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a-Alkoxyalkyl radicals with a leaving group L = Cl or OCOCHj in f-position are produced by
H-abstraction from the corresponding saturated substrates by ‘OH, SO}~ or (CH3);CO’ radicals.
From ESR spectroscopic observations it is concluded that in aqueous solution at pH 5-9 the
following fast hydrolysis reactions take place:

CH;0—-C(CH3)—CH,L + H,0 — CH3;0-C(CH3)—CH,0H + H* + L~
} CH;0—-CH—CH(CH3)—OH, 30%
CH;0-CH—CH(CH3)-L + H,0 3 (CHy) ’
CH;0-CH(OH)—CH—-CHj3, 70%
CH;0-CH-CHCIl, + H,0 — CH3;0—-CH(OH)—CHCI + H* + CI~
CH3O—C(CH2C1)2 +2H,0 - CH;O—C(CHon)z +2H"+2CI”
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The rate constants of these reactions and for the hydrolysis of CH;0—CH—CH,Cl are k >106s™ !,
whereas the rate constant for CH;0—CH—CH,OCOCH; was determined to be ~ 2x 10°s™! at
room temperature. The radicals with L = Cl cannot be scavenged by O, which fact leads to a
value of k >2x107s™!. a-Alkoxyalkene radical cations are assumed as intermediates in the
hydrolysis reactions. The radicals with L = OCOCHj3 and the radical CH;0—-CH—CH,CI are
observable in acetone solution ESR spectroscopically.

In aqueous solution at pH below 3 proton catalyzed reactions are observed by ESR spectros-

copy:
1,2-OH shifts CH3;0—C(CH;)—CH,0H — CH;0—C(CH3)(OH)—CH,,
CH;0-CH—CH(CH3)-OH — CH;0-CH(OH)—CH-CHj,
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Radicals resulting from H-abstraction at the CH30-groups of the substrates or at the 5-positions
of the cyclic ethers are also observed. The ESR parameters and the pH-ranges of existence of the
above radicals are given. Suppon of the reported reactlons comes from quantitative analysis of

stable products such as H, CI~
solutions of the substrates.

or CH;0H after ©

0Co-y-irradiation of N,O saturated aqueous

The behaviour of the radicals is used as a model to describe a modified version of the
degradation of DNA-4’ radicals in aqueous solution in the absence of oxygen.

Introduction

The chemical pathways of radical induced strand
break formation of DNA in aqueous solution are a
matter of continuing interest. The results presently
available show that the generation of radicals at the
sugar moiety of DNA is responsible for the break-
age of the strand [1]. Among these radicals the
DNA-4’ radicals, 1, are particularly prone to lead to
strand breaking reactions.

. O._ base
~"03P0-CH; 1

0PO;~

It i1s now well established [1] that in these reac-
tions hydrolytic cleavage of the alkylated phosphate
groups in the p-position to the radical site is
involved. The hydrolysis reactions are rationalized
in terms of a stepwise process with the primary
formation of alkoxyalkene radical cations which
subsequently react with water [1].

In a first paper [2] on rather simple models for 1
we reported on hydrolysis reactions of 1-methoxy-
ethyl radicals, CH;O—CH—CH,-L, 2, carrying as
leaving groups (L) differently protonated or alkylat-
ed phosphate groups in the 2-position, e.g. 2a, L =
OPO3H_, or Zb, L= OPO;—CH2CH20CH3 Ac-
cording to reaction (1) two radicals, 2 ¢ and 3, are
formed on hydrolysis which as type will be referred
to in the following as ether type (E-type) or alkyl
type (A-type) radicals respectively, ¢f. reaction (1).

CH;0-CH-CH,-OH

CH;0-CH-CH,—L + Hzo—<: 2¢ (E-type)
2 CH;0(HO)CH-CH,
3 (A-type) ’
+H "+ L™ (1)
2a L=OPO;H"
2b L =O0OPO;-CH,CH,OCHj.

At pH < 1.8 the E-type radical 2¢ is converted
into the A-type radical 3 [3].

In this communication we report on the hydro-
lytic behaviour of some radicals which in compari-

son with 2 are closer in structure to 1, viz. 4 to 9

with leaving groups L = Cl or OCOCH;*.
CH;O—?—CHZ—L CH3O—CH—C|H—L CH;0-CH-CH-CI
CH3 CH; Cl
0
Q >
CH2 Cl !
7a 9

4a,5a,8a,9a: L =Cl

CH;0—- C CH,—Cl

4b,5b,8b,9b: L = OCOCH;

It is shown that these radicals undergo fast hydro-
lysis reactions yielding E- and A-type radicals,
which in acidic solutions undergo rearrangement
and elimination reactions. On the basis of these
findings a modified mechanism of degradation of
radicals 1 in aqueous solution is advanced.

Results
Pulse radiolysis

The radicals were generated within the pulse
length of one microsecond by H-abstraction with
radiolytically produced OH radicals from corre-
sponding saturated substrates, see Experimental.
Using time-resolved electrical conductivity mea-
surements as probe [4] with each of the substrates
an increase of conductivity was found. This increase
was smaller than expected for a 1:1 ratio between
reacting OH radicals and protons produced. It is
therefore concluded that not all radicals formed by
H-abstraction decayed by hydrolysis with formation
of acid.

With one exception the half lives of the decaying
species were less than 1 microsecond, the time reso-
lution of our conductivity set-up. In these cases the

* For the purpose of comparison the radicals
CH;0-CH-CH,CI, 2d, and
CH;0-CH-CH,0COCH3, 2e

which also carry these leaving groups are included in this
study.
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formation of acid upon pulse radiolysis was practi-
cally complete within the pulse duration of 1
microsecond. The exception was found with
CH;0CH,CH,OCOCHj; as substrate where a first
order build-up of conductivity with a half life of
about 350 microseconds at 293 * 3 K was observed.

ESR spectroscopy

As expected from the foregoing some of the H-
abstraction radicals undergo rapid hydrolysis and
others are inert to hydrolysis and do not change
their structure during their radical life over the
whole pH-range employed. Some of these latter
radicals were detected and identified by ESR spec-
troscopy. They served as useful internal standards
especially to monitor the changes in pH which the
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successors of the short-lived H-abstraction radicals
underwent. The ESR parameters of the “inert”
radicals are given in Table L.

Radicals observed at pH 5 -9

Besides the “inert” radicals (Table I) A-type and
E-type radicals are observed, see Table II and Figs.
1-4. The A- and E-type radicals are considered to
be the hydrolysis products of the model radicals 2d,
4a to 9a, 4b, Sb, 8b, and 9b which are expected
upon hydrogen abstraction from corresponding sub-
strates but which were not observed by ESR spec-
troscopy in aqueous solutions.

The percentage of A- and E-type radicals (the
product pattern) observed at pH 5—9 is given in
Scheme 1. Reaction (2) was already known [2, 5] ex-

Table I. ESR parameters of radicals formed in aqueous solution at 276 K by H-abstraction from selected ethers at the
methoxyl group or at the 5-position of tetrahydrofuran derivatives respectively. Hyperfine splittings in mT, number of

protons larger than | in parentheses

Radical all a alf all Other splittings g Factor
CH,0CH,CH,~Cl 1.728(2)* - 0.195(2)  0016(2)  ¥Cl 0.015 2.00318
CH,0CH,CH,~OPO;H,* 171822 - 0.196(2) 00162 P 0016 2.00320
CH,0CH,CH,~OCOCH,; 1726 - 0200(2)  0.016(2) - 2.00321
CH,OCH(CH;)CH,~ OCOCH, 171 @° - 0.127 0.015 (4) 2.00325
CH,0CH,CH(CH;)- OCOCH, 1.2 @ - L 0.00 £ 007G 200324
35
CH,0—CH(CH,Cl), 174522 - 0.110 0015@4) &l ooto 2.00325
35
CH,0-CH,~CHCl, 174 (2) = 0.157(2) 0019 el v012 2.00317
C1 0,016
CH,-0COCH -
' 1.280® : 0.205 ~H 0072(2)  2.00321
3.190
0. CH,Cl
'@ 1.28 234 gas #H 0075(2) 54032
3.19 3¢l 0.01
0.
K 1.315¢ L% 6350 - »H 0.09 2.0032
377 0032
0COCH
0
. d &
- 187¢  0.36 - ~H 0.09 m—
;\( 3734 0.04 3C1 0.003
Ci

d|a|/dT=-0.78 uT/Kat213K... 264 K in acetone.
d a/dT=-040puT/K at223K... 261 K in acetone.
Error £0.05 mT due to multiple line overlap.

