3238

Biomimetic Alkane Hydroxylations by an

Iron(lll) Porphyrin Complex with H ,0, and by a
High-Valent Iron(IV) Oxo Porphyrin Cation
Radical Complex

Wonwoo Nam,*" Yeong Mee Goh! Yoon Jung Leef
Mi Hee Lim, " and Cheal Kim?*

Department of Chemistry and Center for Cell Signaling

Research, Ewha Womans University, Seoul 120-750, Korea,
and Department of Fine Chemistry, Seoul National
Polytechnic University, Seoul 139-743, Korea

Receied June 16, 1998

Introduction

Iron(lll) porphyrin complexes have been used as model
compounds to mimic the chemistry of cytochrome P-450
enzymes that are capable of catalyzing a wide range of oxidation
reactions including the remarkably difficult hydroxylation of
unactivated G-H bonds of alkanesPrevious studies for iron-
(1) porphyrin complex-catalyzed alkane hydroxylation reac-

tions have been conducted extensively with oxidants such as

PhlO, KHSQ, NaOClI, ROOH, @, and ozon&:3 However, as
far as we have been able to disceradical-free (enzyme
mimetic) hydroxylation of alkanes with a biologically important
oxidant (i.e., HO,) has been rarely observed in iron porphyrin-
catalyzed oxygenation reactiohs Moreover, although high-
valent iron(IV) oxo porphyrin cation radical species have been

generally proposed as a reactive intermediate responsible forcyclohexane
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(1) (a) Traylor, T. G.; Traylor, P. S. IActive Oxygen in Biochemistry
Valentine, J. S., Foote, C. S., Greenberg, A., Liebman, J. F., Eds,;
Blackie Academic & Professional, Chapman & Hall: London, 1995;
pp 84-187. (b) Dolphin, D.; Traylor, T. G.; Xie, L. YAcc. Chem.
Res 1997, 30, 251-259. (c) Sono, M.; Roach, M. P.; Coulter, E. D;
Dawson, J. HChem. Re. 1996 96, 2841-2887. (d) Meunier, B.
Chem. Re. 1992 92, 1411-1456. (e) Ortiz de Montellano, P. R.,
Ed. Cytochrome P-450 Structure, Mechanism, and Biochemistry
Plenum Press: New York, 1986.
Montanari, F., Casella, L., Edsletalloporphyrins Catalyzed Oxida-
tions Kluwer Academic Publishers: Dordrecht, The Netherlands,
1994.
(3) (a) Gross, Z.; Simkhovich, LJ. Mol. Catal. A Chem 1997, 117,
243-248. (b) Gross, Z.; Nimri, S.; Simkhovich, . Mol. Catal. A
Chem 1996 113 231-238.
It has been reported by Chauhan et al. that the oxidation of indole-
3-acetic acid by a water-soluble iron porphyrin complex ap@Hn
aqueous buffer solution gives the formation of indole-3-carbinol. They
suggested that the oxidation reaction occurs by forming a high-valent
iron oxo porphyrin intermediate. However, no clear evidence for the
proposed mechanism has been provided: Chauhan, S. M. S.; Moha-
patra, P. P.; Kalra, B.; Kohli, T. S.; Satapathy,JSMol. Catal. A
Chem 1996 113 239-247.
Although alkane hydroxylations by iron porphyrin complexes with
H,0, have not been reported, it has been shown that the reactions of
electronegatively substituted iron porphyrins with@4 afford the
formation of epoxide products in olefin epoxidation reactions: (a)
Yang, S. J.; Nam, Winorg. Chem 1998 37, 606-607. (b) Traylor,
T. G.; Kim, C.; Richards, J. L.; Xu, F.; Perrin, C. 0. Am. Chem.
Soc 1995 117, 3468-3474 and references therein. (c) Bartoli, J. F.;
Battioni, P.; De Foor, W. R.; Mansuy, Dl. Chem. Soc., Chem.
Communl1994 23—24.
Mansuy et al. showed that manganese porphyrin complexes efficiently
catalyze the hydroxylation of alkanes by®, giving the correspond-
ing alcohols as a major product: Battioni, P.; Renaud, J. P.; Bartoli,
J. F.; Reina-Atrtiles, M.; Fort, M.; Mansuy, D. Am. Chem. So&988
110, 8462-8470 and references therein.
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the C—H bond activation in cytochrome P-450 enzymes and
iron porphyrin system< and the presence of a high-valent iron
oxo intermediate has been detected during the catalytic hy-
droxylation of ethylbenzene by ozoAalirect hydroxylation
reactions by “isolated” high-valent iron(IV) oxo porphyrin cation
radical complexes have been rarely reportéa this note, we
report that an electronegatively-substituted iron porphyrin
complex efficiently catalyzes the hydroxylation of alkanes by
H.O; via radical-freeoxidation reactions in aprotic solvent (i.e.,
CH3CN) and that an “isolated” high-valent iron(lV) oxo
porphyrin cation radical intermediate of the iron porphyrin
complex is capable of activating-H bonds of alkanes to give
oxygenated products efficiently even at low temperature. We
also present strong evidence that the hydroxylating intermediate
generated in the catalytic,®; reaction is the high-valent iron-
(IV) oxo porphyrin cation radical species.

