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We have found that the H M Q C N M R technique in a one-
dimensional fo rmat" can be used to visualize the methylene 
protons directly bonded to the labeled allylic 13C carbon atom of 
metabolite 7, without interference from matrix resonances arising 
from protons attached to 12C and natural abundance 13C carbon 
atoms. The same metabolite sample as illustrated in Figure l b 
was analyzed with a Varian V X R 500 FT N M R spectrometer 
equipped with an indirect-detection probe. Acquisition of the 
H M Q C carbon-coupled proton spectrum (Figure Ic) was com­
pleted in 6 h, much less than the time required for a conventional 
proton-coupled 13C N M R spectrum. The methylene protons 
at tached to the l 3C-labeled carbon of 7 appear as a doublet of 
multiplets centered about 4.53 ppm (JCH = 148.5 Hz) , while the 
H O D and other extraneous peaks are completely filtered out. 
Acquisition with W A L T Z carbon decoupling eliminated one-bond 
heteronuclear coupling and provided the expected single multiplet 
at 4.53 ppm (Figure Id) . These spectra unambiguously confirm 
the structure of the isotopically labeled metabolite 7, enabling us 
to demonstrate that trichloroacrolein (2) is generated metabolically 
from triallate (1) . Fur ther studies elucidating the in vitro and 
in vivo metabolic pathways of triallate xenobiotic metabolism are 
in progress and will be reported in detail elsewhere. 

In conclusion, we have shown that the proton-detected H M Q C 
13C N M R experiment can be used to elucidate metabolite 
structures on a sample scale previously unattainable by conven­
tional N M R techniques. This method provides important data 
on proton connectivity and heteronuclear coupling in the context 
of a simple experimental design which has the advantages of 
matrix transparency as well as greatly enhanced sensitivity relative 
to ordinary 13C N M R spectroscopy. We anticipate that the 
H M Q C 13C N M R experiment will complement mass spectrometry 
as a major research tool in metabolism chemistry. 
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(11) Applied with a nonincremental evolution time of 0. 

Direct Selective Acylation of an Unactivated C - H Bond 
in a Caged Hydrocarbon. Approach to Systems for 
C - H Bond Functionalization That Proceed Catalytically 
and Selectively at High Substrate Conversion 

Christina M. Prosser-McCartha and Craig L. Hill* 

Department of Chemistry, Emory University 
Atlanta, Georgia 30322 

Received December 4, 1989 

Homogeneous or heterogeneous systems that effect the re­
placement of unactivated C-H bonds catalytically and with high 
selectivity at high conversion of substrate are virtually unknown. 
In nearly all systems that effect oxidative functionalization of 
unactivated C-H bonds, the products are more reactive than the 
substrate.1"" We report here a systematic exploitation of the 

(1) (a) Activation and Functionalization of Alkanes; Hill, C. L., Ed.; 
Wiley: New York, 1989. (b) Sheldon, R. A.; Kochi, J. K. Metal-Catalyzed 
Oxidations of Organic Compounds; Academic Press: New York, 1981; 
Chapters 2 and II. (c) Atkane Activation and Functionalization, special issue 
of New J. Chem. [1989, /3(10/11)] dedicated to this subject, and many 
references cited in each paper. 

(2) References 3-11 are recent reviews or representative papers on several 
types of alkane activation or functionalization systems. 

(3) Organometallic systems (reviews): (a) Shilov, A. E. Activation of 
Saturated Hydrocarbons Using Transition Metal Complexes; R. Reidel: 
Dordrecht, 1984. (b) Bergman, R. G. Science (Washington, D.C.) 1984, 223, 
902. (c) Crabtree, R. H. Chem. Rev. 1985, 85, 245. (d) Rothwell, I. P. 
Polyhedron 1985, 4, 177. 

(4) Olah, G. Ace. Chem. Res. 1987, 20, 422. 

