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Abstract: First-order decomposition of the anion radical RSSR~ (RSSR~ — RS- 4+ RS™) formed in cystamine solutions was
studied by pulse radiolysis. The rate constants and activation energies of this reaction were determined in sucrose, glycerol, and
ethanol aqueous solutions. Solvent cage effects seem to be important in more viscous media and determine the rate of separa-
tion of products. The reaction rate of electron transfer from the RSSR™ radical to oxygen (RSSR~ + O, — RSSR + 0;7) was
also determined in the same solutions. This reaction is affected by dielectric properties of solutions and enhanced in polar

media.

Introduction

The kinetics of electron transfer reactions in aqueous solu-
tions of alcohols is complex owing to ion-solvent interactions.22
Very often these solutions undergo structural and dielectric
changes which may affect the reaction rates of reacting spe-
cies.?® In this work the effect of composition of aqueous solu-
tions of glycerol, sucrose, and ethanol on reactions of the cys-
tamine anion radical was studied by observing the unimolec-
ular decomposition reaction

RSSR~ — RS. 4+ RS~ (N
and electron transfer to an oxygen molecule,
RSSR~ + O, — RSSR + 05~ (2)

The cystamine anion radical, RSSR~, was formed by pulse
radiolysis of cystamine (RSSR) solutions in reactions with
solvated electrons.

0002-7863/78/1500-2209$01.00/0

RSSR + e,~ — RSSR~ 3)

Cystamine (2,2'-dithiobisethylamine) dihydrochloride,
CI"NH;*CH,CH,SSCH,CH,NH:*CI~,3 is convenient for
this study since it reacts very fast with hydrated electrons (k3
=4,2 X 1019dm3 mol~! s~1)4 and the concentration of RSSR~
anion radicals can be measured accurately by pulse radiolysis.
The anion radical has high molar absorptivity (Apax 410 nm,
@410 9000 dm3 mol~! cm~1)*3 and the absorption peak is well
separated from those of other radicals formed in cystamine
solutions,®

Experimental Section

A pulse technique was used to measure the decay rates of the cys-
tamine anion radical at 410 nm. This technique has been described
previously.” Concentrations of several micromoles of RSSR~ radicals
were produced in the samples by irradiation with 20-ns pulses from
a Febetron 707 (Field Emission Corp.) electron accelerator. The ab-
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Table I. Rate Constants of Reaction | and 2 for Various Aqueous Sucrose, Glycerol, and Ethanol Solutionsat 19 £ 1 °C

Mole O, present
Nonaqueous fraction n20°C,4 ki X 1073, (Ea), in solution, ky X 1078,
component X1 cP ed s1 kcal/mol dm~3 mol X 103 dm3 mol~!s~!
Sucrose 0 1.005 80.38 3.75 9.60 1.26 7.70
0.006 1.33 78.04 3.56 1.05 7.46
0.009 1.67 75.00 3.40 0.96
0.013 1.91 75.45 2.97 0.89 6.18
0.022 3.20 72.64 2.44 0.79 6.17
0.034 6.07 69.45 1.62 9.75 0.68 4.59
0.050 16.00 65.88 0.56 11.20 0.60 4.37
0.073¢ 62.90 61.80 0.20 13.80 0.50 430
Glycerol 0.034 1.65 76.30 3.44 1.30
0.075 2.50 71.77 2.64 10.7 1.06 6.74
0.115 3.90 68.76 1.65 0.86 6.58
0.164 5.90 65.63 1.09 15.8 0.76 6.50
0.227 10.30 62.03 0.76 0.67 5.23
0.313 24,20 57.06 0.29 17.9 0.60 5.00
0.370 35.80 54.70 0.09 0.58 3.86
0.439% 64.00 52.27 0.049 21.4 0.57 2.60
Ethanol 0.043 1.50 76.60 3.18 1.36 8.00
0.080 2.13 68.63 2.96 1.32 8.50
0.150 2.66 64.50 2.68 1.57 7.24
0.220 2.39 56.49 1.70 1.80 5.75
0.245 2.88 53.00 1.55
0.280°¢ 2.83 50.38 1.43 2.32 4.62

2 60% sucrose. ¥ 80% glycerol. ¢ 50% ethanol. ¢ From ref 9.

sorbed doses are in the range 0.5-1 krad/pulse. The experimental
technique for the determination of activation energies was calculated
from the slopes of Arrhenius plots (In k against inverse of the absolute
temperature in K). The reproducibility of the activation energies was
within 10%.