Data added for comparison.

o a6 o

Broadening of the central line of the CH, triplet indicates non-equivalence of the two H’s, ¢f. Figs. SA, 6 and ref. [6].



Table II. ESR parameters and pH range of observation of radicals formed upon hydrolysis of a-alkoxyalkyl radicals carrying a leaving group in f-position in
aqueous solution at 276 K. Number of protons larger than 1 in parentheses, hyperfine splittings in mT.

Hydrolyzing  Radical observed pHrange  alf i atl att aH g Factor References
radicals
4a,4b CH;0—C(CHy)—~CH,OH 4¢ e - { ) g; 0.185(33)  — 0.013 2.00302 *
4a,db CH,;0-COH(CHy)—CH, 14 23,3 2252 - - 0.225 (3) 2.00246 *
4a,4b CH,~CO—CH, 15 <23 {:gggg - 0.097(3) - 200410  [5,8]
5a,5b CH;0-CH-CH(OH)—CH; 5S¢ 4=11 1.65 117 0.177(3) 006 (3) 0014 2.00302 *
5a,5b CH,0—CH(OH)~CH—-CH; 10 23-98 221 { L @ 0.007 (4) & 2.00249 *
ey <25 0.196 B B B
5a,5b OCH-CH-CH, 13 iy 1.79 { 18 o) 200426 *[5.7]
35, —
6a CH;0—CH(OH)~CH-CI 11 325 211 1.385 g 1S =030 200570
7a HOCH,~C(OCHy)—-CH,0H 7¢  15-11 - 090 (4)°  0.22(3) = 0.013(2)  2.00276 *
7a HOCH,-CO-CH, 16 <2 { 1982 - - 0.23 (2) 2.00414 *[8]
0
: B B 0.755 (2) ® 8
8a, 8b QCHZOH 8¢ 4-11 { SGos 0TS 002 0020 2.00308
- 0.150 2)
8a, 8b HOCH,CH,CH,~CO-CH, 17 <3 {1-95 zZ - 5-H: 0.036 (2) 2.00413 * (8]
: ¢-H: 0.006 (2)
0 0.352
9a,9b . 9¢ 4-12 167059 1.066 9 {0~108 0.115(2)  00f 2.00301 *[11]
OH e d d 0.335
9¢ 1.631 1115 {0.107 0.1152)  0.0f .
O OH 1.720 0.062
9a,9b < Y 12 23-10 219 3.092 - { S 0.050 2.0025 *[11]
4 4315 :

4 The central line of the f-CH, triplet is broadened, cf. [2].
® The quintet from two -CH,—OH groups shows alternating line broadening, see Fig. 4.
¢ The assignment of g; to o-H and f-H is based on the signs of the temperature gradients d | a |/dT; a(x-H) is assigned to the negative sign and a(f-H) to the
positive sign on the basis of the known negative sign of d| a | (a-H)/dT of the tetrahydrofuran-2-yl radical [10] and that of two derivatives thereof which are

included in Table I, ¢f. notes b and c of Table I.

dd|a|(x-H)/dT=—1.24 p'T/K, d | a | (-H)/dT =+ 1.69 uT/K, cf. radical 9b (Table III).

¢ At 304 K, see Fig. 2.

f a(OH) =0.052 and 0.05 mT at 223 K and 251 K respectively, in acetone.

¢ a(6-OCHj3) (3) and a(y-OH).
* The present work.
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70% , CH,0-CH-CH,~OH
CH;0-CH-CH,—L + H,0 2c +H*+L- )
2 CH;0(HO)CH—-CH,

30% 3
2d, L=Cl; 2f L=O0PO;H,:

2g L = OPO;H(CH,CH,0CH3)

CH;0-C—CH,~L + H,0 —» CH;0-C—CH,-OH + H* + L~ (3)
4 CH, 4c  CH;,

4a, L=Cl; 4b, L =0COCH;

3%, CH,0-CH-CH-OH
5c¢ CH,
CH;0—CH- CH-L + H,0 +H*+L" 4)
5 CH, Y CHJO(HO)CH—([H
10 CH;
5a, L=Cl; 5b, L=0COCH,
CH;O—CH—ClH—Cl +H,0 — CH;0(HO)CH—CH + H* + CI- (5)
6a Cl 11 Cl
CH;0-C—CH,—Cl + 2 H,0 — CH;0-C—CH,—OH + 2 H* + 2 CI- (6)
7a  CH,—Cl 7¢  CH,0H
0 0
O'—CHZ-L + H0 —» OCHZ—OH+H*+L" (7)
8 8c .

8a, L=Cl, 8b, L= OCOCH;

0
= <

OH

0
N+ HO 9c + H 4 U 8)
9 L 80 % :O. OH

12
9a, L=Cl, 9b; L=0COCH,

Scheme 1. Reactions (2) to (8). Kinetically controlled product distribution upon hydrolysis of the radicals 2d, 2f,
2g,4ato 9a, 4b, Sb, 8b, and 9b. The disappearance in the ESR spectra of the radicals 2a or 2b according to reaction
(1) requires protonation of the monoanion radicals [2], therefore, the species actually decaying are 2f or 2g
respectively and the observed percentage of 2 ¢ and 3 is related to the decay of the latter radicals, reaction (2).
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CH,0-CH-CH,-OH P_“(%ﬁ CH;0—-CH(OH)—-CH,
2¢ 3

CH;O—C‘—CHQ—OH %i CH;0-C(OH)—-CH, P”(_fz)i CH,;—CO-CH, + CH;0H

4c CH; 14 CH; 15

(13) (14)
Sc CH1 10 CH3 13

CH;O—CH—(lfH—OH PH<3  CH;0-CH(OH)-CH PH=23 OCH-CH-CH, + CH;OH

CH;0-C—CH,—OH %& HO—-CH,-CO—-CH, + CH;OH

7¢ CH,-OH 16
0. pH=3 o
O—CHZ—OH Tﬁ)—» HOCH,CH,CH,-CO-CH,
8c 17

Scheme 2. Reactions (10) to (18). Radical rearrange-

ment and elimination reactions at pH < 3. In the equa-

0 pH=3 0 OH pH=2 0 tions the pH is indicated at which the conversions
LA Q el O + H,0 were almost complete. Approximately one pH unit

(17) (18) — above these values with the radicals 2¢, 4¢,5¢, 7¢, 8¢

* and 12 line broadening was observed due to protona-

12 18

9¢ tion.

1.0mT
H

0 5 B R

0.
C  rHrkrrr—rr i 9c (_{
H
o)
d W‘MEWW—’ﬂ%WHW——M’
Cl

Fig. 1. a) High field part of an ESR spectrum obtained after H-abstraction from 3-chlorotetrahydrofuran, 0.1 M, in
aqueous solution, at pH 4, upon u.v. irradiation in a flow system at 276 K, 3 mM K;S,04, and 0.3 M acetone as sensitizer;
b). c), and d) are simulated spectra calculated with a line width of 0.005 mT, centers marked by triangles. In a) the lines of
‘9c¢ are hard to observe because conversion of 9¢ into 12 is already quite effective at pH4. Under the condi-
tions of high resolution applied here, also the lines of the 5-yl radical (simulated spectrum d) are suppressed because its
lines appear broad due to the small Cl splittings that are just about to be separate.
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Fig. 2. High field part of ESR spectra of radical 9¢ at three different temperatures in water at pH 9.2, S mM borate
buffer, 0.1 M 3-hydroxytetrahydrofuran as substrate, and otherwise the same conditions as given in Fig. 1. The splittings
with o-H and f-H have opposite temperature gradients, ¢f. Table II. The small size of the -H splitting which increases
with rising temperature points to a preferred conformation where the OH substituent is eclipsed with the unpaired
electron; consequently, the ring is twisted. The difference of the two y’-H splittings indicates non-planarity of the five
membered ring. Centers of the spectra are indicated by triangles.

cept for the percentage of the A- and E-type
radicals *.

From the results shown in Scheme 1 it is conclud-
ed that in each case the product pattern is indepen-
dent of the nature of the leaving group. The
individual pattern is however strongly influenced by
the nature of the substituents adjacent to the free
spin or to the leaving group: in the reactions (2), (4)
and (8) both A- and E-type radicals are formed
whereas reactions (3), (6) and (7) gave rise to E-type
radicals only and reaction (5) yielded an A-type
radical exclusively — as far as can be deduced from
ESR spectroscopy.

