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The biomimetic oxidation reactions of a variety of hydrocarbons with iron complexes, Fe20(OAc)2(bpy)2C12 (l), Fe402- 
(0A~),(bpy)~(ClO,) (2), Fe20(0Ac)(tmima)2(CI04)l (3) (tmima = tris[( I-methylimidazol-2-yl)methyl]amine), and Fe(CI- 
0,) l .6H20 (4). using H202/02  as the oxidant were studied. Functionalization of cyclohexane gave cyclohexanol (CyOH) and 
cyclohexanone (CyONE). Complex 4 was the most effective and selective, 15-20 mmol of CyOH, 5-8 mmol of CyONE/mmol 
of Fe complex, and CyOH/CyONE ratios of -2; however, the pseudo-first-order rate constants for the formation of CyOH and 
CyONE for 1 and 2 were - 1.4-1.6 times greater than those for 4. Complexes 1-3 gave 2-7 and 3-8 mmol of product/mmol 
of Fe complex, respectively, with CyOH/CyONE ratios of 0.6-1 . I .  The presence of an oxidizing intermediate was suggested by 
iodometric titration in the functionalization of cyclohexane with complexes 1-4 and H20,. This intermediate was isolated from 
the reaction mixture and identified by 'IC NMR as cyclohexyl hydroperoxide (CyOOH) as compared to an independently prepared 
sample. The decomposition of CyOOH by 1-4 and H202 gave CyOH/CyONE ratios of 0.7, 0.9, 0.7, and 2.8, respectively, in 
the ranges observed in the actual cyclohexane oxidation reactions. These hydrocarbon oxidation reactions were also inhibited by 
2,4,6-tri-tert-butylphenol. Reactions run under a sweep of argon gave mmol of product/mmol of Fe complex &3l% of the normal 
values. These results are consistent with a free-radical chain mechanism in which an initially formed cyclohexyl radical is trapped 
by oxygen gas to give a cyclohexyl peroxyl radical, which abstracts a hydrogen atom to give CyOOH and carry the chain. The 
tertiary hydrogen of adamantane was selectively abstracted with complexes 1-4 to obtain normalized C3/Cz values of 3.5, 3.3, 
3.4, and 5.6, respectively. Toluene was transformed to a mixture of benzyl alcohol, benzaldehyde, and 0; m; and p-cresols with 
benzylic/aromatic activation ratios of 3.4, 4.2, 0.9, and 20, respectively, and indicate that hydroxyl radicals (aromatic C-H 
functionalization) may also participate. Functionalization of methane, ethane, and propane was also observed. 

Introduction 
Recent spectroscopic studies on methane monooxygenases 

( M M O )  have shown that the active center has a diiron-p-oxo or 
diiron-p-hydroxo structure [ Fe2(p-O), Fe2(r-OH)]  and that 
histidine may be a terminal ligand.2 These enzymes are active 
in  the conversion of a variety of alkanes, including methane, to 
their respective  alcohol^.^ This type of diiron-p-oxo(hydroxo) 
structure has also been proposed for other iron-containing biom- 
olecules such as hemerythrin: purple acid phosphatase,5 and 
ribonucleotide reductase: More importantly, we have shown that 
this type of possible biomimetic structure, FeOFe, was capable 
of initiating hydrocarbon functionalization via the synthesis of 
a MMO active site model, Fe20(0Ac)2(bpy)2C12 ( I ) ,  for the 
conversion of ethane, propane, and cyclohexane to their corre- 
sponding alcohols in the presence of rerr-butyl hydroperoxide 
(TBHP).lB 

Previous biomimetic oxidation studies with mononuclear and, 
more pertinently, Fe cluster complexes and hydrogen peroxide 
( H202) ,  a monooxygen transfer reagent that can replace oxygen 
gas,7 have shown functionalization of alkanes and other substrates? 
but clearly, mechanistic details are still not totally defined with 
regard to the active Fe oxidant and the identity of any definitive 
organic intermediate that may provide both alcohol and ketone 
or aldehyde. In this paper, we report on kinetic and mechanistic 
aspects of the functionalization of several hydrocarbons by 1, its 
synthetic precursor [Fe402(OAc)7(bpy)2](C104) (2), a poly- 
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imidazole complex, [Fe20(OAc)(tmima)2](C104)3, (3) (tmima 
= tris[( l-methylimidaz0l-2-yl)methyl]amine),~ and, for com- 

( I )  Partially presented at the 4th International Conference on Bioinorganic 
Chemistry held at MIT, Boston, MA, July 24-28, 1989, Abstract L003, 
and the 199th National ACS Meeting, Boston, MA, April 22-27, 1990, 
Abstract 39. For previous biomimetic oxidation papers set: (a) Vincent, 
J. B.; Huffman, J. C.; Christou, G.; Li, Q.; Nanny, M. A.; Hendricksen, 
D. N.; Fong, R. H.; Fish, R. H. J. Am. Chem. SOC. 1988,110,6898. 
(b) Fish, R. H.; Fong, R. H.; Vincent, J. B.; Christou, 0. J .  Chem. Soc., 
Chem. Commun. 1988, 1504. (c) Fish, R. H.; Price, R. T. Organo- 
metallics 1989, 8, 225. (d) Fish, R. H.; Fong, R. H.; Price. R. T.; 
Vincent, J. B.; Christou, G. ACS Symp. Ser. 1989, 392, 116. 

