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containing phosphate buffer (pH 7.4) from the in situ decom
position (25 0 C) of l-methyl-4-(2-carboxyethyl)naphthalene en-
doperoxide16 also effected the conversion (by ESR) of 3 into 4. 
Collectively, these observations indicate the intermediacy of singlet 
oxygen in the formation of 4. 

Nitroxide 3 also responds to singlet oxygen under biologically 
relevant conditions. Unilamellar and multi lamellar di-
myristoylphosphatidyl choline vesicles doped with 2 mol % of 3 
were separately suspended in phosphate buffer (pH 7.4) at 32 0 C 
(Tm = 24 0 C) containing methylene blue and irradiated open to 
air for several minutes. Aliquots were removed periodically and 
diluted with 2 volumes of M e O H in order to destroy the vesicles 
and give isotropic ESR spectra. The spectra indicated that the 
conversion of 3 to 4 in the vesicles had taken place.17,18 
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(17) Oxygen (and presumably singlet oxygen as well) is known to partition 
effectively into lipid bilayers from aqueous solution: Subczynski, W. K.; Hyde, 
J. S. Biophys. J. 1983, 41, 283. 

(18) Qualitatively, the conversion of 3 into 4 in the vesicles may be mon
itored directly by ESR, although the spectra have the broadened appearance 
expected for probe incorporated in lipid bilayer. Spectral titration (Jost, P.; 
Griffith, O. H., In "Spin Labeling, Theory and Application"; Berliner, L. J., 
Ed.; Academic Press: New York, 1976; pp 268-271) of the isotropic digitized 
spectra of 3 and 4 indicated that as little as a 15% conversion of 3 into 4 could 
be detected. 

(19) The spectrum was analyzed by a least-squares fit of the line shapes: 
J. Heinzer, "Least Squares Fitting of Isotropic Multiline ESR Spectra"; 
Computer Program ESRCON, QCPE, 1971; No. 197. With this method it is 
possible to extract the accurate coupling values even though all of the expected 
spectral lines are not experimentally resolved. The spectral parameters are 
consistent with those obtained by the approach of: Duncan, J. L.; Forrester, 
A. R.; McConnachie, G.; Mallinson, P. D. J. Chem. Soc, Perkin Trans. 2 
1973, 718. 

(20) Best fit parameters were calculated by using several spin models, 
including those in which the two methoxy groups were either identical, non-
identical, or neglected altogether. The aocHj values were strongly correlated 
only with the line-width parameter (correlation constant, ~0.49: Castellano, 
S.; Bothner-By, A. A. J. Chem. Phys. 1964, 41, 3863), suggesting that 
methoxy couplings are present but are of much smaller magnitude than the 
modulation amplitude employed. 
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Diaroyl peroxides are well-known as radical initiators; they 
decompose thermally and photochemically to give radicals which 
in turn induce a variety of reactions in solution.1,2 Many studies 
have been made to clarify the reaction mechanism.3 On the basis 
of product and other analyses it is considered that peroxide bond 
scission occurs in the first stage of the reaction and decarboxylation 

(1) Swern, D., Ed. "Organic Peroxides"; Wiley-Interscience: New York, 
1970; Vol. 1; 1971; Vol. 2, 3. 

(2) Patai, S., Ed. "The Chemistry of Peroxides"; Wiley-Interscience: New 
York, 1983. 

Figure 1. Time-resolved EPR spectra of the intermediate radicals pro
duced by laser irradiation of (a) BPO and (b) MeO-BPO in carbon 
tetrachloride at room temperature. All signals show absorptions of mi
crowave. The radicals 1-4 observed were assigned as C6H4COO- (1), 
-CCl3 (2), CH3OC6H4COO- (3), and -CH2OC6H4X (4). 
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Figure 2. Temperature dependence of the decay rate constant of the 
benzoyloxyl radical. See the text for the straight line. 

of the resulting aroyloxyl radicals follows as the second step.3 

However, no intermediate radicals such as aroyloxyl and aryl 
radicals have ever been observed yet in the solution systems.4 Here 
we report the first observation of EPR spectra of these intermediate 
species in photodecomposition of some dibenzoyl peroxides by a 
time-resolved EPR (TREPR) technique with laser irradiation.5 

