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Abstract: We have obtained evidence that acylperoxo-iron(lll) porphyrin compléaese involved as reactive
hydroxylating intermediates in the hydroxylation of alkanesrbghloroperoxybenzoic aciadr¢CPBA) catalyzed

by electron-deficient iron(lll) porphyrin complexes containing chloride as an anionic axial ligand in a solvent
mixture of CHCl, and CHCN at—40 °C. In addition to the intermediacy d#, oxoiron(IV) porphyrin cation

radical complexe® are formed as the reactive hydroxylating intermediates in the alkane hydroxylations by
m-CPBA catalyzed by the iron(lll) porphyrin complexes containing triflate £4885~) as an anionic axial

ligand under the same reaction conditions. In line with the recent proposal by Newcomb, Coon, Vaz, and
co-workers for cytochrome P-450 reactions, these results suggest that two distinct electrophilic oxidants such
aslaand?2 effect the alkane hydroxylations in iron porphyrin models, depending on the reaction conditions
such as the nature of the anionic axial ligands of iron(lll) porphyrin complexes.

Introduction

Elucidation of the structure of reactive intermediates respon-
sible for oxygen atom transfer in the catalytic hydroxylation of
alkanes by cytochrome P-450 enzymes and their iron(lll)
porphyrin models has been the continuing interest in biological
and bioinorganic chemistd? It has been generally believed
for a long time that oxoiron(IV) porphyrin cation radical
intermediate? are the sole reactive species capable of activating
the energetically difficult GH bonds of alkanes (Schemel).
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Considerable indirect evidence for the intermediacg of the
catalytic hydroxylation of alkanes by iron porphyrin complexes
has been reportedAlso, several oxoiron(lV) porphyrin cation
radical complexes generated at low temperature were directly
used in the reactivity studies of alkane hydroxylation reactfons.
In addition to the intermediacy d, it has been proposed
recently that hydroperoxo-iron(lll) porphyrin intermediates
are able to hydroxylate alkanes prior to the formation2of
(Scheme 1¥:5 Notably, Newcomb, Coon, Vaz, and co-workers
reported elegant results consistent with the involvement of two
distinct electrophilic oxidants such agor iron(lll)-hydrogen
peroxide (F# -H,O,) intermediate) an@ in the hydroxylation
of alkanes by cytochrome P-450 enzymes and their mutants
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lacking threonine in the active siteln addition, Lippard,
Newcomb, and co-workers recently provided compelling evi-
dence that a hydroperoxo-iron(lll) species is a plausible hy-
droxylating intermediate in methane monooxygenase enzymes
as well? In iron porphyrin models, although a number of reports
appeared recently thatis a viable reactive species capable of
oxygenating easily oxidized substrates such as oléfinbas

not been shown clearly thatis able to activate the €H bonds

of alkanes to give alcohol products in iron porphyrin-catalyzed
hydroxylation of alkane8.In the present study, we report
evidence for the first time that acylperoxo-iron(lll) porphyrin
complexes [(Porp)P&-O0OC(O)R,14] hydroxylate alkanes to
yield the corresponding alcohols in iron(lll) porphyrin-catalyzed
hydroxylation of alkanes byn-chloroperoxybenzoic acidrt
CPBA) at low temperature. We also show in this study that, as
Newcomb, Coon, Vaz, and co-workers have proposed in
cytochrome P-450 reactions, two distinct electrophilic oxidants
such asla and 2 are involved as reactive hydroxylating
intermediates in iron porphyrin-catalyzed hydroxylation of
alkanes.