(2) (a) Prince, R. C.; George, G. N.; Savas, J. C.; Cramer, S. P.; Patel, R. 
N. Eiochim. Eiophys. Acta 1988,952,220. (b) Ericson, A,; Hedman, 
B.; Hodgson, K. 0.; Green, J.; Dalton, H.; Bentsen, J. G.; Beer, R. H.; 
Lippard, S. J. J .  Am. Chem. Soc. 1988, 110, 2330. (c) Fox, B. G.; 
Surerus, K. K.; Munck, E.; Lipscomb, J. D. J. Eiol. Chem. 1988,263, 
10553. 

(3) (a) Green, J.; Dalton, H. Eiochem. J .  1986,236, 155. (b) Shimoda, M.; 
Ono. M.; Okura, 1. J .  Mol. Caral. 1989, 52, L37. 

(4) (a) Stenkamp, R. E.; Sieker. L. C.; Jensen, L. H.; McCallum, J. D.; 
Sanders-Loehr, J. Proc. Nail. Acad. Sci. (I.S.A. 1985, 82, 713. (b) 
Sheriff, S.; Hendrickson, W. A.; Smith, J. L. J .  Mol. Eiol. 1987, 197, 
273. 

( 5 )  (a) Averill, B. A.; Davis, J. C.; Burman, S.; Zirino, T.; Sanders-Loehr, 
J.; Loehr, T. M.; Sage, J. T.; Debrunner, P. G. J .  Am. Chem. Soc. 1987, 
109, 3760. (b) Sanders-Loehr, J.; Wheeler, W. D.; Shiemke, A. K.; 
Averill, B. A.; Loehr, T. M. J .  Am. Chem. Soc. 1989, Ill, 8084. 

(6) (a) Scarrow, R. C.; Maroney, M. J.; Palmer, S. M.; Que, L., Jr.; Roe, 
A. L.; Salowe. S. P.; Stubbe, J. J. Am. Chem. Soc. 1987, 109,7857. (b) 
Sjbberg, B.-M.; Sanders-Loehr, J.; Loehr, T. M. Biochemistry 1987, 26, 
4242. (c) Backes, G.; Sahlin, M.; Sjbberg, B.-M.; Loehr, T. M.; San- 
ders-loehr, J. Biochemistry 1989, 28, 1923. 

(7) Nam, W.; Valentine, J .  S. New. J .  Chem. 1989, 13, 677. 
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Table 1. Comparison of Complexes 1-4 in the Functionalization of Cyclohexane with Hydrogen Peroxide" 
mmol of uroduct/mmol of 

OH/(O) complexd*c [complex], [H2021, 
entry complex mM mM c-C~HIIOH c - C d  do) ratio 

0.8-1 . I d  1 1 1 .o 150 5.0-6.3d 5 .2-6.9d 
2 2 1 .o 150 1 .7-2.9d 2.7-3.0" 0.6-1 .od 
3 3 1 .o 150 6.6-7.0 7 .O-7.5 0.9-1 .O 

5 4 1 .o 150 1 5-20d (20) 4.9-8.2d (3.9) 1.9-2.6d (5.1) 
4 4 0.5 150 37 19 1.9 

6 4 2.0 150 8.0 3.5 2.3 
7 4 1 .o 38 4.0 (4.2) 1.1  ( 1 . 1 )  3.6 (3.8) 

9 4 1 .o 300 12 (45) 9.7 (3.8) 1.3 (12) 
8 4 1 .o 75 8.9 (9.7) 2.7 (2.7) 3.3 (4.4) 

" Reactions were carried out in Schlenk flasks with stirring at  ambient temperature under air in  CHICN at a cyclohexane concentration of 900 
mM. Reactions times were typically 6-18 h. Control experiments indicate that the reactions were complete in 1-4 h with mass balances of >98%. 
*The products were identified by GC and GS/MS analyses; amounts (mmol) of products were determined by G C  using cyclopentanone as an internal 
standard. 'The numbers in  parentheses were obtained upon reanalysis after the addition of saturated Nal  in 2-propanol. dRange of values observed. 

parison purposes, the iron salt Fe(C104)3-6Hz0 (4),8a-f with HzO2 
(30%, diluted with C H J N  to 1.5 M)  as the monooxygen source 
and show unequivocally, with these systems, the intermediacy 
of an alkyl hydroperoxide in the formation of both alcohol and 
either ketone or aldehyde during the alkane functionalization 
process. Moreover, we believe that other mechanistic pathways 
previously postulated for alkane functionalization with biomimetic 
Fe complexes, using H 2 0 2 / 0 2  as the oxygen source, can now be 
better explained by invoking alkyl hydroperoxides as the most 
logical intermediates to the oxidation p r o d ~ c t s . ~ ~ ~ ~ - J  
Results and Discussion 