We have examined three kinds of dibenzoyl peroxides, dibenzoyl 
(BPO), bis(4-chlorobenzoyl) (Cl-BPO), and bis(4-methoxy-
benzoyl) peroxides (MeO-BPO) in carbon tetrachloride at tem
peratures from -14 to ~ 2 0 0 C . The sample solutions were ir
radiated at 308 nm with a Lumonics 861M excimer laser (XeCl, 
30 mJ/pulse). The EPR spectra and decays of EPR signals were 
obtained by a PAR 160 boxcar integrator and a Kawasaki 
Electronica MR-50E transient memory, respectively. The time 
resolution of the T R E P R system is ca. 0.1 ^s . 6 The sample 
solutions were deaerated by bubbling helium gas. 

The T R E P R signals were observed for BPO, Cl-BPO, and 
MeO-BPO. The spectra of BPO and MeO-BPO at 20 0 C are 
shown in Figure 1, parts a and b, respectively. The results for 
Cl-BPO are qualitatively the same as those for BPO. All the 

(3) For photochemical reactions: (a) Nakata, T.; Tokumaru, K. Bull. 
Chem. Soc. Jpn 1970, 43, 3315. (b) Kitamura, A.; Sakuragi, H.; Yoshida, 
M.; Tokumaru, K. Ibid. 1980, 53, 1393. (c) Scaiano, J. C; Stewart, L. C. 
J. Am. Chem. Soc. 1983,105, 3609. (d) Walling, C; Gibian, M. J. Ibid. 1965, 
87, 3413. (e) Poranski, C. F., Jr.; Moniz, W. B.; Sojka, S. A. Ibid. 1975, 97, 
4275. (O Kaptain, R.; den Hollander, J. A.; Antheunis, D.; Oosterhoff, L. 
J. J. Chem. Soc. D 1970, 1687. 

(4) For reactions in crystalline systems: (a) Box, H. C; Budzinski, E. E.; 
Freund, H. G. / . Am. Chem. Soc. 1970, 92, 5303. (b) Karch, N. J.; Koh, E. 
T.; Witzel, B. L.; McBride, J. M. Ibid. 1975, 97, 6729. (c) McBride, J. M.; 
Merrill, R. A. Ibid. 1980, 102, 1723. 

(5) Muus, L. T., Atkins, P. W., McLauchlan, K. A„ Pederson, J. B„ Eds. 
"Chemically Induced Magnetic Polarization"; D. Reidel Publishing: Dor
drecht, The Netherlands, 1977. 

(6) Yamauchi, S.; Hirota, N. J. Phys. Chem. 1984, 88, 4631. 
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signals indicate absorptions of microwave at any times and at any 
temperatures. Thus we observe the radicals produced from the 
triplet states of the peroxides. Two kinds of signals, 1-4, are 
observed for each system; radicals 1 and 3 appear immediately 
after the laser irradiation and radicals 2 and 4 are produced at 
later stages. These four radicals were assigned in reference to 
the g values and hyperfine coupling constants (hfcc) of the known 
species. Radical 1 (g = 2.0123, AHl/2 ~ 2.8 G) and radical 3 
(g = 2.0121, A//1//2 ~ 2.2 G) were assigned as the benzoyloxyl 
and the 4-methoxybenzoyloxyl radicals by referring to the EPR 
spectra of C6H5COO- (g = 2.0117) and DOOCCH=CHCOO-
(g = 2.0119) produced by UV and X-ray irradiation of crystals 
of acetylbenzoyl peroxide41*0 and maleic acid.7 Both radicals 1 
and 3 provide relatively large g values and small hfcc (aH < 1 
G), which clearly indicates that the benzoyloxyl radicals observed 
are not IT radicals but a radicals.7"11 Radicals 2 and 4 were 
assigned as the trichloromethyl (g = 2.0096, aa ~ 6.2 G)12 and 
the phenoxymethyl-type radicals -CH2OC6H4X (g = 2.0033, aH 

~ 17.5 G),13'14 respectively. The radicals observed for Cl-BPO 
were assigned as the 4-chlorobenzoyloxyl and the trichlomethyl 
radicals as in the case of BPO. 

