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Nucleotide C4radicals are implicated in the cleavage of DNA
by antitumor antibiotics such as bleomyéitunder anaerobic
conditions, model C4radicals are thought to undergo initial
heterolysis to give a radical cation and a phosphate &Rapid
proton transfer may then occur to give an allyl radical and
phosphoric acid?® or the radical cation may be trapped by
nucleophiles such as water. Alternatively, a direct pathway to the
allyl radical involving concerted [1,3]-elimination of phosphoric
acid was found computationally by Zip$&chulte-Frohlinde and
co-workers followed the rates of dialkylphosphoric acid formation
from -phosphatoxyalkyl radicalsand Giese and co-workers
observed an allyl radical product from reaction of @mlkoxy-
B-phosphatoxyalkyl radical by ESR spectroscéividence of
heterolysis of C4ADNA radicals has been reported by Giese’s
group! and Giese, Rist and co-workers observed CIDNP effects
from photolysis of a precursor to aralkoxy-3-phosphatoxyalkyl
radical®

A serious obstacle for direct studies of reactions of DMA
radical models is the absence of a prominent UV chromophore
in both thea-alkoxy3-phosphatoxyalkyl radicals and the products
of heterolysis. We report a probe technique that detects enol ethe

radical cations, thus signaling a heterolysis reaction, and permits

kinetic studies. In laser flash photolysis (LFP) studies, we employ
triarylamines as reporters that are oxidized by enol ether radical
cations to triarylaminium cation radicals that are readily detected.
Preliminary LFP studies demonstrated that the method was
viable. Irradiation of chloranil with 355 nm light gives triplet
chloranil (Chl*) which is a powerful oxidant and relatively long-
lived. When Chl* was produced in an acetonitrile (ACN) solution
containing PBN, the rate of decay of the signals from Chl* was
comparable to that of growth of the (J¥)** signals indicating
an uncomplicated electron-transfer process (Figure 1A). When
the reaction was repeated with dihydropyran (DHP) present, the
rate of Chl* decay was accelerated due to its reaction with both
DHP and PEN. Some (PkN)*™ was produced during the Chl*
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Figure 1. (A, B) Signal decay from Chl* (510 nm) and growth from
(PhsN)** (650 nm) following 355 nm irradiation of acetonitrile solutions
containing 1x 103 M chloranil and 1x 104 M PhgN with (A) no
added dihydropyran and (B) & 10°3 M dihydropyran present. The
triphenylaminium cation radical absorbs at 510 nm; this results in a
residual signal at 510 nm in panel A and signal growth at 510 nm
following depletion of Chl* in panel B. (C) Absorbance at 650 nm
following irradiation of a TFE-ACN (5:95, v:v) solution containing PTOC
esterlb and 1x 107* M PhgN.

decay period, but the signal for the aminium cation radical
continued to grow after Chl* was depleted (Figure 1B). These
results show that the DHP radical cation produced in acetonitrile
eventually oxidized PN (Scheme 1).
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Similar results were found in acetonitrile witp-BrCgsH,)sN
and with both amines in the highly polar solvent 2,2,2-trifluoro-
ethanol (TFE). In agueous acetonitrile solutions, however, the
Ar3N reporter method cannot be used. Triplet chloranil oxidation
of ArsN was observed in aqueous ACN solutions as above, but
reactions conducted with added DHP showed no growth of the
(PheN)** signal after Chl* decay was complete. These results

indicate that the DHP radical cation reacted with water rapidly

in a reaction that eventually consumed this oxidant.

Reactions ofa-methoxyfg-phosphatoxyalkyl radicals were
studied by the use of the A reporter method. We used PTOC
ester8 as radical precursors in LFP studies. PTOC esters are
cleaved by 355 nm laser irradiation and have been employed in
studies off3-aryl-3-phosphatoxyalkyl radicafst® The synthetic
sequence to the PTOC esters is described in the Supporting
Information.

The sequence of reactions following 355 nm laser irradiation
of PTOC esterdl is shown in Scheme 2. Photolyses gave the
pyridine-2-thiyl radical ) and acyloxyl radicals that rapidly
decarboxylated to give the desired radi@lFhetert-butyl groups
in radicals3 preclude proton transfer to give an allyl radical and
phosphoric acid. Radical3 reacted by heterolysis to give the
enol ether radical catiofiand phosphate anion, and radical cation
4 reacted with AsN to give the detectable triarylaminium cation
radicals. A control reaction with a simple alkyl radical generated
by photolysis of a PTOC ester resulted in no signal formation

(9) The acronym PTOC is for pyridine-2-thioMeoxycarbonyl. See:
Barton, D. H. R.; Crich, D.; Motherwell. W. Bletrahedronl985 41, 3901
3924.
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fa: R=Ph 2 3a: R=Ph with reaction of radical catiod with ArsN. The measured rate
1b: R= Et 3b: R=Et constants for fragmentation of radic@sire the products of rate

constants and equilibrium constants shown in Scheme 3.