Table I compares the results obtained for the functionalization 
of cyclohexane that provides cyclohexanol (CyOH) and cyclo- 
hexanone (CyONE) with complexes 1-4. Under our standard 
conditions ( 1  m M  Fe complex, 900 m M  C6HI2,  150 m M  H 2 0 2 ,  
C H 3 C N  solvent), the iron salt, 4, provided more mmol of prod- 
uct/mmol of Fe complex than any of complexes 1-3 and gave as 
well a greater CyOH/CyONE ratio (entries 1-3 and 5). All the 
cyclohexane oxidation products were accounted for with mass 
balances of >98% 

In  order to examine the functionalization of cyclohexane in 
greater detail, we have measured the rate of appearance of 
products (mmol product/mmol Fe complex versus time, Figure 
1 )  with complexes 1, 2, and 4 and found that the initial rate of 
formation of C y O N E  was faster than that of CyOH.  Further- 
more, comparison of the pseudo-first order rate constants for the 
formation of CyOH and CyONE for complexes 1,2, and 4 showed 
that 1 and 2 had rate constants that were 1.4-1.6 times greater 
than those of 4 for both products. For example, complex 1 had 
pseudo-first-order rate constants at  room temperature for CyOH 
and C y O N E  formation of kobs = 7.6 X 
s-I, respectively, while 4 provided rate constants of kob = 4.6 and 
6.0 X s-l. To determine the origin of the CyONE,  we 
measured the mmol of product/mmol of Fe complex with time 
as well as the pseudefirst-order rate constant of its formation from 
cyclohexane in the presence of 900 m M  CyOH using complex 
2 and obtained a similar rate profile and rate constant (9.7 X lo-' 

S-I and 8.8 X 

(8) Other reported studies on mononuclear Fe2+, Fe3+, and Fe clusters/ 
H202 systems are as follows: (a) Groves, J. T.; Van Der Puy, M. J .  Am. 
Chem. Soc. 1976, 98, 5290. (b) Sugimoto, H.; Sawyer, D. T. J .  Am. 
Chem. SOC. 1985, 107, 5712. (c) Rahhal, S,; Richter, H. W. J .  Am. 
Chem. SOC. 1988, 110. 3126. (d) Brook, M. A.; Castle, L.; Lindsay 
Smith, J. R.; Higgins, R.; Morris, K. P. J .  Chem. Soc., Perkin Trans. 
2 1982, 687. (e) Geletii, Y. V.; Lavrushko, V. V.; Lubimova, G. V. J .  
G e m .  Soc., Chem. Commun. 1988, 936. (0 Belova, V. S.; Khenkin, 
A. M.; Shilov, A. E. Kinef. Kafal. 1988, 29, 1279. (g) Sheu, C.; 
Sobkowiak, A.; Jeon, S.; Sawyer, D. T. J .  Am. Chem. SOC. 1990, 112, 
879. (h) Sheu, C.; Richert, S. A,; Cofre, P.; Ross, B., Jr.; Sobkowiak, 
A.;Sawyer, D. T.; Kanofsky, J. R. J. Am. Chem. Soc. 1990,112, 1936. 
(i) Barton, D. H. R.; Boivin, J.; Motherwell, W. B.; Ozbalik, N.; 
Schwartzentruber, K. M. Nouv. J .  Chim. 1986, 10, 387. (j) Barton, 
D. H. R.; Halley, F. R.; Ozbalik, N.; Young, E.; Balavoine, G.; Gref, 
A.; Boivin, J .  New J .  Chem. 1989, 13, 177. (k) Balavoine, G.; Barton, 
D. H. R.; Boivin, J.; Gref, A. Tefrahedron Leff. 1990. 31, 659. 

(9) Oberhausen. K. J.; Richardson, J. F.; Buchanan, R. M.; Hendrickson, 
D. N.; Webb, R. Manuscript in preparation. 

s-I); this result further substantiates that CyOH was not the 
precursor to CyONE.  

The millimoles of products formed and the C y O H / C y O N E  
ratio in the reaction between H202 and cyclohexane initiated by 
4 was dependent on the initial concentration of HzO2 (Table I, 
entries 5,7-9). Increasing the concentration of H 2 0 2  does increase 
the total amount of products and also has the effect of decreasing 
the C y O H / C y O N E  ratio. However, a substantial amount of 
oxidant remains after 24 h as determined by iodometric titration. 
The dramatic increase in the CyOH/CyONE ratio upon addition 
of I- (Table I) implies that a peroxide intermediate is formed that 
reacts with I- to give predominantly CyOH. 