Results and Discussion

The reactions of Fe(TFFMAP)>* (1, TR, TMAP = mese
tetrakis(2,3,5,6-tetrafluoro-MEN,N-trimethylaniliniumyl)por-
phyrinato¥ with H,O, (30% aqueous) in the presence of alkanes
efficiently yielded the corresponding alcohols as major products
with high alcohol to ketone rati# acetonitrile solution (Table
1). Interestingly, when the hydroxylation of cyclohexane was
performed with'®O-labeled hydrogen peroxide in &%ye found
that the source of the oxygen incorporated into cyclohexanol
was the oxidant k%0,, not molecular oxygen (eq 1). The alkane

Fe(TRTMAP)5+/H,180,

CHZCN

cyclohexanof*®0 1)
>93% *®0-incorporation from H'%0,
hydroxylation reactions were found to be highly stereospecific,
since the hydroxylations dfis- and trans-1,2-dimethylcyclo-
hexane afforded tertiary alcohol products witB9% retentiori!
Also, the kinetic isotope effect (KIE) for the cyclohexanol

(7) A number of high-valent iron(IV) oxo porphyrin cation radical
complexes have been prepared and characterized with a variety of
spectroscopic methods at low temperature. The reactivities of the
intermediates have been studied in olefin epoxidations, but not in
alkane hydroxylations. For some examples, see: (a) Groves, J. T.;
Haushalter, R. C.; Nakamura, M.; Nemo, T. E.; Evans, Bl. Am.
Chem. Soc1981, 103 2884-2886. (b) Fujii, H.J. Am. Chem. Soc
1993 115 4641-4648. (c) Gross, Z.; Nimri, SJ. Am. Chem. Soc
1995 117, 8021-8022.

La, T.; Miskelly, G. M.; Bau, RInorg. Chem 1997, 36, 5321-5328

and references therein.

Hydroxylation of alkanes by hydroxyl or alkoxyl radicals via free
radical pathways affords equal amounts of alcohol and ketone
products: (a) Sheldon, R. A.; Kochi, J. Kletal-Catalyzed Oxidations

of Organic CompoundsAcademic Press: New York, 1981. (b)
MacFaul, P. A.; Ingold, K. U.; Wayner, D. D. M.; Que, L., Jr.Am.
Chem. Soc1997 119, 10594-10598.

Reaction conditions: #£0, (7 x 10~3 mmol, diluted in 0.1 mL of
CH3CN, 92%180 enriched) was added dropwise to a reaction solution
(CHsCN, 0.9 mL) containing Fe(TAMAP)>" (6.3 x 10~4 mmol)

and cyclohexane (0.63 mmol). The reaction mixture was stirred for 5
min and then directly analyzed by GC/MS. THEO and 80
compositions in cyclohexanol were determined by the relative
abundances of mass peaksvét = 57 for 160 andnvz = 59 for 1€0.
Hydroxyl and alkoxyl radicals afford epimeric tertiary alcohol products
in the hydroxylation otis-1,2-dimethylcyclohexane: Khenkin, A. M.;
Shilov, A. E.New J. Chem1989 13, 659-667.
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Notes