Results and Discussion

We have shown recently that the reactions of electron-
deficient iron(lll) porphyrin complexes containing chloride as
an anionic axial ligand such as Fe(TPFPP)CI (TPEPRese
tetrakis(pentafluorophenyl)porphinato dianion) and Fe(TDFPP)-
Cl (TDFPP= mesaetetrakis(2,6-difluorophenyl)porphinato di-
anion) with m-CPBA gave the formation of oxoiron(IV)
porphyrin complexes3 in a solvent mixture of CkCl, and
CHsCN at —40 °C [Scheme 2, pathway A; see Figure 1A for
the UV—vis spectral change upon the additionne{CPBA to
a reaction solution containing Fe(TPFPP)®IT.he oxoiron(IV)
porphyrin complexes such as (TPFPPYEeO and (TDFPP)-
FeV=0 were found to be incapable of hydroxylating alkanes
at the reaction temperature (Scheme 2, pathwa¥*B)These
results indicate that we would not expect to observe the
formation of alcohol products in the hydroxylation of alkanes
by the electron-deficient iron(lll) porphyrin complexes contain-
ing chloride as an axial ligand amd-CPBA, since3 is formed
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Figure 1. UV-vis spectral changes upon the additionne{CPBA to

a reaction solution containing Fe(TPFPP)CI in the absence and presence
of cyclohexane. (Am-CPBA (1.5 x 1074 mmol, diluted in 50uL of
CHsCN) was added to a 0.1-cm UV cell containing Fe(TPFPP)CI (5

x 1075 mmol,—) in a solvent mixture (0.5 mL) of CCl, and CHCN

(1:1) at—40 °C. The completion of the formation of (TPFPP)=eO

(= — =) took 10 min. Inset: UV-vis spectra of Fe(TPFPP)CH)

and (TPFPP)Ré=0 (— — —) taken in the reaction of Fe(TPFPP)CI

(5 x 107* mmol) with 3 equiv ofm-CPBA (1.5 x 10~* mmol). (B)

The reaction procedures were the same as described in (A) except that
cyclohexane (0.3 mmol) was present in the reaction solution.

in the m-CPBA reactions and this intermediate is not able to
hydroxylate alkanes. However, it has been often reported
previously that the Fe(TPFPP)CI complex is an effective catalyst
in the hydroxylation of alkanes by peracids in aprotic solvent,
giving high yields of alcohol products. Therefore, we were
curious about how the alcohol products are produced in the
hydroxylation of alkanes by the iron(lll) porphyrin complex and
m-CPBA. We therefore carried out tlie CPBA reactions with
Fe(Porp)Cl complexes in the presence of cyclohexane under
the identical reaction conditions described above. Interestingly,
we observed a complete inhibition of the formation3fsee
Figure 1B for the U\+vis spectral change upon the addition
of m-CPBA to a reaction solution containing Fe(TPFPP)Cl and
cyclohexane) with a high yield of cyclohexanol formation
(~70% based om-CPBA added). This result suggests that a
reactive species different fro® was generated as a hydrox-
ylating intermediate in the reactions of the iron porphyrin
complexes andn-CPBA.

More interestingly, the formation @ and the amounts of
cyclohexanol formed in the+CPBA reactions were found to
depend on the concentration of cyclohexane present in the
reaction solutions. As the concentration of the alkane increased,
the formation of3 decreased, while the yield of cyclohexanol
product increased (Figure 2). In addition to the concentration
effect, the amounts o8 and alcohol products formed in the
m-CPBA reactions were found to depend on theHC bond
strength of alkanes. When the-El bond strength of alkanes
was weak (e.ggis-1,2-dimethylcyclohexane), the formation of
3 was not detected but a high yield of alcohol formation was
observed (Table 1 and Figure 3). As the-@ bond strength of
alkanes became stronger (e.g., cyclohex@nk-the formation
of 3was detected with a lower yield of alcohol formation (Table

(13) Lim, M. H.; Lee, Y. J.; Goh, Y. M.; Nam, W.; Kim, @Bull. Chem.
Soc. Jpn1999 72, 707713 and references therein.
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Table 1. Dependence of the Yields of Oxygenated Products and the Formation of Interni@diatihe C-H Bond Energy of Alkanes in the
Hydroxylation of Various Alkanes by Fe(TDFPP)CIl amdCPBA

yields (%) formation (%) C—H bond energy
substrate products of productg© of 3p¢ (kcal/moly
cis—1,2-dimethyl-cyclohexane cis—1,2-dimethyl-cyclohexanol 724 0 ~96
trans—1,2-dimethyl-cyclohexanol 0
2,3- and 3,4-dimethyl-cyclohexanol 51
cyclohexane cyclohexanol w4 4+2 99.3
cycloohexanone 21
cyclohexaned:, cyclohexanold;, 40+ 3 50+ 3 100.6

