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Abstract: The 3-(hydroxymethyl)-3,4,4-trimethyl-1,2-dioxetane (HTMD) highly efficiently damages DNA
compared to the merely alkyl-substituted derivative 3,3,4,4-tetramethyl-1,2-dioxetane (TMD). To elucidate
this difference in oxidative reactivity, two additional hydroxymethyl-substituted 1,2-dioxetanes, neisiely

trans 3-(hydroxymethyl)-3,4-dimethyl-4-(phenylmethyl)-1¢/15) and 3-(hydroxymethyl)-4,4-dimethyl-3-
(phenylmethyl)-1,2-dioxetane2), were investigated in regard to their photochemical and photobiological
properties. The high genotoxic effects of the hydroxymethyl-substituted 1,2-dioxetanes, which are reflected
in the significant formation of single-strand breaks in plasmid pBR 322 DNA and the efficient oxidation of
guanine in calf thymus DNA and the nucleoside 2’-deoxyguanosine (dGuo), are for the first time understood
in terms of radical chemistry. The reactivity order of the dioxetangd > HTMD > 2> TMD to damage

DNA parallels the propensity of these dioxetanes to generate radicals. These reactive species are formed in
the thermolysis of the dioxetanes througbleavage of the intermediary triplet-exciteehydroxy- ando-phenyl-
substituted carbonyl products. The presence of radicals was confirmed by spin-trapping experiments with
5,5-dimethyl-1-pyrrolineN-oxide and by laser-flash photolysis. These carbon-centered radicals are efficiently
scavenged by molecular oxygen to produce peroxyl radicals, which are proposed as the active DNA-damaging
species in the thermal decomposition of the hydroxymethyl-substituted 1,2-dioxetanes H&MPB, and2.

Introduction

1,2-Dioxetanes have been postulated as labile intermediates

in a variety of biologically relevant procesdesich as in the

enzymatic generation of electronically excited states in oxidative

stress and in the induction of spontaneous mutafiofiae most

characteristic property of such high-energy cyclic peroxides is

their efficient generation of electronically excited carbonyl
fragments on thermolysis (Scheme #). Therefore, 1,2-

Scheme 1Generation of Electronically Excited Ketones in
the Thermolysis of 1,2-Dioxetanes
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dioxetanes have been extensively used in the past to study thignt 4-11 g subject primarily propagated by the late Professor

genotoxicity of excited carbonyl compounds in the darkhe

G. Cilento (Sa Paulo).

thermal generation of excited states from dioxetanes has the The use of dioxetanes as thermal source of excited ketones
advantageous feature that it circumvents the direct exposure of55 demonstrated their efficiency to damage DNA in cell-free

biological systems, in particular cells, to UV radiation. Thereby,
valuable mechanistic insight into the complex process of DNA

photogenotoxicity and its mutagenic consequences may be

(4) Adam, W.; Beinhauer, A.; Mosandl, T.; Saha-lo, C. R.; Vargas,
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assessed. This has paved the way for extensive studies on an (5) Adam, W.; Ahrweiler, M.; Saha-Mter, C. R.; Sauter, M.; Scho

important bioorganic topic, namely thghotobiology without
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and cellular systents. Besides the formation of pyrimidine
dimers® we have shown by means of the formamidopyrimidine
DNA-glycosylase (FPG protein) that the majority of the induced
DNA lesions constitute oxidative guanine modifications [e.qg.,
7,8-dihydro-8-oxo-2'-deoxyguanosine (8-oxodGuo), formami-
dopyrimidines (Fapy)] and AP sités.
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Recently, the chemical nature of the dioxetane-induced DNA
modifications has been evaluated! By using acetylated

guanine as model compound, we have shown that the nucleo-
philic attack of the guanine base on the peroxide bond of 3,3-

disubstituted 1,2-dioxetanes leads to the oxidation of guahine.
Investigations on calf thymus DNA have established that 1,2-
dioxetanes, in particular alkyl-substituted ones, oxidize ef-
ficiently and almost exclusively the guanine base to form the
mutagenic 7,8-dihydro-8-oxoguanine (8-oxoGdal® and the
2,2-diamino-[(2-deoxy3-p-erythro-pentofuranosyl)-4-amino]-
5(2H)-oxazolone (oxazolon®in high yields? The generation

of these well-known DNA-photooxidation products was ex-
plained by the involvement of triplet-excited carbonyl com-
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Scheme 2DNA Damage Induced by Radicals Generated in
the Thermal Decomposition of Hydroxymethyl-Substituted
1,2-Dioxetanes
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nucleoside 2’-deoxyguanosine (dGHajemonstrated that HTMD
generates, besides the characteristic type-l photooxidation
products oxazolori€ and 2-§)-2,5-anhydro-1-(2-deoxy-b-
erythro-pentofuranosyl)-5-guanidinylidene-2-hydroxy-4-oxoimi-
dazolidind” (oxoimidazolidine), also the type-Il photooxidation
products &* and 4S* diastereomers of 4-hydroxy-8-0x0-4,8-
dihydro-2’-deoxyguanosid&!®  (4-HO-8-oxodGuo) and
8-0xodGud® The type-I/itype-Il product ratio of approximately
unity was explained in terms of the simultaneous involvement
of a direct electron-transfer process between the triplet-excited
ketone and guanine (type-l photooxidati8rgnd energy transfer

to molecular oxygen with the formation of singlet oxygen (type-
Il photooxidation§! as oxidizing species.

The remarkable reactivity of the hydroxymethyl-substituted
1,2-dioxetane HTMD to induce efficient oxidative DNA damage
was tentatively attributed to its possible association to DNA or
dGuo through hydrogen bonding. Our present study with
HTMD and the two additional hydroxy-substituted dioxetanes
1lo/15 and2 now demonstrates that the enhanced reactivity and
distinct selectivity of the hydroxymethyl-substituted dioxetanes
in the oxidative damage of DNA are due to radicals. The latter
derive from the efficient and fast cleavage of the electronically
excitedo-hydroxy-substituted ketone intermedi&fe8(Scheme
2). The efficiency of radical formation and their identity was

pounds as reactive species, formed in the thermolysis of the ggiaplished by spin-trapping experiments with 5,5-dimethyl-1-

dioxetanes.
3-Hydroxymethyl-3,4,4-trimethyl-1,2-dioxetane (HTMD) was

pyrroline N-oxide (DMPO) coupled with EPR spectroscopy, by
time-resolved UV spectroscopy, and by the inhibitory effect of

hitherto found to be the most reactive 1,2-dioxetane compared agical scavengers. Our results reveal for the first time that

to various derivatives without hydroxymethyl substitutents, e.g.
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3,3,4,4-tetramethyl- (TMD) or 3-(acetoxymethyl)-3,4,4-tri-
methyl-1,2-dioxetane (AcTMD). Our previous studies with the
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hydroxymethyl-substituted dioxetanes serve as effective thermal
sources of radicals, which provides a new, valuable tool for the
investigation of radical-induced oxidative DNA damage (strand

breaks and guanine oxidation) under nonphotolytic conditions.

Results

Preparation of the Hydroxymethyl-Substituted 1,2-Diox-
etanes. The hydroxymethyl-substituted 1,2-dioxetaeg13,>*
2,24 and HTMD* were prepared according to the literature
procedures. The relative configurations of the cis and trans
isomers of dioxetan&a/13 could not be determined by NOE
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Table 1. Activation Parameters and Excitation Yield®Y, ®Tacetond Of the 1,2-Hydroxymethyl-Substituted 1,2-Dioxetanes HTMB/14, and
2 and of TMD for Comparisort

tyo ()

dioxetane 37C 50°C logA Ea(kcal/mol)  AH* (kcal/mol) ASf (eu) DT ocetond®(%) DS x 1R P (%)
HTMD¢ 39+11 7.8+ 0.5 119+ 04 241+ 0.5 23.4£ 0.5 —6.3+0.3 9.0+ 0.9 1.0+£0.2
la 44+ 4 8.2+ 0.2 12.3+ 0.1 247+ 0.4 23.6+ 0.3 —6.2+0.1 d 1.8+0.2
15 371 7.7+ 0.2 12.1+ 0.2 245+ 0.5 24.1+ 0.6 —4.7+0.2 d 3.0+£0.3
2 46+ 5 8.1+ 04 14.2+ 0.2 27.5+ 0.8 27.1+ 0.8 +454+0.1 146+ 2.1 2.2+ 0.2
TMD#® 45+ 2 f 25.0+1.0 249+ 0.7 —2.8+23 35+4 25+ 5