Table 1. Hydroxylation of Alkanes byl/H,O, at 25°C and by2 at
—40°C?

yield (%)
substrate products 1+ HOf 2
cyclohexane cyclohexanol 33 40
cyclohexanone 2 3
cyclooctane cyclooctanol 50 60
cyclooctanone 5 8
cis—1,2-dimethyl- cis-1,2-dimethylcyclohexanol 54 55
cyclohexane
2,3- and 3,4-dimethylcyclohexarol 9 14
trans—1,2-dimethyl- trans-1,2-dimethylcyclohexanol 10 8
cyclohexane
2,3- and 3,4-dimethylcyclohexafol 24 34

a2 See Experimental Section for detailed experimental procedures.
Since the hydroxylation reactions were not affected by molecular
oxygen, all the reactions were performed in iBased on the amount
of oxidants usedt Less than 10% of the iron porphyrin complex was
destroyedd The yield of 3,4-dimethylcyclohexanol was determined with
commercially available 2,3-dimethylcyclohexanol, with an assumption
that the response factors for these alcohols are identical.

Table 2. Comparison of KIE Values Obtained in the Reactions
of 1/H,O;, at 25°C, 2 at —40 °C, and1/m-CPBA at 25°C
and—40-°C?

kn/kp
temp,°C 1+ H,0 2 1+ m-CPBA
25 3.7+ 0.3 3.9+ 0.3
—40 6.6+ 0.5 6.4+ 0.5

a All reactions were run at least in triplicate, and the data reported
represent the average of these reacti®ieaction conditions were the
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hydroxylations by2, we observed high alcohol to ketone ratios
and stereospecific hydroxylations c- andtrans-1,2-dimeth-
ylcyclohexane, as observed in the catalytighireactions. The
KIE value for the cyclohexanol formation t&was determined
to be 6.6+ 0.5 at—40 °C (Table 2).

We then focused our efforts on characterizing the nature of
the reactive intermediate responsible for the hydroxylation of
alkanes byl/H,0,. We first performed isotopically labeled
water, H180, experiments, since it has been shown previously
that high-valent iron oxo porphyrin complexes exchange oxygen
atoms with H180, resulting in the incorporation dfO into
oxygenated product8.When the hydroxylation of cyclohexane
by H,O, was performed in the presence of #D 1% we observed
40% 180-incorporation from the labeled ;MO (95% 180
enriched) into the cyclohexanol product (eq 2), suggesting that
a high-valent iron oxo intermediate is generated as a reactive
species responsible for the cyclohexane hydroxylafi¢turther

Fe(TF,TMAP)5+/H,160,

cyclohexanof?0

cyclohexane
40%"0 from H,'®0

)

in the presence of
H180 in CH;CN

supporting evidence for the intermediacy 2in the 1/H,0,
reaction comes from the results of reactivity studies such as
kinetic isotope effectsk(y/kp)'® and competitive hydroxylations.
Since the reactions wit@ and 1/H,O, were run at different
temperatures (i.e40 °C for 2 and 25°C for YH;0,), we
considered temperature effect on the activation-eHbonds!3

We therefore conducted the reactivity studies viitm-CPBA
(m-chloroperoxybenzoic acid) at40 and 25°C, for compari-

same as described in the Experimental Section (for the reaction of son. The KIE values determined wigrand /m-CPBA at—40

Fe'' (TR, TMAP)S* + H,0,) except that a 1:5 mixture of cyclohexane
(0.3 mmol) and cyclohexangy (1.5 mmol) was used to improve the