The identity of this intermediate oxidant was perceived to be 
cyclohexyl hydroperoxide (CyOOH), whose chemistry has been 
extensively studied.I0 Accordingly, we have unequivocally 
identified CyOOH in our reaction mixture by using extraction 
and isolation techniques (complex 4,900 m M  cyclohexane, and 
300 mM HzO, provided 50 mg of CyOOH [32%, mmol prod- 
uct/mmol Fe complex = 15]), while its structure was corroborated 
by 13C N M R  spectroscopy in comparison to an independently 
prepared sample." Additionally, we have examined the decom- 
position of CyOOH using complexes 1-4 and Hz02 in the absence 
of substrate and obtained CyOH/CyONE ratios of 0.7,0.9,0.7, 
and 2.8, respectively, in the ranges observed in the cyclohexane 
oxidation reactions. Thus, C y O O H  decomposes very slowly in 
comparison to H 2 0 2  accounting for the substantial amount of 
oxidant (CyOOH) remaining after 24 h. We also found that H 2 0 2  
decomposes to oxygen gas and water faster in the absence of 
cyclohexane than in its presence. 

It is also important to note that CyOOH is an intermediate in 
Du Pont's air oxidation of cyclohexane and decomposes to give 
CyOH and CyONE.Iof Also, Drago and Davis reported that in 
the air oxidation of cyclohexane to give CyOH and CyONE, using 
a R u 3 0  catalyst, they were able to titrate an oxidizing intermediate 
and proposed it to be CyOOH.'Za As well, while our paper was 
in the review process, Barton and -workers reported the detection 
of CyOOH via "C N M R  in a Gif-type oxidation of cyclo- 
hexane.Izb 

Further insight into the mechanism of these alkane activation 
reactions has been obtained by performing the following exper- 
iments. The primary kinetic isotope effects for the activation of 
cyclohexane using CsHI2  and C 6 D I 2  with complexes 1-4 were 

(10) (a) Hiatt, R.; Mill, T.; Mayo, F. R. J .  Org. Chem. 1968,33, 1416. (b) 
Hiatt, R.; Mill, T.; Irwin, K. C.; Castleman, J. K. J .  Org. Chem. 1968. 
33, 1428. (c) Hiatt, R.; Irwin, K. C.; Could, C. W. J .  Org. Chem. 1968, 
33, 1430. (d) Hendry, D. G.; Could, C. W.; Schuetzle, D.; Syz, M. G.; 
Mayo, F. R. J .  Org. Chcm. 1976, 41, I .  (e) Tolman, C. A.; Druliner, 
J. D.; Krusic, P. J.; Nappa, M. J.; Scidcl, W. C.; Williams, 1. D.; Ittel, 
S. D. J .  Mol. Catal. 1988,48, 129. (f) Tolman, C. A.; Druliner, J. D.; 
Nappa, M. J.; Herron, N. In Activation and Funcfionalizafion of Al- 
kanes, Hill, C. L., Ed.; Wiley: New York, 1989; Chapter IO. 

( I  I )  Walling, C.; Buckler, S. A. J .  Am. Chem. Soe. 1955, 77, 6032. 
(12) (a) Davis, S.; Drago, R. S. J .  Chem. Soc., Chem. Commun. 1990,250. 

(b) Barton, D. H. R.; Csuhai, E.; Doller, D.; Balavoine, G. J .  Chem. 
Soc., Chem. Commun. 1991, 1787. 
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Table 11. Comparison of Complexes 1-4 in the Functionalization of 
Adamantane and Toluene in the Presence of Hydrogen Peroxide' 

A. Adamantane 

C,/,G OH/(O) o/o products6 
catalyst 1-01 2-01 2-one ratioc ratio 

I d  19 9.1 7.2 3.5 3.9 
2' 8.7 4.8 3.1 3.3 4.4 
3d 16.8 8.5 6.4 3.4 3.9 
4' 19 14 4.1 3.3 8.0 

B. Toluene 
benzylic/ 

products. mmol of product/ aromatic 
activation mmol of complex 

catalyst PhCHO PhCHIOH cresols ratio 
1 3.5 1.4 1.5 3.4 
2 1.9 0.6 0.6 4.2 
3 3.0 0.9 4.2 0.9 
4 6.0 2. I 0.4 20 

' All reactions contained 1 mM Fe complex and 150 mM H202 and 
either 20 mM adamantane or 300 mM toluene in CH,CN solvent at 
ambient temperature for 16 h. *Percent of starting substrate. 1-01 is 
1 -adamantanol, 2-01 is 2-adamantanol, 2-one is 2-adamantanone. 
eNormalized on a per hydrogen basis. dMaterial balance is 100%. 

Material balance is 68%. 

determined. Complexes 1-4 gave nearly identical primary kinetic 
isotope effects for the formation of cyclohexanol, I .4, 1 S, 1.6, 
and 1.5, respectively, and very similar values for the formation 
of cyclohexanone, 3.1, 3.0, 3.3, and 2.6, respectively. These latter 
numbers are quite similar to the isotope effect observed in the GiPV 
system for CyONE formation?' 2.5, and are comparable with those 
for other metallo-non-porphyrin systems studied (1-1 O).8a*13 As 
well, these numbers are smaller than the primary isotope effects 
observed in metalloporphyrin systems for alcohol formation (4-1 3), 
where metal-oxo species are the putative catalytic  intermediate^.'^ 
While the numbers we generate are helpful for comparison 
purposes, it should be understood that these values may represent 
several alkane functionalization steps. 