Cystamine dihydrochloride (Sigma Chemical Co.), sucrose glyc-
erol, and ethanol (Merck and BDH, analytical grade) were used
without further purification. All solutions were prepared with triply
distilled water immediately before use. The solution pH was adjusted
with phosphate buffers at a concentration of 5 X 1073 mol dm~3,
Deaerated solutions were prepared by bubbling with argon. Oxygen
concentrations for all samples were determined by gas chromatog-
raphy using a Perkin-Elmer 154 DG apparatus and a molecular sieve
column.

Results

In diluted aqueous solutions the values for the rate constants
of reaction | and their dependence upon the pH of the solutions
were found to be in fairly good agreement with previously
published data.*> k; depends on the pH of solutions since the
RSSR™ radical follows the equilibrium*

+H3N(CH,),SSH(CH,),NH;*

== +H3;N(CH;),SS~(CH,),NH;*
pK (4-5)

< H)N(CH,),SS~(CH;);NH; (4)
pK (9-10)

The value of k is lowest in neutral solutions where RSSR~
radicals exist in the form TH3N(CH,),SS—(CH;),NH;"%. In
acid and alkaline solutions k; is higher by more than a factor
of 3. In alkaline solution the value of k follows the pK, (8.69
and 9.16)8 for deprotonation of amino groups in cystamine.
In this study the decay kinetics of RSSR™ radicals was ex-
amined as a function of pH in aqueous solutions of sucrose
(60%), glycerol (80%), and ethanol (50%) and the pH depen-
dence was found to be the same as that in pure water, i.e., no
effect of the presence of the cosolvent was observed. The ab-
sorption spectrum of the cystamine anion radical is also inde-
pendent of the presence of sucrose, glycerol, or ethanol and
there is no shift in the absorption maximum. In the pH range
of 5.5-8.5, the decay kinetics of RSSR ™ radical was inde-

pendent of pH for all solutions; pH was kept constant at 7 in
all our experiments.

Reactions 1 and 2 were carried out in aqueous glycerol
(0-80% glycerol, or 0 < X; < 0.44, where X is the mole
fraction of the nonaqueous component), in aqueous sucrose
(0-60% sucrose or 0 < X < 0.073), and in aqueous ethanol
solutions (0-50% ethanol or 0 < X < 0.3). The values of the
rate constants of reactions | and 2 and the activation energies
for reaction | are presented in Table I. Table I also contains
the data for viscosities, », dielectric constants, ¢, and oxygen
solubility.

Cystamine concentration was constant at 1 X 1073 mol
dm~3 in all our experiments. Sucrose, glycerol, and ethanol did
not compete with it to a great extent for solvated electrons.
Other radicals formed in aqueous glycerol,!0 sucrose,!! and
ethanol!? solutions did not interfere with determination of the
RSSR ™ decay at 410 nm.

The RSSR™ decay rate observed at 410 nm in the presence
of higher RSSR concentrations has shown the existence of the
reaction between RSSR~ and RSSR with a k(RSSR—+RSSR)
= (2.0 £ 0.1) X 107 dm3 mol~! s~1. The products of this re-
action are still unknown but they do not appear to absorb at
410 nm. In all our experiments conditions were chosen such
that the reaction of RSSR~ with RSSR does not compete with
reactions | or 2.

It is shown in Table I that the rate constants of reactions |
and 2 decrease with increasing mole fraction of the nonaqueous
components. In principle, the reverse reactions of 1 and 2 may
retard the observed overall reaction rate. However, for both
reactions the decay of the RSSR™ absorbance followed a
first-order rate law over at least 4 half-lives for all binary sol-
vents studied.