0 Meo\; AraN . We make the reasonable assumption that the diffusive escape
—kfr—a; 8—?—09 N ra: (ArsN) rate constantskfs) are equal for the diphenyl- and diethylphos-
OR !

phate-containing SSIPs in a given solvent. If we also assume that
4 the equilibrium constans, is the same for both phosphates in
a common solvent, then the faster reaction of radealompared

Table 1. Rate Constants for Fragmentations of Radils to that of3b would reflect either the difference in the equilibrium

radical solverft Kirag (S71) Kox (M71s71)° constants for the neutral radicals and the CIPs or the difference
3a ACNC (8+ 1) x 10° 1.2 % 100 in rate constants of the heterolysis reactions that produce the CIPs.
ACNe (9+1) x 10° 1.2 x 10w It is noteworthy that, in reactions gfaryl-5-phosphatoxyalkyl
5% TFE >2 x 10 1.7 x 101 radicals apparently involving heterolysis and collapse of the'CIP,
3b ACN no reaction observed [1,2]-migrations of the diphenylphosphate group are about 100
45%TFE (2.0t 0.2)x 10° 1.7x 1015 times faster than those of the diethylphosphate giéib.
50/‘(’) TFE @7+ 0-72) x 10° 1.6x 1010 This work demonstrates that thesPrreporter method can be
90% TFE ~1x10 0.7x 1¢* applied in LFP studies of DNA radical models as an indicator of
2 Reactions at (23t 2) °C conducted with £2 x 104 M PhN heterolysis and for kinetic measurements, with the caveat that it
present unless noteBACN = acetonitrile, TFE= 2,2,2-trifluoro- cannot be used with aqueous solutions. The observed rate

ethanol; the volume-% of TFE is listed for mixtures of TFE and ACN. constants for fragmentations are the products of rate constants
¢ Second-order rate constant for electron transfer determined by dividing g equilibrium constants (Scheme 3), and factoring out the rate
ggﬁﬁ(ra\:\?:jatiFZ)Sn%UAd\?;’Iar.Sgt;)rredSeL:ltg?c?rprlggctrigf‘les \fv?t?;{d‘l{gp)} %yxalm(r”le constants for heterolyses that produce the CIPs will require
and 1x 10-3 M PheN. © (p-BrCsHa)sN used for detectiori.Average a(illanllonal |nformat|on.Ilntramolecullar variants ﬁf the method
results for 1x 104 and 2.5x 10-* M PheN. which are under development could address these points and

expand the dynamic range of the technique.
from PhN, showing that neither the pyridine-2-thiyl radica) (

”Olr:.the a'i‘é' rﬁd'ca' Olz?'d'f.eot' the "f"m'f”e' tion of RN § National Institutes of Health (GM56511 to M.N. and CA60500 to D.C.).
\gure S OWs a KInetic trace for formation o g W rom We are grateful to Professor J. H. Horner for experimental assistance in
reaction of3b; the shape clearly indicates a convolution of rate | gp stydies and to Professor M. Schmittel for a helpful discussion.
constants. Individual rate constants were extracted by fitting the
k_lnetlc traces to the expression for consecutive first-order reac-  Supporting Information Available: Synthetic methods for prepara-
tions. The results are listed in Table 1. A precise rate constanttion of PTOC esterd (PDF). This material is available free of charge
for diphenylphosphate cleavage fr@a could be determined in  via the Internet at http://pubs.acs.org.
ACN. PhN and p-BrCgH,)3N gave the same results, apparently

. . . . JA000763M
because oxidations of both of the amines by radical catiare

diffusion-controlled. m solutions containing TFE anq ACN, (13) The only kinetic data for phosphate fragmentation with which we can
phosphate fragmentation froBa was too fast to determine the  compare our results is for diethylphosphate cleavage from reflinéleOH

rate constants. No signal was observed from reaction of radical f:%r?é‘t’gn;agf";ag' ‘;a“l%;es‘l"lhg{ezgﬁrgEew'ﬁ’:rgs‘egﬁreé%‘m%e':és gave a fate
3bin ACN, apparently because this fragmentation was too slow, formation of diffusively free radical cations, the formation of M%OH-trapped
but kinetics could be measured in 5% TFE in ACN solution. The phrod(t:JIcFEs ;rr(‘)_m radirlsal _Cati_oﬁbprobdably occurs ir|1 the SSllP ﬁnld possibly ifn )
; ; the . This conclusion is based on stereoselective alcohol trapping of the

;olvelrltlzpolarlty effects are as expected for heterolysis reac radical cations produced from the diasteromeric radicaitere stere%?:hegm-

tions:* ical information could be maintained in the CIP but would be lost for

A detailed view of fragmentation of th@&-phosphate radicals diffusively free specie$! Thus, the large difference in the heterolysis rate

3is shown in Scheme 3. The heterolysis produces a contact jonconstants foi8b and 5 probably reflects equilibrium constants and the rate

: - . tant for diffusi f the SSIP that in the kinetic3bfout
pair (CIP) that can collapse back to radiGabr solvate to give ﬁ?,{‘?natﬂog’g fcl)réj_ sive escape from the atare In the kinetiesaou

a solvent-separated ion pair (SSIP). The SSIP equilibrates with o OP(0)(0EY),

the CIP and also further solvates to give diffusively free species. > \(S
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(11) TheE+(30) solvent polarity values (see ref 12) are as follows: ACN, OP(O)(OEN,

45.6; TFE, 59.8; 4.5% TFE in ACN, 55.6 (measured); methanol, 55.4. 5 6 7
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