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The reactions of radiolytically generated O H radicals and H atoms with the cyclic dipeptides of
glycine, alanine and sarcosine in deoxygenated aqueous solutions and the subsequent reactions of
the transient peptide radicals were studied in the absence and presence of K,Fe(CN)ft as oxidant
by pulse radiolysis and product analysis.
Hydroxyl radicals and H atoms react with glycine anhydride and alanine anhydride by abstract
ing an H atom bound at C-3; there is no evidence for any other site of attack at these two peptides.
The resulting radicals have pKa values of 9.8 and 10.6, respectively.
In the absence of an oxidant the radicals decay by second order (2k = 7.Ox 10s dm 3 m ol -1 s“ '
and 2k = 4.4x 108 dm 3 mol ' 1 s_ l, resp.), the main fraction (94% of the glycine anhydride-derived
radicals, 90% of the alanine anhydride-derived radicals) yielding dehydrodimers (G = 0.58 /<mol
J~l and 0.56 ,«mol 7 -1 (in monomer units), resp.). A small portion however disproportionates via
abstraction of a C-6 -bound H atom followed by isomerization to 2,5-dihydroxypyrazines (pKa
values of the parent 2,5-dihydroxvpyrazine at about 7.9 and 10.1) and subsequent addition of
water to 2,5-diketo-3-hydroxypiperazines, thus indicating that the transfer of a carbon-bound
hydrogen atom is prefered to the transfer of a nitrogen-bound hydrogen atom.
No disproportionation products but three different dehydrodimers (G = 0.36, 0.18 and
0.04 ^m ol J~l (in monomer units)) were found after irradiation of sarcosine anhydride. In this
case a dose rate and solute concentration dependence of dehydrodimer formation indicates a
radical-solute reaction converting part of the N-methyl radicals (21% of ‘initial’ attack) into the
C-3-yl radicals. A rate constant of k = 600 ± 50 dm 3 m o l 1 s“ 1 was obtained for this reaction by
measuring and computing the dehydrodimer yields as a function of dose rate and solute concen
tration. Thus the observed transient spectrum accounts only for about 79% of the radicals from
the ‘initial’ attack at C-3.
The rate of oxidation of the glycine anhydride-derived radicals by Fe(CN)63~ reflects the pKa of
the transient radical. The rate constant for oxidation of the (protonated) radical derived from
glycine anhydride is: k = l.O x lO 8 dm 3 mol-1 s-1, the corresponding radical anion is oxidized with
k = 3.1 x 108 dm 3 m ol -1 s-1. No change with pH was observed in the case of the alanine anhydridederived radicals (k = 7.9x 108 dm 3 m ol “ 1 s ' '). In contrast to the disproportionation, oxidation by
Fe(CN ) 63 leads to the removal of a proton from the heteroatom, a carbocation being the inter
mediate. The resulting dehydropiperazines rapidly add water to yield the corresponding 2,5diketo-3-hydroxypiperazines (G = 0.61 ,wmol J 1after oxidation of the glycine anhydride-derived
radicals, G — 0.58 //mol
after oxidation of the alanine anhydride-derived radicals). The
radicals derived from sarcosine anhydride are readily oxidized with k = 4 .0 x l0 8 dm 3 mol 1 s"1,
independent of pH.
!H and 13C{'H } NMR-spectroscopic and mass-spectroscopic data of the products are given.

Introduction
Peptide free-radicals are considered to play an im
portant role in the radiation-induced crosslinking of
D N A with the core histone proteins in chromatin in
vitro and in vivo [1] (for reviews see Refs. [2, 3]) thus
representing a kind of damage that might lead to
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biological malfunctions, mutagenesis, carcinogenesis
or even to lethality. It was suggested that these cross
links result from free D N A and protein radicals gen
erated in close proximity [4]. Most recently the for
mation of DNA-protein crosslinks in calf thymus
nucleohistone was reported and crosslinks involving
thymine and aliphatic amino acids identified [5]. A
mechanism involving the addition of the amino acid
radicals to the C - 6 position of thymine and subse
quent oxidation of the adduct radical was postulated
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[5], Peptide free-radicals are also relevant with re
spect to radiation-induced enzyme inactivation and
they are intermediates when protein-containing food
is treated with ionizing radiation (in order to reduce
bacterial contaminations) where the concern is about
undesirable products like crosslinks, racemization,
alteration of amino acid residues or cleavage of the
peptide chain [6 ]. Our present knowledge has been
recently reviewed [7, 8 ]. From these reviews it is
apparent that even the very simple systems are often
not yet well understood. This is certainly true for
oxygenated systems. For this reason we decided to
investigate the peroxyl radical chemistry of the sim
plest dipeptide, glycine anhydride to avoid terminal
group effects (for a brief report see [9]), but in the
course of this investigation it became apparent that
firm conclusions as to the mechanism in the presence
of oxygen could only be drawn if its free-radical
chemistry in the absence of oxygen were known in
more detail. Cyclic dipeptides (diketopiperazines)
have already found some interest in radiation-chemical [10—13] and photochemical [14, 15] investiga
tions serving as model compounds for the peptide
backbone as well as alanine oligopeptides [16]. In the
present paper we report a pulse radiolysis and pro
duct study on the reactions of O H radicals and H
atoms with glycine anhydride 1 and its methyl deriva
tives alanine anhydride 2 and sarcosine anhydride 3
in deoxygenated aqueous solutions.
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Experimental
Glycine anhydride (G A ) (Aldrich) and meso/DLalanine anhydride (A A ) (Aldrich ABC) were recrys
tallized from triply distilled water two times prior to