We have also examined the effect of the free-radical trap 
2,4,6-tri-tert-butylphenol (TBP) 13a on the oxidation of cyclohexane 
with complexes 1-4. For clusters 1-3, the effect of 10 mM TBP 
substantially decreases (70-100%) the mmol of CyOH and Cy- 
ONE/mmol of Fe complex. The formation of products was also 
dramatically affected by the absence of oxygen. In fact, when 
the reactions were carried out while argon was bubbled through 
the solutions, the mmol of product/mmol of Fe complex was found 
to be decreased by 69-100% in comparison to those reactions that 
were run without an argon purge. These results appear to be 
consistent with a mechanism in which oxygen traps a cyclohexyl 
radical as part of a radical-chain process to give CyOOH (aut- 
oxidation). I D S i  

We have also performed alkane functionalization experiments 
using adamantane, toluene (Table I I ) ,  and several small hydro- 
carbons as substrates. The adamantane C3/C2 selectivity ratios 
(normalized) for complexes 1-4 are  3.5, 3.3, 3.4, and 5.6, re- 
spectively. The adamamtane C3 /C2  selectivity ratios are in the 

(13) (a) Faraj, M.; Hill, C. L. J. Chem. Soc., Chem. Commun. 1987, 1487. 
(b) Lau, T.-C.; Che, C.-M.; Lee, W.-0.; Poon, C.-K. J .  Chem. SOC., 
Chem. Commun. 1988, 1406. (c) Mimoun, H.; Saussine. L.; Daire, E.: 
Postel, M.; Fischer, J.; Weiss, R. J .  Am. Chem. SOC. 1983, 105, 3101. 
(d) Saussine, L.; Brazi, E.; Robine, A.; Mimoun, H.; Fischer, J.; Weiss, 
R. J. Am. Chem. SOC. 1985, 107, 3534. 

(14) (a) Lindsay Smith, J .  R.; Sleath, P. R. J. Chem. SOC., Perkin Trans. 
2 1983,621. (b) Groves, J. T.; Nemo, T. E. J .  Am. Chem. SOC. 1983, 
105,6243. (c) Groves, J. T.; Nemo, T. E.; Myers, R. S. J .  Am. Chem. 
SOC. 1979, 101, 1032. (d) Nappa, M. J.; McKinney, R. J. Inorg. Chem. 
1988, 27, 3740. (e) Battioni, P.; Renaud, J. P.; Bartoli, J. F.; Reina- 
Artiles, M.; Fort, M.; Mansuy, D. J .  Am. Chem. SOC. 1988, 110. 8462. 
(0 De Prooter, B.; Ricci, M.; Meunier, B. Tetrahedron Lett. 1985,4459. 

( 1 5 )  (a) Maillard, 9.; Ingold, K. U.; Scaiano, J. C. J .  Am. Chem. Soc. 1983, 
105, 5095. (b) Boyd, S. L.; Boyd, R. J.; Barclay, L. R. C. J .  Am. Chem. 
SOC. 1990, 112,  5724. 

range found for other non-porphyrin systems,13 including the GiPV 
system (2.6, normalized)16 and, more importantly, the M M O  
enzyme (3.0, normal i~ed) ,~ '  which further substantiates a free- 
radical mechanism for the alkane functionalization step. The 
toluene selectivity results show that clusters 1-3 have benzylic- 
/aromatic C-H activation ratios of 3.4,4.2, and 0.9 respectively, 
while 4 has a ratio of 20. These results imply that hydroxyl 
radicals may also be present (aromatic C-H functionalization) 
in the reaction mixture.I8 

We also examined the activity of clusters 1 and 2 with small 
hydrocarbon gases such as methane ( < I  [mmol of product/mmol 
of Fe complex], C H 3 0 H ;  CD, also was converted to C D 3 0 H  and 
verified by G C / M S  as the benzoate ester), ethane (-3, CH3C- 
H20H, and -5.7, CH3CHO), and propane (-3-5, CH3COCH3, 
<1, CH3CH(OH)CH3,  < I ,  C H 3 C H 2 C H 2 0 H ,  and -2-3, 
CH3CH2CHO); however, the systems were difficult to quantify 
even by G C / M S  because of the low conversions and G C  separation 
problems (for example, methanol or any oxidation product that 
has a value of <1) for an accurate account of the millimoles of 
product formed. 