Table I. Photochemical Functionalization of a Caged Hydrocarbon, 
1, by Na4Wi0O32 and Q4W10O32 under Anaerobic and Aerobic 
Conditions 

product 
polyoxometalate'7 % conversion6 (selectivity)' 

1. Single Irradiation, Anaerobic Conditions'' 
1 Na4W10O32 53 2(81) 
2 Q4W10O32 24 2(84) 

II. Irradiation, Anaerobic Conditions/Dark O2 Reoxidation Cycles' 
y Na4W10O32 62 2(77) 
4^ Q4W10O32 38 2(88) 

0 Q = /1-Bu4N
+. * (Moles of 1 consumed/moles of 1 before reaction) 

X 100. 'Selectivity defined as moles of 2 produced/moles of all de­
tectable HCTD-derived products. d Reaction conditions: 10 mL of a 
slightly wet acetonitrile solution 27 mM in 1 and 5.4 mM in polyoxo­
metalate catalyst with 3 mg of Pt under argon at ~ 15 0 C was irradi­
ated with a 550-W Hg lamp (X > 280 Pyrex cutoff) for x h; products 
identified and quantified by gas chromatography and GC/MS. Reac­
tion 1: x = 128 h; catalyst partially soluble. Reaction 2: 112 h. 
'Reaction conditions were the same as those for part I. Irradiation was 
terminated at 16-h intervals. The reactions were sequentially (a) 
placed under air to reoxidize the catalyst, (b) degassed and placed un­
der argon, and then (c) irradiated again. -^Reactions 3 and 4 run for 
seven 16-h cycles, total time 112 h; reaction 3 catalyst partially soluble. 

relative rates of photooxidation and quenching of the excited state 
of a complex, W1 0O3 2

4", by different organic functions to effect 
the replacement of unactivated C - H bonds with C - C bonds in 
high selectivity at a reasonable conversion of substrate . Since 
derivatives of caged hydrocarbons are of current interest as 
medicinals1 2 and energetic materials,1 3 we chose the compound 
heptacyclo[6.6.0.02 '6 .03 ' l 3 .04 '" .05 '9 .01 0 '1 4]tetradecane, commonly 
referred to as H C T D (1), as the substrate. Direct functionalization 
of this strained polycyclic hydrocarbon represents a formidable 
challenge as its C - H bonds are stronger than those in acyclic 
alkanes and its carbocyclic skeleton is susceptible to oxidative 
degradation. Although stoichiometric oxidation of 1 to a mixture 
of alcohols has recently been achieved using Pb(OAc) 4 , 1 4 other 
a t tempts thus far to effect a clean direct functionalization of 1 
in our laboratory and elsewhere using conventional methods have 
failed.15 

Irradiation of acetonitrile solutions of 1 containing N a + or 
W-Bu4N

+ salts of decatungstate, W10O32
4", under Ar at 15 0 C leads 

(5) Recent reviews on metalloporphyrin-catalyzed oxygenation: (a) 
Meunier, B. Bull. Soc. Chim. Fr. 1986, 4, 578. (b) Mansuy, D. Pure Appl. 
Chem. 1987, 59, 759. (c) Hill, C. L. Adv. Oxygenated Processes 1988, /, 1. 

(6) (a) Srinivasan, K.; Michaud, P.; Kochi, J. K. / . Am. Chem. Soc. 1986, 
108, 2309. (b) Valentine, J. S.; Burstyn, J. N.; Margerum, L. D. In Oxygen 
Complexes and Oxygen Activation by Transition Metals; Martell, A. E., 
Sawyer, D. T., Eds.; Plenum: New York, 1988. (c) Valentine, J. S.; Van atta, 
R. B.; Margerum, L. C; Yang, Y. The Role of Oxygen in Chemistry and 
Biochemistry, Vol. 33 of Studies in Organic Chemistry; Ando, W., Moro-oka, 
Y., Eds.; Elsevier: Amsterdam, 1988; p 175 and references cited therein. 

(7) (a) Herron, N.; Stucky, G. D.; Tolman, C. A. J. Chem. Soc, Chem. 
Commun. 1986, 1521. (b) Herron, N.; Tolman, C. A. J. Am. Chem. Soc. 
1987, 109, 2837. 

(8) (a) Faraj, M.; Hill, C. L. J. Chem. Soc, Chem. Commun. 1987, 1497. 
(b) Faraj, M.; Lin, C-H.; Hill, C. L. New J. Chem. 1988, 12, 745. See also: 
Hill, C. L.; Brown, R. B. J. Am. Chem. Soc. 1986, 108, 536. 

(9) Barton, D. H. R.; Halley, F.; Ozbalik, N.; Schmitt, M.; Young, E.; 
Balavoine, G. J. Am. Chem. Soc. 1989, / / / , 7144 and references cited therein. 

