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Abstract: The use of synthetic iron(lll) porphyrins as models for heme-type catalysts in biomimetic
cytochrome P450 research has provided valuable information on the nature and reactivity of intermediates
produced in the “peroxide shunt” pathway. This article reports spectroscopic detection of reactive
intermediates formed in the epoxidation reaction of cis-stilbene with m-chloroperoxybenzoic acid catalyzed
by a new mimic of cytochrome P450 with a substituted RSO3~ group (1). The application of low-temperature
rapid-scan stopped-flow techniques enabled the determination of equilibrium and rate constants for the
formation and decay of all intermediates in the catalytic cycle of 1, including the rate constant for the formation
(1*")FeV=0 and for oxygen transfer to the substrate. Noteworthy, the reaction of (1*")Fe'V=0 with cis-
stilbene leads to an almost complete re-formation (95%) of the starting complex 1. The results show that
complex 1 is a valuable catalyst with promising properties for further applications in a biomimetic approach
toward mimicking oxygenation reactions of cytochrome P450.

Introduction cation radical ((Por)FeV=0, referred to as compound=
Cpdl in the catalytic cycle of heme-containing enzymes) is

Elucidation of the mechanism of reactive intermediate forma- T . . ; .
formed as a reactive intermediate in the reactions of iron(lll)

tion in oxygenation reactions catalyzed by cytochrome P450 . . ) . L
enzymes is essential to understand the chemistry of in vivo porphyrin complexes with oxidantg,direct characterization of

processes and is of continued interest in biological and bioi- (POr")Fe"=0 species has been very difficult because of their
norganic chemistry. Therefore, over the past three decadedigh reactivity in subsequent reactions.

biomimetic approaches toward mimicking the oxygenation  Recently, Woggon et al. synthesized two new enzyme mimics
reactions of these enzymes have focused on synthetic iron(lll) for cytochrome P450 in which the RSigand is replaced by
porphyrin complexes and their interaction with oxygen donors an RSQ™ group (complexe4 and?2 in Figure 1)? Substitution
such as iodosylbenzene, peroxy acids, and hydroperokides. of the S donor in P450 by an RSO group in these complexes
was clearly demonstrated that the nature and reactivity of the significantly reduces the negative charge density on the fifth
intermediates produced via a “peroxide shunt” pathway can axial ligand and remarkably tunes the redox potential df'Fe
easily be tuned by (1) the electronic and steric properties of the to that measured for the resting state of R458° Moreover,
porphyrin moiety, (2) variation of the central metal atom or gajthough coordination by the thiolate ligand was changed to
axiql ligands, (3) changing the reaction conditions (i.e., pH, the RSQ~ group, complexes and2 were shown to be valuable
protic vs aprotic solvent, temperature), and (4) the chemical p450 models with respect to electrochemistry and displayed a

nature of the oxidant used. Although it has been generally 444 reactivity toward alkene epoxidation (with a turnover
implicated in the literature that an oxdaron(IV) porphyrin

(2) (a) Nam, W.; Park, S.-E.; Lim, I. K.; Lim, M. H.; Hong, J.; Kim, J. Am.
Chem. Soc2003 125 14674. (b) Goh, Y. M.; Nam, Wlnorg. Chem
1999 38, 914. (c) Groves, J. T.; Haushalter, R. C.; Nakamura, M.; Nemo,
T. E.; Evans, B. JJ. Am. Chem. Sod 981, 103 2884. (d) Groves, J. T.;

T University of Erlangen-Ninberg.
* University of Basel.
(1) (a) McLain, J. L.; Lee, J. J.; Groves, T.Biomimetic Oxidations Catalyzed

by Transition Metal Complexe®eunier, B., Ed.; Imperial College Press:
London, 2000; pp 93169. (b) Meunier, B. IrMetalloporphyrins Catalyzed
Oxidations; Montanari, F., Casella, L., Eds.; Kluwer Academic Publish-
ers: Dordrecht, The Netherlands, 1994; pp4¥. (c) Shimada, H.; Sligar,

S. G.; Yeom, H.; Ishimura, Y. I@xygenases and Model Systefgnabiki,

T., Ed.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1997;
pp 195-221. (d) Watanabe, Y. IrfOxygenases and Model Systems;
Funabiki, T., Ed.; Kluwer Academic Publishers: Dordrecht, The Nether-
lands, 1997; pp 223282. (e) Traylor, T. G.; Traylor, P. S. ictive Oxygen

in Biochemistry;Valentine, J. S., Foote, C. S., Greenberg, A., Liebman, J.
F., Eds.; Chapman & Hall: London, 1995; pp-8487.