* Radical ratios were measured by integration of the ESR
lines instead of simply comparing the line heights. Thus
the influence of the line width variation was eliminated,
the line widths of the A-type radicals being often 2 to 6
times larger than those of the isomeric E-type radicals. The
rule of thumb holds indeed, that radicals of equal concen-
tration have line heights: iy, ~ 1/(6H)?, 6H being the half
width of the individual line. The half width of sharp lines
is however difficult to measure with the required accuracy.

Radicals observed in alkaline solutions at pH > 9

The signals of radical 10 (Table II) became small-
er at pH>9.5 and were no longer observable at
pH > 10*. At pH > 9 the signals of the radical 13 ap-
peared (Table II) which on increasing the pH in-
creases in intensity to a constant value at pH > 10.
We are therefore dealing with a base catalyzed
elimination of CH;3;OH according to reaction (9).

CH;0-CH(OH)-CH-CH, °H_ )
10
OCH-CH-CH; + CH;0H
13

The signals of the radical 12 (Scheme 1 and Table
II) showed line broadening at pH > 9.5, the effect
becoming more pronounced with increasing pH, the
signals of 12 were no longer observed (among the
many other lines) at pH > 10. A successor radical
was not detected.

* A similar situation was encountered earlier with
radical 3.
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The other radicals included in Scheme 1 and
generated by hydrolysis were uneffected in yield
and appearance up to pH values of 11 or above (see
Table II). Some of the substrates containing acetoxy
substituents, e.g. 3-acetoxytetrahydrofuran, were
found to be alkali sensitive on prolonged standing at
pH > 10 and to give rise to ESR lines derived from
the corresponding ether alcohols. The corresponding
chloro derivatives were sufficiently stable.

Radicals observed in acidic solutions at pH < 3

In more acidic solutions the A- and E-type radicals
observed at pH 5-9, Scheme 1, were found to
undergo rearrangement and elimination reactions,
see reactions (10) to (18), Scheme 2. The ESR
parameters of the radicals formed and their pH
ranges of observation are included in Table II. The
conversion of the radicals 9¢ and 12 into 18 in
acidic solution was recently reported [11]. The con-
version of 2 ¢ into 3 according to reaction (10) was
already known [3].

Comments on some structural assignments
and some ESR spectra

Radicals 9c¢ and 12, reaction (8), have been
observed earlier [11] after the reaction of Cl>~ with
2,3-dihydrofuran in water. There radical 9 ¢ was er-
roneously considered to be the major species and 12
the minor one. This appears to have been due to the
fact that the earlier workers [11] observed only a
partial ESR spectrum, because the largest splitting
(4.3 mT, Table II) escaped their observation. We re-
solved and assigned the splittings with all protons of
12, the full spectrum containing 8 times as many
lines (Fig. 1) as could be deduced from the earlier
data[11].

With radical 9 ¢ our assignment of the a- and f-H
splittings (Table II) is the reverse of the earlier [11]
one. Ours is derived from the signs of the tempera-
ture gradients observed, Table II and Fig. 2, and it
is based on the well established negative sign of the
d | a|(2-H)/dT value for the tetrahydrofuran-2-yl
radical [10] *. A set of ESR spectra of 9 ¢ at different
temperatures was obtained using 3-hydroxytetra-
hydrofuran as substrate at pH 9, see fig. 2.

* Similar temperature gradients were observed with the
cyclic radicals included in Table I and interestingly also
with the open chain species Sb, Table III.

G. Behrens er al. -+ Model Reactions for the Degradation of DNA-4” Radicals

A radical which was observed after H-abstraction
from 2-bromomethyl-tetrahydrofuran in aqueous
solution at pH < 2 was assigned to radical 19 [9].
The species showed couplings very similar to or
identical with ours given in Table II for the radical
17. The earlier assignment to radical 19 is rejected
on the basis of our g factor determination. As to the
role of radical 19 as intermediate in the conversion
of 8 ¢ into 17 see the Discussion.

19

The “inert” CH,—OR type radicals included in
Table I possess non-equivalent x-H’s. This is in-
dicated by a moderate broadening of the central
lines of the a-triplet at 276 K, see Figs. 3d and 4c.
At lower temperatures, see Figs. SA and 6, the
difference in splitting of o;-H and «,-H is resolved.
A similar phenomenon is known for the radical
CH,—OCH; [6].

Radicals observed in acetone as solvent
and structure/reactivity relationships

The radicals 4b, 5b, 8b, and 9b which carry
OCOCHj; as leaving groups and which were not ob-
served in aqueous solution due to their rapid hydro-
lysis were observable in acetone, Table Il and
Fig. 6. The corresponding radicals with Cl as leav-
ing group could not be observed; the acetone solu-
tions turned strongly acidic and HCl was found
upon wet analysis. One Cl containing radical, prob-
ably the least reactive of its kind, viz. the radical 2d,
was observed in acetone, Fig. SA.

The radicals 2d—g, 4b and 8b which contain
the structural element —O—C—CH,L (L = leaving

group) exhibit remarkably low f-CH, couplings
which point to a conformation of the radicals with the
leaving group eclipsing the free electron and where
the H’s of the CH, group are bent towards the plane
in which the atoms of the group O—C—C are lo-

(]? (or H)
cated. The p-CH, splittings of the radical 2d are
the lowest ones (0.475 mT) ever observed for such a
radical. In view of a structure-reactivity correlation
presented earlier [2, 12] it is suggested that the
radical with the lowest f-CH, splittings is the
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b A %‘ f—J}{ %'—‘Af JA{-—"Y A . ‘V‘
10 CH30-CH(OH)-CH-CHj3

c WW 5¢ CH30-CH-CHI(CH3)-OH

d JH‘JH%——JHWF CH,0~CH,~CH (CH3)-0-CO-CH,
A

Fig. 3. a) High field part of the ESR spectrum obtained upon UV irradiation of an aqueous solution of 0.1 M 1-methoxy-
2-propyl acetate; 3 mMm K,S,0g, 0.3 M acetone, SmM borate buffer, pH 9.0, at 276 K, flow system; b), c¢) and d) are
simulated spectra, centers are indicated by triangles. The prominent lines in Fig. a) belong to the A-type radical 10, the
only one of 1ts kind showing resolved splittings of the remote H’s of the OCHj3 and the OH group.