An attempt was made to correlate the rate constants for both
reactions with solvent property parameters such as the di-
electric constant, viscosity, and heat of mixing. The values of
rate constants for reaction | are correlated in Figure 1a with
the static dielectric constants of the matrix in order to see the
effects of electrostatic interactions of RSSR™ radicals with
solvent molecules on the dissociation rate. Figure b presents
the dependence of k;/(k1)w ratio (subscript w refers to water)
on the reciprocal values of solution viscosity.
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Figure 1. Rate of reaction 1 (RSSR™ — RS + RS™) in different aqueous
binary systems: (a) dielectric constant influence and (b) viscosity influence.
(X) water-ethanol: (O) water-glycerol; (O) water-sucrose system.

The rate constants of reaction 2 as a function of heat of
mixing parameters of water-glycerol solutions are presented
in Figure 2a. The partial molal excess functions —(dAHM/
dn,)/X, (n; = number of moles and X, = mole fraction of
water) were used for presentation of the results and compared
with sets of data for the rate constants of different reactions,
determined in water-glycerol solutions for which heat of
mixing plots show regularity.!¢ The plot of In k, against re-
ciprocal dielectric constants of the matrix, presented in Figure

2b, shows nearly linear dependence for all the solutions stud-
ied.

Discussion

Analysis of experimental results shows extreme sensitivity
of the RSSR~ radical anions dissociation, reaction 1, to the
solvent environmental properties. Electrostatic interactions
of RSSR~ radicals with solvent molecules have no influence
(Figure la) on the dissociation rate since the rate constants
only slightly decrease with increasing ethanol content in
water-ethanol solution, while the dielectric constants decrease
markedly and viscosity increases only slightly (Table I).

The reaction rate decreases with increasing viscosity (Figure
1b) presumably because of the increasing difficulty of sepa-
ration of RS and RS~ products. Solvent cage effects can be
important for free-radical reaction in the solution.!” Thus re-
action | can be considered as the process of conversion of an
intimate pair, [RS -+ - RS™], held in close proximity by a wall
of solvent molecules into completely separate RS and RS~
products.

RSSR™ = [RS...RS™] —>RS + RS- (%)
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Figure 2. Rate of reaction 2 (RSSR~ + O, — RSSR + O,7) in different
aqueous binary ssytems. (a) Heat of mixing parameter plot for several
reactions in water-glycerol system; (A) neutralization of bromocresol
green (H* + BG2~ — (HBG)™), ref 13; (+) self-diffusion coefficients
of glycerol, ref 14; (&) electron transfer reaction (CH3C¢HsCO~ +
(CeHs),CO — CH3CsHsCO + (CgHs),CO™). ref 2a; (O) reaction 2.
Heat of mixing parameters in calories per mole calculated from ref 15,
Representations: n;, number of moles, and X, mole fraction of water. (b)
Effect of dielectric properties of matrix: (X) water-ethanol; () water-
glycerol; (O) water-sucrose system.

In more viscous media the escape of products from the solvent
cage can be severely hindered and becomes a rate-determining
step. Increase of the activation energy of reaction 1 for higher
glycerol and sucrose content (Table I) supports the idea of a
solvent cage effect on the dissociation process. The increase
of activation energy in more viscous media shows that, besides
the RSSR ™~ radicals’ characteristic property, the strength of
interaction with solvent molecules is also a factor determining
activation energy.

We compared reaction 2 with data available for several re-
actions previously studied in water-glycerol solutions. The
diffusion-controlled reaction of the neutralization of bromo-
cresol green,!? the electron transfer reaction between aceto-
phenone anion radical and benzophenone,! and self-diffusion
coefficients data,!# presented in Figure 2a as a function of heat
of mixing parameters, all lie on the same straight line. For
reaction 2 the plot is curved and located below the straight line.
The reaction 2 is activation controlled. The relative positions
of the curves in Figure 2a can help to distinguish between ac-
tivation and diffusion-controlled reactions since in nonideal
solvent systems there is no linear correlation between rate
constants and the reciprocal value of matrix viscosity.