The decays of the EPR signals were observed at low microwave 
powers (<0.1 mW) to avoid complication due to spin-spin re
laxation.15 The important result obtained is that the decay time 
of radical 1 is in good agreement with the rise time of radical 2. 
A similar relation was also found for radicals 3 and 4. These 
results suggest that the stepwise processes occur between radicals 
1 and 2 and radicals 3 and 4. We obtained the decay times (T) 
of 0.25, 0.72, and 1.6 us at 20 0 C for the benzoyloxyl radicals 
produced from BPO, Cl-BPO, and MeO-BPO, respectively. These 
decay times are considered to be the lifetimes of these radicals 
for the following reasons. First, the values are much shorter than 
those (several microseconds) usually obtained for spin-lattice 
relaxation (SLR) times in solution. Second, the relation of 
TMeO-BPO -*• TBPO ' s n o t expected for the SLR process but is con
sistent with the lifetimes from the thermal decomposition of BPO 
and MeO-BPO.16,17 The decay times of radicals 2 and 4 are much 
longer (36 and 3-4 ^s at 20 0C, respectively) and cannot be easily 
identified as the lifetimes or the SLR times. 

We also examined temperature dependence of the lifetime of 
benzoyloxyl radical. The result is shown in Figure 2. When we 
assume that an Arrhenius type equation, k(T) = k0 exp{-EJkT), 
holds in this case, we obtain k0 ~ 2 X 1010 s""1 and £ a ~ 5 
kcal/mol from the straight line of Figure 2. The rate of decar
boxylation extrapolated to 130 0C (~4 X 107 s"1) is in order of 
magnitude agreement with the value (~1 X 1O8S"1) estimated 
by CIDNP18a and spin trapping techniques1811 for the thermal 
decomposition of BPO. However, the present values of k and 
£ a are quite different from the often quoted values (k ~ 104 s"1 

and £ a ~ 14 kcal/mol).19 

Finally, we summarize the reaction paths to explain the ob
servations; the phenyl radical has not been observed yet.20 

(7) (a) Toriyama, K.; Iwasaki, M.; Noda, S.; Eda, B. J. Am. Chem. Soc. 
1971, 93, 6415. (b) Eda, B.; Iwasaki, M. J. Chem. Phys. 1971, 55, 3442. 

(8) (a) Skell, R. S.; May, D. D. J. Am. Chem. Soc. 1981, 103, 967. (b) 
May, D. D.; Skell, P. S. Ibid. 1982, 104, 4500. (c) Peyerimhoff, S. D.; Skell, 
P. S.; May, D. D.; Buenker, R. J. Ibid. 1982, 104, 4515. 

(9) (a) Kikuchi, O.; Hiyama, A.; Yoshida, H.; Suzuki, K. Bull. Chem. Soc. 
Jpn 1978, 51, 11. (b) Kikuchi, O.; Utsumi, K.; Suzuki, K. Ibid. 1977, 50, 
1339. 

(10) Vim, M. B.; Kikuchi, O.; Wood, D. E. J. Am. Chem. Soc. 1978, 100, 
1869. 

(11) Koenig, T.; Wielesek, R. A.; Huntington, J. G. Tetrahedron Lett. 
1974, 2283. 

(12) Hudson, A.; Hussian, H. A. MoI. Phys. 1969, 16, 199. 
(13) Hudson, A.; Root, K. D. J. Chem. Soc. B 1970, 656. 
(14) Neta, P.; Hoffman, M. Z.; Simic, M. J. Chem. Phys. 1972, 76, 847. 
(15) Hore, P. J.; McLauchlan, K. A. MoI. Phys. 1981, 42, 533. 
(16) Bevington, J. C; Toole, J.; Trossarelli, L. Trans. Faraday Soc. 1958, 

54, 863. 
(17) Suehiro, T.; Ishida, M. Bull. Chem. Soc. Jpn 1971, 44, 1692. 
(18) (a) Schwerzel, R. E.; Lawler, R. G.; Evans, G. T. Chem. Phys. Lett. 

1974, 29, 106. (b) Janzen, E. G.; Evans, C, A. / . Am. Chem. Soc. 1975, 97, 
205. 

(19) Bevington, J. C; Toole, J.; Trossarelli, L. J. Polym. Sci. 1958, 28, 423. 