3 CHsCN as solvent, temperature constant within0.1 °C, mean value of at least three independent runs, experimental data are listed in the
Supplementary Information in Table SfDetermined at 50C in CHsCN/toluene (80/20), experimental data are listed in the Supplementary
Information in Table S-2¢ Values referring to triplet-excited acetone only (cf. teffJriplet quantum yields for the short-lived ketones 1-phenyl-
2-propanone and 1-hydroxy-2-propanone were determined to be ca. 1% (cf¢ tetajature value¥ in toluene.” Not known.

experiments nor by X-ray crystallography since for the latter (®Tacetond of HTMD and 2 (ca. 15%) only reflect the fraction
no suitable crystals were obtained. of triplet acetone (the hydroxy-substituted ketones are too short-
Activation Parameters and Excitation Yields of the Di- lived, see below) and are about one-half that for the TMD (35%)),
oxetanes. Although the dioxetaneko/15 and2 are known for which in view of its symmetrical nature releases exclusively
some time their photophysical data have not been reported. the rather long-lived triplet-excited acetotfeThe much smaller
Therefore, the activation parameters and excitation yields of @' values determined for the dioxetanks and 15 (ca. 1%)
these dioxetanes were determined. The rates of the dioxetangepresent, of course, a lower limit since these dioxetanes
thermolysis were monitored by the decay of the chemilumi- generate only the quite short-lived (efficientleavage) excited
nescence intensity in acetonitrile over a temperature range ofketones 1-pheny# or 1-hydroxy-2-propanon.
30°C and were found to follow clean first-order kinetics. The EPR Studies of the Dioxetanes and Their Ketone Prod-
activation parameters ab/13 and2 were determined according  ucts. Thea cleavage of triplet-excited-hydroxy- anda-phen-
to standard isothermal kineti€$. The results are summarized yl-substituted ketones to generate radicals is a well-known
in Table 1 together with the literature results for HTMD and photochemical reactiof?:?33? Since such excited ketones are
TMD?27 for comparison. The activation enthalpiH*) of the formed in the thermolysis of the hydroxymethyl- and phenyl-
dioxetane2 was found to be by ca. 3 kcal/mol higher than those methyl-substituted 1,2-dioxetanes HTMDy/13, and2, spin-
for HTMD and the two isomers of dioxetade/13. The AS trapping experiments with DMPO were performed to provide
terms are negative and close to zero, as is usually the case fospectroscopic evidence for the generation of radicals in the

simple dioxetane¥® An exception is dioxetan&, for which thermal decomposition of such reactive cyclic peroxides. The
AS is posi@ive and offsets its highexH* value compared to  results of the EPR investigations are shown in Table 2.
the other dioxetanes. On thermolysis of HTMD in the presence of DMPO in

Without added fluorescers, the thermolyses of the dioxetanesaqueous acetonitrile, two characteristic doublet-of-triplets EPR
la, 18, and2 were only weakly chemiluminescent. Addition signals were observed (Table 2, entry 1) for the DMPO adducts
of 9,10-diphenylanthracene (DPA) and 9,10-dibromoanthraceneof the acety?® and the hydroxymethyl radicat$. A control
(DBA) resulted in an increase in the chemiluminescence experiment revealed that no EPR signal was detected in the
intensity without affecting the rate of dioxetane decomposition. thermolysis of DMPO at 37°C without dioxetane. For
The singlet and triplet excitation yields were determined by comparison, 1-hydroxy-2-propanone (1 mM) was irradiated at
established chemiluminescence metiibagth DPA for sin- 300 nm for 30 min in the presence of DMPO (45 mM). The
glet® and DBA3! for triplet counting (variation of the  EPR spectrum was a superposition of the two DMPO-radical
concentration of added fluorescers at constant dioxetane con-adducts (Table 2, entry 7), described above for the thermolysis
centration and temperature). As expectétithe thermal  of HTMD, which confirms that a pair ofi-hydroxymethyl and
decomposition of the dioxetanes HTMIy, 153, and2 produced acyl radicals is formed in the thermolysis of HTMD from triplet-
greater yields of triplet-excited carbonyl products than of excited excited 1-hydroxy-2-propanone through itscleavage??
singlets (Table 1). The singlet y|eldsI0>§) for all hydroxy- The thermolysis of the simple alkyl-substituted dioxetane
methyl-substituted dioxetanes wes®.1%. . TMD, which only releases triplet-excited acetone as decomposi-

The measured triplet yields must be interpreted with some tion product, afforded a doublet-of-triplets signal pattern in its
caution since the experimental method, which relies on efficient EpR spectrum (Table 2, entry 2). This EPR pattern is assigned
bimolecular energy transfer between the triplet-excited ketone tg the known DMPO-DMPO-y! radical adduct, generated by
and the fluorescer, works reliably only for relatively long-lived  hydrogen-atom abstraction from the hetero-allylic position of
(>10 ns) triplet states. Therefore, the triplet excitation yields the nitrone by triplet-excited acetone and subsequent addition

(26) Adam, W.; Zinner, K. InChemical and Biological Generation of of the resulting DMPO-yl radical to a further molecule of

35
Electronic Excited Stateshdam, W.. Cilento, G., Eds.; Academic Press: DMPOS> The same EPR spectrum (Table 2, entry 8) was
New York, 1982; Chapter 5.

(27) Adam, W.; Beinhauer, A.; Hauer, H. IHandbook of Organic (32) (a) Houk, K. N.Chem. Re. 1976 76, 1—74. (b) Baer, R.; Paul, H.
PhotochemistryScaiano, J. C., Ed.; CRC Press: Boca Raton, FL, 1989; Chem. Phys1984 87, 73—80.

Vol. 2, pp 271+-327. (33) Nukaya, H.; Inaoka, Y.; Ishida, H.; Tsuji, K.; Suwa, Y.; Wakaba-

(28) Baumstark, A. L. IrSinglet OxygerFrimer, A. A., Ed.; Uniscience, yashi, K.; Kosuge, TChem. Pharm. Bull1993 41, 649-653.

CRC Press: Cleveland, OH, 1985; Vol. 2, p 1. (34) Haire, D. L.; Kotake, Y.; Janzen, E. @an. J. Chem1988 66,

(29) Adam, W. Reference 26, Chapter 4. 1901-1911.

(30) (a) Wilson, T.; Schaap, A. B. Am. Chem. S0d.971, 93, 4126~ (35) (a) Finkelstein, E.; Rauckman, E. J.; Rosen, GAth. Biochem.
4136. (b) Turro, N. J.; Lechtken, P.; Schuster, G.; Orell, J.; Steinmetzer, Biophys.198Q 200, 1-16. (b) Chignell, C. F.; Motten, A. G.; Sik, R. H.;
H.-C.; Adam, W.J. Am. Chem. S0d.974 96, 1627-1629. Parker, C. E.; Reszka, KPhotochem. Photobiol1994 59, 5-11. (c)

(31) Belyakov, V. A.; Vasilev, R. F.Photochem. Photobioll97Q 11, Kalyanaraman, B.; Janzen, E. G.; Mason, RJFBiol. Chem1985 260,

179-192. 4003-4006.
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Table 2. EPR-Spectral Data of the Nitroxyl-Radical Addu&s
Generated in the Thermolysis of Hydroxymethyl- and
Phenylmethyl-Substituted Dioxetanes and the Photolysis of the
Corresponding Ketone Fragmentation Products in the Presence of
the DMPO as Radical Tréap

HsC. H
conc. cond? 3. gfactor”‘d a® ¢t ade’
entry substrate [mM] R [Gauss] [Gauss]
2.0058 22.6 158
CH,OH
0-0 (2.0055) (22.6) (15.9)
1 HC CH,OH 20 A
HzC’ CH; 2.0056 18.5 14.9
TMD COCH;
(2.006) (18.5) (14.9)
H;C. CH;
2 <o, 100 A DMPO-y1  2.0059 no 157
228) (156
meJ T CH;0A0
3 HaC 100 A no EPR signal detected

CHs
ACTMD

Cradical 2.0056°¢ 228°% 158%

PhCHy CHs 2.0057 18.8

o0
HsC :CHZOH 20
154
1041

COCH;
(2.006) (185)  (14.9)
5 0-0 20 A no EPR signal detected
HsC CHOH
HsC CH,Ph
6 2 100 A Cradical 2.0058¢ 22.6¢ 15.9%
CH,oH 20053 226 158
o B (2.0053) (22.6) (15.9)
HeC™ "CH;OH cocH, 20056 18.9 153
(2.006) (18.5)  (14.9)
8 e 10 B DMPO-yl  2.0058 28 156
HyG”™ ~CHg (228)  (15.6)
o
9 1 B no EPR signal detected
HSCJK/OTCHQ g
0 2.0056 189 153
10 L 1 B COCH; g - -
HyC™ “CHyPh (2.006) (18.5) (14.9)
o] i
1 BN 1 B cox 2.0056 18.9 155
PhGHy” ~CHzOH

a[DMPO] = 45 mM, HO/CH,CN (95:5).° A: 37 °C, 40 min,B:
hv (300 nm, Rayonet photoreactor), 30 mirLandeg factor, errort
0.0001.4 The literature valué&-3® are given in parenthese&yperfine
coupling constantay (with a-H) anday (with N) of the nitroxyl radical
8 of DMPO, error+ 0.0001 G.fIn all EPR spectra, traces of the
DMPO-OH trapping producigh = ay = 14.8 G,g = 2.0054, literature
values®240 g, = ay = 14.9 G,g = 2.0053] were detected Mean
values since the EPR signals of the DMPO-OHl, DMPO-DMPO-
yl, and DMPO-CHPh adducts overlaf.X = CH,OH versus CkHPh
are not clearly distinguishable, no literature data available.

obtained when acetone (10 mM) was irradiated at 300 nm for
40 min in the presence of DMPO (45 mM). Since HTMD leads
to both triplet-excited acetone and 1-hydroxy-2-propanone on

Adam et al.

propensity to produce radicals througltleavage of the triplet-
excited 1-hydroxy-2-propanone.