use. Sarcosine anhydride (SA), trimethylchlorosilane (TMCS) (Janssen). KSCN, dimethylsulfoxide,
K 3Fe(CN ) 6 (Merck), K 2IrCl6 (Ventron), N,0-bis(trimethylsilyl)trifluoroacetamide (BSTFA) (MachereyNagel) and other chemicals of the highest purity av
ailable were used as received. Pyridine (Merck) was
distilled and dried over K OH.
Cyclic dipeptide solutions (1—5 mmol dm -3; with
or without oxidant) in triply distilled or reagentgrade Millipore Milli-Q water were bubbled with
oxygen-free (Oxisorb, Messer-Griesheim) nitrous
oxide for 30 min. Irradiations were carried out at
20 ± 1 °C with a 60Co-y-source at a dose rate of 0.14
Gy s' 1 (Fricke dosimetry) if not stated otherwise.
The maximum conversion was 15—22%. Preparative
irradiations were done at a dose rate of 0.3—0.6 Gy
s"1.
Irradiated glycine anhydride and alanine anhy
dride solutions or authentic material were freeze-dried
and silylated overnight at room temperature or heat
ed to 80 °C for 30 min with excess BSTFA/TMCS
and pyridine as solvent prior to analysis by gas
chromatography (Varian 3700, H 2 0.6 at, injection
temperature 200 °C, temperature programmed
50—250 °C, 6 °C min-1, flame ionization detection)
with nonadecane as internal standard using 10—25 m
glass capillary columns coated with OV-1701 (di
mers) or SE-54 (monomers). Sarcosine anhydride
and its irradiation products were freeze-dried, dis
solved in pyridine containing nonadecane and 1,3dimethyluracil as standards and injected ‘on column’
(Packard 427, OV-1701, H 2 0.8 at, temperature pro
grammed 50—280 °C, 8 °C min-1, flame ionization
detection). Response factors were obtained after
isolating the products by preparative HPLC (Gilson
303/201/Spectrochrom M) on Nucleosil-7 C-18 col
umns with either H 20 or H 20 : M e 0 H , 9:1 as sol
vents or calculating relative factors using an incre
ment method [17],
Products were identified by coupled GC-mass
spectroscopy (Perkin-Elmer F22/Finnigan M AT CH
7 A) using the same columns as described above or
whenever possible !H and 13C {XH } N M R spectros
copy (Bruker A M 400). (3-Values [ppm] are relative
to TMS or solvent signals.
Pulse radiolysis experiments were carried out at
20 ±1 °C with a 2.8 MeV Van de Graaff electron
accelerator with electron pulses of 0.4—1 jus dura
tion. The applied doses were varied between 2 and
60 Gy (usually 2—6 Gy). The pulse radiolysis setup
has been described elsewhere [18, 19], For the opti
cal measurements dosimetry was performed with
N 20-saturated 0.01 mol dm - -1 KSCN solutions taking
G((SCN)2-) = 0.62//mol / -l and e (480 nm) =
7600 dm 3 mol - 1 cm -1 [20]. For pulse-conductometric
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experiments 0 . 0 1 mol dm 3 dimethylsulfoxide solu
tions at pH 5 were used taking G (H +) = 0.62 //mol
J~] [21]. The pH of the solutions was adjusted with
H 2S 0 4, HC10 4 or NaOH. In the optical experiments
below pH 10 where fast equilibration was required
solutions were buffered with 0.5 mmol dm - 3 phos
phate buffer. Cyclic dipeptides are not stable in al
kaline solutions [22], To avoid hydrolysis in experi
ments at high pH, neutral solutions of the solutes
were mixed with an alkaline solution just before
reaching the pulse radiolysis cell. The pH was meas
ured in the effluent.
Results and Discussion
In the radiolysis of water OH radicals, solvated
electrons and H atoms are formed as reactive inter
mediates (reaction (1)). The solvated electrons can
be converted with N20 into further O H radicals
(reaction (2)). Under such conditions the radiationchemical yields are G ('O H ) = 0.56 /^mol J~x and
G (H ) = 0.06 /<mol J~x. These radicals react with the
substrate molecules present at concentrations in the
order of 1 0 ~ 3 mol dm“3.
H O ionizing^ o h , e™, H , H +, H 1O 1 , H,
radiation
4

(1)

e" + N iO -» O H + N, + O H

(2 )

In glycine anhydride 1 there are, in principle, two
types of H atoms which can be abstracted by the O H
radical and the H atom, the carbon-bound H atom
(reaction (3)) and the nitrogen-bound H atom (reac
tion (4)). It will be shown that the latter reaction
does not play a significant role in this system, though
recent investigations on other systems suggest the
possibility of attack at N —H [23—26]. With the other
two substrates H-abstraction can also occur at methyl
(cf reactions (5) and (7)).
Some properties (e.g. absorption spectra. pKa val
ues, redox properties) of the radical intermediates as
well as the final products will be given. The rate
constants obtained in this study are compiled in
Table II.

Absorption spectra and bimolecular decay of
the radicals
In a pulse radiolysis experiment (pulse duration
0.4 fxs) O H radicals and H atoms were generated
according to reactions (1) and (2). These radicals
react rapidly (see below) with glycine anhydride and
its methyl derivatives giving rise to radicals whose
UV-absorption spectra are pi I dependent in the
cases of 1 and 2 due to deprotonation of the amide

(3)
H

4

: R =H

6 : R = CH3

O ^ N ^
H
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2

d

H

: R =H
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8 : R = CH3
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nitrogen (Fig. 1). The spectra are close to those re
ported previously [1 0 ], though the extinction coeffi
cients obtained in this study are up to 30% lower
(Table I) due to different dosimetric considerations,
application of Schuler’s formula [27] and the con
tribution of the H atom to the radiolytic yields. In the
case of the glycine anhydride-derived radicals a
further increase in absorbance at high pH (no change
in ^max) may be due to a second deprotonation step.

k ~

o

Fig. 1. Transient absorption spectra (GX£//<mol J 1 dm 1
m ol -1 cm“ 1) of N 20-saturated alanine anhydride solutions
(1 mmol dm “3), irradiated with a 0.4 /l is electron pulse of
ca. 5 —6 Gy: pH 6.2, triangles; pH 12.3, squares (5.5 /.is
after the pulse).

Substrate
Transient

pH

^max [nm]

e [dm3 mol

265, 355
292, 392
292, 392

5950, 1760
7380, 2090
8650, 2430

9.8

265, 365
290, 390

8500, 2800
9300. 2500

9.6a [10]

262, 370
292, 390
260. 360
290. 385

6330, 1780
7650, 1820

1

cm

] PKa

1

Glycine anhydride
4
4a
(4a —H +)
4
4a

6.5
11.6
13.2
5.0
11.2

3 -

2

-

300
—

350

400

500

X / nm -

Table I. Molar extinction coefficients and pK a
values of transient radicals from the reaction of O H
radicals and H atoms with cyclic dipeptides in N 20saturated aqueous solutions.

Alanine anhydride

6
6a
6
6a

6 .2

12.3
5.5
1 2 .8

Sarcosine anhydride
9 (+ 10)b
6.4 267.
9 (+ 10)b
11.5 267,
9
6.2 265,
9
12.8 265.