) 1.0mT Ly H

b _“"JHHMH,\H“\W HA‘G’H\\//”HH/\HGW’H’”W“

7¢ CH30-CI(CH,0H),

C ° "
W jv\f &H,0-CH (CH,Cl), W

A
d -}

e Py
15 CH;-CO-CH, A

Fig. 4. a) ESR spectrum obtained upon UV irradiation of an aqueous solution of 0.03 M 2-methoxy-1,3-dichloro-pro-
pane, containing 4%, v/v, of acetone (to improve the solubility of the substrate), 3 mm K,S,0g, borate buffer, pH 7.7, at
276 K, flow system; b), ¢) and d) are simulated spectra, centers are indicated by triangles. Radical 15 arises from H ab-
straction at acetone. In Fig. a) and b) the outer quartets of 7¢ (from OCHj3) show two well resolved OH splittings (the
small triplet). In the next inner quartet these triplet components are poorly resolved and they are moderately resolved at
the center. The reason for these line width alternations is hindered rotation of the CH,OH groups both of which have
a preferred conformation where the OH substituents eclipse the unpaired electron. Each of the groups should give rise
to a triplet with a broadened center (cf. radical 2d, Fig. 5A) and the combination of two such identical groups gives
the quintet pattern with the line width alternation observed. Fig. ) is a composite of spectra of the isotopic radicals
R(*¥CD,, R(’CI7Cl) and R('CI), in the ratio 0.56 : 0.375 : 0.063.
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Fig. 5A. a) ESR spectrum obtained upon UV irradiation in a flow system of an acetone solution of 0.2 M 2-methoxyethyl
chloride and 0.1 M terz.-butyl peroxide, at 193 K; b), c) and d) are simulated spectra, the center is indicated by a triangle.
In a) the central line of the small triplet (cf. Table III) shows selective broadening, which under conditions of high resolu-
tion would be buried in the noise; the spectrum a) is therefore overmodulated and stressed to 0.02 mT line width in order
to present all lines. Fig. b) is a composite of spectra of the isotopic radicals CH;O—CH—CH,*Cl and CH;0—CH-CH,*'Cl,
3:1, assuming the a(f-H) triplet to have line heights of 1:0.5: 1 and line widths of 1: 2: 1. Details of the calculation (or the
analysis of the spectrum) are given in Fig. SB. With the radical CH,0—CH,~CH,CI, ¢f. c), the non-equivalent o-H
splittings, 1.81 and 1.70 mT, are resolved; they are averaged at 276 K, ¢f. Table I. A similar behaviour was reported for
the methoxymethyl radical [6]. The acetonyl radical, 15, arises from H abstraction at acetone; the right hand lines overlap
accidentally with lines of other components to give the huge line in the spectrum a).
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Fig. 5B. Spectrum b) in Fig. SA is the composite of the spectra a) and d) of Fig. 5B. Fig. a) is constructed from the **CI
quartet of 2d, Fig. b), and four times the partial spectrum of the structure CH;O—CH—CH,—, one of which is shown as
example (but without line broadening) at the right hand of Fig. ¢). The a(y-H) c;3 uartet, the a(-H) triplet and the a(x-H)
doublet are indicated in Fig. c). Fig. d) is composed likewise from the (smaller) 3’Cl quartet, Fig. e) and the same partial
spectrum as above, Fig. ), where line broadening is again omitted.
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Fig. 6. a) ESR spectrum obtained upon UV irradiation of an acetone solution of 0.1 M 1-methoxy-2-propyl acetate and
0.1 M rert.-butyl peroxide at 226 K; b) and c) are simulated spectra. In the radical Sb the OCOCHj; group eclipses the
unpaired electron as is concluded from the low a (f-H) value, its temperature dependence (¢f. Table III) and the
fact that all splittings with H’s are resolved. The radical of spectrum c) has two non-equivalent «-H’s, just about to be re-
solved at the temperature chosen. At higher temperatures (c¢f. Fig. 3) the spectrum become triplet shaped, because the dif-
ferent o-splittings average due to increased rates of rotation within the radical. Interestingly, the non-equivalence of the
two -H’s remains almost independent of the temperature, ¢f. Table I, as may be seen from the outermost doublets.

most reactive one with respect to hydrolysis. Anoth-
er characteristic of these radicals is selective line
broadening, see Fig. SA and Tab. III. Interestingly,
selective line broadening and small S-splittings were
also observed with the corresponding radicals with
L=OH, ¢f. Fig.4 and Table II; therefore the OH
group also eclipses the unpaired electron. Analo-
gous conformations are assumed for the radicals Sb,
5c¢, 9b and 9c¢ because of their small f-H splittings
and similar temperature gradients, cf. TablesII
and III.

Chemical analysis

The substrates used for ESR spectroscopy were
also subjected to $°Co-y-irradiation in N,O-saturat-
ed aqueous solutions at concentrations of 5 x 1073 to
1072M at 274 K. Subsequently H* and Cl~ were
determined quantitatively by potentiometric titra-
tion; CH3;OH was determined by gl.c., Table IV.
The product concentrations were found to increase
linearly with dose. The doses applied caused a

maximum conversion of substrate of 10%. The
yields per 100 eV of energy absorbed (the G-values)
were found to be independent of dose as well as of
dose rate. The latter finding excludes contributions
to the yields from chain reactions. The yields are
given in G values and in terms of f, the yield in per-
centage of substrate radicals formed by reaction
with OH and H, using a G value for the formation
of substrate radicals of 6,6 (Table IV). The f-value
for H* is then taken as the percentage of hydrolys-
ing radicals among the total of H-abstraction radi-
cals formed. Therefore, the f-value is a measure of
the H abstraction by "OH at the -position of the
substrate versus all other positions.

Scavenging experiments with oxygen

Some scavenging experiments with oxygen were
also carried out. For this purpose the solutions were
purged with a stream of N,0/0,, 4/1 (v/v) during
y-irradiation. Under these conditions the hydrated
electrons primarily formed upon radiolysis of water
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Table III. ESR parameters of some a-alkoxy alkyl radicals carrying a leaving group in f-position, observed in acetone.
Hyperfine splittings in mT, number of protons larger than 1 in parentheses.

Radical all aff atl Other splittings g Factor Temp.
(K]
35, b

156 050 * 021 () w&  3hsw 274
CH;0-CH-CH,—Cl 2d 3Cl 2660

158 0475(2)% 0224(3) 3& 3509 200353 193
CH,0—CH-CH,~OPO;H,¢ 2f 1750  0.636(2)* 0217(3) P 0.475 200305 237
CH;0-CH-CH,—OPOH(CH,CH,OCH:) ¢ 2g 175  0.623(2)* 0217(3) P 0.505 200304 243
CH,0—CH-CH,—~OCOCH; 2e 173 0.765(2)* 0203(3) OAc 001 (3) 200303 276
CH;0—C(CH;)~CH,— OCOCH; 4b {— gt g; 0215(3) OAc 001 (3) 200303 276

1.664° 0.895¢  0.195(3) ?ﬁc 8-8}348; 200303 276
CH;0—CH-CH(CH;)—OCOCH; 5b " '

3 e 3 3
1695  0.845 2@ Ope Qo010 8; 226
O a
8b Q-CHZ-OCOCHa {— L % 0.202 (2) Sﬁc e 8; 2.00309 264
o P i 0.410 OAc 001 (3)
o . 171¢  0.99 et O 0N 8 20003 261
0COCH, 0.430 OAc 001 (3)
L.75 095 0.090 ~H  0.14.0.13 223

 ¢f. Table II, note a, at lower temperature the line broadening is increased (see Fig. 5A), ¢f. also [2].
The outer lines generated from M, + 3/2 and — 3/2 Cl multiplets are extensively broadened above 240 K.

d|al (x-H)/dT=—-1.05uT/K,d | a| (8-H)/dT = + 1.05 uT/K, cf. radicals 5b, 9¢, and Table II, note c.

b
¢ d|a| (-H)/dT=~0.62uT/Kandd a (B-H)/dT=+1.00 pT/K.

Data added for comparison.

are still scavenged by the N,O to form OH radicals,
cf. Experimental, but the radicals formed after
reaction of the OH radicals with the substrates will
eventually be scavenged by the O,, unless they are
too short-lived to be scavenged. The results are
included in Table IV. Comparing the G (Cl7)-values
under N,0/0, with those under N,O it is seen
that (except for CH;0—CH,—CHCl,) the yields of
Cl~ are the same within the limits of error or
slightly larger under N,O/0,. A slight increase of
the yield of CI~ under N,0/0; is not due to a con-
tribution of chain reactions since dose rate effects
were absent; it is assigned to the contribution to the
yield of CI™ from o-chloroalkyl radicals under these
conditions. Such radicals are formed as minor
components in the reactions of OH radicals with the
substrates. After addition of O,, followed by bi-
molecular radical-radical termination and consecu-
tive reactions, Cl~ is eventually eliminated. That C1~
is quantitatively eliminated is well illustrated by the
behaviour of CH3;0CH,CHCI, as substrate. G(CI")
under N,0/0; is twice as large as found under N,O

(Table IV). The elimination of the first CI~ under
N,O is due to the hydrolysis of radical 6a, reaction
(5). From the doubling of the yield of CI™ in the
presence of N,O and O, three conclusions are
drawn: 1) the elimination of the first CI™ is so fast
that it is not inhibited by O,, ii) hydrolysis of the
radical 6a yields the A-type radical 11 exclusively
(in agreement with the results obtained from ESR
spectroscopy); the formation of the E-type radical
CH;0-CH—-CHCI(OH) would have led inevitably
to the loss of the second Cl as HCI and if this
process were significant the yield of CI™ under N,O
should have been larger than half of the yield under
N,0/0, which was not the case, iii) attachment of
O, to the x-chloroalkyl radical 11 in aqueous solu-
tion is followed by quantitative elimination of the
a-chlorine as Cl™. A similar situation was encounter-
ed in the reaction of O, with the radical cation

(CH0),C—CHCI [13].

The failure to inhibit the elimination of (the first)
CI™ on scavenging by O, is taken as basis for an
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Table IV. Chemlcal product analysis after °Co-y-irradiation of aqueous solutions of selected f-substituted alkyl ethers as
substrates, 5x 1072 M, at 273 K and saturated with the gases specified. The doses ‘applied caused maximal conversion of
substrate of 10%. G-values = yields of molecules per 100 eV of energy absorbed in the solution; f-value = percentage of
hydrolyzing radicals among the total of radicals formed by reaction of “OH or H" with the substrate, calculated from
G (H") on the basis of 6.6 substrate radicals formed per 100 eV. OAc = OCOCH;.