In the thermal decomposition of the acetoxymethyl-substituted
1,2-dioxetane AcTMD in the presence of DMPO, no EPR signal
was detected even at a 5-fold higher concentration of the
dioxetane (Table 2, entry 3). This was further supported by a
control experiment in which 1-acetoxy-2-propanone was irradi-
ated at 300 nm for 30 min, but again no EPR signal of a DMPO
adduct was obtained (Table 2, entry 9). Thus, acylation of the
hydroxy group in 1-hydroxy-2-propanone reduces the ease of
a cleavagé® (otherwise the acetyl radical should have been
trapped with DMPO).

For the thermolysis of the dioxetangs and1S (20 mM) in
the presence of DMPO (45 mM) also two characteristic doublet-
of-triplets EPR signals were observed (Table 2, entry 4). The
main paramagnetic species was attributed to the acetyl-radical
product of DMPO, but the expected hydroxymethyl- and
phenylmethyl-radical adducts of DMPO could not be definitively
assigned because their hyperfine coupling constants and the
Landefactor are quite simildf-37to the DMPO-yl radical adduct
(cf. Table 2, entries 2 and 8). A control experiment, in which
1-phenyl-2-propanone (1 mM) was irradiated at 300 nm to
generate the authentic pair of phenylmethyl and acetyl radicals
througha cleavage®? yielded only the trapping product of the
acetyl radical (Table 2, entry 10). The DMPO adduct of the
phenylmethyl radicals was not observed, presumably due to its
lower reactivity to add to double bonds compared to acyl
radicals?8.39

In the thermolysis of the dioxetar® hydroxymethyl as well
as phenylmethyl radicals may be generated fronuthieavage
of the electronically excited 1-hydroxy-3-phenyl-2-propanone
and subsequent decarbonylation. In the presence of DMPO,
only a very weak and noisy EPR signal with a doublet-of-triplets
pattern was observed at a relatively high dioxetane concentration
(Table 2, entry 6), the structure of the spin adduct could not be
definitively assigned. Besides alkyl-radical adducts, the main
EPR-active species was the DMPO-OH addt®t’which was
also observed in traces in the thermolysis of all the other
dioxetanes. Its formation is explained in terms of the direct
oxidation of DMPO by the dioxetanes to generate the DMPO
radical cation and subsequent addition of water, analogous to
what is described in the literature for other oxidizing agéhts.

A control experiment with authentic 1-hydroxy-3-phenyl-2-
propanone showed that the direct irradiation of this ketone at
0 °C in the presence of DMPO leads to an acyl radical adduct
of DMPO (Table 2, entry 11), which was not found in the
thermolysis (37°C) of the dioxetan€. The structure of the
acyl radical (hydroxyacetyl or phenylacetyl) could not be
unequivocally assigned. Although the photolysis of 1-hydroxy-
3-phenyl-2-propanone affords the phenylacetyl radical in nearly
quantitative yield (proven by laser flash studies, see below), its
fast decarbonylatiork¢o ca. 5x 1P s71, this worky243renders

(36) Lewis, F. D.; Lauterbach, R. T.; Heine, H.-G., Hartmann, W.;
Rudolph, H.J. Am. Chem. S0d.975 97, 1519-1525.
(37) Gilbert, B. C.; Smith, J. R. L.; MacFaul, P.; Taylor, R.Chem.

thermolysis, besides spin trapping of the released hydroxymethy|Soc., Perkin Trans. 2993 2033-2037.

radicals from triplet-excited 1-hydroxy-2-propanone, also the
DMPO-DMPO-yl radical adduct from the triplet-excited acetone
is expected. Unfortunately, the similar hyperfine coupling
constants of the DMPO-CGI#®H and DMPO-DMPO-yl radical
adducts (cf. Table 2, entries 1 and 2) do not allow a definitive
EPR-spectral confirmation. Nevertheless, the formation of the
adduct between DMPO and the acyl radical in the thermolysis
of HTMD (Table 2, entry 1) demonstrates unequivocally its

(38) Ryu, I.; Sonoda, NAngew. Chem., Int. Ed. Endl996 35, 1150~
1166.

(39) Walbiner, M.; Wu, J. Q.; Fischer, Hlelv. Chim. Actal995 78,
910-924.

(40) Buettner, G. RFree Radical Biol. Med1987, 3, 259-303.

(41) Finkelstein, E.; Rosen, G. M.; Rauckman, EJ.JAm. Chem. Soc.
1980 102, 2, 4994-4999.

(42) Laufer, M.; Dreeskamp, HJ. Magn. Res1984 60, 357—365.

(43) (a) Maouf, A.; Lemmetyinen, H.; Koskikallio, Acta Chem. Scand.
199Q 44, 336-338. (b) Tsentalovich, Y. P.; Fischer Bl.Chem. Soc., Perkin
Trans. 21994 729-733.
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spin trapping of this shorter-lived acyl radical unlikely. In . )

contrast, the less efficient produced hydroxyacetyl radical may R .o "z*-#'--,i'-iﬁi' s

be trapped, since its rate of decarbonylation is slow enokigh ( 02 LS "-f& AR

=1 x 10° Sfl)_44 g . - .-:: ‘E"h_-_k.l'.#‘-.; .!:.#:_tu Lol
Photochemical Studies of the Dioxetane-Derived Ketone 8 ﬁ : Wﬁ‘“ﬁ AL

Products. Conventional Photolysis of 1-Hydroxy-3-phenyl- H il g L

2-propanone. This a,o’-disubstituted ketone was photolyzed 'g

at 300 nm in a Rayonet photoreactor, and the product distribu- &

tion and the photolysis rate were monitored Hy NMR <

spectroscopy. The photolysis led to 2-phenylethanol (43%) and

1,2-diphenylethane (49%) as major products; furthermore, 1,2- o on 0'4 0'6 0'8 s

dihydroxyethane (6%) and traces of methanseR%) were ) ) )
detected, the total mass balance was 78%. The ph0t0|ytiC|F|gur?Il.hTrar?S:elnt-{ib/lseorptlor;(t)rgceh&n=317tn(rjn)fpr0duced “!‘zont
: ; aser-tias OlOlySIS Akxc = nm, correcte or concomitan

ﬁ_onsumptlon of 1-hydroxy-3-phenyl-2-propanone was slightly ﬂuorescencg) of ogtical-density-matched (&1.40) solutions of 1,3-

igher compared to the well-investigatéé? 1-phenyl-2-pro- diphenvl-2- . d_ 1-hvdroxv-3-phenvl-2-oro-
panone, i.e. 85 4% versus 78t 4% in 2 h. fnf:g (ongﬁafgf;e (upper trace) an yaroxy-S-phenyre-pro

Laser-Flash Photolysis of the Ketones.The direct laser- P '
flash photolysesA(= 351 nm) of the dioxetanes HTMD and Table 3. Solvent Effects on the Decarbonylation Rate of Phenyl-
TMD gave no observable radical transients. Therefore, the cetyl Radicals and the Relative Quantum Yields of Their Forma-
kinetic fate of the electronically excited ketones acetone, B?gp':n?r?eLgigbgﬁfdhtghlogfgisr')f]ggyll:;_%%%yﬁ'g;@henyl'z'
1-hydroxy-3-phenyl-2-propanone, 1-hydroxy-2-propanone, and :
1-phenyl-2-propanone was investigated by time-resolved (nano-
second) UV spectroscofy#6 Since the singlet-excited states solvent'  [10°57]°  (A=317nm)  (PhCHCOY) @
of aliphatic ketones are very short-liveg§ ns) due to quite

ko OD (PhCH,*)" ratio @ ”

fast intersystem crossing to their triplet statésnly the lifetimes o CHeN 2 008 1% 1o
and reactions of the latter may be determined with this technique. PR CH,OH 54 0.054 L 0.93
Moreover, since the simple dioxetanes produce quite selectively PROHZ™ "CHOH | ane 82 0.050 1.08 090
triplet states upon thermolysis (cf. Table 1), only the triplet CHiCN s 0034 ) 084
reactivity is relevant in the context of the present study. o