We believe that complexes 1-4, using H 2 0 2 / 0 2  as the oxidant 
and CH3CN as the solvent, functionalize hydrocarbons through 
a well-known free-radical-chain process to initially generate an 
alkyl r a d i ~ a l . ' ~ * ' ~ J ~  This radical is trapped by oxygen to give a 
peroxyl radical, which abstracts hydrogen from the hydrocarbon, 
or other hydrogen sources, to give alkyl hydroperoxide and carry 
the chain (eq I ) . l 9  We believe that likely candidates for the radical 
initiation process include Fe-00 '  or Fe=O species20 (all our 
attempts to trap and identify this species have been unsuccessful 
to date), which could abstract a hydrogen atom to generate the 
alkyl radical. The Fe complex/H20, then has the additional role 
of catalyzing the decomposition of CyOOH to CyOH and CyONE 
(eq 2).'Of 

L d H  FeOFe/ 02 He02 * A O O H  

A O O H  FeOFe/ Hfl2 AOH + do (2) 

(1) 

We are continuing to perform additional experiments to elu- 
cidate the nature of the initial hydrogen atom abstracting species 
using H 2 0 2 / 0 2  as  the oxidant and are  also examining these Fe 
complexes and their Mn analogues with tert-butyl hydroperoxide 
(TBHP),'a*b to provide evidence for similar pathways (we now 
known that there is also an O2 dependence in the oxidation of 
hydrocarbons with complexes 1-4 and their Mn analogues with 
TBHP).21 Finally, we wish to reiterate that current thinking on 
mechanisms of hydrocarbon functionalization with Fe cluster 
complexes that possibly structurally model the active site of M M O  
and utilize H 2 0 2 / 0 2 ,  irrespective of solvent differences, should 
now consider alkyl hydroperoxides (as well as alkyl peroxy-metal 
complexes) as viable intermediates and a simplified pathway to 
alcohols and to ketones that are  not formed directly from alco- 
hols,7.8h-j.16 

Experimental Section 
Instrumentation. Gas chromatography was done on a Hewlett-Pack- 

ard 5880 instrument with an FID detector and a J&W DB5 Carbowax 
capillary column, while GC/MS analyses were performed on a Hew- 
lett-Packard MSD 5971A instrument in the El mode with the same 
capillary column. I3C NMR (500 MHz) spectra were obtained at the 

(16) Barton, D. H. R.: Csuhai, E.; Doller, D.; Ozbalik, N.; Balavoine, G. 
Proc. Natl. Acad. Sci. U.S.A. 1990, 87, 3401. 

(17) Green, J.; Dalton, H. J .  Biol. Chem. 1989, 264, 17698. 
(18) (a) Fenton, H. J. H. J .  Chem. Soc. 1894,65,899. (b) Walling, C. Acc. 

Chem. Res. 1975, 8, 125. 
(19) (a) Howard, J. A. Can. J .  Chem. 1979, 57, 253.  (b) Ingold, K. U. Acc. 

Chem. Res. 1969, 2, I .  (c) Mayo, F. R. Acc. Chem. Res. 1968, I, 193. 
(20) Leising, R. A.; Brennan, B. A.; Que, L., Jr.; Fox, 9. G.; MIlnck, E. J .  

Am. Chem. SOC. 1991, 113, 3988. 
(21) (a) Fish, R. H.; Fong, R. H.; Oberhausen, K. J.; Konings, M. S.; Vega, 

M. C.; Christou, G.; Vincent, J. 9.; Buchanan, R. M. Submitted for 
publication. (b) Fjsh,,R. H.: Oberhausen, K.  J.; Buchanan, R. M. 
Submitted for publication. 



Biomimetic Oxidation Studies Inorganic Chemistry, Vol. 30, No. 15, 1991 3005 

were performed in a similar manner (Table I). When the above-men- 
tioned reactions were continuously purged with argon gas the mmol of 
product/mmol of Fe complex ratio was dramatically reduced by 
70-100%. Similarly, the addition of IO mM TBP, a free-radical inhib- 
itor, also reduced product formation by 70-100%. 

Methane, Ethane, and Propane Oxidation. The reactions of methane, 
ethane, and propane were carried out in a Parr kinetic apparatus at 
partial pressures of 1500, 250, and 90 psi, respectively, at room tem- 
perature for 24 h in CH3CN. The apparatus was charged with a CH$N 
solution of the Fe complex (0.0025 M), all accomplished inside an argon 
atmosphere drybox. The setup was then taken out of the drybox and 
flushed twice with the appropriate gas. Then H202 was syringed into the 
Parr kinetic apparatus and the system pressurized with the desired gas. 
After the reaction, the solution was transferred to a vial; pyridine and 
benzoyl chloride were used to derivatize propanols, ethanol, or methanol 
to their respective benzoate esters for alcohol quantification (GC, n-butyl 
benzoate as the internal standard) and verification (GC/MS). The 
resulting products were also analyzed directly and quantified by GC 
(cyclopentanone as the internal standard) and GC/MS (see text for 
results). 

Adamantane Oxidation. 20 mmol of adamantane was added to a 
0.0025 M solution of the Fe complex in CH$N and the reaction stirred 
for 15 min. Then 100-mmol of 30% H202 was added and the reaction 
stirred for 3 h. The resulting products, adamantan-1-01, adamantan-2-01, 
and adamantan-2-one, were quantified by GC analysis (CyONE as the 
internal standard) and verified by GC/MS (Table 11). 

Toluene Oxidation. A similar procedure as described above for ada- 
mantane was utilized with a substrate/catalyst/oxidant ratio of 300/ 
1/150 (Table 11). 