2 See Experimental Section for detailed experimental procedures of hydroxylation readteesfootnote in Figure 3 for detailed experimental
procedures of UVvis spectroscopic studiesBased orm-CPBA addedd? See Table 5 in ref 4.
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Figure 2. Concentration effect of alkane on the formation3énd Scheme 4
alcohol product in the reaction of Fe(TDFPP)CI aneCPBA. Reaction R R
conditions: m-CPBA (6 x 1074 mmol, diluted in 50uL of CH;CN) & H \\:C—OH
was added to a 0.1-cm UV cell containing Fe(TDFPP)CIx(8.0~4 —Fe'—por R RH
mmol) and various amounts of cyclohexane in a solvent mixture (0.5 )-? P heterolysis T, . "
mL) of CH,Cl, and CHCN (1:1) at—40 °C. Spectral changes were : A _';e —Porp —Fe"—Porp
directly monitored by UV~vis spectroscopy, and the percent yields of m-CPBA (X = GF4505) ] X
= 39V3

cyclohexanol (based an-CPBA added) were determined by analyzing
the reaction solutions with GC.
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Figure 3. Effect of C—H bond strength of alkanes on the formation
of 3 and alcohol products in the reactions of Fe(TDFPP)CI and
m-CPBA. Reaction conditionsm-CPBA (6 x 10~* mmol, diluted in

50 uL of CH3CN) was added to a 0.1-cm UV cell containing
Fe(TDFPP)CI (5x 10~4 mmol) and alkanes (0.3 mmol) in a solvent
mixture (0.5 mL) of CHCI, and CHCN (1:1) at—40 °C. Spectral
changes were directly monitored by UVis spectroscopy, and the
percent yields of products in Table 1 were determined by analyzing
the reaction solutions with GC.

CH3CN at—40°C (Scheme 4, pathway A). When the identical
reactions were performed in the presence of cyclohexane, we
found that the formation a was not inhibited by the presence
of the alkane (Figure 4). This result is different from that
observed in the reactions of Fe(Porp)Cl withCPBA, in which
the formation of3 was inhibited by the presence of cyclohexane
(vide supra). Althougt2 was relatively stable in the absence of
cyclohexane at the reaction temperatutg; & ~5 min), 2
disappeared faster in the presence of the alkane (Figuse 4,
= ~0.7 min). GC analysis of the resulting solutions revealed
that good amounts of cyclohexanol were yielded (% based
onm-CPBA used). On the basis of the results presented above,
we conclude tha? is formed as a hydroxylating intermediate
in the hydroxylation of alkanes by Fe(Porp)#S©s) complexes
and mCPBA in a solvent mixture of CyCl, and CHCN at
—40 °C (Scheme 4).

To gain further evidence thdta and 2 were generated as
reactive hydroxylating intermediates in the reactionsy@@PBA
with the Fe(Porp)Cl and Fe(Porp)(630;) complexes, respec-

1 and Figure 3). On the basis of the results that the formation tively, we carried out isotopically labeled water,'fO, experi-

of 3 depends on the concentration ang & bond strength of
alkanes, we conclude that the formatior3a$ inhibited by the
competitive reaction of an intermediate with alkanes. Sitece

ment$1® in the hydroxyation of cyclohexane by-CPBA

(14) We rule out a possibility that the hydroxylation reactions proceed
via free radical mechanism with the following observations. The alkane

is presumed to be the sole intermediate present in the course ohydroxylations were highly stereospecific, in which the hydroxylation of

the formation of3 via O—O bond homolysis (Scheme 3,
pathway A), we suggest thdta is the reactive species that
effects the hydroxylation of alkanes by Fe(Porp)Cl an@PBA
in a solvent mixture of CkCl, and CHCN at—40°C (Scheme
3, pathway B):4