10.1021/ja073266f CCC: $37.00 © 2007 American Chemical Society

Watanabe, YJ. Am. Chem. S0d.988 110, 8443. (e) Gross, Z.; Nimri, S.
Inorg. Chem 1994 33, 1731.

(3) (a) Woggon, W.-D.; Leifels, T.; Sharagli, ICytochromes P450: Bio-

chemistry, Biophysics and Drug Metabolish8th International Conference
on Cytochromes P450, Prague, Czech Republic, Jurel@9 3, 2003.
(b) Meyer, D.; Woggon, W.-DChimia 2005 59, 85. (c) Woggon, W.-D.
Acc. Chem. Re005 38, 127. (d) Kozuch, S.; Leifels, T.; Meyer, D.;
Sbaragli, L.; Shaik, S.; Woggon, W.-3Bynlett2005 4, 675. (e) Sbaragli,
L.; Woggon, W.-D.Synthesi2005 9, 1538. (f) Meyer, D.; Leifels, T.;
Sbaragli, L.; Woggon, W.-DBiochem. Biophys. Res. Comm@a05 338
372.
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Figure 1. RSG;~-substituted new enzyme mimics of cytochrome P450
(complexesl and2).

number up to 1800 forl), hydrocarbon hydroxylation, N-
dealkylation, and diol cleavagéef

Herein, we report spectroscopic and kinetic information on
the formation of the reactive iron(I¥joxo porphyrin radical Figure 2. Rapid-scan spectra recorded for the formationlof)FeV=0

cation (Q**)F€V=0) during the reaction of complex with in the reaction ofL with m-CPBA. Experimental conditions:1] = 4.3 x
m-chloroperoxybenzoic acidftCPBA) in acetonitrile and direct 1075 M, [m-CPBA] = 5.4 x 10% M in acetonitrile at—35 °C.

measurement of the rate constants for the epoxidatiorisef
stlll_)ene by the defll analogug. The usel of Ir?w-temﬁ)erature’ Time-resolved UV-vis spectra were recorded with a Hi-Tech SF-3L
rapid-scan, stopped-flow techniques revealed the complete UV low-temperature stopped-flow unit (Hi-Tech Scientific) equipped with

yis Spect.ral changes rglated to the formatiqn and decay of the, j¢m TIDAS 16/300-1100 diode array spectrophotometer (J&M). The
intermediates involved in the oxygen activation cycle catalyzed optical cell had a light path of 1.0 cm and was connected to the

T T T T T T T T T T T T T
400 450 500 550 600 650 700
Wavelength, nm

Low-Temperature Stopped-Flow Instrument and Software.

by complexl. spectrophotometer unit with flexible light guides. Five-milliliter driving
) ) syringes were used. The mixing chamber was immersed in an ethanol
Experimental Section bath that was placed in a Dewar flask containing liquid nitrogen. The
ethanol bath was cooled by liquid nitrogen evaporation, and its

Materials. All solutions were prepared in acetonitrile (99.9% AMD .
CHROMASOLV from Sigma-Aldrich). Complexed and 2 were temper'ature was Eneasured by use of a Pt resistance thermomv_ater and
prepared as described in the literature and characterized by X-ray, Uy maintained att0.1°C by use of a PID temperature-controlled thyristor
vis, EPR, and ESI-MS spectroscobsis-Stilbene (96%) was purchased heating unit (both I—!l-Tech)_. Complete spectra were cpllected between
from Aldrich. m-Chloroperoxybenzoic acid was purchased from Acros 370 and 770 nm with the integrated J&M software Kinspec 2.30.