Acetone. The triplet state of acetone is long-lividin PhCHZ/”\CHZPh CHWOH 54 0050 : 084
acetonitrile (5Qus) and water (2@s), the solvents which were hexane 8.1 0.045 - 0.84'

employed for the photobiological investigations, and does not

und_ergo significant. Cleavagé‘.? .TO de_monstrate the ablllty phenyl- and 1,3-diphenyl-2-propanone; direct excitation with XeCl-
of triplet acetone to engage efﬁ_men_tly in hydrogen abstraction, gycimer laser pulse(= 308 nm, 25-ns laser pulse, 75 m3Maximum
the quenching rate constant with diphenylmethanol was deter-absorbance of the time-resolved rise is equated to the amount of
mined through the kinetics of the time-resolved growth of the generated phenylacetyl radicals; ratio defined as quotient of OD(PhCH
resulting diphenylhydroxymethyl radical as a function of ‘;Orrm%ﬁyld(;(%‘{g;fg‘regyib%frfgzggggeg”t?y tl\;v%?;gz:;ﬂ;ﬁg&gwone’
hé/ldrogen-donor concentration. A valuelqf= 4.7 x _107 M l_ cycles.© Determined by monoexponential fitting of the time-resolved
s (cf. Table S-3) was found for hydrogen abstraction by triplet increase in the absorbance /at = 317 nm due to phenylmethyl
acetone from diphenylmethanol. radical, error+ 10%. " Reference 49, errat 0.06.
1-Hydroxy-3-phenyl-2-propanone Compared to 1,3-Diphen-

yl-2-propanone. The triplet state of 1,3-diphenyl-2-propanone (Figure 1). The absorption is characterized by a step-and-rise
is too short-lived €1 nsy349to allow direct detection in the  pattern, in which the initial sudden rise corresponds to the fast
nanosecond time regime, since it undergoes very fast ando cleavage to produce the first phenylmethyl radical. The time-
efficient (®, = 0.84+ 0.06f°¢ a cleavage to produce a pair of resolved slow growth pertains to the decarbonylation of the
phenylmethyl and phenylacetyl radicals. The latter undergoes phenylacetyl radical to produce the second phenylmethyl radical.
fast decarbonylationkgo ca. 5x 10° M~1 s71) to produce a The ratio of the absorbances of the time-resolved and sudden
second phenylmethyl radical. In accordance with previous rise is approximately unity. The rate of decarbonylation is
studies?349-51 |aser-flash photolysis produced a transient ab- solvent dependent, and the measured values (Table 3) are in
sorption at 317 nm characteristic for phenylmethyl radicals good agreement with the absolute values reported by Turro

. . and Scaiand and with the trend in solvent effects observed by
80(()‘.14) Vollenweider, J.-K., Paul, Kint. J. Chem. Kinet1986 18, 791 Fischerd3b namely,keo (acetonitrile) < keo (methanol)< keo

(45) For example: (a) Leyva, E.; Platz, M. S.; Persy, G.; Wirz).J. (hexane).

Am. Chem. Socl986 108 3783- 3790. (b) Burnett, M. N.; Boothe, R.; For the flash photolysis of the 1-hydroxy-3-phenyl-2-pro-

Clark, E.; Gisin, M.; Hassaneen, H. M.; Pagni, R. M.; Persy, G.; Smith, R. i - -ri -
T Wiz 30 A, Chem. 504988 110, 2527-2538. panone, we also have observed a transient step-and-rise absorp

a Optical-density-matched (OB= 0.4) solutions of 1-hydroxy-3-

(46) For example: (a) Paul, H.; Small Jr., R. D.; Scaiano, J1.@m. tion trace similar to that of 1,3-diphenyl-2-propanone, except
Chem. Soc1978 100, 4520- 4527. (b) Baigree A.; Howard, J. A.; Scaiano,  that the ratio of the absorbances for the slow and sudden rise
J. %;)waa””\'l-- ?J-IA&‘- ghemM5|0‘19|83 ;l:)%5t61ﬁ(*6_1t238- aminy was not unity but rather about 2-fold higher for the time-resolved

urro, N. J. Inioadern olecular otochemistrysenjamin H . f
Cummings Publishing Co.: Menlo Park, CA, 1978; pp 5339, I growth (Figure 1). The latter could be unambiguously assigned

(48) (a) Porter, G.; Dogra, S. K.; Loutfy, R. O.; Sugamori, S. E.; Yip, 10 the decarbonylation of a phenylacetyl radical to produce

R.W.J. Chem. Soc., Faraday Trans1873 69, 1462-1474. (b) Encinas, phenylmethyl radicals on the following basis: (a) the absorption
M. V; Lissi, E. A.; Scaiano, J. CJ. Phys. Chem198Q 84, 948-951.

(49) (a) Engel, P. SJ. Am. Chem. Socl97Q 92, 6074-6076. (b) (50) Turro, N. J.; Gould, I. R.; Baretz, B. H. Phys. Cheml1983 87,
Robbins, W. K.; Eastman, R. H. Am. Chem. S0d.97Q 92, 6076-6077. 531-532.
(c) Noh, T. H.; Step, E.; Turro, N. J. Photochem. Photobiol. A: Chem. (51) Lunazzi, L.; Ingold, K. U.; Scaiano, J. @. Phys. Cheni983 87,

1993 72, 133-145. 529-530.
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spectrum matched that of the phenylmethyl radicals, (b) the super-
kinetics of the growth was, within the error limit, the same as coiled
for 1,3-diphenyl-2-propanone, and (c) the solvent effects on the (CY)

growth rate (cf. Table 3).
Optical-density-matched solutions of 1-hydroxy-3-phenyl-2-

propanone and 1,3-diphenyl-2-propanone were employed (at open-
constant pulse energy of the incident laser flash) to determine circular
the relative efficiencies®,) of phenylacetyl formation of these (06

ketones (Table 3). For this purpose, the absorbance due to the oc[%1“ 15 69 80 80 40
time-resolved rise was set equal to the amount of the phenyl-
acetyl precursor. In general, the relative quantum efficiency
of phenylacetyl-radical formation from 1-hydroxy-3-phenyl-2- dioxetane - HTMD 1o 1B 2
propanone was higher (ca.-1@5%); the actual ratios are listed  Figure 2. Gel-electrophoretic detection of single-strand breaks in pBR
in Table 3. From these data and the knawnleavage quantum 322 DNA [c = 10 mg/L in 0.5 mM KRPQ, buffer (pH 7.4) with 10%
yield (®, = 0.844 0.06) for 1,3-diphenyl-2-propanor&: the CH;CN as cosolvent] induced in the thermolysis of the hydroxymethyl-
quantum efficiency of phenylacetyl-radical formation from the Substituted dioxetanes HTMDg/1f5, and2 (2 mM) at 37°C for 5 h
triplet-excited 1-hydroxy-3-phenyl-2-propanone may be esti- in the dark. Data §hown are estimated _from the light intensities of the
mated to be unity (within a 15% error) and its cleavage spots for supercoiled (SC) and open-cwcula_r (OC) forms of pBR 322
. e . DNA and are mean values of at least three independent runs,zerror
sl_lghtly more eff_|C|e_nt than for_1,3-d|phenyl-2-propandﬁ€e. 10% of the stated value.
Since the triplet lifetime of 1,3-diphenyl-2-propanone has been
estimated to be<1 ns?® we may conclude that the lifetime of ~Scheme 3Mechanistic Pathways for the Formation of
1-hydroxy-3-phenyl-2-propanone is even less and, hence, theRadicals in thex Cleavage of Electronically Excited Ketones

a cleavage for the hydroxymethyl is faster than for the Generated in the Thermolysis of Hydroxymethyl- and
phenylmethy! group. Phenylmethyl-Substituted Dioxetanes and the Photolysis of
Their Carbonyl Products

lane 1 2 3 4 5

1-Hydroxy- and 1-Phenyl-2-propanone No time-resolved

growth of triplet absorption signals could be observed in the g 00 = AT 0 T hy (300 nm) o]
laser-flash photolysis of 1-hydroxy- and 1-phenyl-2-propanone. Ry_km R1*R2 RJ\Rz
This is a consequence of the very fastcleavage of the R3COR*

phenylmethyl and hydroxymethyl groups, which is corroborated

by the above experiments with 1,3-diphenyl-2-propanone and Jacieavage
1-hydroxy-3-phenyl-2-propanone. In addition, no hydrogen o

abstraction was found for these triplet-excited ketones to afford R1)|. + oR?

