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Nitrite ion is well known to oxidize oxyhemoglobin in 
viv0.l Fetal hemoglobin is particularly susceptible to this 
reaction.2 The ion is generated in the environment by 
the hydrolysis3 of NO, air pollutants and by the reduction 
of nitrate fertilizers in soil by b a ~ t e r i a . ~  Moreover, the 
biomessenger molecule NO5 is oxidized in aerobic aque- 
ous solutions to nitrite ion.6 Acidic solutions of the ion 
(nitrous acid) are well known to diazotize and cross link 
DNA7 and can generate carcinogenic nitrosamines in 
vivo.8 

We report herein that nitrite ion can be activated by 
iron(II1) porphyrins to a species capable of oxygen 
transfer to a range of substrates at room temperature 
under argon. The general stoichiometry of the process 
is given in eq 1, (P = porphyrin, S = substrate). 

The iron(I1) nitrosyl adduct is produced quantitatively 
in all cases (visible spectra). Illustrative examples with 
chloroiron(II1) octaethylporphyrin (PFe"'C1) and potas- 
sium (crown ether) nitrite are given in Table 1. The 
reactions feature oxygen insertion into C-H bonds (cy- 
clohexene, cyclohexenol, propionaldehyde), olefin epoxi- 
dation (styrene), and oxygen atom transfers to phospho- 
rus (triphenylphosphine), carbon (carbon monoxide), 
sulfur (dimethyl sulfide), and nitrogen (nitric oxide). The 
phenylacetaldehyde characterized from reaction with 
styrene is the result of rearrangement of styrene oxide, 
both upon gas chromatography and upon standing in the 
reaction mixture. Cyclohexenol (not shown separately 
in Table 1) reacts more rapidly than cyclohexene to yield 
cyclohexenone. The ketone is produced by the sequence 
cyclohexene - cyclohexenol - cyclohexenone. Products 
were quantitated by GC or NMR analyses (HI3C03- 
Ph331PO) using authentic standards. All reactions were 
conducted at  least three and usually five times. 
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Figure 1. Visible spectra of the reaction of triphenylphos- 
phine with CIFelIIOEP and K (crown ether) NO2 in NMP-1% 
HOAc at 22 "C. First scan within 1 min of mixing, ( . e * ) .  The 
next seven scans were at 15 min intervals and the remaining 
at 30 min intervals. The final spectrum (- -) was taken at 3 
h and 16 min after mixing. 

The substrates are listed in an approximate order of 
decreasing reactivity. The NO-NOz conversion is com- 
plete in less than 5 min under these conditions, whereas 
the cyclohexene reaction requires 1.5 days.g No reaction 
occurs in the absence of either iron(II1) porphyrin, nitrite 
ion, or substrate. The reactions are stoichiometric ac- 
cording to eq 1. They are not catalytic under these 
conditions. 

A time course for the conversion of PFe'I' to PFe" NO 
by triphenylphoshine and nitrite ion is shown in Figure 
1. The final spectrum matches exactly that of PFe"N0 
in this solvent. The latter was obtained by gassing the 
iron(I1) porphyrin with nitric oxide. 

The overall rate process is third order: 

This is in accord with the simple formulation given in 
eq 1 wherein k' = Klzrste. The k' for triphenylphosphine 
calculated from linear pseudo-second-order plots of the 
data at  627 nm (disappearance of PFe'I') is 1.3 L 21moW 
s. Upon completion, a small portion of the entire reaction 

(9) These reactions can be hastened by warming. For example, at 
room temperature the oxidation of propionaldehyde requires 1.5 days. 
At 70 "C, the reaction is complete in 3 h. 
(10) It should be noted that ligand exchange with PFe"' C1 in NMP 

is fast, cf. Castro, C. E.; Jamin, M.; Yokoyama, W.; Wade, R. J .  Am. 
Chem. Soc. 1988,108,4179. The initial spectrum is unchanged by the 
nitrite salt. 
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Table 1. Oxidations with Chloroiron(II1) Octaethylporphyrin and Potassium (18-Crown-6) Nitrite" in "-1% HOAC 
at 22 "C under Argon 

substrateb product yieldc (%) characterizationd 

nitric oxide nitrogen dioxide 100 GC and Nos- from product gases 

dimethyl sulfide dimethyl sulfoxidee 90 GC, GC-MS 
carbon monoxide-13C carbon dioxideJ3C 100 I3C-NMR of HCO3- from product gas 
propionaldehyde propionic acid 95 GC, GC-MSf 
styrene styrene oxid& 35 GC, GC-FT-IR-MS 

phenylacetaldehyde 65 GC, GC-FT-IR-MS 
cyclohexene cyclohexenone 9oc GC, GC-MS 

triphenylphosphine triphenylphosphineoxide 100 31P-NMR 

cyclohexenol 10 GC 

(PFeW!l)o = (1-1.6) x M, (K(crown ether)NOz-)o = (2-6.4) x M, NMP = N-methylpyrrolidone. (Substrate) = 2 x 
2 M. (Moles producff2 mol PFe)100. GC = gas chromatography and analysis by comparison with authentic standards, GC-MS = gas 
chromatography and inline mass spectroscopy, GC-FT-IR-MS = inline GC followed by infrared and mass spectroscopy of emerging 
peaks. e The sulfoxide is not a substrate and it is the only product detected. f GC-MS of TMS ester. 8 Upon gas chromatography and 
standing in reaction mixtures, styrene oxide rearranges to phenylacetaldehyde. 

mixture (0.3 mL) was transferred under argon to an NMR 
tube for 31P analysis. Only two resonances corresponding 
to Ph3P (8.0 ppm) and PhsPO (38.6 ppm) were visible. 
The yield was quantitated by comparison with the 
spectra of authentic solutions of phosphine and phos- 
phine oxide acquired in the same manner. 