(10) Brown, S. H.; Crabtree, R. H. J. Am. Chem. Soc 1989, / / / , 2935, 
2956. 

(11) (a) Renneke, R. F.; Hill, C. L. J. Am. Chem. Soc. 1986,108, 3528. 
(b) Renneke, R. F.; Hill, C. L. Ibid. 1988, 110, 5461. (c) Renneke, R. F.; 
Hill, C. L. Angew. Chem., Int. Ed. Engl. 1988, 27, 1526. 

(12) (a) Schinazi, R. F.; Prusoff, W. H. Antiviral Agents. Pediatr. Clin. 
North Am. 1983, 30,11. (b) Nafta, I.; Turcanu, A. G.; Braun, I.; Companetz, 
W.; Simionescu, A.; Birt, E.; Florea, V. W.H.O. Monogr. Ser. 1970, No. 42, 
423. (c) Allen, R. M. Clin. Neuropharmacol. 1983, 6, S64. (d) Franz, D. 
N. In The Pharmacological Basis of Therapeutics, 5th ed.; Goodman, L. S., 
Gilman, A., Eds.; Macmillan: New York, 1975; pp 235, 238 and references 
cited therein. 

(13) (a) Marchand, A. P. Tetrahedron 1988,44, 2377. (b) Opportunities 
in Chemistry; Pimentel, G. C, Principal Ed.; National Academy Press: 
Washington, D.C, 1985; pp 230-232. 

(14) Chow, T. J.; Wu, T.-K. J. Org. Chem. 1988, 53, 1103. 
(15) Radical chain chlorination of 1, for example, leads to a multitude of 

products: Professor Paul v. R. Schleyer and co-workers, unpublished results. 
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not only to direct functionalization of this very unreactive molecule 
but also to the selective production of the 1-acetyl derivative, 2, 
a type of product not reported in any other homogeneous reaction 
for the replacement of unactivated C-H bonds. Ketone 2 was 
isolated, purified (neutral Al2O3, elution with hexane), and 
identified by its spectral properties.16 Several other polyoxo-
metalates of W and Mo are ineffective for this reaction.17 These 
acylation processes (Table I) represent a one-electron oxidation 
of the carbon atom of the hydrocarbon, 1, and a one-electron 
reduction of the carbon atom of the acetonitrile; the net reaction 
is a nonredox process. 

During the course of reaction 1, Table I, there is some net redox 
chemistry: succinonitrile from acetonitrile oxidation and reduced 
polyoxotungstate are generated. Succinonitrile and 2 are produced 

(H-Bu4N)4W10O32 

^ . 
X>280nm(pyrex); 
hv, acetonitrile, 
with or without Pt(O) 
-15°C, Ar 

(1) 

2 (R = COCH3) 
3 (R = COCD3) 
4 (R = CH2CH2COCH3) 

in a molar ratio of 1.1-1.0. The W10O32
4" catalyst consumed by 

photoreduction can be reoxidized in the dark by O2, and the 
photoreduction/reoxidation cycles can be repeated, producing 2 
with a selectivity of >85% and at conversions in excess of 38% 
(Table I, part II). Such selectivities at these conversions are simply 
not seen in any alkane oxidation reaction dominated by radical 
cage or radical chain processes where steric environment and active 
site binding effects do not alter the relative reactivities of substrate 
and product. These effects clearly do alter the reactivities in the 
cases of cytochrome P-45018 and methane monooxygenase." The 
nonredox products, 1-butene and tributylamine, are also produced 
from the tetra-n-butylammonium cation. 

Equations 2-8 illustrate processes pertinent to the observed C-C 
bond formation. A number of kinetic, product distribution, and 
spectroscopic studies published elsewhere establish that eqs 2 and 
3 are operable in alkane photooxidation by polyoxometalates in 
general.11,20 The principal origin of the simultaneous high se-

W10O32
4- + hv - W10O32 

4 - * (2) 

W10O32
4" * + 1 - W10O32

5" + 1(-H)- + H+ (3) 

Wi0O32
4" * + 1 or 2 — W10O32

4" + 1 or 2 (4) 

1(-H)* + (CH3CN)M+ — M+ + 1(-H)(CH3)C=N* (5) 

(6) 
hydrolysis of imine 

1(-H)(CH3)C=N* — • 2 

1 ( - H ) - + W 1 0 O 3 2
5 " 1 ( - H ) - + W 1 0 O 3 2

4 " (7) 

rapid 

1(-H)- + CH3CN • 
protonation and 

K-H)(CH3)C=N- • 2 (8) 
v / v " hydrolysis of amine x ' 