the diphenylhydroxymethyl radical from diphenylmethanol (0.3

M), which implies a triplet lifetime of less than 20 ns. The DMPO
flash photolysis of 1-hydroxy-2-propanone afforded immediately R —CH
= 3

(within the 25-ns pulse time of the laser pulse) a long-lives (

range) transient at ca. 320 nm (trace not shown), presumably HaC H o H3C>O<H
due to the acetyl radical. In the flash photolysis of 1-phenyl- HyC™ N ® HC N R?
2-propanone, an initial fast rise in the absorption was obtained Os O Oe
within the laser pulse at the detection wavelength of 317 nm. 8 3

The latter is ascribed to the formation of phenylmethyl and  *Also the RCOR' product may be triplet-excited, but for mechanistic
acetyl radicals, which disappear by biexponential kinetics due SImPlicity of the scheme, only the electronically excitedCRR?

to recombination. By taking the estimated lifetimes of the fragment and its subsequent transformations are shown.
triplet-excited 1,3-diphenyl-2-propanone ] nsy° and 1-hy-
droxy-3-phenyl-2-propanone<(l ns, this work) as a measure

of the ease ofa cleavage to produce phenylmethyl and . - ; . -
hydroxymethy! radicals, we may conclude that the lifetimes of parallel their propensity to generate active radicals, namely 3:2:1

triplet-excited 1-hydroxy- and 1-phenyl-2-propanone are also per d.eco.mposed dioxetane molecule (see Scheme 4 below).
within this range €1 ns). Oxidation of C_:alf Thymus DNA. Isolated cal_f thymus DNA

at a concentration of 0.1 mg/mL (6284 guanine concentra-
tion) was treated at 37C in the presence of the hydroxymethyl-
Iaubstituted 1,2-dioxetanesx/13 and 2 (concentration range
1-10 mM) for 21 h in the dark to establish their efficacy to
generate oxidative DNA-base modifications. The well-exam-
ined HTMD®~11 was also applied for comparison. Besides the
established oxidation product 8-oxoGéal® substantial amounts
of oxazoloné® were detected by the fluorescence-labeling HPLC
assay with 1,2-naphthoquinone-4-sulfonic &€id#52 Former
studied1° have established that the oxazolone yield rises with
increasing dioxetane concentration, whereas the guanine oxida-
tion product 8-oxoGua is prone to further oxididation by excess
dioxetane and goes through a maxim#mThus, under these

substituted 1,2-dioxetanes in inducing DNA strand breaks
follows the orderla/15 > HTMD > 2, which qualitatively

Photobiological Studies with DNA and dGuo. Formation
of Strand Breaks in pBR 322 DNA. The DNA-cleaving
properties of these dioxetanes were assessed in supercoiled pB
322 DNA by gel electrophoresis. The thermolysis (&) of
the dioxetaneda and 13 (2 mM) for 5 h in thepresence of
supercoiled pBR 322 DNAc(= 10 mg/L) resulted in the
significant formation (80%) of open-circular (OC) DNA (Figure
2, lanes 3 and 4). This should be compared with about 15%
OC DNA (blank value) detected in the thermolysis of pBR 322
DNA under the same conditions without dioxetane (Figure 2,
lane 1). Only 40% open-circular form was observed for the
thermal decomposition of dioxeta@gFigure 2, lane 5) in the
presence of pBR 322 DNA. For comparison, HTMD was
thermolyzed with pBR 322 DNA and 69% of open-circular (52) Kobayashi, Y.; Kinoshita, T.; Kubo, Hnal. Biochem1987, 160,
DNA was found. The efficiency of the hydroxymethyl- 392-398.
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Scheme 4Reaction Pathways for the Electronically Excited Carbonyl Products in the Thermolysis of the Hydroxymethyl-
Substituted 1,2-Dioxetanes HTMDgp/15, and2 as a Mechanistic Rationale for Their Reactivity Profile in the Type-I

Photooxidation of Guanosine in DNA and DGuo

0-0
HsC CH,O0H

Reactivity Profile: HSC> <CH3 H30> <CH2Ph
PhCHy CH3 CHQOH CH,OH
1—» «—1”
O I o) Tx
PhCHg CHj3 HOC H2 Hs PhCHz CH,OH
i g
PhCHze ~ “CHj HOCHQO.J\CH3 PhCHZ)J. «CH,OH
and
PhCH; ¢ CH,OH
co </l (k=105-108s1)
{ PhCHye 'CHgOH}
radicals per lo/1B HTMD
dioxetane molecule: 4 2 2
active radicals@
per dioxetane molecule:

a Phenylmethyl radicals are ineffective in the damage of DNA.

BEXX 8-oxoGua
34 XN oxazolone

conc.

[mM]
conv. of Gua 15 38 50 20 45 65 <10 25 28
[%]
0-0 00
H30: :CHQOH ch: :CHQOH H30: :CHZOH
HyC CH; PhCH; CHg CH,Ph
HTMD 1o/1B

Figure 3. Concentration profiles for the oxidation of calf thymus DNA
(0.1 mg/mL, 62.5uM guanine) by the hydroxymethyl-substituted

dioxetanes HTMD1a/13, and2 in the dark and in acetonitrile (10 vol

%) at 37°C for 20 h in 5 mM phosphate buffer (pH 7.0, 90 vol %).

total yield of guanine oxidation products. Guanine was
selectively oxidized due to its low oxidation potenfizlyhereas
the other bases remained mainly intact (data not shown).

The concentration profile for the DNA oxidation by dioxetane
2 clearly shows (Figure 3) that this hydroxymethyl-substituted
1,2-dioxetane is the least reactive in regard to guanine conver-
sion and oxazolone formation, which parallels the findings with
plasmid pBR 322 DNA. This is demonstrated by a lower
consumption of guanine together with a lower yield of oxazolone
(Figure 3). The formation of 8-oxoGua dominates with increas-
ing concentration of the dioxetane, presumably because under
these conditions no significant further oxidation takes place and
it accumulates. Therefore, the qualitative reactivity order for
the dioxetanedo/13 > HTMD > 2> TMD applies.

Oxidation of dGuo. To gain mechanistic insight into which
processes may be responsible for the high reactivity of hy-
droxymethyl-substituted dioxetanés., 13, 2, and HTMD in
the formation of oxidative DNA-base modifications, further
studies with the nucleoside 2’-deoxyguanosine (dGuo) were
performed. The dGuo (0.5 mM) was treated with the respective

The ordinate values are averages of at least three independent runsgioxetanes at various concentrations and®60for 15 h. The

error + 10% of the stated value.

four major oxidation products of the guanine base, namely the

reaction conditions, the yield of oxazolone constitutes a more diastereomeric mixture of &)- and (4S¥)-4-HO-8-oxodGuo
reliable measure of the oxidative reactivity of the dioxetanes. (type-Il photooxidation}8-1°8-oxodGué® (formed in dGuo only
The concentration profiles are displayed in Figure 3. For by type-ll process), and the guanidine-releasing products

the dioxetanesla and 13, which were used as a 40:60

diastereomeric mixture (the isomerically pure dioxetatveand

oxazoloné® and oxoimidazolidin¥ (type-I photooxidation),
were observed and quantified as previously describ&d For

153 gave exactly the same results, data not shown), an increasell dioxetanes an almost linearly dependent degradation of dGuo
in the dioxetane concentration from 1 to 10 mM enhanced the was observed with increasing dioxetane concentration (Figure
oxazolone yield ca. 4-fold. As a second marker for the oxidative 4). The product balance was 308% and nearly the same for
reactivity of the dioxetanes, the conversion of guanine also risesall dioxetanes.

at higher dioxetane concentration (Figure 3).

In contrast, the

Mechanistically more significant, the concentration profiles

yield of 8-oxoGua decreased ca. 3-fold when the dioxetane for the dGuo oxidation in Figure 4 reflect the reactivity trend
concentration was increased from 1 to 10 mM. Compared to of the hydroxymethyl-substituted dioxetanes obtained in the

the well-investigated HTMD, the dioxetanée/15 are more

effective, which is clearly reflected in the conversion of guanine p .