We then studied the+CPBA reactions with iron(lll) por-
phyrin complexes containing triflate (g&O;~) as an anionic
axial ligand. As we have observed previou¥ly? was formed
in the reactions ofm-CPBA with Fe(TPFPP)(GISGs) and
Fe(TDFPP)(CESOs) in a solvent mixture of ChkCl, and

cis-1,2-dimethylcyclohexane affordeis-1,2-dimethylcyclohexanol with no
formation oftrans-1,2-dimethylcyclohexanol (Table 1) and the hydroxylation
of trans1,2-dimethylcyclohexane gave&ans1,2-dimethylcyclohexanol
(12%) and 2,3- and 3,4-dimethylcyclohexanol (44%). No formatiocisf
1,2-dimethylcyclohexanol was detected in the latter reaction. Another
evidence that supports ruling out the involvement of radical chemistry is
the high alcohol-to-ketone ratio obtained in the hydroxylation of cyclohexane
performed in air (Table 1), since hydroxylation of alkanes via free radical
pathways usually affords equal amounts of alcohol and ketone products:
(a) Sheldon, R. A.; Kochi, J. KMetal-Catalyzed Oxidations of Organic
CompoundsAcademic Press: New York, 1981. (b) MacFaul, P. A.; Ingold,
K. U.; Wayner, D. D. M.; Que, L., Jd. Am. Chem. S0&997, 119, 10594~
10598.
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Figure 4. UV-vis spectral changes upon the additionnefCPBA to

a reaction solution containing Fe(TDFPP)¢SRE;) and cyclohexane.
m-CPBA (6 x 10~4 mmol, diluted in 50uL of CH3;CN) was added to
a 0.1-cm UV cell containing Fe(TDFPP)(€30;) (5 x 1074 mmol)
and cyclohexane (0.3 mmol) in a solvent mixture (0.5 mL) of,Chl
and CHCN (1:1) at—40 °C. The completion of the reaction took 4
min.

Table 2. Percentages 0fO Incorporated from K80 into
Cyclohexanol Produgp

180 (%) in  vyield (%) of

entry reactions cyclohexanol cyclohexandl
1 (TPFPPy'FeV=0 31+3 43+5
2 Fe(TPFPP)(CSG;) + mCPBA 33+ 3 32+4
3 Fe(TPFPP)CH mCPBA 4+1 65+ 5
4  Fe(TPFPP)OH- m-CPBA¢ 2+1 42+5

@ See Experimental Section for detailed experimental procedures.
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of 1la If the oxidizing power oflais high enough to activate
the C-H bonds of alkanes and the lifetime Td is long enough
to transfer its oxygen to alkanes prior to the-O bond cleavage
of 1a, thenlabecomes the hydroxylating intermediate (Scheme
5, pathway B). If the oxidizing power dfais weak and/or the
lifetime of 1a is short,1a cannot effect the hydroxylation of
alkanes. In this case, €0 bond cleavage ofa takes place
and 2 becomes the reactive species (Scheme 5, pathway A).
Detailed studies to understand the effect of the anionic axial
ligands on the reactivities dfa and?2 are actively in progress
in this laboratory:8:1°

In conclusion, we have obtained evidence that an acylperoxo-
iron(lll) porphyrin complex is a viable reactive intermediate

b All reactions were run at least in triplicate, and the data reported Capable of activating the energetically difficult-€i bonds of

represent the average of these reactiéBased on the amounts of
m-CPBA used® The reaction of Fe(TPFPP)OH with-CPBA affords
the formation of (TPFPP)Ie=0 under the reaction conditio®.

alkanes to yield the corresponding alcohol products in iron
porphyrin-catalyzed hydroxylation of alkanesiwCPBA. We
also proposed that botha and 2 are involved as reactive

catalyzed by Fe(TPFPP)X complexes. For comparison, the intermediates in alkane hydroxylation reactions, depending on