(16) For 2; 1H NMR (300 MHz, CDCl3) S 1.78 (s), 1.83 (s) (4H, CH2), 
2.15 (s, 3 H, CH3), 2.48-2.68, 2.80-2.84 (m, 11 H, CH); 13C NMR (75 MHz, 
CDCl3) S 26.77 (CH3); 42.04, 42.49 (CH2), 50.84, 51.07, 51.21, 52.50, 52.99, 
53.14, 53.25, 53.52, 53.81, 56.78, 57.77 (CH), 76.48, (Q, 211.24 (C=O); MS, 
m/z 226 (M+, 3.5), 211 ( M - 15,52), 183 ( M - 4 3 , 100). 

(17) Reaction conditions; 5 mL of an acetonitrile solution 17 mM in 1 and 
3.3 mM in catalyst with 3 mg of Pt under argon at 60 0C was irradiated with 
a 5 50-W Hg lamp for 24 h in a Pyrex Schlenk flask. 2 was not detected by 
GC using HjPWiJO40, H3PMOi2O40, Q3PMo12O40, Q2W4O,,, Q2Mo6O,,, 
(NH4J6P2W18062. or H4SiWi2O40 as catalyst (Q = W-Bu4N

+). 
(18) (a) Groves, J. T.; McMurry, T. J. In Cytochrome P-450; Ortiz de 

Montellano, P. R., Ed.; Plenum: New York, 1986; Chapter 1. (b) Ortiz de 
Montellano, P. R. In ref 18a, Chapter 7 and references cited therein. 

(19) (a) Green, J.; Dalton, H. / . Biol. Chem. 1988, 263, 17561 and ref­
erences cited therein, (b) Dalton, H. Proceedings of the Fourth International 
Conference on Bioinorganic Chemistry, Cambridge, 1989. 

lectivity and conversion lies in the inherent kinetics: alkane 1 is 
twice as reactive as 2 under the reaction conditions! This in turn 
is likely modulated in part by the relative rates of two key types 
of processes involving the excited state: substrate photooxidation, 
eq 3, and quenching not leading to net redox chemistry, eq 4. A 
defensible rationale for the observed reactivities (alkane > al-
kane-derived product) is that the rates of photooxidation, e.g., eq 
3, are not greatly different for 1 and 2, but quenching, eq 4, is 
substantially more efficient by 2 than I.21 The other unusual 
if not unprecedented aspect of the overall process is the step 
forming the C-C bond itself. Radicals do not attack unactivated 
nitrile carbon atoms.22 Two alternative mechanisms for C-C bond 
formation are radical attack at a nitrile that is weakly activated 
by ligation to W or the countercations present to generate the 
iminium radical, which then abstracts hydrogen. The resulting 
imine is then rapidly hydrolyzed by the water present, eqs 5 and 
6. Alternatively, reduction of the alkyl radical derived from 1 
to the corresponding carbanion followed by rapid electrophilic 
capture by the nitrile carbon may be operable. Protonation of 
the resulting anion and imine hydrolysis complete the process (eqs 
7 and 8). Neither of these C-C bond forming scenarios is likely 
on the basis of literature precedence. At the present time, we favor 
eqs 7 and 8. Radicals are oxidized to carbonium ions by oxidized 
polyoxotungstates;23 reduction of radicals has not heretofore been 
documented in either thermal or photochemical organic oxidation 
processes mediated by polyoxometalates.20 On the basis of redox 
potentials, the equilibrium in eq 7 is quite unfavorable, but a small 
quantity of the carbanion could exist. The trapping by any 
carbanion that is formed to produce the anion of the imine, 
however, would be an exothermic and rapid process. The ex­
perimental observations are in accord with eqs 7 and 8: (1) 
production of cyclohexyl methyl ketone byproduct during the 
catalytic photochemical dehydrogenation of cyclohexane to cy-
clohexene by Wi0O32

4" correlates with concentration of the reduced 
polyoxotungstate present,24 (2) 3 is confirmed to be the product 
when CD3CN is used as a solvent, and (3) 1 reisolated after 
reaction (eq 1) in the presence of 5 mol % D2O contains deu­
terium.25 

The products generated upon irradiation of 1 in the presence 
of O2 were also examined. Again, the products are unusual. 
Whereas autoxidation of 1 in the presence OfNa4W10O32 produced 
an alcohol (9%), a ketone (1%), and other oxygenated products,26 

the presence of Q4W10O32 not only suppressed these products but 
led to formation of only two major products, 2 (56%) and 4 (41%). 
The yields in parentheses are based on substrate consumed. 
Isolation and extensive spectral characterization led to the 
structural assignment for 427 given in eq 1. 