Electron transfer reaction 2 shows that the rate constants
decrease with increasing content of the nonaqueous component
for all the systems studied (Table I). This effect is determined
by the change of dielectric properties of solutions (Figure 2b).
Viscosity has no special influence on the rate of reaction 2.
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Reaction 2 is controlled by an activation process so that a
change of dielectric properties affects reorganization of the
solvent around both the reactant and the activation complex.
The reaction is enhanced in polar media. Results in Figure 2b
show that the slopes, @ In k,/9(1/¢), depend on the nature of
the nonaqueous component. The slopes of the straight lines are
—60, —120, and —170 for water-ethanol, water-glycerol, and
water—sucrose solutions, respectively. This indicates existence
of specific solvation and interaction of reacting species with
the solvent shell at the initial and transient states.

References and Notes

(1) (a) Boris Kidri¢ Institute of Nuclear Sciences; (b) California Institute of
Technology. _

(2) (a)Part 1, O. I. Mi¢i¢ and B. Cerc&ek, J. Phys. Chem., 78, 285 (1974); (b)
M. J. Blandamer and J. Burgess, Chem. Soc. Rev., 4, 55 (1975).

(3) (@) J. Khaladji, Ann. Chim. (Paris), 13, 555 (1958); (b) L. Eldjarn, Acta Chem.
Scand., 5, 877 (1951).

(4) M. Z. Hoffman and E. Hayon, J. Am. Chem. Soc., 94, 7950 (1972).

Journal of the American Chemical Society | 100:7 | March 29, 1978

(5) G. E. Adams, G. S. McNaughton, and B. D. Michael in "'The Chemistry of
lonization and Excitation", G. R. A. Johnson and G. Scholes, Ed., Taylor
and Francls, London, 1976, p 281.

(6) M. Bonifagi¢, K. Schéfer, H. Méckel, and K.-D. Asmus, J. Phys. Chem., 79,
1496 (19875).

(7) (a) V. M. Markovi¢, D. Nikoli¢, and O. I. MIGi¢, Int. J. Radiat. Phys. Chem.,
6, 22; (1974); (b) O. I. MI¢ié and M. T. Nenadovi¢, J, Phys. Chem., 80, 940
(1976).

(8) J. R. McPhee, Biochem. J., 64, 22 (1958).

(9) J. Timmermans, "'Physico-Chemlcal Constants of Binary Systems”, Vol.
4, Interscience, New York, N.Y., 1960.

(10) J. S. Moore and A. F. Norris, Int. J. Radiat. Blol., 29, 489 (1978).

(11) J. V. Davies, W. Griffiths, and G. O. Phillips In ""Pulse Radlolysis", M. Ebert,
J. P. Keen, A. J. Swallow, and J. H. Baxendale, Ed., Academic Press, New
York, N.Y., 1965, p 181,

(12) M. Simi¢, P. Neta, and E. Hayon, J. Phys. Chem., 73, 3794 (1969).

(13) P. Wgrrick. Jr., J. J. Auborn, and E. M. Eyring, J. Phys. Chem., 76, 1184
(1972).

(14) Y. Nishijima and G. Oster, Bull. Chem. Soc. Jpn., 33, 1649 (1960).

(15) "International Critical Tables", Vol. 5, McGraw-Hill, New York, N.Y., 1929,
p 157.

(16) P. A. Carapellucci, J. Am. Chem. Soc., 98, 3016 (1978).

(17) (a) C. Walling, '‘Free Radicals in Solutlon'’, Wiley, New York, N.Y,, 1957,
p 76; (b) R. M. Noyes, Prog. React. Kinet., 1, 152. (1961).

Conformational Studies of Tentoxin by Nuclear
Magnetic Resonance Spectroscopy. Evidence for a New
Conformation for a Cyclic Tetrapeptide

Daniel H. Rich* and Pradip K. Bhatnagar!