362
362
365
365

7900, 2300
8400, 2000
6280,
6450,
8300.
8300,

1960
1950
2200
2200

1 0 .6

9.6 [10]

a In 5 /fa-radiolysis steady-state ESR [12]; b radical

10 is expected to contribute to the spectrum only to

[1 0 ]

a very small extent if at all. Extinction coefficients
are calculated based on a yield of 79% for radical 9
(see text).
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In the case of the sarcosine anhydride-derived radi
cals the observed spectrum only accounts for the
fraction of the radicals which are formed by H-abstraction from the ring (79%, reaction (6 )). The radi
cals formed by H-abstraction from the methyl group
(reaction (7)) are expected to contribute to the ob
served spectrum only to a small extent. The extinc
tion coefficients calculated based on this assumption
are very similar to those obtained for the analogous
radicals 4 and 6 (Table I).
In the absence of an oxidant the radicals 4 and 6
decay by second order (2k = 7.0xl08 dm ’ mol -1 s-1
and 2k = 4 .4 x l0 8 dm 3 mol - 1 s_1, pH 6.2 and 6.3,
resp.), the rate constants reflect the sterical hin

Product/
Intermediate

pH

/c/dm3 mol

1

s

1

drance in the case of the alanine anhydride-derived
radical 6 . In alkaline solutions a decrease in these
rate constants is observed (2k = 2.7 x l0 8 dm 3 mol -1
s- 1 and 2k — 1.5xl08 dm 3 mol - 1 s_1 at pH 11.7 and
11.8, resp.). We did not obtain good fits for the
bimolecular decay of these radicals at wavelengths
below 410 nm due to the build-up of another absorb
ing species (see below), so their decay was monitored
at 410—450 nm (Table II). The sarcosine anhydridederived radicals decay by second order with an over
all rate constant k = 6.0 x l0 8 dm 3 mol- 1 s- 1 indepen
dent of pH (monitored at 350 nm). Rate constants
about twice as high as given here have been reported
previously [1 0 ].

cf. reaction

monitored
at

GA + OH

4

5.6
5.0

l.O x lO 9
1 . 2 x l 0 9 [10]

(3)

260 nm

AA + OH

6

5.6
5.0

1 .2 X 1 09
1 .8 X 1 0 9 [10]

(3)

260 nm

SA + O H

9 (+ 10)

5.6
5.0

1 .7 x l0 9
2 . 6 x l 0 9 [10]

(6) (+ (7))

260 nm

GA + H

4

2.0

2 .O x 108

(3)

360 nm

AA + H

6

2.0

2 .4 x 1 0 s

(3)

360 nm

9 (+ 10)

2.0

2 .1 x 1 0 8

(6) (+ (7))

360 nm

6.4
11.3

l. O x l O 8
3 .1 x 1 0 s

(10)

350 nm

2.8
6.7
9.7

7 .9 x 1 0 s
8 .0 x 1 0 s
7 .8 x 1 0 s

(10)

360 nm

3.5
6.5
10.9

4 .1 x 1 0 s
4 .0 x 1 0 s
4 .1 x 1 0 s

5.6
11.5
6.2
12.8
5.6
5.6
5.6

6 .0 x 1 0 s a
6 .0 x 1 0 s a
1.4 X 1 0 9 (2k) [10]
1 .3 x l0 9 (2k) [10]
4 .6 x 1 0 s b (2k)
5 .5 x 1 0 s b
2 .3 x 1 0 s b (2k)

(12)

600± 50b

(11)

SA + H
G A ' + F e (C N )^

11

Fe(CN)ö~

12

AA‘ +

SA' + Fe(CN) 6 ~

SA + SA

9-9/9-10

9-9
9-10

10-10
SA 10 + SA

9

GA + GA

4-4

AA + AA

6 - 6

5.6

Table II. Reaction rate con
stants of O H and H' with cyclic
dipeptides, of the bimolecular
decay and interconversion of
the peptide radicals and their
oxidation
by
Fe(CN)ö~
(4 .2 —6 .8 x 10-5 mol dm ”3) in
aqueous solution.

300 nm

350 nm

(12c)
(12 b)
(12a)

6.2
11.7
5.0
11.2

7 .0 x 1 0 s (2k)
2 .7 x 1 0 s (2k)
1.3 X 1 0 9 (2k) [10]
5 .0 x 1 0 s (2k) [10]

440 nm
450 nm

6.3
11.8
5.5
12.7

4 .4 x 1 0 s (2k)
1 .5 x 1 0 s (2k)
1.4 X 1 0 9 (2k) [10]
4 .3 x 1 0 s (2k) [10]

410 nm
450 nm

a Overall rate constant;
culated, see text.

cal-
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Reaction rate constants of 'O H and H'
In N 20-saturated solution the rate of the buildup
of the absorption of the radicals is largely determined
by the rate of the reaction of the O H radical because
its contribution is about 90% of the primary freeradical yield (reactions (1) and (2)). From the ob
served pseudo-first-order rate constants we calcu
late:
* ( ‘O H + 1) = l.O xlO 9 dm 3 mol “ 1 s" 1
/c('O H + 2) = 1.2X10 9 dm 3 m o P 1 s" 1
/c('O H + 3) = 1.7X 10 9 dm 3 mol “ 1 s"1.
These rate constants are lower (20—50%) than those
determined previously using the thiocyanate compe
tition method [1 0 ].
In Ar-saturated solution and at pH 2 the solvated
electrons from reaction (1) are converted into H
atoms (reaction (8 )).
e - + H +- * H

(8 )

The O H radical can be readily scavenged by tertbutanol (&( O H + f-BuOH) = 5 x l 0 8 dm 3 mol- 1 s_1
[28]) while its reaction with the H atom is only slow
(&(H‘ + r-BuOH) = 8 x l 0 4 dm 3 mol- 1 s- 1 [29]). At a
solute concentration of 4 — 5 x l0 ~ 4 mol dm - 3 and a
tert-butanol concentration of 3 x l0 _1 mol dm - 3 less
than 0 . 5 % of the O H radicals react with the substrate
molecules. The observed buildup of the absorption
of the radicals is therefore largely due to the reaction
of the H atom with these compounds. From such
data we calculate:

<3

CD

—

pH — ►

Fig. 2. pH-Dependence of transients from N 2 0-saturated
alanine anhydride solutions ( 1 mmoldm 3), irradiated with a
0.4/<selectron pulse. Squares: change of absorption at 300 nm.
7—20 /us after the pulse (Gxzle/^mol J 1 dm 3 m ol -1 c m '1,
normalized on G (H +) scale); dose ca. 3 Gy. Triangles:
G ( H +)/^mol
monitored as conductivity decrease,
45 —105 /us after the pulse; dose ca. 4 Gy. Solid line: calcu
lated curve based on pKa 10.6.