(53) (a) Steenken, SChem. Re. 1989 89, 503-520. (b) Candeias, L.
Steenken, Sl. Am. Chem. S0d.989 111, 1094-1099. (c) Steenken,

as well as in the yield of oxazolone (Figure 3), but not in the S.; Jovanovic, S. VJ. Am. Chem S0d.997, 119, 617-618.
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607 Il conversion of dGuo
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Figure 4. Concentration profiles for the thermal photooxidation of dGuo by hydroxymethyl-substituted 1,2-dioxetanes in the dark with 0.5 mM
dGuo at 50°C for 15 h in 5 mM phosphate buffer (pH 7.0) and acetonitrile (10 vol %) as cosolvent. The ordinate values are averages of at least

three independent runs, errér 10% of the stated value.

studies with DNA (strand cleavage and oxidative damage). A
control experiment under the same reaction conditions confirmed
the low reactivity of the merely alkyl-substituted derivative
TMD (20 mM, only 2-3% conversion of dGuo).

In this context and for comparison purposes, it was of interest
to determine the efficacy of the photochemically excited ketones,
namely 1-phenyl-2-propanone, 1-hydroxy-3-phenyl-2-propanone,
and 1,3-diphenyl-2-propanone (the thermolysis products of the
various dioxetanes), to cause dGuo oxidation. Therefore, 0.25
mM dGuo was irradiated at 300 nm and®© for 30 min in the
presence of 10 mM of these ketoPfeand the conversion of

dGuo was measured. For the 1,3-diphenyl-2-propanone, an

efficient source of phenylmethyl radicaffs?74%51 only 15%

of dGuo conversion compared to 85% in the case of 1-phenyl-
2-propanoné? which releases acetyl as well as phenylmethyl
radicals, was observeéd@#2 This reflects the higher propensity
of acetyl versus phenylmethyl radicals to degrade dGuo oxi-
datively. The hydroxymethyl radical, which is generated in the
photolysis of 1-hydroxy-3-phenyl-2-propanone along with the
phenylmethyl radical (after decarbonylation), shows a moderate
tendency to oxidize dGuo (50% conversion of dGuo). The low
reactivity of the phenylmethyl radicals was independently
confirmed by the rather ineffective oxidation of dGuo (4%
conversion of dGuo compared to 40% for HTMD) when 3,3-
bis(phenylmethyl)-1,2-dioxetane (DBD, 20 mM) was employed
as efficient thermal source of such spedes.

Significant differences in the product balances of type-l and
type-1l photooxidation products were found for the dioxetanes
1lo/1p and2. The predominant oxidative modifications in the
thermolysis of dioxetando and 13 are the type-l products
oxazolone and oxoimidazolidine, which were generated in ca.
2-fold higher amounts compared to the characteristic type-I
product 4-HO-8-oxodGuo (Figure 4). The other type-Il pho-
tooxidation product, namely the easily oxidized 8-oxodGuo, was
generated in negligible yields<0.1%). A completely different

(54) Carried out in 5 mM phosphate buffer (pH 7.0) with acetonitrile

(10 vol %) as cosolvent. The values for the conversion of dGuo are averages

of at least three independent runs, ett0t0%. The least effective ketone,
namely 1,3-diphenyl-2-propanone, has the highest absorption coefficient
[e (308 nm, CHCN) = 120] compared to 1-phenyl-2-propanone and
1-hydroxy-3-phenyl-2-propanone [308 nm, CHCN) = 40].

(55) (a) Adam, W.; Heil, MJ. Am. Chem. S0d.992 114, 8807-8809.
(b) Adam, W.; Andler, SJ. Am. Chem. S0d.994 116 5674-5678.

Table 4. Inhibitory Effect of Additives on the Oxidation of dGuo
Induced in the Thermolysis of the Hydroxymethyl-Substituted
1,2-Dioxetanes HTMD1o/13, and2? or in the Irradiation of
Benzophenone (BP)

inhibitory effect (%)

additivet concentration HTMD  1a/15 2 BP
cresof 20 mM 34 37 33 47
PrOH 8 vol % 70 80 70 88
DBH 20mM 58 27 60 nél
galvinoxyl 5mM 37 45 42 87
DMPO 2mM 90 90 90 94

20.5 mM dGuo, 5 mM phosphate buffer (pH 7.0), 10% acetonitrile
as cosolvent, 10 mM dioxetane (thermolyzed at’60for 14 h) or 1
mM benzophenone (photolyzed at 350 nm in the Rayonet photoreactor
at 0°C for 30 min).? Mean values determined from the conversion of
dGuo with and without additives according to the following: inhibitory
effect (%)= [1 — (conv. dGuo with additive/conv. dGuo without
additive)] x 100, mean values of three independent experiments,
standard deviation: 10% of the stated valué.Cresol: 2,6-ditert-
butyl-4-methylphenol. DBH: 2,3-diazabicyclo[2.2.1]hept-2-¢he.1
mM dGuo, 5 mM phosphate buffer (pH 7.0), 10% acetonitrile as
cosolvent, 2 mM dioxetane (thermolyzed at 8D for 7 h) or 1 mM
benzophenone (photolyzed at 350 nm in the Rayonet photoreactor at 0
°C for 30 min).¢nd: not determined.0.1 mM dGuo, 5 mM phosphate
buffer (pH 7.0), 10% acetonitrile as cosolvent, 2 mM dioxetane
(thermolyzed at 50C for 14 h) or 0.5 mM benzophenone (photolyzed
at 350 nm in the Rayonet photoreactor &@®for 30 min).

situation applies in the oxidation of dGuo by dioxetahdor
which the ratio of type-l to type-ll products is even smaller
than unity and significant amounts of 8-oxodGuo (up to 1.8%)
were detected. A quite similar trend was found for HTMD,
for which maximally 0.4% 8-oxodGuo and a type-I to type-II
ratio of about unity were obtainéd-!

To assess the nature of the oxidizing species derived from
the dioxetanedla/13, 2, and HTMD upon thermolysis, the
inhibitory effect of a number of additives was tested in the
dioxetane-mediated photooxidation of dGuo (Table 4) and
compared to photoexcited benzophenone (BP) triplets.
DMPO 33735 cresol?®2and galvinoxyt®@were representatively
examined as well-established radical scavengers. Such radical
scavengers do not only intercept radicals, but also influence the
triplet-excited states. Triplet states may be deactivated through
hydrogen abstraction (DMPO and cresol) or by assisted
intersystem crossing (paramagnetic galvinoxyl). Indeed, a
strong inhibitory effect was observed for these additives with
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Figure 5. Effect of DO on the 8-oxodGuo yield in the photooxidation
of dGuo induced by the thermolysis of the hydroxymethyl-substituted
1,2-dioxetanes HTMD1o/13, and2 in the dark at 50C for 15 h with
0.25 mM dGuo and 1.25 mM dioxetane in 5 mM phosphate buffer
[pPH(D) 7.0] and acetonitrile as cosolvent (10 vol %). Absolute yields
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Figure 6. Effect of oxygen on the photooxidation of dGuo (0.5 mM)

in the thermal decomposition of hydroxymethyl-substituted 1,2-
dioxetanes at 50C for 15 h in 5 mM phosphate buffer (pH 7.0) and
acetonitrile (10 vol %) as cosolvent. The ordinate values are averages
of at least three independent runs, ertorl0% of the stated value.
For the saturation with molecular oxygen, the solutions were purged

are derived from the mean value of at least three independent runs,With oxygen gas for 1 min. Deaerated solutions were obtained by two

error + 10% of the stated value.

the long-lived (ca. 2&s) triplet state of benzophenoffayhich

is known to cause dGuo photooxidati¥§. Therefore, at least
one part of the inhibitory effect in the cases of HTMD ahd
may also derive from the deactivation of the relatively long-
lived (20-50 usy® triplet-excited acetone as decomposition
product of the dioxetanes. The dioxetadesand1j, however,

do not yield long-lived triplet ketones upon thermal decomposi-
tion, and thus, the observed inhibitory effect in the dioxetane-
induced photooxidation of dGuo (Table 4) is attributed to the

freeze-pump-thaw cycles and saturated with argon gas.

for dGuo, the yield of 8-oxodGuo was significantly enhanced
in DO compared to BD. The DO effect for the dioxetanea

and HTMD (300-320% increase in 8-oxodGuo formation) was
much more pronounced than for the dioxetadesand 13
(~150% increase), for which only a very small, if at all
significant DO effect was observed. This contrast is readily
accounted for since HTMD an? but notla and 14, release
long-lived triplet ketones upon thermolysis, which are capable
of undergoing energy transfer to produce singlet oxygen (type-

scavenging of reactive radicals. Analogously, the substantial !l Photooxidation)?> Note in Figure 5 that the total amount of

reduction of the dGuo oxidation by the dioxetarlesand 13

8-oxodGuo, the product derived from singlet oxygen with dGuo,

with 2-propanol as hydrogen donor (Table 4) also implicates a IS about the same for HTMD an@l which release relatively
decrease of the active radical concentration. For the dioxetanedong-lived triplet acetone, but very small for the dioxetaties

HTMD and 2 and for benzophenone 2-propanol may also

and 143, which produce exclusively short-lived ketone triplets.

intercept the triplet-excited ketones and, thus, account for the These results are in accord with the type-I versus type-Il product

observed inhibition.
Also mechanistically instructive is the azoalkene DBH, which

was employed as an efficient triplet-excited ketone quench-

er5sh.5759  Ag expected, DBH efficiently suppressed the
conversion of dGuo for all dioxetanes which release long-lived
ketone triplet states (HTMD an@®) and, of course, for

ratios observed in the oxidation of dGuo by the dioxetéales
13, 2, and HTMD.