Substrate Gas pH G(H") f(HY G(Cln) G(CH3;0H) G (others)
CH;0—-CH,—CH,—-Cl N,O 35-7 35£01 532 3501 14%0.2 CH;CHO 0.5% 0.1
(CH,CHO), 0.007 £ 0.002
N,O T * - = 4101 14%02 CH;CHO 0.5 £ 0.1
N, 2 - — 3801 3.6%03 CH;CHO 0.7 £ 0.1
(CH,CHO), 0.7 + 0.04
N,0/0, 3 = - 3.9+0.1 CH,OH-CHO 1.1
4:1
CH;0-CH,—CH,-0OAc N,O 4-7 29+0.1 4412 - 1.2+02 CH;CHO 04 £ 0.1
(CH,CHO), 0.05 £ 0.01
CH;0—-CH-CH,~OAc  N,0 4-7 25+01 38+2 - 1.7+02  CH;COCH; 0.25 % 0.05
CH;0-CH,—CH-0OAc N,O 4-7 3101 472 - 28+0.2 CH;CH,CHO 0.8
CH;
CH;0-CH,-CH-CI N,O 3 38+0.1 58t2 3701 32%02
N>0/0, 3 8.0+ 0.2 72402
Cl 4:1
CH3;0-CH-CH,-Cl N,O 3.5 46+0.1 35t 1 22101
CH,—Cl
0 CH,Cl N,O 3.5=7 23%x01 35x1 23201 ~
< 7 N70/07 35=7 32%0.1 2401 - HCHO 0.7 £ 0.1
4:1
0. CH,0Ac
< J N,O 4-7 1.8£0.1 27%1 = =
0
< ) N,O 4-17 22+0.1 341 = =
OAc
* Phosphate buffered solution.
estimate of a minimal rate constant of decay of the Discussion

p-chlorine substituted E-type radicals in aqueous
solution. Considering the rate of hydrolysis to be at
least 10 times faster than the rate of reaction with
O, itis:

k (hydrol.) > 10 x [O4] x k(R + O,) .

Taking a value for the rate constant of the reaction
of the radicals with O, close to the diffusion con-
trolled limit, k(R + O3 =5x10°M"!'s™! and [O,]
=43x10"%M, at 0.2 atm O, and 273 K it follows
that k(hydrol.) > 2.1 x 107s~!, corresponding to a
half life in H,O of 7,,, < 35 nanoseconds.

Hydrogen abstraction from f-acetoxy or f-chloro
substituted alkyl ethers by ‘OH, SO;~ or
(CH3)3C—0 radicals is expected to lead to all pos-
sible H-abstraction radicals, for example:

CH,0—CH,—CH,Cl

CH;0-CH,~CH,Cl jHLgE CH;0-CH-CH,Cl, 24
* Le CH,0~CH,~CHCI

(minor component).
The main components are 2d and CH,O—CH,—CH,C],
the minor component is CH;0—CH,—CHCI. There-
fore, hydrogen abstraction is particularly effective
at either carbon in a-position to the ether oxygen as
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is e.g. seen from the ESR spectra in acetone solu-
tion, Figs. SA and 6 and Table III. In aqueous solu-
tion, however, the f-chloro or acetoxy substituted
alkyl ether radicals are not observed, their hydro-
lysis products appear instead, Table II, Figs. 1-4.
The fast changes in electrical conductivity observed
after pulse radiolysis are therefore assigned to the
formation of acid by the hydrolysis reactions of the
f-substituted radicals, Scheme 1. From the rate of
the conductivity increase (see Results, chapter pulse
radiolysis) it follows that all the S-substituted radi-
cals, including 2d, hydrolyze with a half life of
less than one microsecond, whereas the radical
CH;0—CH-CH,0COCH3;, 2e, hydrolyses with a
half life of about 350 microseconds *. In view of the
model character for DNA-4" radicals the product
patterns of hydrolysis, Scheme 1, the subsequent
acid catalyzed OH shifts, the elimination of CH;OH
or H,O or a corresponding ring opening reaction,
Scheme 2, are of importance. In the following each
of these aspects will be discussed separately and ap-
propriate reference will be made as to the reaction
mechanisms. The behaviour of the model radicals is
then used to advance a (modified) scheme of
degradation of DNA-4’ radicals.

A) The hydrolysis reactions
Kinetic or thermodynamic product control

The product patterns of hydrolysis observed by
ESR spectroscopy at pH 5—9 are shown in Scheme
1. In the reactions (2), (4) and (8) of that scheme
both A- and E-type radicals are formed. The A-type
radicals are known to be the thermodynamically
more stable ones of the two [3]. In accord with this
the E-type radicals are generally converted into the
A-type ones under proton catalysis, see Scheme 2. It
is then assumed that the A-type to E-type ratios
observed at pH 5-9 are the result of kinetically
controlled substitution reactions by H,O and that
thermodynamic product control sets in at pH < 3.

* Since under ESR conditions the first half life of such
radicals with respect to bimolecular radical-radical ter-
mination is about 100—-300 microseconds it is now apparent
why 2 e but not 2d is observed [5] in aqueous solution.

G. Behrens er al. -+ Model Reactions for the Degradation of DNA-4’ Radicals

Factors governing the regio selectivity

Under kinetic product control the steric effects of
substituents at the carbon atom carrying the leaving
group are of major importance in directing the in-
coming OH group (compare reactions (2), (4), (5),
and (8)). Electronic factors are also involved as may
be seen from a comparison of the effects of substitu-
tion by CHj or Cl — two equally sized substituents
— which lead to 30 and zero percent entry of OH at
the site of the leaving group, reactions (4) and (5).

Upon substitution of H at the radical site of
radicals 2, proceeding to the radicals 4, 7, or 8, the
probably steric influence of the substituents out-
weighs any other effect and the entry of OH at the
position of the leaving group is now 100% or regio
specific (within the limits of ESR observation).

The mechanism of the hydrolysis reaction

As detailed below evidence is accumulated that
the hydrolysis of the model radicals is a two-step
process with alkoxyalkene radical cations as short-
lived intermediates, see e.g. reaction (19).

N ) 0Ny s  +HO
O—CHZL — L+ O—CHZ i |f
0 L
+ HE 4 O—CHZOH

The regio selectivities presented in Scheme | are
therefore the regio selectivities of the addition of
water to the intermediate radical cation followed or
accompanied by the loss of a proton. Part of the
evidence for the existence of an intermediate is
derived from the Results presented in this paper
and will be pointed out below. Other parts of the
evidence will be submitted for publication else-
where [14] but they will be referred to briefly.

Comparing the rates of hydrolysis of the radicals

CH;0-CH-CH,0Ac 2e,
CH;0-C(CH;)—CH,0Ac 4b,
CH;0—CH-CH(CH;)OAc 5b,

0
Q CH,0Ac 8b

and 0

(19)

* 9b, OAc = OCOCHjs,

OAc

it is seen that substitution of H in 2e by CHj or an
alkyl group at either the radical site or at the carbon
atom carrying the OAc group is accompanied by an
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increase in hydrolysis rate by a factor > 350. This
large methyl or alkyl group effect is in accord with a
rather polar transition state of hydrolysis of these
radicals. The effect is in accord with an Syl mecha-
nism of hydrolysis which involves the formation of
a radical cation as intermediate. An SN2 mechanism
of nucleophilic substitution by water is excluded by
this effect since in that case rate retardation is ex-
pected (or only small changes rather than the ob-
served large rate acceleration) because of the steric
effects of CHj or alkyl groups. Also in accord with a
strongly polar transition state is the large accelera-
tion of hydrolysis rate observed earlier [2] upon pro-
tonation or alkylation of phosphate as leaving group
in radical 2. Further in accord with this is the dif-
ference observed in this work in hydrolysis rates of
the radicals 2d and 2e. A more quantitative treat-
ment of the effects of substitution at the organic
skeleton of the radicals or at their leaving groups on
the rates of hydrolysis will be given elsewhere [14].

In agreement with the assumption of radical ca-
tions as intermediates is the observation that the (ki-
netically controlled) A-type/E-type ratios, Scheme 1,
are independent of the nature of the leaving group.
As will be shown in a subsequent paper these ratios
are also independent of the nature of the incoming
nucleophile [14]. Kinetic evidence for the existence
of intermediates is derived from the facts that with
increasing reactivity towards nucleophilic attack, as
observed in the present work, selectivity with respect
to the nucleophiles is also increased [14]. The half
lives of the alkoxyalkene radical cations in water
are estimated to be in the order of nanoseconds.