*(H' + 1) = 2.Ox 108 dm 3 m o P 1 s_1
k (H ‘ + 2 ) = 2.4X108 dm 3 mol “ 1 s- 1
* (H ‘ + 3) = 2.1 x l0 8 dm 3 mol- 1 s“1.
It is common that in their H-abstraction reactions H
atoms react more slowly than O H radicals. Together
with other rate constants obtained in this study
these values are compiled in Table II.

pK a-Values of radicals 4 and 6
In the case of glycine anhydride 1 and alanine
anhydride 2, the radicals formed by H-abstraction in
a-position to the NH-group (radical site at C-3) are
capable of dissociation (reaction (9)). The UV-absorption spectra of 4 and 6 are sufficiently different
from their basic forms 4a and 6a (Fig. 1). A plot of
G xA e (squares in Figs. 2 and 3) vs. pH (obtained
from the change in absorbance at 300 nm, 7—20 ,«s
after the pulse) indicates that radicals 4 and 6 have

—

pH — ►

Fig. 3. pH-Dependence of transients from N:0-saturated
glycine anhydride solutions ( 1 mmol dm “3), irradiated with
a 0 .4 /is electron pulse. Squares: change of absorption at
300 nm, 7-20 /us after the pulse (Gxzle/^m ol 7 1 dm 3
m ol “ 1 cm“1, normalized on G (H +) scale); dose ca. 3 Gy.
Triangles: G (H +)///mol J~x monitored as conductivity de
crease, 45—105 pis after the pulse; dose ca. 4 Gy. Solid line:
calculated curve based on pK ;1 9.8.

pKa values of 9.8 and 10.6, respectively. A similar
conclusion can be drawn from a plot of G(H~)
(triangles in Figs. 2 and 3) vs. pH (from pulsed con
ductivity measurements; see below). In the earlier
study [10] the pKa values of 4 and 6 had both been

965

O. J. Mieden —C. von Sonntag -Peptide Free-Radicals
H

OH

" x y *

©

'N.— ^0

Ö -, ' R

: R = H

6 : R = CH3

determined at 9.6. Our results differ from these pre
viously published data in so far that the pKa value of
the radical derived from alanine anhydride (6 ) is sig
nificantly higher (pKa = 10.6) than that derived from
glycine anhydride (pKa (4) = 9.8). It is expected that
pKa (6 ) is higher than pKa (4) because of the elec
tron-donating effect of the a-methyl group which
negativates the adjacent carbon and hence impedes
the deprotonation at the neighbouring nitrogen. A
similar effect has been observed with radicals derived
from aliphatic alcohols [30, 31]. As expected, the
corresponding radical derived from sarcosine anhy
dride (9) is not capable of deprotonation and hence
the observed spectrum does not change with pH (cf
also Ref. [10]).

The yield of radicals 4 and

H ,0

(9)

©

H

4

+

6

For quantitative assessment of the yield of radical
4 use has been made of its dissociation at high pH.
Under such conditions the released proton is neu
tralized by the O H - present, a reaction which leads
to a decrease in conductivity, i.e. 4a (A° ~ 35 ß -1
cm 2 mol-1) substitutes an O H - ion (A° = 170 ß - 1 cm2
m ol-1)[7]. From such measurements G (4 a) = G(4) =
0.62 //mol / - 1 is obtained. Since A°(4a) is only ap
proximately known this value is fraught with an error
of at least ±10%. The high yield of 4 is confirmed by
measuring the formation of OJ- at high pH in oxygen
ated solutions [32] and by quantifying the decrease of
ferricyanide (this study) after an electron pulse based
on the difference in extinction coefficient between
Fe(CN)63- and Fe(CN)64- (Ae(420 nm) = 1027 dm 3
mol - 1 cm - 1 [27]). G(reduction) = 0.61 //m o l/-1, pH
6.0; 0.67 //mol 7-1, pH 11.6), accounting for the total
reducing equivalents (corrected for the bimolecular
decay of the radicals). Thus it appears that radical 4
is by far the major if not the only radical.
The N-centered radical 5 which might be formed
by H-abstraction from the amide group should have
oxidizing properties and should readily oxidize

4a
6a

: R = H
: R = CH3

N,N,N',N'-tetramethyl-p-phenylenediamine if a
study on the pyrimidines is a good guide [33]. There
was no significant contribution of reaction (4) de
tected by this technique [34], Thus it appears that it is
not formed to a significant extent in agreement with
the high yield of radical 4 determined above. An
analogous assessment of the yield of radical 6 derived
from alanine anhydride leads to the same conclusions
(G ( 6 ) = 0.61 //mol / -1).

Redox reactions of radicals
In the series of the radicals derived from py
rimidines and dihydropyrimidines it has been shown
that the carbon-centered radicals adjacent to the ni
trogen have reducing properties (Ref. [7] and Ref.
cited therein, [33]). The corresponding radicals of
the present systems have, in addition, a carbonyl
group at the a-position. This reduces the electron
density at the radical site and makes it less reducing.
For this reason these radicals no longer react rapidly
with tetranitromethane but are still easily oxidized by
Fe(CN)63- (cf. reaction (10)). As to be expected
from their electron transfer properties to a range of
acceptors [35], the radical anion 4 a is a better reductant than the protonated radical 4: k(4 + Fe(CN)63-)
= 1.0x10s dm 3 mol - 1 s-1, k(4 a + Fe(CN)63-) =
3.1 x l0 8 dm 3 mol - 1 s-1. From the inflexion point in
the plot of kohs vs. pH, pKa (4) = 9.8 is obtained, in
agreement with the value determined above (Fig. 4).
The introduction of a methyl group at C-3 (alanine
anhydride) increases the electron density at the radi
cal site and hence increases the rate constant of oxi
dation. The reaction rate being now close to diffu
sion-controlled, a further increase in the rate of oxi
dation was not observed up to pH 9.7; i.e. k ( 6 +
Fe(CN)63-) * k( 6 a + Fe(CN)63-) = 7 .9 x l0 8 dm 3
mol- 1 s-1. The radicals derived from sarcosine
anhydride 3 are also readily oxidized by Fe(CN)63(k = 4.0 x l0 8 dm 3 mol - 1 s-1), the rate constant being
independent of pH as well. The rate constants ob
tained are compiled in Table II.
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©

H

w

°

H1

+

Fe (CN)g‘

H

“C Hf-

Fe(CN)

( 10 )

4 : R= H
6 : R = CH3
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Fig. 4. Plot of A:obs vs. pH for oxidation of the glycine
anhydride-derived radicals in the presence of K 3Fe(CN ) 6
(6 .7 x l0 “s mol dm “3) after irradiation with a 0.4 //s elec
tron pulse of ca. 5 Gy in N 2 0-saturated aqueous solution.
Solid line: calculated curve based on pKa 9.8.