Contribution from the School of Pharmacy, University of Wisconsin—Madison,
Madison, Wisconsin 53706. Received August 11, 1977

Abstract: The conformations of the phytotoxic cyclic tetrapeptide tentoxin, cyclo-(L-MeAlal-L-Leu2-MePhe[(Z)A]3-Gly4)
and the analogues, L-Pro!-tentoxin and N-L-[methyl-13C]Ala!-tentoxin, have been studied by 'H and 13C NMR in chloro-
form, and by ultraviolet and circular dichroism spectroscopy in methanol. The data from these studies indicate that the three
compounds have essentially the same conformation and that the conformation previously proposed for tentoxin is incorrect.
A new conformation is proposed for tentoxin with the following torsion angles: ¢, —80°, ¥, —=10°; ¢3, —120°, ¢, +70°; ¢,
=90°, ¥3, =20°; ¢4, —120°, Y4, +70°. The new ring conformation differs from the centrosymmetric conformation previously
proposed for tentoxin by the sign reversal of the torsion angles y4,¢; while ¢2,¥2, ¢3.,¥3, and all w torsional angles are un-
changed. The conformation proposed for these compounds is a new conformation for the 12-membered cyclic tetrapeptide ring

system,

Tentoxin (1) is a phytotoxic cyclic tetrapeptide produced
by the plant pathogen Alternaria tenuis.? When applied to
germinating seedlings, tentoxin causes chlorosis in some plant
species but has little apparent effect on others.3 This selective
toxicity has been linked to the presence in susceptible species
of a high affinity (Kasee = 2 X 108 M) tentoxin binding site?
on chloroplast coupling factor 1 (CFy), a key protein involved
in chloroplast synthesis of ATP.% Resistant species usually
contain a form of CF; which does not bind tentoxin tightly.

The configuration and sequence® of the amino acids in
tentoxin and the configuration of the double bond in the V-
methyldehydrophenylalanyl residue (MePhe[(Z)A])7 are well
established and have been confirmed by total synthesis.5:? In
addition, a conformation was proposed® for tentoxin (Figure
la), by analogy to that observed by Dale and Titlestad for
several model cyclic tetrapeptides (Figure 1b),10 based on the
close similarity in the 'H NMR chemical-shift and coupling
constant data for the two systems.® However, whereas the
Dale-Titlestad conformation (Figure 1b) has been confirmed
by x-ray crystallography,!! no substantiating evidence for the
proposed tentoxin conformation has been reported.

We first came to question the proposed tentoxin confor-
mation® as a result of synthesizing the analogue D-MeAla!l-
tentoxin (2) which differs from 1 only in the stereochemistry
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of the methyl group at C-11 (see Figures la and 1b for the
numbering used here). Examination of molecular models of
tentoxin in conformation la revealed that the alanine 3-carbon
was about 2,3 A from the glycine a-carbon at C-8. This car-
bon-carbon distance is very close and should be very hin-
dered.!2 It was expected that the alanine 3-carbon would be
in an unhindered, “pseudoequatorial” position in the D-MeAla
analogue 2 and therefore would be no less stable than tentoxin
1. In fact, when synthesized, D-MeAlal-tentoxin was found
to exist in several conformations, two of which could be iso-
lated,’ and this occurrence of multiple conformations was in-
consistent with conformation 1a.

As a result we decided to test the proposed tentoxin con-
formation by synthesizing the analogue, L-Pro!-tentoxin (3),
in which L-proline replaces L-N-methylalanine. The five-
membered ring of proline limits the C.-N-C«-C# vicinal bond
angle to values less than £0-20° whereas, in the proposed
conformation for tentoxin (Figure 1a), the C-N-C-C# vicinal
bond angle is about 130°. Thus, L-Prol-tentoxin (3) cannot
exist in a conformation directly analogous to that proposed for
tentoxin. If 3 were synthesized and found to have similar
conformational and biological properties to tentoxin 1, then
the proposed conformation shown in Figure la could not be
correct.
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