Scheidt and colleagueslla have described the instability 
of tetraphenylporphine(TPP)iron(III) N02- adducts and 
the generation of TPPFe(N0) upon treatment of TPP- 
iron(II1) chloride with AgNO2. This observation was 
attributed to an oxygen transfer to nitrite to yield nitrate 
ion. However, a bis nitrite adduct was obtainedllb when 
potassium crown ether nitrite was employed as the nitrite 
source. This adduct is apparently stabilized by the K 
(crown ether) cation. In agreement with this observation, 
we find argon-purged solutions of PFe'I' and NOZ- are 
stable for weeks and show the initial spectrum in Figure 
l.llC On the basis of the X-ray structures of sterically 
encumbered porphyrin Fe-NO2 adducts by Scheidt and 
colleaguesllbJ2 and the present results, we believe the 
reactions do represent an 0 atom transfer from PFe- 
NO2 and that the original TPPFe"' . to  TPPFe(N0) 
conversionlla reflected the oxidation of some other sub- 
stance in the reaction mixture. Under more acidic 
conditions, in partially aqueous milieu, Bonnet has 
reportedlld the reaction of nitrous acid with iron(II1) 
octaethylporphyrin in air yields a meso nitro compound, 
as well as iron(I1) NO adducts. It is presumed a meso 
nitroso compound was air oxidized to the nitro derivative. 

Although the reactions described herein may be taken 
as biomimetic oxidations, similar in some way to those 
catalyzed by P-450 model systems,13 we believe the 
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driving force resides in the enormous stability of the 
heme-NO adduct.14 Iron(IV) or iron-oxo cation radicals 
are not intermediates. These results with iron porphy- 
rins also differ in character from those reported for 
oxidations by other transition metal-NO2 species.15 In 
general, the latter systems require either a ligand or 
metal "activator" (BFyEt20 or Pd") for reaction to occur. 

The present results hold promise for the development 
of mild selective oxidation reagents with iron porphyrins, 
certain heme proteins, and other iron(II1) NOz- com- 
plexes. Reactions with heme proteins could be of conse- 
quence to processes in vivo that involve NOz- or NO in 
aerobic solution. For example, both NO synthase16 and 
the NO receptor protein, guanylate cyclase,17 are heme 
proteins. Moreover, the nitrite-promoted NO-NO2 con- 
version could, in part, explain the N02-/H2180 exchange 
observed with whole cells containing cytochrome Cdl 
nitrite reductase.18J9 

Supplementary Material Available: Experimental pro- 
cedures and characterization da ta  (4  pages). 

J0942116H 

(13) (a) McMurry, T. J.; Groves, J. T. Cytochrome P-450 Structure, 
Mechanism and Biochemistry; Plenum Press: New York, 1986; Chap- 
ter 1, pp 1-28. (b) Higuchi, T.; Shimada, K.; Maruyama, N.; Hirobe, 
M. J .  Am. Chem. Soc. 1993,115, 7551 and references therein. 

(14) (a) Sharma, V. S.; Traylor, T.; Gardiner, G. R.; Mizuka, H. 
Biochemistry 1987, 26, 3837. (b) Gibson, Q. H. et al. J .  Bid.  Chem. 
1991,226,13097. (c) Petrich, J. W. et al. Biochemistry. 1991,30,2975. 

(15) (a) Solar, J. P.; Mares, F Diamond, S. E. Catal. Reu. 1985,27, 
1. (blhdrews, M. A.; Chang, T. C.-T.; Cheng, C. W.-F. Organometallics 
1985,4, 268. (c) Leising, R. A.; Takeuchi K. J .  Am. Chem. SOC. 1988, 
110, 4079. (d) Ercolani, C.; Pavletti, A. M.; Pennesi, G.; Rossi, G. J.  
Chem. SOC., Dalton Trans. 1991, 1317. 

(16) White, K. A.; Marletta, M. A. Biochemistry 1992, 31, 6627. 
(17) Ignarro, L. J. Biochem. SOC. Trans. 1992,20, 465. 
(18) Ye, R. W.; Toro-Suarez, I.; Tiedje, J. M.; Averjll, B. A. J .  Biol. 

(19) Conversion of intermediate NO to NO2 and further reaction to 
Chem. 1991,266, 12848. 

form N203 followed by hydrolysis (H2lsO) could result in N1802-. 