The products o f the oxidation by Fe(CN)63
Although the spectra of Fe(CN)63_ and of
Fe(CN)64- cover much of the UV region, corrections
can be made for these species because their absorp
tion spectra are well known. In addition they have an
isosbestic point at A = 265 nm (pH 5.8—11.2). After
the oxidation of 4 by Fe(CN)63_ (reaction (10)) there
remains some absorption at this wavelength (G x e =
1830 //mol J~l dm 3 mol - 1 cm-1), though the alcohol
13 absorbs only weakly in this region. The assign

:i" X 0

u
H

OH

13 : R = H
14 : R = CH3

ment of this absorption (to, possibly, the dehydropiperazine 11) is difficult, because it is known ([36];
unpublished results) that in such oxidations side
reactions might occur which destroy Fe(CN)63- (and
Fe(CN)64- is not the only product), though it is
claimed that even simple alkyl radicals react with
ferricyanide by electron rather than by ligand-transfer [37]. A study of the oxidation of cyclic peptide
radicals by IrCl62~ and the acid-base catalyzed hy
dration of the resulting dehydropiperazines (dehy
dropeptides) will be published in detail elsewhere
[38].
The quantitative determination of products after
y-radiolysis of glycine anhydride in the presence of
K 3Fe(CN ) 6 yields 2,5-diketo-3-hydroxypiperazine 13
(determined as the TMS-derivatives of 13, the dehy
drated 3,4-dehydro-2,5-diketopiperazine 11, a hy
drolysis product which is tentatively assigned as Nglyoxylglycineamide 16 and 2,3,5-triketopiperazine
17 after further oxidation) with a total G value of
0.61 //mol 7_1 after extrapolation to zero dose and
correction for the reaction of the H atom with
Fe(CN)63-. Similarly after irradiation of alanine
anhydride,
2,5-diketo-3,6-dimethyl-3-hydroxypiperazine 14 is formed with G = 0.58 //mol J~l.
After irradiation of sarcosine anhydride the corre
sponding
2,5-diketo-l ,4-dimethyl-3-hydroxypiperazine 15 was the only product observed, but the G
value as determined by GC was too low (0.27 //m ol/-1)
to account for the entire radical yield at C-3 (G =
0.49 //mol J~\ see below). This might be due to a
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incomplete elution of the non-silylated polar com
pound from the silica column used in this determina
tion.

Hydroxyl radical attack at the methyl groups in
alanine anhydride 2 and sarcosine anhydride 3.
Formation of dehydrodimers
The methyl group in sarcosine anhydride is acti
vated by the adjacent nitrogen while the methyl
group in alanine anhydride is not. For this reason it is
expected that O H radical attack at methyl is more
prominent in the case of sarcosine anhydride (reac
tion (7)) than in the case of alanine anhydride (reac
tion (5)), despite the fact that in sarcosine anhydride
four ring (carbon-bound) hydrogen atoms compete
with six methyl hydrogen atoms, while this ratio is
2:6 in the case of alanine anhydride. Irradiations of
sarcosine anhydride in the solid state indicate the
presence of a second radical [39].

Pulse radiolysis is not an adequate technique to
solve the question of a minor attack at methyl un
equivocally. This can, however, be done by a pro
duct study. Peptide radicals are expected either to
dimerize or disproportionate. In the case of sarcosine
anhydride GC analysis shows four dimeric com
pounds (Fig. 5). The first two show an identical frag
mentation pattern in their mass spectra (Table IV)
and are assigned to the meso and D L forms of the
9—9-dehydrodimer. Their combined yield is 62% of
the dimer fraction at pH 5.6 and a dose rate of
1.3X1CT1 Gy s-1. The third dehydrodimer (32% of
dimer fraction) is assigned to the 9—10-dehydrodimer while the yield of the 1 0 —1 0 -dehydrodimer is
only 6 %. The product yields are compiled in
Table III. From these data we conclude that about
78% of the O H radicals abstract ring hydrogens
while about 2 2 % react with the methyl groups (reac
tions (6 ) and (7)). The product yields are dose rate
and concentration dependent due to radical-solute
reactions. A more accurate estimate of the initial
radical yields which takes this dependences into ac
count will be given below.
A similar experiment was carried out with meso!
DL-alanine anhydride. The chromatogram shows
the presence of six dehydrodimers whose mass spectra
are identical (Table IV). Dehydrodimers which con
tain only the subunit 6 will have four asymmetric
carbon atoms, hence one would expect six diastereo-

Substrate
Product

Additive
K3Fe(CN)6
none

Glycine anhydride
meso/DL-3,3'-Bi-(2,5-diketopiperazyl)
(dehydrodimers) 4—4
DL-2,5-Diketo-3-hydroxypiperazine 13

0.58
0.01a

absent
0.61a b

meso/DL -Alanine anhydride
3,3'-Bi-(2,5-diketo-3,6-dimethylpiperazyl)c
(dehydrodimers) 6—6
DL-2,5-Diketo-3,6-dimethyl-3-hydroxypiperazine 14

0.56
0.03

absent
0.58b

0.36

absent

0.18

absent

0.04
absent

absent

Sarcosine anhydride
meso/DL-3,3'-Bi-(2,5-diketo-l,4-dimethylpiperazyl)
(dehydrodimers) 9—9
2,5-Diketo-l-methyl-4-((DL-3-(2,5-diketo-l,4-dimethylpiperazyl))methyl)-piperazine
(dehydrodimer) 9—10
l,2-Bis(N,N'-2,5-diketo-4-methylpiperazyl)-ethane
(dehydrodimer) 10—10
DL-2,5-Diketo-1,4-dimethyl-3-hydroxypiperazine 15

(0.27)d

Table III. Products and their
G values («mol 7“ ') from the
y-radiolysis of N20-saturated
aqueous solutions of cyclic di
peptides (lx lC T 3 mol dm -3,
pH 5.6) in the absence and
presence
of
K3Fe(CN)6
(2.8—9.5x 10-4 mol dm “3). G
values of dehydrodimers are
given in monomer units.

a Determined as3,4-dehydro2.5-diketopiperazine 11 2,5-diketo-3-hydroxypiperazine, Nglyoxylglycineamide 16 and
2.3.5-triketopiperazine 17;b ex
trapolated to zero dose and cor
rected for H +Fe(CN)6_ ; c six
diastereoisomers; d no other
products observed; value possi
bly too low, see text.

,
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sarcosine
anhydride

-//-

Product

4—4b

m/z (% )
non-silylateda

Fig. 5. G .I.e. of dehydrodimers from the y-radiolysis of sarcosine anhydride (1 mmol dirT3) in N 2 Ösaturated aqueous solutions, a Standard; b solvent
(for operating conditions see experimental sec
tion). G values of products are listed in Table III.

m/z (% )
trimethylsilylated3 /
No. of TMS groups

226 (1) [M+], 114 (100) [M/2+H ]0 514 (7) [M+],
499 (10) [M - C H 3],
258 (100) [M/2+H] / 4 TMS

13

130(1) [M+], 87(29) [M -H N CO ]c 346 (3) [M+],
331 (6 ) [M - C H 3] / 3 TMS

11

-

256 (28) [M+],
241 (100) [M - C H 3] / 2 TMS

16d

-

419 (9) [M + H] / 4 TMS

17

128 (6 ) [M+], 100 (64) [M -CO ]c

344

6—6e

a) 142 (100) [M/2+H]c
b ) 282 [M+]c'f

556 (4) [M - C H 3],
285 (100) [M/2] / 4 TMS

14b

158 (<1) [M+], 143 (1) [M -CH,], 374 (2) [M+],
359 (9) [M - C H 3] / 3 TMS
115 (36) [M —HNCO]c

9—9b

a) 282 (4) [M+], 141 (98) [M/2],
113 (100) [M/2—C = 0 ]
b) 282 [M +]f

9-10

a) 282(7)[M+], 154(60)[M —128],
141 (34) [M/2],
113 (100) [M/2—C = 0 ]
b) 282 [M +]f

10-10

a) 282 (57) [M+],
154 (49) [M —128], 141 (16) [M/2],
127 (23) [M—155],
113 (74) [M/2—C = 0 ]
b) 282 [M+]f

15

Table IV. Molecular ions and charac
teristic fragment ions from mass spectra
of products from the y-radiolysis of N20saturated aqueous cyclic dipeptide solu
tions.

