
signals were detected which have been assigned to the stable radical cationic and unstable 
peroxide forms of gossypol. In solutions of (!)-gossypol in chlorinated organic solvents only 
one ESR signal, from its radical cationic form, was recorded. 

2. The formation of mono- and dianions in alkaline solutions of gossypol has been shown 
on the basis of an analysis of the hyperfine structure and changes in the ESR spectra on pas- 
sing from anaerobic to aerobic conditions. 

3. Gossypol may exhibit not only antioxidant but also prooxidant properties depending on 
the concentrations of gossypol in the medium and the lifetime of active forms of 02 in it. 
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A NEW TERPENOID COUMARIN trans-DIVERSlN FROM Ferula Litwinowiana 

S. V. Serkerov and N. F. Mir-Babaev UDC 633.82/88 

The results are presented of investigations into the structure of a new ter- 
penoid coumarin with the composition C,~H2oO4 with mp 96-98°C (from aqueous 
ethanol), differing from diversion by the trans position of one bond. On the 
basil of spectroscopic (IR and *H NMR) results, the structure of 7-(3',7'- 
dimethyl-5'-oxoocta-3'E,6'-dienyloxy)coumarin is proposed for this substance. 

Continuing a study of the chemical composition of the roots of Ferula litwinowiana 
K.-Pol. [i, 2], by chromatography on a column of alumina we have isolated a crystalline sub- 
stance with the composition C,9H2oO4, mp 96-98°C (aqueous ethanol). In the IR spectrum of 
the substance in the region of characteristic frequencies there are absorption bands at 1730 
and 1715 cm -I (CO groups of a 6-1actone and of a conjugated ketone) and at 1680, 1630, 1520 
cm -l (double bonds). A direct comparison of the IR spectra of diversin and the coumarin un- 
der investigation showed differences characteristic for isomeric compounds. A mixture of the 
samples being compared gave a depression of the melting point (it melted at 85-87°C). 

The NMR spectrum of the substance isolated had the signals characteristic for a 7- 
substituted coumarin nucleus: doublets at 7.64 ppm (J = i0 Hz, H-4), 6.24 ppm (J = i0 Hz, 
H-3), and 7.38 ppm (J = 8.5 Hz, H-5), and aquartet at 6.86ppm(JL =8.5 Hz, J2 =2 Hz,H-6). 

The H-8 signal, undergoing allyl interaction with H-6, was superposed on one component 
of the H-6 doublet and therefore appeared in the form of a broadened singiet at 6.80 ppm. 
In the NMR spectrum, three-proton singlets of vinylmethyl groups at 1.92, 2.20, and 2.26 ppm, 
two-proton singlets of vinylmethyl groups at 2.57 ppm (J = 7 Hz) and 4.21 ppm (J = 7 Hz) and 
one-proton broadened singlets of olefinic protons at 6.09 and 6.15 ppm were similar to the 
signals of the monoterpene moiety of the diversin molecule. However, the singlet of one 
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