labeled water experiment was performed with an in situ
generated oxoiron(lV) porphyrin cation radical complex
[(TPFPP)j*FeV=0Q] as well*1® As the results are shown in
Table 2, thé®0O percentages in the cyclohexanol product formed
in the hydroxylation of cyclohexane by Fe(TPFPP){E6:s)
andm-CPBA and by the in situ generated [(TPFPFEY=0]
complex were similar (entries 1 and 2), demonstrating ¢hat
was formed as a hydroxylating intermediate in the catalytic
hydroxylation of cyclohexane by Fe(TPFPP){SB;) and
m-CPBA. Also, the observation that only a trace amourtof
was incorporated from $#0 into the cyclohexanol product
formed in the hydroxylation of cyclohexane bywCPBA
catalyzed by Fe(TPFPP)CI and Fe(TPFPP)OEbmplexes

the reaction conditions such as the nature of the anionic axial
ligands bound to iron(lll) porphyrin complexes. The observation
that two different electrophilic oxidants effect the hydroxylation
of alkanes in iron porphyrin models is relevant to the recent
proposal of Newcomb, Coon, Vaz, and co-workers for cyto-
chrome P-450 reactiortszinally, we are currently investigating
the following questions: (1) how is the oxygen atom of (Porp)-
Fe"—OOR inserted into the €H bond of alkane$?-2° and

(2) what are the reactivity differences between oxoiron(lV)
porphyrin cation radical and oxidant-iron(lll) porphyrin inter-
mediates?

Experimental Section

(Table 2, entries 3 and 4) leads us to conclude that the reactive Materials. Dichloromethane (anhydrous) and acetonitrile (anhy-

species generated in this reaction should &esincelacannot

drous) were obtained from Aldrich Chemical Co. and purified by

exchange its oxygen with labeled water in the course of the distillation over CaH prior to use. All reagents purchased from Aldrich

oxygen atom transfer frorha to alkanes$

Then, how are two distinct hydroxylating intermediates such
aslaand?2 formed depending on the anionic axial ligands of
the iron(lll) porphyrin complexes? At this moment, we presume
that the axial ligands may affect the oxidizing power and lifetime

(15) (a) Bernadou, J.; Meunier, Bhem. Commurl998 21672173
and references therein. (b) Lee, K. A.; Nam, WAm. Chem. S0d 997,
119 1916-1922. (c) Groves, J. T.; Lee, J.; Marla, SJSAm. Chem. Soc
1997 119 6269-6273. (d) Bernadou, J.; Fabiano, A.-S.; Robert, A,;
Meunier B.J. Am. Chem. Sod 994 116, 9375-9376.

(16) Fujii, H. Chem. Lett1994 1491-1494.

(17) A reviewer suggested to investigate tf@-labeled water experiment
with Fe(TPFPP)OH, since a small amount&-incorporation from K0
into cyclohexanol observed in Fe(TPFPP)Cl-catalyzed hydroxylation of
cyclohexane byn-CPBA might be the result of the absence of a hydroxo
ligand trans to the iroroxo group (i.e., “redox tautomerism*jd The result
of only a trace amount dfO-incorporation into the cyclohexanol product

Chemical Co. were the best available purity and used without further
purification unless otherwise indicatedx+CPBA purchased from
Aldrich Chemical Co. was purified by washing with phosphate buffer
(pH 7.4) followed by water and then dried under reduced pressure. All
iron(ll) porphyrin complexes were obtained from Mid-Century Chemi-
cals and used without further purification.

Instrumentation. UV —vis spectra were recorded on a Hewlett-
Packard 8453 spectrophotometer equipped WigtostabN variable-
temperature liquid-nitrogen cryostat (Oxford Instruments). Product
analyses for alkane hydroxylation reactions were performed on either

(18) (a) Gross, Z.; Nimri, Slnorg. Chem 1994 33, 1731-1732. (b)
Gross, ZJ. Biol. Inorg. Chem1996 1, 368-371. (c) Czarnecki, K.; Nimri,
S.; Gross, Z.; Proniewicz, L. M.; Kincaid, J. B. Am. Chem. S0d.996
118 2929-2935.