158 (6) [M+], 130 (9) [M -CO],
101 (51) [M - H 3CNCO]

(40) [M+],
329 (35) [M-CHj] / 3 TMS

230 (2) [M+],
215 (40) [M-CH,],
173 (100) [M - H 3CNCO] /
1 TMS

a Data from GC-MS-coupling if not
otherwise specified. For details see ex
perimental section; b identical spectra for
meso and DL\ c direct inlet; d structural
assignment remains tentative;e six identi
cal spectra (four enantiomeric pairs, two
meso forms); f C l spectra; reactant gas
NH,.
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isomers to be formed. All those isomers were sepa
rated by G C, but there was no indication for the
presence of any other isomer. We therefore conclude
that attack at methyl (reaction (5)) is negligible (the
detection limit of a dehydrodimer that might contain
the subunit 8 is about 2.5 %). Irradiation of glycine
anhydride yields two dehydrodimers 4—4 ( meso and
DL\ for the mass spectra see Table IV). To a minor
extent there are also disproportionation products
which will now be discussed.

D isp ro po rtion atio n products. Transfer o f carbonb o u n d hydrogen vs. nitrogen-bound hydrogen

Although in the case of glycine anhydride the ma
jor products are the two dehydrodimers 4—4, to a
small extent there is also the disproportionation
product 13 which is observed as the TMS-derivatives
of 13, the dehydrated form 11 and a ring opened
product which is tentatively assigned as 16. The al
cohol 14 has been observed after irradiation of
alanine anhydride. No disproportionation products
could be detected after irradiation of sarcosine
anhydride.
The yields of these products are linear with dose in
the dose range of 80—230 Gy. A 1.5-fold dose (up to
350 Gy) was necessary in the case of sarcosine
anhydride compared to the other anhydrides investi
gated due to the reduced sensitivity of the FID for
the non-silylated products. The radiation-chemical
yields are compiled in Table III.
Following the decay of the glycine anhydride-de
rived radicals (4) after an electron pulse of about
60 Gy we obtained a UV spectrum (9 ms after the
pulse) with /!max = 360 and 370 nm ( G x e = 65 and
145 ^m ol 7_1 dm 3 mol - 1 cm-1) at pH 6.3 and 11.6,
respectively; stable on the time scale of pulse radioly
sis. An analogous spectrum was obtained after the
decay of the alanine anhydride-derived radicals. A
similar absorption was found after dissolution of ir
radiated solid cyclic dipeptides (evacuated prior to
irradiation) in alkaline solution and was attributed to
the formation of the 2,5-dihydroxypyrazines 18 and
19 [11]. The absorption at 370 nm is pH dependent
and from the inflexion points we obtained pKal (18)
~ 7.9 and pK a2 (18) = 10.1 (Fig. 6 ; cf. reaction (15))
in agreement with predictions which can be made
using a Hammett-type equation [40]. The change in
absorbance due to the first deprotonation step is only
small, as is described for 2-hydroxypyrazine; pKa =

—

pH — ►

Fig. 6. pH-Dependence of absorbance at 370 nm
(Gxe/^m ol J~l dm3 mol-1 cm-1) after the bimolecular de
cay of radicals 4 and 4a (9 ms after a pulse of ca. 60 Gy).
Solid line: calculated with pKal = 7.9 and pK a2 = 10.1.

8.23 ([41] and Ref. cited therein). The second depro
tonation, however, strongly increases the absorbance
at 370 nm. The parent 2,5-dihydroxypyrazine 18 is
expected to be sensitive to acid and base and so far
no successful synthesis was reported [42].
The formation of 2,5-dihydroxypyrazines (or their
corresponding pyrazinones) appears to be a result of
disproportionation and subsequent isomerization of
the intermediate formed therein (cf. reaction (13)).
After the bimolecular decay of the sarcosine anhy
dride-derived radicals there remains no absorption at
this wavelength, and no disproportionation products
(such as 15) could be detected. This indicates that
disproportionation occurs by H-transfer rather than
by electron-transfer. Interestingly no 2,5-dihydroxypyrazines were observed after oxidation of the pep
tide radicals 4 and 6 with Fe(CN)63_ (pH 5.5—11.0,
reaction ( 1 0 )), or after base-induced elimination of
C>2 - from the corresponding peroxyl radicals in al
kaline solutions (pH 9.8—12.3) [43], indicating that
the 3,4-dehydro-2,5-diketopiperazines 11 and 12
(reaction (10)) are not the precursors of 2,5-di
hydroxypyrazines in aqueous solution. This is con
firmed by recent results showing that the cyclic dehydropiperazines
and
are highly unstable inter
mediates which do not isomerize to dihydroxypyrazines in aqueous solution but rapidly add water
[38]. Thus disproportionation of radicals 4 and 6 does
not involve abstraction of the nitrogen-bound H
atom next to the radical site but abstraction of a

11

12
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carbon-bound H atom at C-6 . The whole reaction
sequence can be rationalized by reactions (13—14)
taking into account that the peptide bond has a par
tial double bond character (see mesomeric forms in
reaction (13)), ascribing the disproportionation pre
dominantly to the reaction of a resonance hybrid
with some spin density at C-5 (for ESR spectra see
Ref. [12]) which enables the transfer of an H atom
from C-6 , a C-3-yl radical being the H-acceptor. The
effect that the transfer of a carbon-bound H atom has
a higher probability than the transfer of a hetero
atom-bound H atom was already observed in the
disproportionation of 2 -hydroxypropyl-(2 ) radicals
[44, 45],
In contrast, the oxidation by Fe(CN)63~ yields a
carbocation, a reaction which is followed by a depro
tonation at nitrogen (reaction ( 1 0 ), see above).
It seems that the fast addition of water to the cyclic
dehydropeptides 11 and 12 (reaction (10), Ref. [38])
prevents their enolization and further isomerization
to 18 and 19. However, once the enolization is estab
lished by abstraction of an C-6 -bound H atom (reac
tion (13)) further aromatization is easily achieved
(reaction (14)).