Influence of Molecular Oxygen on the Photooxidation of
dGuo. To assess whether peroxyl radicals, produced by
dioxygen trapping of the carbon radic@slerived from theo
cleavage of the electronically excitedhydroxy ketones, are

benzophenone (Table 4). In marked contrast, in the case offesponsible for the formation of oxidative DNA base modifica-

the dioxetaneda and 13, which do not generate long-lived
triplet-excited carbonyl products to allow quenching by a triplet-
energy acceptor, the inhibitory effect was quite small and, in

tions by these highly reactive hydroxymethyl-substituted diox-
etanes, the effect of molecular oxygen was examined. For this
purpose, the dioxetane-mediated conversion of dGuo was

fact, may be due to some (less efficient) interception of radicals investigated in the presence (saturated wit) &nd absence

by DBH through scavenging.
To confirm the participation of singlet oxygen, which is also
known to cause oxidative DNA-base modifications, the diox-

(degassed with Ar) of molecular oxygen (Figure 6). For the
dioxetanes HTMD,10/13, and 2, the conversion of dGuo in
the presence of was within the error limit the same as under

etane-mediated oxidation of dGuo was examined in deuterium Normal aerated conditions (Figure 6). This reveals that under

oxide, in which the lifetime of singlet oxygen is prolonged by
about 10-fold?®61 The results for the dioxetane-induced forma-
tion of 8-oxodGuo in HO and DO are shown in Figure 5. At

concentrations of 1.25 mM for the dioxetanes and 0.25 mM

(56) Benasson, R. V.; Gramain, J.-C.Chem. Soc., Faraday Trans. 1
198Q 76, 1801-1810.

(57) Catalani, L. H.; Bechara, E. J. Rhotochem. Photobioll984 39,
823-830.

(58) Kavarnos, G. J.; Turro, N. Chem. Re. 1986 86, 401—449.

(59) Catalani, L. H.; Wilson, T.; Bechara, E. J.Photochem. Photobiol.
1987 45, 273-281.

(60) Rodgers, M. A. J.; Snowden, P. I. Am. Chem. S0d.982 104,
5541-5543.

(61) Kearns, D. R. IrSinglet OxygenWasserman, H. H., Murray, R.
W., Eds.; Academic Press: New York, San Francisco, London, 1979; pp
115-137.

regular conditions the oxygen concentration in water 0.5
mM)84is sufficient for scavenging the carbon radicals gradually
formed during thex cleavage. In the absence of (@egassed
with argon), however, a significant reduction (ca—8D%) of
the dGuo oxidation was observed.

(62) Wu, K. C.; Trozzolo, A. MJ. Photochem1979 10, 407—410.

(63) For example: (a) Tappel, A. [Eed. Proc.1973 32, 1870-1874.
(b) von Sonntag, C.; Schuchmann, HAPgew. Chem., Int. Ed. Endl99],
30, 1229-1253. (c) Marchaj, A.; Kelley, D. G.; Bakac, A.; Espenson, J.
H. J. Phys. Cheml991, 95, 4440-4441. (d) Dix, T. A.; Aikens, JChem.
Res. Toxicol1993 6, 2—18. (e) Step, E. N.; Turro, N. J.; Gande, M. E.;
Klemchuk, P. PMacromoleculed994 27, 2529-2539. (f) Brown, C. E;
Neville, A. G.; Rayner, D. M.; Ingold, K. U.; Lusztyk, Aust. J. Chem.
1995 48, 363-379.

(64) Weast, R. CHandbook of Chemistry and Physi&th ed.; CRC
Press: Cleveland, OH, 1987.
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Mechanistic Discussion source, namely 1-hydroxy-2-propanone (for HTMD) or 1-hy-
droxy-3-phenyl-2-propanone (for dioxeta®yg is formed by the
less reactive dioxetanes HTMD agdtriplet acetonex-cleaves
inefficiently*”), whereas the most reactive dioxetardesand
15 release two radical precursors, i.e. 1-phenyl-2-propanone and
1-hydroxy-2-propanon#3242 Therefore, the number of po-
tential radicals per dioxetane molecule decomposed is 4:2:2 for
lo/18, HTMD, and2 and it is tempting to attribute the higher
reactivity of the dioxetaneso. and1p to this enhanced radical
formation. However, the mere number of potential radicals per
dioxetane molecule decomposed as a criterion for the reactivity
of the dioxetanes does not account adequately the difference in
the DNA-damaging efficiency of the dioxetanes HTMD &hd
(Scheme 4). Also the capacity of the radicals RC(BDCH,’,
and PhCH to induce DNA damage needs to be considered.
Indeed, the reactivity profile obtained in photooxidation studies
of dGuo with variousi-phenyl-substituted ketones reveals the
gualitative order RC(0O)> HOCH," > PhCH>, with the
phenylmethyl radical by far the least reactive. Thus, the number
of active radicals per dioxetane molecule decomposed capable
to induce DNA damage is for HTMD twice that f@r(Scheme
4). For HTMD a pair of acetyl (active) and hydroxymethyl
(active) radicals are obtained from the triplet-excited 1-hydroxy-
2-propanone, whereas for the dioxetahé¢he o cleavage of
1-hydroxy-3-phenyl-2-propanone leads to a pair of phenylmethyl
(inactive) and hydroxymethyl (active) radicals. Adjustment for
the number ofactive radicals formed per dioxetane molecule
. . decomposed, the reactivity ordéa/13 > HTMD > 2 of the
H,CC(OJ > HOCH, > PhCH, dioxetanes to damage DNA is nicely accounted for in terms of
the a cleavage of the triplet-excited ketones produced in the
and (d) the involvement of reactive peroxyl radicals as the dioxetane thermolysis. Consequently, the much lower reactivity
proposed ultimate oxidizing species in the dioxetane-mediated of TMD to induce DNA damage than the hydroxy-substituted
oxidation of DNA in the presence of molecular oxygen, as derivatives is due to the lack of cleavage of triplet acetone;
suggested in the photochemically induced cleavage of  the latter operates through less effective direct interaction with
o-substituted ketones in oxygen-saturated solutfghs. the DNA by sensitizatio# or/and through'O, generation by
The generation of radicals from the hydroxymethyl-substituted energy transfer t80,.52

dioxetanes may be rationalized in terms of the well-established  The carbon radicals produced as the primary reactive species
o cleavage of theio-functionalized, ny'-triplet-excited car- i the o cleavage ofa-substituted, triplet-excited ketones are
bonyl products formed upon thermal decomposition (Scheme efficiently scavenged by molecular oxygen to form peroxyl
3)22:233242 Such o cleavage of the hydroxy- and phenyl- agicals k > 2 x 10° s%).63 This was previously corroborated
substituted carbonyl compounds leads to radicals, which havej, the photolysis of 2,4-diphenylpentan-3-one in oxygen-
been trapped by DMPO and identified by EPR spectroscopy. saturated hexane solution, which provides a clean method for
Since laser-flash-photolysis studies establish a short triplet e production of peroxyl radicaf8¢ Since hydroxymethyl-
lifetime (z < 1 ns) for thesea-hydroxy- and a-phenyl-  gypstituted dioxetanes are effective in the oxidation of dGuo
functionalized ketones, the direct interaction of such reactive, ,nder normal aerated but not under argon-deaerated conditions
triple_t-_excit_ed species with the DNA to induce its damage is (Figure 6), we suggest that mainly peroxyl radicals are the
negligible, in contrast to what has been reporteed for the longer- yitimate oxidizing specie®: however, the direct participation
lived, triplet-excited benzophenditeor acetoné® Thus, the  of carbon-centered radicals in the oxidation of guanine cannot
efficienta cleavage of the triplet-excited,-substituted ketones  pa excluded. Unfortunately, to date, little is known on the

qualifies them as good radical sources in the thermally initiated, oxjgative modification of DNA bases by peroxyl radicéls.
dioxetane-induced DNA damage. Indeed, the fact that the  » ;ser 1ok at the product distribution in the dioxetane-