(20) Recent representative papers on the photooxidation of organic sub­
strates other than alkanes by polyoxometalates: (a) Akid, R.; Darwent, J. R. 
J. Chem. Soc., Dalton Trans. 1985, 395. (b) Fox, M. A.; Cardona, R.; 
Gaillard, E. J. Am. Chem. Soc. 1987,109, 6347. (c) Hill, C. L.; Bouchard, 
D. A.; Kadkhodayan, M.; Williamson, M. M.; Schmidt, J. A.; Hilinski, E. F. 
Ibid. 1988,110, 5471. (d) Nomiya, K.; Miyazaki, T.; Maeda, K.; Miwa, M. 
Inorg. Chim. Acta 1987,127,65. (e) Argitis, P.; Papaconstantinou, E. Inorg. 
Chem. 1986, 25,4386. (T) Savinov, E. N.; Saidkhanov, S. S.; Parmon, V. N.; 
Zamaraev, K. I. Dokl. Phys. Chem. (Engl. Transl.) 1983, 272, 741. (g) 
Ward, M. D.; Brazdil, J. F.; Mehandu, S. P.; Anderson, A. B. J. Phys. Chem. 
1987, 91,6515. (h) Yamase, T.; Watanabe, R. J. Chem. Soc., Dalton Trans. 
1986, 1669. 

(21) Although rates of both polyoxometalate photooxidation200 and 
quenching (Hill, C. L.; Chambers, R. C , unpublished work) have been 
measured for some polyoxometalates and substrates, such data is less than 
straightforward to obtain experimentally in other systems. 

(22) (a) Becker, J. Y.; Byrd, L. R.; Miller, L. L.; So, Y.-H. J. Am. Chem. 
Soc. 1975, 97,853. (b) Sosnovsky, G. Free Radical Reactions in Preparative 
Organic Chemistry; Macmillan: New York, 1964; pp 400-401. 

(23) For example, see: (a) Papaconstantinou, E. / . Chem. Soc., Faraday 
Trans. 1982, 78, 2769. (b) Lerat, 0.; Chauveau, F.; Hickel, B. New J. Chem. 
1990, 14, 37. 

(24) Renneke, R. F. Ph.D. Thesis, Emory University, 1989. 
(25) 1 before reaction: MS, m/z 183 (M - 1, 0.7), 184 (M, 100.0), 185 

(M + 1, 16.2), 186 (M + 2, 1.0). 1 reisolated after partial reaction: MS, 
m/z 183 (0.7), 184 (53.3), 185 (100.0), 186 (50.0), 187 (14.3), 188 (2.0). 
(Both 2 and the tributylamine byproduct also show deuterium incorporation.) 

(26) Heptacyclo[6.6.0.0w.05''3.04>".05''.010J4ltetradecan-l-ol: MS, m/z 
200(M+, 10O).1' Heptacyclo[6.6.0.02'6.03'13.04'n.0s'.01(,'14]tetradecanone: MS, 
m/z 198 (M+, 100), 170 (M - 28, 46). 
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The major products generated upon irradiation of adamantane 
under anaerobic conditions28 were analyzed by G C / M S and 
determined to be 1-acetyladamantane, 1,3-diacetyladamantane, 
and 1,3,5-triacetyladamantane. The processes reported here break 
ground on several fronts. We feel that further detailed evaluation 
of the energetic and mechanistic features of such processes is 
warranted. 
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(27) For 4: "C NMR (75 MHz, CDCIj) S 29.83 (CH3), 30.47, 40.56, 
41.13,42.81 (CH2). 50.25. 51.11,51.46, 51.60.52.71,53.12, 53.12,53.40, 
54.64, 56.78, 58.41 (CH), 62.96 (O. 209.71 (C=O); MS. m/z 254 (M*, 19), 
239(M- 15, 59), 211 (M - 43, 100), 197 (M - 57, 7), 183 ( M - 7 1 , 19). 