(19) (a) Selke, M.; Valentine, J. 3. Am. Chem. S04998 120, 2652-
2653. (b) Urano, Y.; Higuchi, T.; Hirobe, M.; Nagano, J. Am. Chem.
Soc 1997 119 12008-12009. (c) Yamaguchi, K.; Watanabe, Y.; Mor-

obtained in the Fe(TPFPP)OH reaction (Table 2, entry 4) suggests that theishima, 1.J. Am. Chem. Sod 993 115 4058-4065.

small amount oft®0-incorporation observed in the Fe(TPFPP)CI reaction

(20) (a) Harris, N.; Cohen, S.; Filatov, M.; Ogliaro, F.; ShaikA8gew.

was not due to the axial ligand effect on the oxygen exchange between anChem., Int. Ed200Q 39, 2003-2007. (b) Groves, J. TJ. Chem. Educ

iron—oxo and labeled water.

1985 62, 928-931.
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a Hewlett-Packard 5890 Il Plus gas chromatograph interfaced with cyclohexane (0.15 mmol) and,HO (5uL, 95% 80 enriched, Aldrich
Hewlett-Packard model 5989B mass spectrometer or a Donam SystemsChemical Co.) in a solvent mixture (0.2 mL) of @El, and CHCN
6200 gas chromatograph equipped with a FID detector using 30-m (1:2) was added to a reaction solution containing (TPFEfY=0,
capillary column (Hewlett-Packard, HP-1 and HP-5). which was prepared by reacting Fe(TPFPPY&®;) (2 x 10-3 mmol)
Reaction Conditions. Since the hydroxylation reactions were not  wjth 3 equiv of m-CPBA in a solvent mixture (0.5 mL) of C}&l, and

affected by molecular oxygen, all of the reactions presented in this cH,cN (1:6) at—40 °C. The reaction mixture was stirred for 30 min
study were performed in aim-CPBA (1.2 x 10~ mmol, diluted in at —40 °C and then directly analyzed by GC/MS.

20 uL of CH3CN) was added to a reaction solution containing an ) )
iron(lll) porphyrin complex (1x 10-2 mmol) and alkane (0.3 mmol) Catalytic hydroxylation of cyclohexane by Fe(TPFPP)X and
in a solvent mixture (0.5 mL) of C#€l, and CHCN (1:1) at—40 °C. CPBA in the presence of O was conducted as followsn-CPBA
The reaction mixture was stirred for 30 min-a40 °C, and then PRh (6 x 107 mmol, diluted in 2QuL of CHzCN) was added to the reaction
(2.4 x 102 mmol, diluted in 0.1 mL of CHCl,) was added to quench  solutions containing Fe(TPFPP)X 10* mmol), cyclohexane (0.15
the reaction. The resulting solution was directly analyzed by GC and mmol), and H'#0O (5 uL, 95% *#0 enriched) in a solvent mixture (0.5
GC/MS, and product yields were determined by comparison against mL) of CH,Cl, and CHCN (1:6) at—40 °C. The reaction mixtures
standard curves (decane was used as an internal standard). were stirred for 30 min at-40 °C, and then PRH0.06 mmol, diluted
UV —vis spectroscopic studies were carried out as follows: in a in 0.1 mL of CHCl,) was added to quench the reaction. The resulting
typical reaction, a reaction solution containing an iron(lll) porphyrin  solution was directly analyzed by GC/MS.
complex in a solvent mixture (0.5 mL) of GBI, and CHCN (1:1)

was cooled to-40°Cin a 0.1-cm UV cellm-CPBA (1.2 equiv, diluted Acknowledgment. Financial support for this research from
in 50 uL of CH3CN) was injected to the UV cell in one portion, and 9 : Pp

spectral changes were directly monitored byt spectroscopy (see  the Korean Research Foundation (KRF-99-042-D00068), Center
Figure captions for detailed reaction conditions). for Cell Signaling Research at Ewha Womans University, and

180-Labeled Water Experiments. The %0 and*®0O compositions the MOST through the Women'’s University Research Fund (99-
in cyclohexanol were determined by the relative abundance of massN6-01-01-A-07) is gratefully acknowledged. M.H.L. is the

peaks afm'z = 57 for 10 andm/'z = 59 for 0. recipient of Research Fellowship (Brain Korea 21 Program).
Stoichiometric hydroxylation of cyclohexane by (TPFPFEY=0

in the presence of O was performed as follows: a mixture of  JA0010554