addition of_radical scavengers significantly inhibits the oxidation mediated oxidation of the nucleoside dGuo provides information
Og guano&gle bydt_held|oxe_tanalaa gnd 1hﬁ (fTabIe .4) Sl;pppdrts_ on the mode of oxidative action of the peroxyl and/or carbon-
that trappable radicals are involve in the formation o OXI ative centered radicals. For this purpose, the ratio of the radical-
DNA-base modifications by the hydroxymethyl-substituted derived type-I (guanidine-releasing products) versus'®g

dioxetanes HTMDlo/153, and 2. deri S
. . . - . erived type-Il (4-HO-8-oxodGuo, 8-oxodGuo) oxidation products
To rationalize the DNA-damaging efficiency of these diox- of guanine offers a valuable mechanistic prébélhe observed

etanes, i.e. the reactivity tremlﬁ > HTMD > .2>> TMD' type-l/type-ll ratio of approximately 2 (Figure 4) for the dGuo
we shall now assess their capacity to release active radicals PO idation by the dioxetaneda and 18 suggests that the

the_rmal dfetﬁomlpo?non,vl\llhlch '.f geplctt)ed '? cher?e 4. CO{n;joxidation of guanine to the characteristic type-lI products
parison orthe electronically excited carbonyl products generated . ., o1,ne and oxoimidazolidine may be caused by peroxyl

on thermolysis of these dioxetanes, only one potential radical radicals. Carbon-centered radicals are prone to add to the C8

Analogous to HTMD, also the hydroxy-functionalized diox-
etanesla, 13, and2 cause DNA damage, principally strand
breaks (Figure 2) and guanine oxidation (Figures 3 and 4). Their
efficacy follows the reactivity sequendey/13 > HTMD > 2
> TMD. While for some time the high efficacy of HTMD to
promote DNA modifications was a mystetyt! through the
present study we know now that radicals, in particular acetyl
radicals, are responsible for this oxidative reactivity and
presumably also for the formation of DNA strand breaks in the
case of the hydroxymethyl-substituted dioxetanes HT Ni&,

15 and2 versus TMD;the latter does not release radicalsi
view of the large volume of results given here, it should be
helpful for the mechanistic discussion to summarize briefly the
salient experimental findings and reactivity trends, which are
(a) the thermal decomposition of the hydroxymethyl-substituted
dioxetanes HTMD1o/13, and2 leads to acyl and alkyl radicals
as shown by spin-trapping experiments with DMPO (Table 2),
(b) the laser-flash photolysis of thehydroxy- anda-phenyl-
functionalized ketones (decomposition products of the dioxet-
anes HTMD,1a/13, and2) reveal short lifetimes for their triplet-
excited states due to fast and efficiemtcleavage, (c) the
significant reactivity differences of the dioxetanes in the
formation of DNA strand breaks and the oxidation of guanosine
are found to correlate qualitatively with a reactivity order of
the released radicals

(65) Morin, B.; Cadet, JPhotochem. Photobioll994 60, 102—-109.
(66) Epe, B.; Henzl, H.; Adam, W.; Saha-lr, C. R. Nucleic Acid (67) Marnett, L. JCarcinogenesi4 987, 8, 1365-1373.
Res.1993 21, 863-869. (68) Martini, M.; Termini, J.Chem. Res. Toxicol997, 10, 234-241.
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Scheme 5Proposed Mechanism for the Formation of Guanidine-Releasing Products in the Thermolysis of Hydroxymethyl-
Substituted 1,2-Dioxetanes by Radi¢&lg?
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position of guaniné® nevertheless, the direct participation of Conclusion
such radicals in the formation of oxazolone and oxoimidazo- ]
lidine cannot be excluded (cf. Scheme 5). The formation of ~ The present in-depth study of the DNA damage caused by
these guanine oxidation products may be explained in terms of hydroxymethyl-substituted dioxetanes has allowed us to ratio-
the well-established mechani&hwith the guanine radical as  nalize their high efficiency compared to merely alkyl-substituted
intermediate (Scheme 5). Therefore, we propose that the activederivatives in terms of radical chemistry. The radicals, which
radicals formed in the thermal decomposition of the hydroxy- are formed through the efficientcleavage of the:-substituted,
methyl-substituted 1,2-dioxetanes trap molecular oxygen to triplet-excited ketones that are generated in the dioxetane
afford peroxyl radicals, which generate guanine radicals by thermolysis, have been identified as the reactive species by EPR
hydrogen abstraction (Scheme’s). spin trapping and time-resolved UV spectroscopy. Due to the
In contrast, the type-l/type-Il ratio of about unity for HTMD  established fast and efficient@apping of the initially formed
and 0.7 for the dioxetan2 (Figure 4) implies that reactive  carbon-centered radicals to afford the peroxyl radiaise
species other than radicals are involved in the dioxetane-inducedsuggest that the latter act as the ultimate active oxidizing species.
guanosine oxidation. The significant increase in the relative Therefore, we propose that peroxyl radicals cause the oxidative
amount of the characteristic singlet-oxygen-derived oxidation guanine modifications and DNA strand breaks and it seems
products 8-0xodGu8 (in DNA it may be also formed by a |ikely that such oxygen-centered radicals might be involved in
type-I processy and 4-HO-8-oxodGUS for these dioxetanes  the DNA damage in viv§7-68a novel aspect adxidative stress
compared tda and1 speaks definitively for the involvement  that merits more intensive work. Clearly, the hydroxymethyl-
of 10, as reactive oxygen species. This was confirmed for sypstituted dioxetanes should serve this purpose well, since they
HTMD? and the dioxetang (Figure 5) by the substantial.D constitute efficient sources for carbon-centered radicals as
effect in the formation of 8-oxodGuo. This is readily accounted ntential precursors for peroxyl radicals at 37 in the dark,

for since only HTMD and? release triplet-excited acetone, certainly advantageous mild conditions for biological studies.
which lives long enough to be quenched by molecular oxygen

and to produce significant amounts of singlet oxy§&nn the
case of the dioxetar® the extent of dGuo oxidation D is
even more pronounced than for HTMD (Figure 4). Although
both dioxetanes afford triplet-excited acetoBg@roduces only

the hydroxymethyl radical as active DNA oxidant, whereas
HTMD leads also to the acetyl radical as reactive species and,
consequently, more singlet oxygen but less radical activity is

Acknowledgment. This work was supported by the Deutsche
Forschungsgemeinschaft (Sonderforschungsbereich 172 “Mole-
kulare Mechanismen kanzerogener Priveginderungen®) and
the Fonds der Chemischen Industrie. W.M.N. thanks the latter
institution for a Liebig fellowship and the Schweizer Nation-
alfond. We thank G. N. Grimm for help with the EPR

expected for dioxetan2 versus HTMD. spectroscopy.
(69) Cf., for example: (a) Salomon, J.; Elad, .Org. Chem1973 ; ; ; . i _
38, 3420-3421. (b) Maeda, M.; Nushi, K.; Kawazoe, Yetrahedronl 974 S_upportmg ln.formatlon Avallable' Text describing ex
30, 2677-2682. (c) Zady, M. F.; Wong, J. L1. Am. Chem. Sod977, 99, perimental details for the preparation and spectral data of the
5096-5101. (d) Zady, M. F.; Wong, J. L1. Org. Chem1979 44, 1450 key compounds, tables with the decomposition rate constants,

(1:‘:]59‘; (ngeHSire}’g;glgéé‘%k‘gs'\gjégeyosm' A.; Fujise, M.; Kikugawa, K. the chemiluminescence intensities for the determination of the
(70) Cadet, J.; Berger, M. Morin, B.; Ravanat, J.-L.; Raoul, S.; Buchko, Singlet ©° and triplet () quantum yields of the dioxetanes

G. W.; Weinfeld, M.Spectrumi994 7, 21—24. 1lo/13 and2, and the rate constants of hydrogen abstraction by
(71) The hydrogen abstraction from-® and/or N-H bonds to generate  {rip|et-excited acetone from diphenylmethanol, and selected EPR

the resonance-stabilized guanine radical by peroxyl radicals should be in .
principle feasible, cf.: (a) Ingold, K. UAcc. Chem. Red.969 2, 1-9. (b) spectra (20 pages, print/PDF). See any current masthead page

Nangia, P. S.; Benson, S. Wt. J. Chem. Kinet198Q 12, 29-42. for ordering information and Web access instructions.
(72) Devasagayam, T. P. A.; Steenken, S.; Obendorf, M. S. W.; Schulz,
W. A.; Sies, H.Biochemistry1991, 30, 6283-6289. JA9726318