x
HO

V

0H

~ H<S>

n-

h

+h©

X^

R

+4

+4

Hv

(13)

T
u®

h^

H

13
14

As pointed out above four radical combination
products are found after irradiation of sarcosine
anhydride in N 20-saturated aqueous solutions

T XH

-h®
;^ = ±
+h ®

18
P^ai ~ 7.9

: R =H
: R = CH3

Dose rate and substrate concentration dependence of
dehydrodimer formation in the case of sarcosine
anhydride

N^ / O 0

HO^N

X N©z

pKa2 = 10.1

H^N

YT
^

©o ^

n

o

©
(15)

h
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5

10

15

tion of such products was found by GC-MS. Addi
tional information was obtained from an experiment
with varying solute concentration where a depend
ence of the dehydrodimer formation on the sarcosine
anhydride concentration was found (Fig. 8 ). The rel
ative yield of dehydrodimer 9—9 increases with lower
dose rate, which increases the life-time of the radi
cals and with a higher solute concentration, which
speeds up the pseudo-first-order H-abstraction (reac
tion ( 1 1 )).
From the non-statistical behaviour in view of the
relative initial yields of 9 and 10 of product formation
at high dose rate and low solute concentration the
ratio of the three different bimolecular rate constants

20

— (l / Ydose rate ) / Gy'1/2 s1/2 —►
Fig. 7. Distribution of dehydrodimers from the y-radiolysis
of N20-saturated aqueous sarcosine anhydride solutions
(1 mmol d m ”3, pH 5.6) vs. dose rate-1,2. Squares: dehydro
dimers 9—9; filled circles: dehydrodimer 9—10; triangles:
dehydrodimer 10—10; open circles: in D :0 . Solid lines:
computation of the dehydrodimer distribution (see Table II
for rate constants).

(Fig. 5). The distribution of these dehydrodimers
was found to be dependent on the dose rate (Fig. 7)
suggesting a conversion of radical 10 into radical 9
(with decreasing dose rate), which is probably
stabilized by capto-dative effects [46], From the ex
trapolation of G(dimer) vs. ‘infinite’ dose rate the
‘initial’ radical attack was determined to occur at C-3
with 79% and at N-methyl with 21% yield. The
transfer of the radical site might occur intramolecularly involving a water molecule in the transition
state or simply by intermolecular H-abstraction from
the solute. The first possibility was ruled out by an
irradation in D 20 to check for dehydrodimers with
M + + 1 or even M + + 2. No evidence for the forma

x>
1_

£

2
—

(
h

I

CH3

10

9

+10

11)

N'

'ch2

10-10

103 [SA] / mol dm '3 — ►

ch3

+9
(12a)

6

Fig. 8. Distribution of dehydrodimers from the y-radiolysis
of N20-saturated aqueous sarcosine anhydride solutions
(1—5 mmol dm ”3, pH 5.6) at a dose rate of 0.018 Gy s”1
vs. concentration of the starting material [SA]. Squares:
dehydrodimers 9—9; circles: dehydrodimer 9—10; trian
gles: dehydrodimer 10—10. Solid lines: computation of the
dehydrodimer distribution (see Table II for rate con
stants).

CH3

O ^ N ^
I
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+10
(12b)

9 -1 0

(12c)

+9

9 -9
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was calculated (reactions (12a, b, c)). In a pulse
radiolysis experiment the bimolecular decay rate
constant was measured (&overan = 6.0 x l0 8 dm 3 mol - 1
s-1) following optically the decay of radical 9 at
350 nm. Assuming that the ratio of radicals 10:9 re-

mains constant throughout the radical decay (which
is found by a computation in this case, see below) the
overall rate constant (koveran = d[9]/dtxl/[9]:) can be
expressed as:
&overall = 2kUc + A:12bX[10]o/[9](),

Table V. 'H and 13C{'H } NMR-dataa of the products from the y-radiolysis of cyclic dipeptides in N20-saturated aqueous
solutions; isolated by preparative HPLC.
Dehydrodimersb 4—4
'H N M R
'H N M R
13C N M R
13C N M R

(D 20 ): Ö = 4.05 (s. 4H , C H ,), 4.06 (s, 4H . C H ,), 4.55 (s, 2H , CH ), 4.57 (s, 2H. CH)
(C F,C O O D ): Ö = 4.50 (s. 4 H , CH ,), 4.51 (s, 4H , CH ,), 5.17 (s, 2H , CH ), 5.19 (s, 2H. CH)
(D ,0 ): Ö = 45.74 (CH ,), 48.01 (C H ,), 61.92 (CH ), 62.55 (CH ), 170.33 ( C = 0 ), 172.82 ( C = 0 )
(C F,C O O D ): Ö = 45.77 (C H ,). 45.83 (C H ,), 58.71 (CH ), 59.08 (CH), 168.24 (C = 0 ), 172.18 (C = 0 )

DL-2,5-Diketo-3-hydroxypiperazine 13
‘H N M R ([DfJDMSO): <3 = 3.56 (dd, / = 17.5 Hz. 7 = 3.9 Hz, 1H, CH ,), 3.88 (d, / = 17.5 Hz, 1H, C H ,),4.65 ( d d ./ =
6.6 Hz, / = 2.8 Hz, 1H, CH ), 6.78 (d, / = 6.6 Hz, 1H , O H ), 8.03 (s, 1H, N-l-H), 8.76 (s, 1H, N-4-H)
13C N M R ([DfJDMSO): <5 = 44.14 (C H ,), 74.32 (C H - O H ), 166.12 ( C = 0 ), 167.62 ( C = 0 )
2,3,5-Triketopiperazine 17
'H N M R (D ,0 ): 6 = 4.30 (s. 2H , CH ,)
'H N M R (fD ft]DMSO): Ö = 4.13 (d, J = 2.0 Hz, 2H , C H ,), 8.86 (s, 1H, N-l-H), 11.76 (s, 1H, N-4-H)
13C N M R (D ,0 ): Ö = 46.53 (CH ,), 156.08 ( C = 0 ), 158.98 ( C = 0 ), 170.11 ( C = 0 )
Dehydrodimersc 6—6
Isomer I
‘H N M R ([D6]DMSO): (3 - 1.28 (d, J = 7.0 Hz, 6H , C H ,), 1.42 (s, 6H . CH ,), 3.82 (dq, / = 2.5 Hz, J = 6.9 Hz, 2H ,
CH), 7.92 (s, 2H , N H ), 8.06 (d, / = 2.5 Hz, 2H , NH)
13C N M R ([D6]DMSO): (3 = 19.58 (C H - C H ,), 22.51 (C - C H 3), 50.72 (CH ), 63.53 (C-3/3'), 165.76 ( C = 0 ), 167.42 ( C = 0 )
Isomer II
‘H N M R ([D6]DMSO): <5 = 1.18 ( d , / = 6.9 Hz, 3H . C H ,), 1.27 (d, / = 7.1 Hz, 3H , C H ,), 1.35 (s, 3H . CH ,), 1.36 (s,3H ,
C H ,), 3.83 (q, J = 6.9 Hz, 1H, CH ), 3.86 (dq, / = 2.9 Hz. J = 7.1 Hz, 1H, CH ), 8.13 (s. 2H. NH), 8.16 (s. 1H, N H ),
8.19 (s, 1H. NH)
13C N M R ([D6]DMSO): Ö = 18.04 (C H - C H ,), 19.52 (C H - C H ,), 21.72 (C - C H ,), 22.02 (C - C H ,), 49.75 (CH), 50.75
(CH). 63.30 (C-3(3')), 64.35 (C-3(3')), 165.97 ( C = 0 ) , 167.00 ( C = 0 ), 167.76 ( C = 0 ), 168.82 (C = 0 )
rra«5-2,5-Diketo-3,6-dimethyl-3-hydroxypiperazine 14 (isomer I)d
■ HNMR([D6]DMSO): d = 1.21 ( d . / = 7.0 H z ,3 H , C H ,), 1.36 (s, 3 H .C H ,),4 .0 2 (q,7 = 6.9 Hz, 1H , CH ). 6.33 (s, 1H ,
O H ), 8.03 (s, 1H, N-l-H), 8.68 (s, 1H. N-4-H)
13C N M R ([D6]DMSO): <3 = 17.05 (C H - C H ,). 24.57 (C - C H ,), 49.50 (C H - C H ,), 78.92 (C-3), 168.16 ( C = 0 ), 170.60