°C were 6.6+ 0.5 and 6.4+ 0.5, respectively, and those

accuracy for measuring the amount of the deuterated cyclohexanolObtained froml/H,O, and1/m-CPBA at 25°C were 3.7+ 0.3

product.¢ Reaction conditions were the same as described in the
Experimental Section (for the [(BFMAP)*FeV=0]>" reaction) except
that a mixture of cyclohexane (0.03 mmol) and cyclohexdn€0.15
mmol) was used?! Reaction conditionsm-CPBA (7.5x 103 mmol,
diluted in a solvent mixture (0.02 mL) of GBN/CH.Cl, (1:1)) was
added to a solution containing Fe@E@MAP)(CRSQOy)s (5 x 1074
mmol) and substrates (1:5 mixture of cyclohexane (0.08 mmol) and
cyclohexaned:, (0.4 mmol)) in a solvent mixture (1 mL) of GEN/
CH.CI; (1:1). The reaction mixture was stirred for 40 min, and PPh
was added to quench the reaction prior to the product analysis.

formation by 1/H,0, was determined to be 3% 0.3 (Table
2),22indicating that the &H bond activation is involved in the
rate-determining step. All of the resultd* presented above

clearly demonstrate that the reactive intermediate generated in

the reaction ofl/H,0O; is distinct from those found in typical
radical-type of oxidation reactions (i.e., alkane hydroxylation
by hydroxyl radical)2

We also attempted the hydroxylation of alkanes by the high-
valent iron(IV) oxo porphyrin cation radical complex af
Surprisingly, we found that the iron oxo porphyrin complex
[(TF,TMAP)HFdV=01°", 2, is able to hydroxylate alkanes with
high product yields at—40 °C (Table 1). In the alkane

(12) KIE values reported for alkane hydroxylations by hydroxyl radical
are in the range-12: Buxton, G. V.; Greenstock, C. L.; Helman, W.
P.; Ross, A. BJ. Phys. Chem. Ref. Dat988 17, 513-886.

(13) (a) Sorokin, A.; Robert, A.; Meunier, B.. Am. Chem. Sod 993
115 7293-7299. (b) Sorokin, A. B.; Khenkin, A. MJ. Chem. Soc.,
Chem. Commuril99Q 45—-46.

(14) Additional supporting evidence that the oxygenating intermediate
generated in the reaction &fH,O, was not the hydroxyl radical was
obtained from the olefin epoxidation reactions, in which epoxides were
formed predominantly with trace amounts of allylic oxidation prod-
ucts: Lee, Y. J.; Goh, Y. M.; Han, S.-Y.; Kim, C.; Nam, \@hem.
Lett 1998 837-838.

and 3.9+ 0.3, respectively (Table 2). In the competitive
hydroxylations performed witkis- andtrans1,2-dimethylcy-
clohexane, the ratios @fs- to trans-1,2-dimethylcyclohexanol
products were determined to be 20 in the reactiong ahd
1Ym-CPBA at—40 °C and 10 in the reactions diH,O, and
1/m-CPBA at 25°C (Table 3)7 Since the reactions df/m-
CPBA at—40 and 25°C afford the formation o,'8 the results

(15) (a) Bernadou, J.; Meunier, B Chem. Soc., Chem. Commud®998
2167-2173. (b) Groves, J. T.; Lee, J.; Marla, SJSAm. Chem. Soc
1997 119 6269-6273. (c) Lee, K. A.; Nam, WJ. Am. Chem. Soc.
1997 119 1916-1922. (d) Balahura, R. J.; Sorokin, A.; Bernadou,
J.; Meunier, Blnorg. Chem1997, 36, 3488-3492. (e) Bernadou, J.;
Fabiano, A.-S.; Robert, A.; Meunier, B. Am. Chem. S04994 116,
9375-9376.

Reaction conditions: Hydrogen peroxide (0.021 mmol, diluted in 0.3

mL of CH3CN) was divided into three aliquots. An aliquot £710°2

mmol of H,O, in 0.1 mL of CH;CN) was slowly added over a period

of 20 min to a stirred CECN (0.9 mL) solution containing Fe(TF

TMAP)>* (6.7 x 10~4 mmol), cyclohexane (0.67 mmol), and¥0

(80uL, 3.6 mmol, 95%480 enriched). The reaction mixture was stirred

for 5 min at room temperature. Subsequently, the second aliquot was

added over a period of 20 min and stirred for 5 min followed by
addition of the third aliquot. Total reaction time was 75 min.

Cyclohexanol (22% based on the® added) was the predominant

product with a small amount of cyclohexanone formation (1.3%). See

footnote 10 for the analysis of th#O and 80 compositions in
cyclohexanol.