Substitution of an H-atom at the radical site of 2d
by a second methoxyl group leads to the radical
(CH;0),C—CH,Cl which in aqueous solution dis-
sociates into Cl™ and a radical cation, see reaction
(20).

(CH;0),6~CH,Cl - (CH;0),C-CH, +CI" (20)

This radical cation is so stable in aqueous solu-
tion that its ESR spectrum could be measured [15].
This is considered as further indication for the
intermediacy of radical cations in the cases pre-
sented in Scheme 1.

Influence of the solvent on the rate of formation
of radical cations

Another important contribution to the high rates
of hydrolysis is the solvation by water. This is well
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£
?gCH:; aq

]
CHoNe ! _H \®
~C—CT
H H /aq
Fig. 7. Structure assumed for the transition state of hydro-
lysis of the radical 2 e. The structure of the radical moiety
closely resembles the structure of the methoxyethylene

radical cation. The incipient ions are partially solvated.
The acetate group is assumed to lie above the plane

defined by the atoms >C—C but its exact position
H

above this plane is not known.

born out by the fact that some of the radicals suffer-
ing fast hydrolysis in aqueous solution are suffi-
ciently stable in acetone, cf. Table III. Obviously the
formation of ions — the radical cation and L7, cf.
e.g. reaction (19) — is much easier in water than in
acetone.

The solvation of ions is accompanied by negative
reaction entropies and significant contributions of
the solvent to the structure of the transition states,
as e.g. in S\2-type hydrolysis reactions, usually go
along with negative activation entropies. On the
other hand activation entropies for Syl-type hydro-
lysis reactions are (typically) positive, probably
mainly due to the release of steric strain in such
processes. A typical example is the activation entro-
py for the hydrolysis of tert.-butyl chloride in water,
AST=+35J/Kmol [16]. The activation param-
eters of the hydrolysis of radical 2e in aqueous
solution were determined to be 4 H*=52+ 6 kJ/mol
and A4S¥=+4 % 20J/Kmol [17]. Since hydrolysis
of the radical 2e is Syl in nature (the formation of
the radical cation being rate limiting) the less posi-
tive 4S¥-value associated with this reaction as com-
pared with those observed with other Syl reactions
is now understood as non-nucleophilic solvent assis-
tance. The structure of the transition states of
hydrolysis of our model radicals is then tentatively
described as shown in Fig. 7.

B) Proton catalyzed OH shifts

E-type radicals rearrange to A-type ones on pro-
ton catalysis. In the present work three such cases
have been established, reactions (11), (13), and (17).
An early example of a reaction of this type is the H*
catalyzed rearrangement of CH;O—CH-CH,OH
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into CH;0—CH(OH)—CH, [3], already mentioned
in the Introduction. Recent examples are the proton
catalyzed rearrangement reactions of some f-hy-
droxyalkyl radicals, e.g. of CH,C(OH)(CH3), into
HO—CH,C(CHs), [18]. For both cases radical cat-
ions have been invoked [18] as intermediates.

A mechanistic alternative has been proposed by
Golding and Radom [19] in that the reaction passes
through a polar transition state with the organic
skeleton resembling in structure the radical cation,
but by-passing the radical cation as true inter-
mediate. The authors [19] calculated rather low
activation energies for 1,2-shifts of protonated OH
groups and predicted such processes to be readily
observable.

C) Proton catalyzed elimination
and ring opening reactions

The A-type radicals undergo further changes in
more acidic solutions, c¢f. Scheme 2. A proton cata-
lyzed elimination of methanol is observed from
radical 10, reaction (14), and from radical 14, reac-
tion (12). From radical 12 a proton catalyzed
elimination of water to yield the allyl-type radical
18 * is observed, reaction (18). Radical cations like
e.g. 12a or 14 a are assumed as intermediates.

5
0. OH, H .
< j H,C-0-C(OH)-CH,

+ |
A CH3
12a 14a

It is assumed that also the elimination of CH;OH
from the E-type radical 7c¢, reaction (15), consists
mechanistically of two steps, reactions (21) and (22)
with the A-type radical 20 as intermediate.

CH;0-C-CH,-OH % CH;0-C(OH)-CH, (21)

7¢  CH,—OH 20  CH,-OH

20 ML HO-CH,-CO-CH, + CH;0H (22)
16

* The formation of radical 18 in acidic solution from the
radicals 9¢ and 12 was suggested earlier [11], however the
formation of the allyl type radical in the presence of 2,3-
dihydrofuran left some doubt as to the genesis of that
radical. The present observation and the formation of 18
from non olefinic precursors is in accord with the earlier
suggestion.
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The basis for this assumption is the analogous be-
haviour of the radicals 4 ¢ and 14, reactions (11) and
(12), together with the narrow pH range of observa-
tion of 2.0 to 3.3 of radical 14, ¢f. Table II. The
failure to observe the A-type radical 20 by ESR
spectroscopy is not attributed to thermodynamic in-
stability of the A-type radical 20 with respect to its
E-type precursor 7¢ but to the kinetic instability of
20 with respect to the proton catalyzed methanol
elimination, reaction (22), which may be taken as
irreversible under the reaction conditions. The pro-
ton catalyzed elimination of H,O from radical 20
may also occur, but this reaction may be considered
as ‘“reversible”, since 20 will be formed again
through the radical cation 21 and the radical 7¢ in
successive steps.

CH;0-C—CH,
21 CH,OH

A similar situation is assumed to prevail with the
E-type radical 8¢ which from ESR observation
undergoes ring opening, reaction (16), Scheme 2. A
proton catalyzed OH shift, reaction (23), is as-
sumed to preceed the ring opening, reaction (24),
which is analogous to the methanol elimination
reactions (10), (12), (14), and (22).

0 H¥ 0 OH.
@—CHZ-OH — Q—CHz (23)
8¢ 19
d .
19 ——i HOCHchchz‘CO'CHZ (24)

17

Radical 19 is not considered thermodynamically
unstable with respect to radical 8¢ but kinetically
unstable with respect to reaction (24).

An alternative explanation for the observed ring
opening reaction (16) is disfavoured. This consists
of three successive steps, (a), (b), and (c):

H

L+

4 0 5 +H20 .
8c + H —» CH,0H B HO (CH2)3CH(OH)-CHj!
-H

() (b) .
e HzO + 17

(c)

Step (a) is certainly fast enough to permit the ap-
pearance of 17 under our conditions. That step (c) is
also fast enough was checked with the H-abstraction
radicals of butanediol-1,2 which suffered proton
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OH O/CHZ
H2
H Ctlz H H H H
H O’CHZ CHZ /0 HO CHZ
CH,— CH;
a b ¢

Fig. 8. Newman projections. a: radical 12; b: radical 19
with the OH group eclipsed with the orbital of the
electron; c: 19 with the ether oxygen eclipsed with the
radical electron.

catalyzed loss of water already at pH values above
4. Step (b) however is considered to be too slow in
this sequence. An analogous hydrolytic cleavage of
the tetrahydrofuran ring could not be observed with
the 2-tetrahydrofuranyl radical even at pH 1, and
there is no reason to be seen why step (b) should
then be a fast reaction. Should hydrolytic cleavage
of the tetrahydrofuran ring nevertheless be a fast
reaction one would also expect the radical 9¢ to
undergo such a reaction which, however, is not
observed.

The acceptance of reactions (23) and (24) as
explanation for the observed behaviour of radical
8¢ in acidic solution requires however an explana-
tion why the A-type radical 19 undergoes ring
opening and why the A-type radical 12 does not, but
looses H,O instead, reaction (18). The reasons appear
to be stereo electronic in nature. The best conforma-
tion for both, ring opening or H,O elimination is one
in which the orbital of the electron is eclipsed with
the leaving group. In radical 12 the OH group
adopts this conformation, ¢f. Fig. 8a, as may be
inferred from the relatively large OH-splitting of
0.05 mT observed by ESR spectroscopy, cf. Table II
The same conformation is assumed for the OH
group after protonation, radical 12a. Since an
eclipsed conformation cannot be adopted by the
ring oxygen only the elimination of H,O is favour-
ed * and the resulting radical cation 22 may undergo
readdition and elimination of water and eventually

* An eclipsed conformation is apparently not a principle
prerequisite for ring opening of the tetrahydrofuran ring
with a radical site at the 3-position. Steenken [20], for

instance, showed evidence for a relatively fast
ring opening reaction with the radical shown

0
.
; _ water elimination in competition to ring opening

aside. In this case, however, a proton catalyzed
0" isnot possible.
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deprotonate to yield the allyltype radical 18, reac-
tion (25).

