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Summary: 5-Nitroacenaphthene is hydroxylated by oxo- 
metalloporphyrin complexes of chromium, iron, and 
manganese via hydrogen atom abstraction pathways with 
charge separation in the transition state dependent on the 
electrophilicity of the oxygen atom in these model ox- 
ygenases. 

Cumulative evidence strongly suggests the intervention 
of free radicals in hydroxylation (oxidation) reactions 
catalyzed by the enzyme cytochrome P4502 as well as by 
oxometalloporphyrin complexes3 of iron,4i5 manganese?,' 
and chromium,8v9 but debate continues over the mode of 
formation of these intermediates.loJ1 Radical cations seem 
to be logical precursors for substrates with low oxidation 
po ten t i a1~ '~J~  (reaction 11, whereas hydrogen atom ab- 
straction by the well-characterized oxometal species 
(MV=O) may be the preferred pathway for others14 (re- 
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action 2; P*+ stands for a porphyrin or protein radical 
cation). 
P*+FeIV=O + RH - PFeIV=O + RH'+ - 

PFeIVOH + R' (1) 

P'+FeIV=O + RH - PFeIVOH + R' (2) 

In an effort to distinguish between the two mechanistic 
alternatives as well as to quantitatively assess the signif- 
icance of charge transfer in the transition states of these 
hydroxylation reactions, we have examined the reactions 
of a chemical probe, 5-nitroacenaphthene (l), with several 
oxometallotetraphenylporphyrin chlorides, O==M(TPP)Cl 
(M = Cr, Fe, Mn; TPP = tetraphenylporphyrin), generated 
by the reaction of corresponding M1"(TPP)C1 with iodo- 
sobenzene (PhIO). 

1 2  

1 

NO2 

I 

The regioselectivity in reactions a t  the side chain of 1 
reflects the mechanism involved in the activation pathway. 
We find that electrophilic radicals abstract hydrogen atoms 
preferably from carbon 1, whereas deprotonation from the 
radical cation of 1 occurs preferrentially from carbon 2. 
This is evident from the fact that photochlorination of 1 
with t-BuOC1 in presence of trichloroethylene (added to 
suppress chlorine atom chains15) yields 1-chloro-&nitro- 
acenaphthene (1-RCI) and 2-ctloro-5-nitroacenaphthene 
(2-RC1) in the ratio 1-RCl:P-RCl = 1.6. Apparently rate- 
determining hydrogen atom abstraction by the electro- 
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Oxygen rebound from the metal-coordinated hydroxyl 
"radical" to the substrate radicals (reaction 4) may yield 
the hydroxylated products. Though hydroxylation occurs 
predominantly in the reactions with iron and chromium 
porphyrins, chlorination is preferred with manganese 
porphyrin ( l -RCl+ 2-RC1 = 54.9%). Halogenated prod- 
ucts have been observed previously21 in oxidation reactions 
of cyclohexane, isobutane, and tert-butylbenzene with 
oxomanganeseporphyrin complexes and may result from 
cage escape leading to free alkyl radicals in solution22 
(reaction 5). Oxygen rebound from the iron coordinated 
hydroxyl "radical" is known13 to occur very rapidly with 
rates of the order of los s-l and thus it is not surprising 
that hydroxylation is the major pathway for this porphyrin 
complex. Apparently oxygen rebound from the manganese 
coordinated hydroxyl "radical" is considerably slower and 
thus cage escape competes effectively. 
RH + (C1)(TPP)Mv=O - 

[R*+-*H*-6-OM(TPP) (Cl)] -+ [R', HOM"(TPP) (Cl)] 
(3) 
(4) 

RC1 + ROH (5) 
The selectivity parameter, S, is a measure of the dif- 

ference in free energies of activation for atom abstraction 
from carbon 2 and carbon 1. Since this difference should 
be dependent on charge separation in the transition state 
(large separation of charge in the polar transition state 
would result in a large difference in the free energies of 
activation), S should also reflect the degree of polarity in 
the transition states of these atom abstraction reactions. 
The value of S decreases from S = 3.11 for M = Cr to S 
= 2.35 for M = Fe and S = 1.76 for M = Mn. This suggests 
that the electrophilicity of the oxygen atom in these model 
oxygenases decreases in the order CrV=O > FeV=O > 
MnV=O, which is in accord with the order of force con- 
stants of the M=O bonds, KMo (m dyne/& = 7.58 (Cr), 
5.21 (Fe), 4.15 (Mn), determined from the resonance Ra- 
man M=O stretching frequencie~,~ for these complexes. 