Primary Kinetic Isotope Effect. A 0.0025 mmol sample of the Fe 
complex, 1-4, in CH3CN (2.5 mL) was stirred at room temperature with 
approximately 0.2 mmol each of cyclohexane and cyclohexane-d12. After 
stirring for 15 min, 0.38 mmol of 30% H202 was added (ratio of Fe 
complex/cyclohexane/cyclohexane-d12/H202 = 1 /75/75/ 150) and the 
reaction stirred for 1-3 h. The products were then quantified by GC 
(cyclopentanone as internal standard) and verified by GC/MS. The 
k,/k, was then calculated for CyOH and CyONE by simply dividing 
the concentrations ratios, CyOHICyOH-dl I and those for CyONE/ 
CyONE-d12 (see text for values obtained). 

Isolation and Characterization of Cyclohexyl Hydroperoxide from the 
Oxidation of Cyclohexane with Fe Complexes 1-4 in the Presence of 
H202. Complex 4 was used as an example for the isolation and char- 
acterization of CyOOH from the oxidation of cyclohexane. Thus, 4 (0.03 
mmol), cyclohexane (27 mmol), and H202 (9 mmol) in a ratio of I /  
900/300 were reacted at room temperature in 35 mL of acetonitrile for 
9 h. The reaction mixture was placed in  a separatory funnel, and 40 mL 
of H 2 0  and 50 mL of diethyl ether were added and the layers separated. 
The aqueous layer was further extracted twice with 25-mL portions of 
ether. The ether extracts were chilled to 0 OC and extracted thrice with 
chilled (0 "C) 10-mL aliquots of a 30% solution of NaOH. The aqueous 
NaOH solution was further extracted with two 25-mL portions of ether. 
The aqueous layer was then acidified with concentrated HCI (0 "C) and 
extracted thrice with 25-mL portions of ether (this procedure may be 
repeated if the ether solution contains CyOH and CyONE). The ether 
solution is dried over anhydrous MgSO,. Removal of the ether by rotory 
evaporation gave an oil (50 mg, 32%), whose analysis by I3C NMR 
(CD3CN) showed the COOH signal at 83.2 ppm with the other ring 
carbons at 31, 26.5, and 24.4 ppm and completely consistent with a 
known sample of CyOOH prepared independently." 

Cyclohexyl Hydroperoxide Decomposition in the Presence of Com- 
plexes 1-4 and Hydrogen Peroxide. The CyOOH decomposition with 
Fe complexes 1-4 in the presence of 30% H202 was done as follows with 
complex 1 as an example. In a flask was placed 0.0025 mmol of complex 
1.0.05 mmol of CyOOH, and 0.375 mmol of 30% H202 in 2.5 mL of 
CH3CN. After 18 h, 2 p L  of cyclopentanone was added as an internal 
standard and GC analysis provided a value of 0.7 for the CyOH/CyONE 
ratio. 

Rate Studies of Cyclohexane Oxidation to Cyclohexanol and Cyclo- 
hexanone with Complexes 1-4. The following procedure was used for the 
initial rates of formation of CyOH and CyONE with plots of mmol of 
product/mmol of Fe complex versus time (Figure I )  and the same data 
was used to calculate pseudo-first-order rate constants (kob) for the 
conversion of cyclohexane with Fe complexes 1, 2, and 4 with plots of 
-In [cyclohexane (0 time and concentration) - CyOH or CyONE ( r  
time)] versus time (rate constants were obtained by least-squares analysis 
for the slope of the line). In a flask immersed in  a constant temperature 
bath at 25.0 (i0.05) "C was placed 0.22 mmol of Fe complex, 1-4, 200 
mmol of cyclohexane, and 33 mmol of H202 in 45 mL of CHJN. At 
certain time intervals, a I-mL aliquot was removed and quenched with 
0.5 mL of 0.5 M Na2S203. Then 1.5 mL of diethyl ether was added and 
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Figure 1. Plots of mmol of (a) cyclohexanol and (b) cyclohexanone 
formed/mmol of Fe complex versus time in the oxidation of cyclohexane 
by complexes 1 (A), 2 ( O ) ,  and 4 (0) in the presence of 30% hydrogen 
peroxide. All reactions were run in air in a constant temperature bath 
at 25.5 h 0.5 OC and were 0.22 mM in Fe complex, 200 mM in cyclo- 
hexane, and 33 mM in H202. Each data point is the average of two runs. 

NMR facility of the Department of Chemistry, University of California, 
Berkeley, CA. The Parr kinetic apparatus was described elsewhere.22 

Materials. Cyclohexane, adamantane, acetonitrile, and toluene were 
purchased from Aldrich. Cyclohexane was washed with acid and distilled 
from calcium hydride before use. Acetonitrile was dried over 4A sieves 
before use. H202 was purchased as a 30% aqueous solution from Aldrich. 
Methane, ethane, propane, and methane-d, were purchased from 
Matheson at purities of 99.99%. Fe,0(OA~)(bpy)~Cl~, [Fe402(OAc),- 
(bpy)2](CI04), and [Fe,O(OA~)(tmima)~](ClO~)~ (1-3) were prepared 
and characterized by single-crystal X-ray analy~is.~' ,~ 