(25)
0. OH7 0 0

< = J — Hy0 + < +H — H30+ + < o
12a 22 18

In radical 19 the CH, group is probably freely
rotating, and thus either oxygen may come into an
eclipsed position to the radical electron, Figs. 8b
and 8¢, and on protonation of the OH group H,0
is eliminated and on protonation of the ring oxy-
gen ring opening ensues. The radical cation
CH,—C(OH)—CH,CH,CH,—OH which is a plausi-
ble intermediate will undergo fast deprotonation to
yield the observed radical 17. The reverse sequence,
reprotonation of 17 at the carbonyl group followed
by ring closure is too inefficient in slightly acidic
aqueous solutions and therefore the ring opening
reaction is practically irreversible under our condi-
tions.

D) Degradation of the DNA-4’ radicals

The behaviour of the model radicals is now used
to explain the strand break formation and sub-
sequent chemical transformations of the DNA-4’
radicals 1 in aqueous solution. Six products have
been identified as final products [1, 21, 22], see
Table V. The products 23, 24, and 25 are base and
phosphate free altered sugars, the products 26, 27,
and 28 are end groups with the same base free
altered sugars.

According to the reaction mechanisms outlined
above the first step of the strand breaking reaction
of 1 is either the elimination * of a 5-phosphate
end group or of a 3’-phosphate end group and the
formation of either the 4’-5’-radical cation, 29, reac-
tion (26), or the 3’-4’-radical cation, 30, reaction
(27), see Scheme 3. These elimination reactions
occur spontaneously or proton catalyzed [2].

* This step might be preceeded bya S'—4"orbya 3’ —4
shift of the 5’- or the 3’-phosphate group to yield the isome-
ric 5’- or 3’-radicals respectively, which subsequently elimi-
nate the phosphate end groups to also yield the radical ca-
tions 29 or 30. This kind of phosphate shift was observed
with the model radical § with L = HPO7, prior to hydroly-
sis [14]. In radical 1 the rate of the phosphate shift may de-
termine the preference for the elimination of the 3’- or the
S’-phosphate group.



1222

G. Behrens er al. - Model Reactions for the Degradation of DNA-4’ Radicals

Table V. Products identified upon y-irradiation of N,O saturated aqueous solu-
tions of DNA and their G-values (number of molecules or end groups formed

per 100 eV of energy absorbed by the solution).

Product G-value Product G-value
CH CH
3 o -
H, 23 005 H, 26 0.025
OH "‘"—03P0
HO-CH, ~"03P0-CH,
o @ 0
H , 24 001 H , 27 007
HO-CH, HO- [-CH, a)
g 9 a 0
H, 25 0.06 ~"04P0- H, 28 005
OH

a) Site of OH and remaining strand, ~'3OP0, is not exactly known.

With the radical cation 29 the ensuing entry of
OH™ is at the S-position only, reaction (28), as
is inferred from the behaviour of the model radicals
8a or 8b, reaction (7), Scheme 1. Since steric ef-
fects in the hydrolysis reactions of the model
radicals, Scheme 1, dominated it is assumed that
the entry of OH™ into radical cation 30, reaction
(29), is mainly at the 3’-position with a possible
small contribution of reaction (29 a). In other terms,
it is assumed that the radical 7a with its two /-
positioned leaving groups is a better model for the
degradation of 1 than the radicals 9a or 9b.

Radicals 31 or 32, Scheme 3, may now undergo
either elimination of the remaining strands, reac-
tions (30) and (31), or proton catalyzed OH shifts,
reactions (32) and (33), Scheme 3. Upon elimina-
tion of the strand radical cations of low molecular
weight, 33 and 34, are formed which are quite
mobile in the aqueous phase. Their reactions with
water, (34) and (35), will lead (again assuming regio
selectivity) to one common radical, 35, Scheme 3.
This radical is seen as the key radical for the forma-
tion of the base and phosphate free altered sugars
23 to 25, see Table V and Scheme 4. The proton
catalyzed OH shifts, reactions (32) and (33) lead to
the A-type radicals 36 and 37 which give rise to the
base free altered sugars bound to the (broken)
strand, 26 to 28, see Table V and Scheme 5.

For the proton catalyzed OH shifts, reactions (32)
and (33), to compete with the elimination reactions
(30) and (31), Scheme 3, a relatively high concentra-
tion of protons is required. Protons are formed in
reactions (28), (29), (34), and (35), Scheme 3. In
solutions of DNA protons and metal cations are not
homogeneously distributed. It is known [23] that the
poly anionic DNA and similar poly anions are sur-
rounded by a layer of counterions in their imme-
diate proximity. For instance, polyuridylic acid in
aqueous solution at pH 6—7 has a proton density in
the immediate vicinity of the strand that corres-
ponds to a concentration of 0.17 molar [24]. It is by
virtue of this that the branching in Scheme 3 with
the radicals 31 and 32 appears feasible, since the
concentration of protons is increased in the vicinity
of the strand in the same proportion as in the solu-
tion. Note, that also the elimination reactions (26),
(27), (30), and (31) of Scheme 3 are susceptible to
proton catalysis, cf. [2].

As to the fate of radical 35 in Scheme 4 again
proton catalyzed OH shifts are to be taken into
account, this time at the pH of the solution since
radical 35 is no longer associated with the strand.
Now H* catalyzed OH shifts have to compete with
bimolecular radical-radical termination reactions.
With respect to the latter type of reactions the mean
radical life under °Co-y-irradiation conditions is of
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} 0L b Scheme 3. Degradation of
~"03P0-CH,— DNA-4’ radicals, 1, in aque-
ous solution. b = a nucleo-
1 OPO3~ base of DNA, ~ = DNA
strand continued.
+H* | - HOPO3~
i (26) (27) 3
. oL b )
oy OPl3~ 30
+H,0 + H,0 + H,0
(28) | _ & _nt | (200 S |2
o b o b
HO-CHp— ~704P0-CHp—
31 OPO3~ 32 OH
+H? ( 5’-4' OH shift 3'-4’ OH shift — H
NITE + -
- HOPO3~ (32) [H*] [H¥] (33) - HOPO3~
v
+ 0 b . HO 0. b HO o b , , O®b
HO—CHZO CHZO ~'O3P0-CH2—O CH,
33 36 OPO3~ 37 3, OH
J
=/
+H,0 continued in Scheme 5 +H-0
(34) . A NED
-H =H
O, b
HO-CH,—~ <
35 OH
L J

Y
continued in Scheme 4

the order of seconds and under our ESR conditions
of the order of milliseconds. In view of this differ-
ence it is understandable that a reaction which
becomes observable at pH 3—4 under ESR condi-
tions is of importance under y-irradiation conditions
already at pH 6—7.

From the model studies it is recognized that
either OH group in 35 may undergo an acid
catalyzed OH shift, reactions (36) and (37), Scheme
4, yielding the A-type radicals 38 and 39. Radical 38
will undergo H* catalyzed ring opening to give
radical 40, reaction (38), which on reduction by dis-
proportionation, reaction (39), gives the altered
nucleoside 41, which eventually suffers proton cata-
lyzed loss of its base, reaction (40), Scheme 4, to

yield one of the altered sugars, 23, observed, Table
V. A similar pathway, reactions (41), (42), and (43),
Scheme 4, leads to the second of the observed
altered sugars, 24. The difference to the above path-
way is that — since the radical 39 cannot undergo
ring opening (as is inferred from the model studies)
— reduction by disproportionation occurs first, giv-
ing 42, and ring opening occurs thereafter at a non
radical stage in a somewhat slower reaction, (42).