Organics and purified before use by recrystallization from hexane. . -OW-Temperature Spectral MeasurementsTime-resolved UV-
GC-FID Experiments. A solution of 1 (4.8 mL) in CHCN was vis spectra were recorded with a quartz glass dip-in detector (Spec-

ke . . ) ) tralytics) coupled to a J&M TIDAS 16/300-1100 diode array spectro-
cooled to 35 ¢ (acgtone/dry ice bath) in a dry 10-mL two-necked photometer (J&M). The optical dip-in detector had a light path of 1.0
flask containing a stir bar and a low temperature thermometer. An

m-CPBA solution (0.1 mL) in CHCN was added and reacted with the cm and was connected to the spectrophotometer unit with flexible light
former for at least 0.5 min (changes in optical properties of the reaction guides. A 20-mL double wall reaction vessel was used and thermostated

- - - ; . (£0.1°C) by a combination of cold methanol circulation (Colora WK
solution from brownish to green were observed during this period). . .
o , 14-1 DS) and an 800 W heating unit. Complete spectra were recorded
After that, 3.5uL of cisstilbene was added, and samplesl(> mL) between 370 and 770 nm with the integrated J&M software Kinspec
were taken after an additional 1.5, 5, and 20 min. The latter were filtered 9 P

through basic alox to remove-CPBA, partially concentrated at reduced 2.30.

S . . . Kinetic Simulations. Simulations were performed with the use of
pressure, and injected into GC-FID for analysis. GC analysis was Specfit, Global Analysis System, version 3.0.38 for 32-bit Windows
performed on a Thermo Finnigan Focus GC-FID with a 15-m P ’ Y Y ’ o

Supelcowax SE-54 column (i.d. 0.25 mm). Product peaks were system.
confirmed by co-injection of the corresponding commercially available Results and Discussion

substance. The concentrations of the solutions were chosen such that . . .
in the final reaction mixture the concentrations wareGPBA] = 1.6 . Rapid §tqpped-flow mixing of with an excess o CPBA,
x 10 M, [cis-stilbene]= 4 x 102 M, and [1] = 8.6 x 10°° M. in acetonitrile at—35 °C led to spectral changes characterized

Additional experiments were performed under similar conditions, DY & much weaker Soret band at 409 nm and broad absorption
where uporcis-stilbene addition, the complete reaction was quickly bands around 575750 nm, characteristic of a (Po)F€V=0
brought to room temperature after 5 min and filtered over basic alox, specie® (Figure 2).
concentrated at reduced pressure, and injected into the GC-FID. Yields ~Kinetics of the formation ofi**(F€V)=0 was studied under
were calculated from the addition of known quantitiesiststilbene. pseudo-first-order conditions (i.e., O[m-CPBA]/[1] < 200)
Control experiments were performed by cooling 4.9 mL of a solution jn gcetonitrile at—35 °C. ks values obtained from a single-
OfLmt\iPBA II? gl—ﬁCl\ll(to _::’5 °C (acet(t)_neédry 'C‘Z batlh) mtadry 1?‘ exponential fit to the absorbance-time traces showed clear
ML two-necked flask contaning a st bar and a low temperalure gy ration at high oxidant concentrations{EPBA]/[1] > 100;
thermometercis-Stilbene (3.5:L) was added, and other samplesl(5 Figure 3). Thegse results suggest a two-step ]p[rc])cess passing

mL) were taken after 1.5, 5, and 20 min, or the complete reaction h h th | . m hvrin i diate3
volume was brought to room temperature quickly 5 min after addition through the acylperoxeiron(ill) porphyrin intermediate3,

of cis-stilbene. The so-obtained samples were filtered through basic Which subsequently formé (Cpdl) by O-O bond cleavage as
alox to removem-CPBA, partially concentrated at reduced pressure, Shown in Figure 4. The formation of such acylperexmn-

and injected into the GC-FID for analysis. The concentrations were (Ill) porphyrin intermediates has been experimentally evidenced
chosen to be the same as those in the former experiments. in the reaction of P&(TMP)(OH) (where TMP= tetramesityl