(C6H5COO)2 -* C6H5COO- - [C6H5-] + CO2 

[C6H5-] + CCl4 - C6H5Cl + -CCl3 (1) 

(CH3OC6H4COO)2 — CH3OC6H4COO-

CH3OC6H4COO- + (CH3OC6H4COO)2 — 
CH3OC6H4COOH + - C H 2 O C 6 H 4 C O O O C O C 6 H 4 O C H 3 (2) 

(20) The phenyl radical has been reported to react very fast (k ~ 106 M"1 

s"!) with carbon tetrachloride.30 
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The hydroxylation of dopamine at the benzylic position to form 
norepinephrine catalyzed by the copper-containing protein dop
amine /^-hydroxylase is unusual in that it involves the hydroxylation 
of an aliphatic carbon-hydrogen bond.1 Advantage has been 
taken of the broad substrate specificity of this enzyme2 to develop 
mechanism-based inhibitors as probes of the mechanism of C-H 
bond activation.2b'e'3 We have recently shown that variously 
substituted 3-phenylpropenes are mechanism-based inhibitors of 
dopamine /3-hydroxylase and have proposed that the enzyme-bound 
intermediate which partitions between hydroxylation and inac-
tivation is a benzylic radical, as shown in Scheme I.3 This was 
based on a /o value of-1.2 for the effect of ring substitution upon 
the rate of inactivation. However, such a result would not be 
inconsistent with a mechanism in which a second electron is 
removed from the benzylic radical intermediate to form a benzylic 
carbonium ion which then partitions between inactivation and 
hydroxylation. Such a mechanism would involve nucleophilic 
attack by an enzyme group on a Michael-type acceptor. In order 
to distinguish between these two possibilities, we have determined 
the effect upon inactivation of replacing the allylic side chain of 
the phenylpropenes with a propargyl group. In addition, we have 
also tested benzylcyclopropanes as inhibitors as a further test of 
a radical mechanism. 

3-Phenylpropynes4 and benzylcyclopropanes5 containing either 

(1) (a) Skotland, T.; Ljones, T. Inorg. Perspect. Biol. Med., 1979, 2, 
151-180. (b) Rosenberg, R. C; Lovenberg, W. Essays Neurochem. Neuro-
pharmacol. 1980, 4, 163-209. (c) Villafranca, J. J. "Copper Proteins"; Spiro, 
T. G., Ed.; Wiley: New York, 1981; pp 264-289. 

(2) (a) Creveling, C. R.; Daly, J. W.; Witkop, B.; Udenfreund, S. Biochim. 
Biophys. Acta 1962, 64,125-134. (b) Baldoni, J. M.; Villafranca, J. J. / . Biol. 
Chem. 1980, 255, 8987-8990. (c) May, S. W.; Phillips, R. S.; / . Am. Chem. 
Soc. 1980, 102, 5981-5983. (d) Klinman, J. P.; Kreuger, M. Biochemistry 
1982, 21, 67-75. (e) Rajashekhar, B.; Fitzpatrick, P. F.; Colombo, G.; Vil
lafranca, J. J. J. Biol. Chem. 1984, 259, 6925-6930. 

(3) Fitzpatrick, P. F.; Flory, D. R., Jr.; Villafranca, J. J. Biochemistry, 
1985, 24, 2108-2114. 

(4) 3-(p-Methoxyphenyl)propyne was synthesized by a Grignard coupling 
of anisylmagnesium bromide to propargyl bromide. The 3-(p-methoxy-
phenyl)allene formed as a side product was converted to the propyne by 
treatment with M-butyllithium as described in: Mulvaney, J. E.; Folk, T. L.; 
Newton, D. J.; J. Org. Chem. 1967, 32, 1674-1675. Demethylation to give 
3-(p-hydroxyphenyl)propyne with BBr3 was by the method of: McOmie, J. 
F. W.; Watts, M. L.; West, D. E. Tetrahedron 1968, 24, 2289-2292. 

(5) Benzylcyclopropanes were synthesized from the respective 3-phenyl
propenes by reflux at 120 0C for 3-4 days with excess copper and diiodo-
methane as described by: Kawabata, N.; Kamemura, I.; Naka, M. J. Am. 
Chem. Soc. 1979, 101, 2139-2145. 
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