(C = 0 )
ds-2,5-Diketo-3,6-dimethyl-3-hydroxypiperazine 14 (isomer II)d
'H N M R ([D6]DMSO): c3 = 1.35 (d, J = 7.0 Hz, 3H , C H 3), 1.39 (s, 3H , C H ,), 3.78 (dq. / - 7.0 Hz. / = 3.1 Hz, 1H,
CH ), 6.35 (s, 1H, O H ), 8.04 (s, 1H. N-l-H), 8.60 (s, 1H, N-4-H)
13C N M R ([D6]DMSO): <3 = 20.50 (C H - C H ,), 25.40 (C - C H 3), 51.15 (C H - C H ,), 78.44 (C-3), 167.59 ( C = 0 ), 170.04
(C = 0 )
Dehydrodimersb 9—9
'H N M R (CDC1,): (5 = 2.92 (s. 6H , N-1-CH3, I), 2.93 (s, 6H , N-4-CH3, I), 2.94 (s, 6H , N-l-CH,, II), 3.01 (s, 6H . N-4CH ,, II), 3.78 (d, / - 9.8 Hz. 2H . C H „ I/II), 3.83 (d, / - 10.0 Hz, 2H , C H ,, I/II), 3.96 (d. / - 12.8 Hz, 2H , C H 2,1/II),
4.00 (d, / = 13.1 Hz, 2H , C H ,, I/II). 4.38 (s, 2H . C H . I), 4.42 (s, 2H . CH . II)e
13C N M R (CDC1,): <3 = 33.34 (CH ,). 33.67 (C H ,), 33.71 (C H ,), 33.79 (CH ,), 51.31 (CH ,), 51.39 (CH ,), 64.49 ( C H ),64.57
(CH). 162.97 (C = 0 ) , 163.52 (C - O ), 163.84 ( C = 0 ) , 163.95 ( C = 0 )
a <3-Values relative to either solvent signals or TMS as internal standard;b 1:1 isomeric mixture (meso/DL);c only two of
the six diastereoisomers were isolated; d assignment is based on N O E difference spectroscopy. Saturation of the (O) —H
resonance of isomer I (6.33 ppm) results in the enhancement of the (proton) signals for CH, (1.36 ppm), CH (4.02 ppm)
and NH (8.68 ppm). Saturation of the (O ) —H resonance of isomer II (6.35 ppm) does not show an effect on the signal for
CH (3.78 ppm) but on C H , (1.39 ppm). Thus it is concluded that in the first isomer the O H group is on the same side of
the ring plane as the C-6 H atom and thus it’s position is trans to the C-6 methyl group. The opposite holds for isomer II;
e assignment to the isomers (I/II) is based on N O E difference spectroscopy without allowing stereochemical conclusions.
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with [9] 0 and [10]n being the initial concentrations of
the radicals. With the ratios of 2kn3L\kXih-.2kx2c and
the measured overall rate constant the absolute
values of the three rate constants were calculated:

2k Uc(9+9) = 4.6 x l0 8 dm 3 m oP 1 s" 1
^i2b(9+10) = 5.5x l08 dm 3 mol- 1 s- 1
2 &12a(1 0 + 1 0 ) = 2.3 x l0 8 dm 3 mol- 1 s-1.
With this set of rate constants and the rate constants
for H-abstraction by O H (Table II) the dose rate
and solute concentration dependence of dimer for
mation were computed using a modified program
based on the Gear integration method [47]. The un
known rate constant for H-abstraction from the
solute by radical
(reaction ( 1 1 )) was varied until
the best fit was obtained (A:n = 600 ±50 dm 3 mol-1
s-1). The solid lines in Figs. 7 and 8 represent the
calculated dimer yields.
A simulation of the decay of radical 9 after an
electron pulse using the above calculated rate con
stants is in good agreement with the observed decay.
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see experimental section). Wherever sufficient
amounts (4—15 mg) of pure enough (>95% by GC)
material were obtained mass spectra (in addition to
GC-MS coupling) and 'H and 13C {’H} N M R spectra
were recorded. In some cases N O E difference spec
troscopy was employed to allow assignment of either
separated stereoisomers or (when indicated) mix
tures of these. Assignments of 13C multiplicities are
based on either DEPT measurements and/or com
parison with the substrate spectra. The N M R data
are compiled in Table V.
The mass spectra of the unsilylated compounds
show the characteristic fragmentation pattern that
one expects of diketopiperazines [48] i.e. a-cleavage
followed by either onium reaction, loss of HNCO
or decarbonylation initiating the further degradation.
In some cases when the molecular ion was absent or
of low intensity Cl-measurements were carried out
using N H 3 as reactant gas.

To ensure an unambiguous identification of the
products, irradiations on a preparative scale were
carried out, and the compounds separated by pre
parative HPLC, followed by a second run when the
separation was not good enough (for the conditions

The authors wish to thank Dr. H.-P. Schuchmann
and Dr. M. N. Schuchmann for valuable discussions,
Dr. S. Steenken, D ipl.-Phys. F. Schwörer, F. Reikowski, and R. Trinoga for continuously improving
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