A possible pathway to the third altered sugar, 25,
is outlined in reactions (44), (45), and (46) of
Scheme 4. In contrast to the ketomethyl radical 40
or the A-type radical 39 the E-type radical 35 may
undergo oxidation rather than reduction by dispro-
portionation to give 44 (but see also further below).
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Scheme 4. Degradation of DNA-4" radicals
in aqueous solution through radical 35, con-
tinued from Scheme 3.

o_ b
HO-CH,—
35 OH
H*] 3'-4’ OH shift oxidation by
(36) | 54 OH shift *1 | B7' disproportionation

(44)

. HO _o_ b HO o_ b HO 0oL b
CHz—k;:;:j HO—CHz—ki;::j HO—CHz—k;;;:j
38 OH 39 44 OH
[H*] reduction by (W)
(38) | ring (41) | dispropor- (45) | ring
opening tionation opening
CH HO-CH,
S HO HO o b 0 HO
b HO-CH, b
40 OH 42 g O
reduction by H* (H*]
(39) | dispropor- (42) | ring (46) - bH
tionation opening
CH3 HO'CHZ HO'CH2
O HO 0 HO o 9
b H
4 OH 43 25 OH
[H*] [H*]
(40) - bH (L3)l_bH
CH3 HO-CH,
H H
23 OH 24

The ensuing ring opening and base elimination
reactions, (45) and (46), proceed in a way analogous
to the one in the second branch of Scheme 4.

The formation of the altered sugar end groups 26,
27, and 28 of Table V via the A-type radicals 36 and
37 is shown in Scheme 3.

Reactions (47), (48), and (49) leading to the
altered end group 26 and reactions (50), (51), and
(52) leading to the altered end group 27 are analo-
gous to those described in Scheme 4 with the
“mobile” intermediates. Since the local acid concen-
tration at the strand is higher than in the bulk of the
solution and the lifetimes of the radicals of the

DNA are rather long it appears possible to consider
reaction (53) and the formation of an allyl type
radical 50, ¢f. the model reaction (18), Scheme 2.
Whether such an allyl radical is formed from DNA
1s not known.

The mode of formation of the observed third
altered end group, 28, and the location of the phos- *
phate ester linkage in it are not known [1]. Radical
37 and (even less) radical 46 of Scheme 5 are not
prone to oxidation by disproportionation reactions
— in contrast to radical 35 of Scheme 4. An
unknown oxidizing species [1] probably reacts with
37, reaction (54), Scheme 5, to lead eventually to the
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Scheme 5. Degradation of DNA-4’
radicals in aqueous solution
through radicals 36 and 37, con-
tinued from Scheme 3.

[H*]
- H0

oL b

reduction by [H*) unknown
(48) | dispropor- (51) | ring
tionation opening “oxidation” L(Sl.)
A
CH ~"04P0- CHy
8 HO, o _ HO 0
b ~"03P0-CH,
47 OPO3~ 49 OH
(H*) [H*] l
(49) - bH (52) - bH l
CHj "'-O3PO CH ~"04P0-CH,
H H
26 OPO3~ 28 OH

altered end group 28. Traces of oxygen may be the
oxidant. The rigorous exclusion of O, as practiced
in the present work was not attained in the earlier
experiments with DNA. In view of this the forma-
tion of 25 in Scheme 4 might well be subject to
future revision since, moreover, 25 was recognized

[25] as major product after j-irradiation of aqueous

solutions of DNA in the presence of N,O and O,.
The novel features introduced into the Schemes
of degradation of the DNA-4’ radicals are:

a) the regio specific entry of OH at the sites of
the eliminated phosphate groups,

b) proton catalyzed OH shifts in the radicals in
competition with elimination and other reactions,

c) ring opening reactions in the radical state
before disproportionation, or after disproportiona-
tion in a non radical state, depending on the struc-
ture of the intermediate radical,

d) the possible involvement of the allyl-type
radical end group 50 as intermediate and resultant
alterations of the strand,

e) (proton catalyzed) phosphate shifts preceeding
the strand breakage — not given in Scheme 3 but
discussed as possibility.

In the earlier Scheme of degradation of 1 [1]
suggestions were made on the basis of the product
ratios 23:24 or 26: 27 observed (obtainable from
the G-values given in Table V) as to the preference
of elimination of the end group from C-3" of radical
1 over the elimination of the end group at C-5. In
view of the new Schemes it is still certain that either
type of strand break, reaction (26) and (27), is in-
volved, as is inferred from the structure of the alter-
ed end groups formed, however no conclusions as to
the ratio of the two branches can be derived. This is
because the preference of formation of 27 over 26,
cf. Table V, is not only governed by the first branch-
ing, reactions (26) : (27), but also by the occurrence
of phosphate shifts and by the second branching,
reactions (30) : (32) and (31) : (33), Scheme 3. Esti-
mates of these ratios are presently not available.
After elimination of the second leaving group, reac-
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tions (30) and (31) the two branches are united in
radical 35 and conclusions as to its pathway of
formation are no longer possible.

From the discussion of the mechanisms leading to
strand breaks it appears that a number of questions
remain to be solved. First of all the kinetics of the
various steps occurring at the DNA have to be
determined which is rather difficult. Further, more
detailed knowledge is required concerning the pro-
ton concentration at the DNA as a function of the
salt concentration in solution. This question will be
treated in a forthcoming paper [17].

Experimental
Chemicals

Commercial 1-methoxy-2-propanol was purified
by fractional distillation in vacuo, from the higher
boiling fraction the isomeric 2-methoxy-1-propanol
was obtained. 2-Methoxyethyl chloride, 2-methoxy-
ethyl acetate, 2-methoxyethylidene dichloride, 2-hy-
droxymethyl-tetrahydrofuran and 3-hydroxytetra-
hydrofuran were commercial samples. The ether-
alcohols were converted into ether-chlorides or
ether-acetates by standard procedures. 2-Methoxy-
1,3-dichloro-propane was obtained from 2-hydroxy-
1,3-dochloro-propane by reaction with dimethyl
sulfate. All substrates were purified by fractional
distillation in vacuo to better than 99.8% purity as
checked by gl.c., and stored under argon at 277 K.
The structures of the substrates were confirmed by
NMR analysis. Water was triply distilled. Other
chemicals were of analytical grade.

Oxygen free solutions

For ESR spectroscopy solutions were purged with
argon, 99.9999%, Messer-Grie3heim, Duisburg. For
pulse or y-irradiation solutions were purged with
N>O, freed from O, by passage through columns
packed with chromosorb, Messer-GrieBheim, Duis-
burg. All leads and connections carried wide hoses
which were purged with argon, > 99.999%, to pre-
vent diffusion of O; to the solutions through micro-
pores in the leads. With this techniques after j-
radiolysis the results were the same as with the use
of multiple freeze-pump-thaw cycles, sealed samples
and high vacuum lines.
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Radical generation

In pulse radiolysis or ®Co-y-radiolysis ‘'OH radi-
cals and solvated electrons are formed as main
radical species directly from water which was the
solvent. N,O-saturated solutions were used for con-
verting the solvated electrons into ‘OH radicals, ac-
cording to €34+ N,;O -'OH + OH™+ N;. In ESR
spectroscopy radicals were formed in situ by UV
irradiation: ‘OH radicals from added H,0,,
(CH;);C—0 radicals from tert.-butyl peroxide and
SO~ radical anions from peroxo disulfate, using
small amounts of acetone as sensitizer [2]. The sub-
strate concentrations were 1072 M in radiolysis ex-
periments and up to 10! M for in situ ESR measure-
ments.

Analysis of radical structure and product
determination

The radicals were identified and their chemical
transformations were studied by ESR spectroscopy.
Technical details have been described elsewhere [2].
The mean radical life time with respect to bimolec-
ular termination was 100—300 microseconds. Stable
chemical products were analyzed after °Co-y-ir-
radiation of aqueous solutions of corresponding
saturated substrates. The solutions were purged
either with N,O or with N,O/O, mixtures (4:1,
v/v) prior to irradiation. H* and CI~ were determin-
ed by potentiometric titration and CH;OH by g.l.c.

(2]

Determination of hydrolysis rates

Radical hydrolysis rates were determined by time
resolved conductivity measurements in combination
with pulse radiolysis [4]. The generation of ‘OH
radicals, ¢f. above, is initiated by a 2.8 MeV electron
pulse of 1 microsecond width. The reaction of the
‘OH radicals with the substrates has half lives of
~ 1077 seconds, thus the formation of the substrate
radicals is practically finished at the end of the
pulse. Thereafter the formation of acids was follow-
ed by measuring the time resolved conductivity in-
crease in solutions with the pH adjusted between 4
and 6. The time resolution of our half life measure-
ments was 1 microsecond. The changes in acid con-
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centration per pulse were of the order of a few
micromoles per liter. From the magnitude of the
changes the yields of radicals undergoing hydrolysis
could be determined; they were found to agree with
the values derived from titrations after y-radiolysis.
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