(28) Reaction conditions: see Table I, footnote d. Reaction run for three 
16-h cycles, total time 48 h. Adamantane: MS, m/z 136 (M*. 100). 1-
Acetyladamantane: MS, m/z 178 (M*. 7), 135 (M - 43, 100), 43 (M - 135, 
10). 1,3-Diacetyladamantane: MS, m/z 220 (M*. 8), 177 (M -43, 84), 43 
(M - 177, 100). 1,3,5-Triacetyladamantane: MS. m/z 262 (M*. 8). 219 (M 
- 4 3 . 58), 43 (M-219. 100). 
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It is generally accepted that the antitumor drug m-d i -
amminedichloroplatinum(II) ( m - D D P ) exhibits its toxicity by 
reacting with DNA. Most of the adducts formed in the reaction 
of m - D D P with DNA have been identified. The two major 
adducts arise from intrastrand cross-links between two adjacent 
guanine residues (d(G*G*) adduct) and between the adjacent 
adenine and guanine residues (d(A*G*) adduct).1 Under 
physiological conditions, the adducts are stable over a large period 
of time, while in the presence of cyanide ions, most of the bound 
platinum residues, but not all of them, are rapidly removed.2 

Immunological analysis of the platinated DNA after treatment 
with cyanide ions suggests a preferential removal of d(G*G*) and 
the d(A*G*) adducts.3 Studies of model nucleobase complexes 
of m - D D P have shown that the conformation of the complexes 
and the nature of the bases play a key role in the cyanide sub­
stitution kinetics.4 We herewith report that the kinetics of the 

1On leave from the Institute of Physics, Faculty of Mathematics and 
Physics, Charles University, Prague, Czechoslovakia. 

(1) (a) Roberts, J. J.; Pera, M. F. Molecular Aspects of AnIi Cancer Drug 
Action: Neidle, S.. Waring, M. J., Eds.; Macmillan: London, 1983; p 183. 
(b) Loehrer, P. J.; Einhorn, L. H. Ann. Intern. Med. 1984, 100, 704. (c) 
Zwelling, L. A. Cancer Chemother. 1986, 100, 97. (d) Eastman, A. Phar­
macol. Ther. 1987, 4. 155. (e) Reedijk, J. Pure Appl. Chem. 1987, 59, 181. 
(0 Lippard. S. J. Pure Appl. Chem. 1987, 59, 731. (g) Johnson, N. P.; 
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chemistry 1983,22,5165. 

(4) (a) Raudaschl-Sieber, G.; Lippert, B. Inorg. Chem. 1985, 24. 2426. (b) 
Lippert, B.; Raudaschl. G.; Lock, C. J. L.; Pilon, P. Inorg. Chim. Acta 1984, 
93, 43. (C) Schollhorn, H.; Raudaschl-Sieber, G.; Muller, G.; Thewalt, U.; 
Lippert, B. J. Am. Chem. Soc. 1985, 107, 5932. (d) Frommer, G.; Lippert, 
B. Inorg. Chem.. submitted. 
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( d s ) DNA ^ " * • f _ * f I 

(ss) DNA • ""' • • • y 

Figure 1. Autoradiogram of a denaturing 24% polyacrylamide gel of the 
products of the reaction between cyanide ions and ds or ss oligo­
nucleotides containing a single d(G*G*) adduct. The platinated samples 
(c as 3 X 10"* M) were incubated at 37 0 C and in 0.2 M NaCN, 20 mM 
Tris-HCI adjusted at pH 8.3 by addition of HCI. At various times, the 
samples were precipitated with ethanol, washed three times with ethanol, 
and then electrophoresed. Lanes a-g correspond to the following times 
of incubation: 0. 0.25, 0.50, 0.75, 1, 1.5, and 2 h for the ds oligo­
nucleotide and 0, 1,2, 3, 5, 7, and 9 h for the ss oligonucleotide, re­
spectively. The two bands on the left of the autoradiograms correspond 
to the unplatinated oligonucleotide. The oligonucleotide d-
(CTTCTCTTCTGGTCTTCTCT) containing a single d(G'G*) adduct 
is "P-labeled at the 5' end. 

reaction between cyanide ions and the two major adducts d(G*G*) 
and d(A*G*) is strongly dependent upon the DNA conformation. 