(17) It has also been observed tluig-1,2-dimethylcyclohexane is more
reactive thantrans-1,2-dimethylcyclohexane in dioxirane-mediated
hydroxylation reactions: Mello, R.; Fiorentino, M.; Fusco, C.; Curci,
R.J. Am. Chem. Sod989 111, 6749-6757.

(18) We have shown in the text that the reactiorLoi-CPBA at—40°C
affords the formation of. We also found that significant amounts of
180 were incorporated into the cyclohexanol product when the
hydroxylations of cyclohexane blym-CPBA were carried out in the
presence of K80 at—40 and 25°C, indicating tha® is generated as
a hydroxylating intermediate in the reactions B-CPBA at the
temperatures (data not shown).

(16)
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Table 3. Product Ratios Determined in the Competitive
Hydroxylation Reactions Performed wittiH.O, at 25°C, 2 at —40
°C, andl/m-CPBA at 25°C and—40 °C?

ratio of cis- to trans-1,2-dimethylcyclohexanol

temp,°C 1+ H,OP 2° 1+ m-CPBA
25 10+ 1 10+ 1
—40 20+ 2 21+ 2

a All reactions were run at least in triplicate, and the data reported
represent the average of these reacti®ieaction conditions were the
same as described in the Experimental Section (for the reaction of
Fe'(TR, TMAP)>* + H,0O;) except that a 1:7 mixture ofis-1,2-
dimethylcyclohexane (0.3 mmol) arichns-1,2-dimethylcyclohexane
(2.1 mmol) was used to improve the accuracy for measuring the amount
of the trans-1,2-dimethylcyclohexanol productReaction conditions
were the same as described in the Experimental Section (for the
[(TF,TMAP)*FeV=0]°" reaction) except that a 1:7 mixture ois-
1,2-dimethylcyclohexane (0.03 mmol) arnchns1,2-dimethylcyclo-
hexane (0.21 mmol) was usetReaction conditionsm-CPBA (2.4
x 1072 mmol, diluted in 20uL of CH;CN) was added to a solution
containing Fe(TETMAP)(CRSOs)s (2.0 x 1073 mmol) and substrates
(2:7 mixture ofcis-1,2-dimethylcyclohexane (0.03 mmol) at@dns
1,2-dimethylcyclohexane (0.21 mmol)) in a solvent mixture o,CN
(0.6 mL) and CHCI; (0.1 mL). The reaction mixture was stirred for
30 min, and PPfwas added to quench the reaction prior to the product
analysis.

of the reactivity studies, after considering the temperature effect,
strongly support the conclusion that the reactionldf,O,
generate® as a hydroxylating intermediat&2°

In summary, we have shown that a synthetic iron(lll)
porphyrin complex containing highly electron-withdrawing
substituents on the porphyrin ligand is able to conduct biomi-
metic alkane hydroxylations with a biologically important
oxidant (i.e., HO2)?! and that its high-valent iron(IV) oxo
porphyrin intermediate, prepared in situ by the reaction of the
iron porphyrin complex withm-CPBA at low temperature,
activates C-H bonds of aliphatic hydrocarbons to give alcohol
products efficiently. The latter complex will provide a great
opportunity to elucidate the detailed mechanisms of oxygen atom
transfer from high-valent iron oxo porphyrin intermediates to
alkanes (e.g., oxygen rebound, nonsynchronous concerted, o
“agostic” substrate catalyst complex mechanisi#).

Experimental Section

Materials. Acetonitrile (anhydrous) was obtained from Aldrich
Chemical Co. and used without further purification. All chemicals

(19) Heme-containing enzymes react witbQd to form high-valent iron-
(IV) oxo porphyrin cation radical species, called compound I: Ozaki,
S.-l.; Matsui, T.; Watanabe, YJ. Am. Chem. S0d 997, 119 6666—
6667 and references therein.