These results and concusions may explain the observed 
differences in reactivity and selectivity in the oxidation 
and epoxidation reactions catalyzed by these model ox- 
y g e n a s e ~ ~ ~  as well as different biological functions asso- 
ciated with cytochrome P450 in mammals and the chlo- 
roplast photosystem in plantsz4. We are currently de- 
veloping other chemical probes (e.g. 5-methoxy- 
acenaphthene, 5-cyanoacenaphthene, 4-nitrobibenzyl, etc.) 
to further explore the structure-activity relationships in 
these biomimetic systems. 
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[R', HOMIV(TPP)(C1)] - ROH + M"'(TPP)(Cl) 
[R', HOMIV(TPP)(C1)] - R' + HOM'"(TPP)(Cl) - 

Table I .  Oxidation of 5-Nitroacenaphthene" 
5% vieldb 

catalyst 1-ROH 2-ROH 1-RCI 2-RC1 5'' 
Cr(TPP)(Cl)  52.8 17.7 16.5 4.6 3.11 
Fe(TPP)(Cl)  50.3 22.0 14.3 5.5 2.35 
Mn(TPP)(Cl) 22.1 11.4 34.3 20.6 1.76 

a Reaction in 10 mL of CHIClp with 0.25 M 5-nitroacenaphthene, 
0.05 M PhIO and  5.0 m M  MI1I(TPP)(Cl) under argon a t  37 "C for 
30 min was followed by ether precipitation. bYields based upon 
recovered 5-nitroacenaphthene. Selectivity parameter, S = [ 1- 

philic16 t-BuO' is preferred from carbon 1 possibly due to 
a greater stabilization of the positive charge at this position 
in the polar transition state."J8 In contrast, one-electron 
photooxidation of 1 with ceric ammonium nitrate (CAN)19 
yields a mixture of 1-RONO, and 2-RONO2 which upon 
reduction with LiAlH, (LAH) affords 1-hydroxy-5-nitro- 
acenaphthene (1-ROH) and 2-hydroxy-&nitro- 
acenaphthene (2-ROH) in the ratio of 2-R0H:l:ROH = 
5.8. This suggests that rate-determining deprotonation 
from the initially generated radical cation of 1 occurs 
preferably from carbon 2. Thus the regioselectivity in 
hydroxylation of this probe by oxometalloporphyrin com- 
plexes should reflect the mechanism involved in these 
reactions. 

In a typical oxidation, 2.5 mmol of 5-nitroacenaphthene 
and 0.05 mmol of MIn(TPP)C1 were stirred with 0.5 mmol 
of PhIO in 10 mL of CH2Clz under argon at 27 "C for 30 
min, and the reaction mixture was quenched by addition 
of 30 mL of diethyl ether to precipitate metal complexes 
and unreacted PhIO. Under our conditions, oxidation of 
5-nitroacenaphthene yielded 1-ROH, 2-ROH, 1-RCl, and 
2-RC1 with HO% mass balance. The product yields, based 
upon recovered 5-nitroacenaphthene and estimated by GC, 
are listed in Table I. The reported yields are averages of 
several different runs under identical conditions. 

ROH] + [l-RCI]/[2-ROH] + [2-RC1]. 

The selectivity parameter: 
S = [l-ROH] + [l-RC1]/[2-ROH] + [2-RC1] 

gives the relative reactivity of the two side chain carbon 
atoms of 1 and is >1 in all the runs, suggesting a hydrogen 
atom abstraction pathway through a polar transition state 
(vide supra) in the reactions of this high oxidation potential 
substrate with all the metalloporphyrins (reaction 3).," 

(16) (a) Electronegativity of the radical center is 3.44.16b (b) Allred, 

(17) Tedder, J. M. Angew. Chem., Int. Ed.  Engl. 1982, 21, 401. 
(18) Russell, G. A. J .  Org. Chem. 1958, 23, 1407. 
(19) (a) CAN upon photoirradiation yields NOs' which oxidizes the 

substrate.Igb Initially generated radical cation of 1 then looses protons 
(possibly to NO3-) yielding free radicals which subsequently react with 
a second mole of CAN to give the two nitrates.'* (b) Khanna, R. K.; 
Jiane. Y. M.: Creed. D.. communicated to J .  Am. Chem. SOC. (c)  Ba- 

A. L. J .  Inorg. Chem. 1961, 17, 215. 

ciocihi, E.; Bartoli, D.; Rol, C.; Ruzziconi, R.; Sebastiani, G. V. >; Org. 
Chem. 1986.51. 3587. 

(20) (a) The'formulation as MV for the oxo complexes is a formal 
oxidation state and, as such, is a convention used for convenience. 
Specificall (TTP'+)Fe'V=O,S (TPP)CrV=O: and (TPP)MnV=OZOb or 
(TPP)Mn4-O' may be involved. In the case of manganese another 
speices, (TPP)MnIv=O, generated by the reduction of initially formed 
(TPP)MnV=O, may also be involved.2k But in our hands, the product 
ratios are invariant with an increase in the concentration of the substrate, 
indicating the involvement of only one oxomanganese species. (b) Groves, 
J. T.; Kruper, W. J.: Haushalter, R. C. J.  Am. Chem. SOC. 1980,102,6377. 
(c) Groves, J. T.; Stern, M. K. J .  Am. Chem. SOC. 1988, 110, 8628. 

(21) Smegal, J. A.; Hill, C. L. J .  Am. Chem. SOC. 1983, 105, 3515. 
(22) Sme a1 and Hillz1 have shown that innersphere ligand-transfer 

(23) Czernuszewicz, R. S.; Su, Y. 0.; Stern, M. K.; Macor, K. A.; Kim, 

(24) Radner, R.; Olligner, 0. FEES Lett. 1986, 195, 285. 

from XMn' #i TPP constitutes the major pathway for RX production. 

D.; Groves, J. T.; Spiro, T. G. J .  Am. Chem. SOC. 1988, 110, 4158. 