We first compared the relative resistance of a d(G*G*) adduct 
either in a single-stranded (ss) oligonucleotide or in a double-
stranded (ds) oligonucleotide to the reaction with cyanide ions. 
The ss oligonucleotide d(CTTCTCTTCTGGTCTTCTCT) was 
reacted with CW-DDP and then 32P labeled at the 5' end.5 The 
corresponding ds oligonucleotide was obtained by mixing the ss 
oligonucleotide containing a single d(G*G*) adduct with the 
complementary unplatinated strand. Both the platinated samples 
were treated with a large excess of cyanide ions. At various times, 
aliquots were withdrawn and analyzed by gel electrophoresis under 
denaturing conditions.6 The ss and ds platinated oligonucleotides 
behave quite differently (Figure 1). As judged by the disap­
pearance of the starting products (upper bands), cyanide ions are 
much less reactive with the ss oligonucleotide than with the ds 
oligonucleotide, the half-lives being 720 and 20 min (precision 
10%), respectively. Moreover, only two products (the platinated 
and the unplatinated oligonucleotides) are detected by gel elec­
trophoresis in the case of the ss oligonucleotide while, in the case 
of the ds oligonucleotide, three products (the platinated oligo­
nucleotide, the unplatinated oligonucleotide, and an intermediate 
species) are detected. 

Since, in ss and ds oligonucleotides, the two platinated G* 
residues are in a head-to-head, anti conformation,7,8 we assume 
that the difference in the kinetics cannot be due essentially to a 
different protective effect of the exocyclic oxygens of the platinated 
bases.4 The neighboring nucleotide residues could be responsible 
for a large protective effect in the ss oligonucleotide (structural 
distortions and even folded back structure (on the 5' side of the 
adduct) have been proposed for platinated ss oligonucleotides8'9), 
and/or the double helix, by its surface properties, could favor the 

(5) (a) Marrot, L.; Leng, M. Biochemistry 1989, 28, 1454. (b) Schwartz, 
A.; Marrot, L.; Leng, M. Biochemistry 1989, 28, 7975. 

(6) Maniatis, T.; Fritsch, E. F.; Sambrook, J. Molecular Cloning, a lab­
oratory manual; Cold Spring Harbor Laboratory: New York, 1982. 

(7) (a) Chottard, J. C; Girault, J. P.; Chottard, G.; Lallemand, J. Y.; 
Mansuy, P. J. Am. Chem. Soc. 1980, 102, 5565. (b) Den Hartog, J. H. J.; 
Altona, C; Chottard, J. C; Girault, J. P.; Lallemand, J. Y.; De Leeuw, F. 
A. A. M.; Marcelis, A. T. M.; Reedijk, J. Nucleic Acids Res. 1982,10, 475. 
(c) Den Hartog, J. H. J.; Altona, C; van den Elst, H.; van der Marel, G. A.; 
Reedijk, J. Inorg. Chem. 1985, 24, 986. (d) van Hemelryck, B.; Guittet, E.; 
chottard, G.; Girault, J. P.; Huynh-Dinh, T.; Lallemand, J. Y.; Igolen, J.; 
Chottard, J. C. J. Am. Chem. Soc. 1984,106, 3037. (e) van Hemelryck, B.; 
Guittet, E.; Chottard, G.; Girault, J. P.; Herman, F.; Huynh-Dinh, T.; 
Lallemand, J. Y.; Igolen, J.; Chottard, J. C. Biochem. Biophys. Res. Commun. 
1986, 138, 758. (f) Sherman, S. E.; Gibson, D.; Wang, A. H. J.; Lippard, 
S. J. / . Am. Chem. Soc. 1988, 110, 7368. 

(8) (a) Den Hartog, J. H. J.; Altona, C; van Boom, J. H.; van der Marel, 
G. A.; Haasnoot, C. A. G.; Reedijk, J. J. Am. Chem. Soc. 1984,106, 1528. 
(b) Den Hartog, J. H. J.; Altona, C ; van Boom, J. H.; van der Marel, G. A.; 
Haasnoot, C. A. G.; Reedijk, J. J. Biomol. Struct. Dyn. 1985, 2, 1137. 

(9) Kline, T. P.; Marzilli, L. G.; Live. D.; Zon. G. J. Am. Chem. Soc. 1989, 
/// ,7057. 

0002-7863/90/1512-3673S02.50/0 © 1990 American Chemical Society 