(20) Iron(lll) hydroperoxide porphyrins, (Porpyfe-OOH, have also been
proposed as a potent hydroxylating intermediate: (a) Bach, R.
Mintcheva, |.; Estevez, C. M.; Schlegel, H. B.Am. Chem. So2995
117,10121-10122. (b) Pratt, J. M.; lan Ridd, T.; King, L. J. Chem.
Soc, Chem. Commuril995 22972298

(21) Very recently, Que et al. reported elegant results of stereospecific
hydroxylation reactions with yD, catalyzed by a non-porphyrin iron
complex: Kim, C.; Chen, K.; Kim, J.; Que, L., J. Am. Chem. Soc
1997 119 5964-5965.

(22) (a) Groves, J. TJ. Chem. Educl985 62, 928-931. (b) Choi, S.-Y.;
Eaton, P. E.; Hollenberg, P. F.; Liu, K. E.; Lippard, S. J.; Newcomb,
M.; Putt, D. A.; Upadhyaya, S. P.; Xiong, ¥. Am. Chem. So4996
118 6547-6555. (c) Collman, J. P.; Chien, A. S.; Eberspacher, T.
A.; Brauman, J. I.J. Am. Chem. Sod 998 120, 425-426.

D;

Notes

obtained from Aldrich Chemical Co. were of the best available purity
and were used without further purification unless otherwise indicated.
H,'0 (95%%0 enrichment) and+CPBA (65%) were purchased from
Aldrich. H,O, (30% aqueous) was purchased from Fluka. Fe(TF
TMAP)(CRSGs)s® was obtained from Mid-Century Chemicals.

Instrumentation. Product analyses were performed on either a
Hewlett-Packard 5890 Il Plus gas chromatograph interfaced with a
Hewlett-Packard Model 5989B mass spectrometer or a Donam Systems
6200 gas chromatograph equipped with a FID detector—\d¥ spectra
were recorded on a Hewlett-Packard 8453 spectrophotometer equipped
with anOptosta®™ variable-temperature liquid-nitrogen cryostat (Oxford
Instruments). ESR spectra were obtained on a Bruker ESP-300
spectrometer.

Catalytic Hydroxylation of Alkanes by Fe(TF,TMAP)5" and
H,O.. In order to avoid the fast reaction of [(TAMAP)™*FeV=Q]>"
with H,O, that leads to the inhibition of hydroxylation of alkarfég?
we added HO, extremely slowly to increase the yields of products.
H.0; (0.084 mmol, 30% aqueous, diluted in 1 mL of €IHN) was
divided into four aliquots. An aliquot (0.021 mmol of,8; in 0.25
mL of CH3;CN) was slowly added over a period of 10 min to a stirred
CHsCN (2.7 mL, containing 0.1 mL of CHCl,) solution containing
Fe(TRTMAP)(CFSO;)s (2.0 x 102 mmol) and substrate (2.1 mmol),
and the reaction mixture was stirred for 5 min at room temperature.
Subsequently, the second aliquot was added over a period of 10 min
and stirred for 5 min followed by addition of the third and the fourth
aliquots. Total reaction time was 1 h. The reaction mixture was analyzed
by GC or GC/MS with known authentic samples.

Stoichiometric Hydroxylation of Alkanes by [(TFsTMAP) *FeV=
O]°*. The reaction of Fe(TAMAP)>" with 1.2 equiv ofm-CPBA in
CHsCN at—40°C gave the formation of a green intermediate. AYV
vis spectrum of the intermediate showed a Soret band at 389 nm with
decreased intensity and broad absorption bands around7a&0nm
(Amax = 652 nm) (Supporting Information, Figure S1), characteristic
of porphyrin cation radical complexésThe green intermediate showed
no strong EPR signals at 10 K in frozen acetonitrile solution. Substrate
(0.2 mmol, dissolved in a solvent mixture (0.2 mL) of €EN/CH,Cl,
(1:1)) was added to a solution containing [(TMAP)FeV=0]°",
which was prepared by reacting Fe(TMAP)>" (2 x 103 mmol)
with mCPBA (2.4 x 1073 mmol) in CHCN (0.5 mL) at—40 °C.
After the reaction solution was stirred for 10 min -ad0 °C, PPh
IZO.Ol mmol diluted in 0.1 mL of CkCl,) was added to quench the
reaction followed by analysis of the resulting solution with GC or GC/
MS.
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