Cyclohexane and Cyclohexanol Oxidations. Typical oxidation reaction 
procedures were as follows: The complexes 1-4 (0.01 mmol) were dis- 
solved in IO mL of CHJCN, and 9 mmol of cyclohexane was added. 
After the mixture was stirred for IS min, 1.50 mmol of 30% H202 was 
then added and the reaction mixture stirred for 6-18 h (ratio of Fe 
complex/cyclohexane/H~O~ = 1 /900/ 150). Prior to analysis of a 1 -mL 
aliquot of the above-mentioned reaction mixture, 5 pL of cyclopentanone 
was added as an internal standard and the organic products were quan- 
tified by GC (R,values were determined for each product for area cor- 
rections) and verified by GC/MS. The cyclohexanol(900 mM) reactions 

(22) Fish, R.  H.: Tan, J. L.: Thormodsen, A. D. J .  Org. Chem. 1984, 49, 
4500. 
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the ether layer separated and dried. To this ether solution was added 2 
pL of cyclopentanone as an internal standard, and quantitative analysis 
by GC gave the concentrations of CyOH and CyONE with time. 
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Pseudomonas stutzeri N 2 0  reductase is a complex multicopper enzyme (approximately 8 Cu ions/protein molecule). Two copper 
sites appear to be closely similar to the CuA-type site in cytochrome c oxidase, but relatively little is known about the other copper 
sites in  N 2 0  reductase. In  this paper circular dichroism, magnetic circular dichroism, and X-ray absorption and fluorescence 
spectroscopy have been used to further characterize the copper sites in native N 2 0  reductase and in a "mutant" protein isolated 
from a strain deficient in  the biosynthesis of the N20 reductase copper sites that contains only 2 copper ions/protein molecule. 
Both magnetic circular dichroism and X-ray absorption (Cu K-edge and EXAFS) data are consistent with the presence of (on 
average) one CuA-type site per protein in the mutant N 2 0  reductase. Comparisons of the near-infrared circular dichroism spectra 
of the oxidized native and "mutant" N 2 0  reductases suggest that transitions at 7200 and 9500 cm-' in the native enzyme are 
associated with copper sites other than the CuA-type sites. To the best of our knowledge, these are the first electronic spectral 
features that can be attributed to non-CuA-type sites in N 2 0  reductase. The near-infrared bands are significantly less intense 
in preparations of N 2 0  reductase that display lower specific activities. Several electronic transitions are resolved in  the circular 
and magnetic circular dichroism spectra of dithionite-reduced N 2 0  reductase. Notably a near-infrared band is observed in the 
circular dichroism spectrum at 8200 cm-I. The data are plausibly attributed to a highly covalent [Cu(II)-S-(cys) - Cu(1)-s'(cys)] 
site in  the reduced enzyme. Copper removal from N,O reductase enhances the tryptophan fluorescence intensity about 3-fold; 
most of the quenching appears to be associated with occupation of the Cu,-type sites. 

Denitrifying organisms can couple nitrate, nitrite, and nitrous 
oxide reduction to ATP s y n t h e s i ~ , ~  via proton translocation and 
the formation of a membrane potentiaL6 N 2 0  reductase is 
generally the terminal enzyme in a complete denitrification 
pathway; this enzyme catalyzes the two-electron reduction of 
nitrous oxide (eq 1). The physiological electron donors for various 
N 2 0  reductases have not yet been definitively identified, but C-type 
cytochromes are  considered likely candidates.' 

(1) 

All N,O reductases isolated to date are  complex multicopper 
enzymes. The enzymes from Pseudomonas stutzeri8-l2 and 
Paracoccus denitriji~ans'~ are  the best characterized. Multiple 
forms of the P. stutzeri N 2 0  reductase have been isolated or 
prepared; key features of these various forms have been sum- 
marized in the literature.*v9 The native enzyme may be isolated 
in high-activity or low-activity forms (N,OR I and N20R 11, 
respectively) and contains a maximum of eight copper ions per 
protein molecule. The P. sfutzeri protein is a dimer of two 
identical subunits, and the amino acid sequence has been obtained 
by translation of the nos2 gene in this organism.I4 Comparison 
of the N 2 0  reductase sequence to published cytochrome oxidase 
sequences," together with spectroscopic data,I1J2 strongly indicates 
that N 2 0  reductase contains CuA-type sites. These sites are 
prominently reflected in the visible absorption spectrum of the 
resting enzyme (Figure 1). Resonance Raman spectroscopy has 
shown that the principal electronic absorption band a t  540 nm 
is a RS-(cys) - Cu(I1) ligand-to-metal charge-transfer (LMCT) 
transition.I0 A (Cu"(cys-S),(his-N),] site is most consistent with 
the resonance Raman data;Io a similar coordination environment 

N 2 0  + 2e- + 2H' - N2 + H20 
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has been suggested for CuA in cytochrome 0 ~ i d a s e . l ~  CU, is 
believed to be located in subunit I1 of cytochrome oxidase ( ~ 0 x 1 1 ) ; ~ ~  
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