12474 J. AM. CHEM. SOC. = VOL. 129, NO. 41, 2007
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Figure 3. mCPBA concentration dependence kf,s Experimental

conditions: [I] = 3.6 x 1076 M, [m-CPBA] = (0.36-7.2) x 1074 M in
acetonitrile at—35 °C.
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Figure 4. Reaction sequence deduced from th€CPBA concentration
dependence dfops (Figure 3).
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iron porphyrin) withm-CPBA2d as well as in a very recent study

by Nocera et at.dealing withm-CPBA oxidation reactions of
ferric Hangman porphyrin complexes possessing -abake

electron-deficient porphyrins can achieve saturation kinetics in
the reactions with oxidants “earlier” than their electron-rich
analogues.

Saturation kinetics for the formation ef enabled us to
determine separately the value of the pre-equilibrium constant,
K1, ascribed to the reversible formation®{Figure 4) and the
value of the first-order constanky, ascribed to O bond
cleavage in the acylperoxoron(lll) porphyrin intermediate.

kK [m-CPBA]
Kobs =771 K,[m-CPBA]

At low oxidant concentration, & K;[m-CPBA] andkyps =
koK [m-CPBA], whereas at highnfCPBA], kops becomes
independent of the oxidant concentration and equgalsThe
values ofK; andk, determined from the data presented in Figure
3 are (4.44+ 0.5) x 1* M~ and 2.4+ 0.1 st at —35 °C,
respectively. The first-order rate constakyt, for heterolytic
cleavage of the ©0 bond in intermediat8 is significantly
higher than that reported by Ozaki et®dor the reaction of
polyethylene-glycolated HRP with hydrogen peroxide in chlo-
robenzene (viz. 1.0 at 7.5°C) and that determined by Groves
and Watanal3é for the reaction between H@MP(OH) and
m-CPBA in dichloromethane (viz. 0.01°%5 at —34 °C).
However, because of the very different reaction conditions
employed in our and the above-mentioned studies, especially
the polarity of the solvents used (more polar M should
stabilize more the products from heterolytiec-O bond cleav-
age), chemical nature of the oxidants and catalyst, and the
different electron-donating and -withdrawing properties of the
porphyrin rings, it is difficult to evaluate the real effect of the
RSG;~ group in complext on the rate of G-O bond cleavage
in 3. On the other hand, an ongoing investigatfoof the
oxidation reaction of a thiolate-substituted iron(lll) porphyrin
model SR complexX!) with m-CPBA as oxidant in acetonitrile
at —35 °C revealed that the second-order rate constant for the
formation of the (Por)FEV=0 intermediate with RS as
proximal ligand is almost 4 times lower than that found in the
present study for complek under similar reaction conditions.
Since it can be expected that a stronger donor ligand such as
the RS group should increase the rate ofO bond cleavage

functional groups over the face of the redox-active macrocycles. (Nomolytic or heterolytic), the observed lower reactivity of the
Noteworthy, all these findings correspond to earlier experiments SR complex toward oxidation is probably due to a less efficient
with polyethylene-glycolated HRP in which saturation kinetics €auilibration for the formation of the acylperoxaon(lll)

could be observed only in apolar non-protic medidowever,
accumulation of the acylperoxaron(lll) porphyrin 3 was not

porphyrin intermediate (therans effect from the sulfur of
thiolate proximal ligand could be responsible for such behavior).

observed under the employed reaction conditions in the presentiowever, more detailed mechanistic studies on the oxidation

study.

In contrast, the kinetics of the reaction between com@ex
and m-CPBA under identical conditions results in an almost

linear dependence ok.,ps on [M-CPBA] with only slight
saturation at very high oxidant concentratieril(2 mM)8 The

distinct behavior oflL and2 can be attributed to the difference
in electron donation ability of the porphyrin ligand, which is

known to trigger the rate of ©0 bond cleavagé,® such that

(4) Soper, J. D.; Kryatov, S. V.; Rybak-Akimova, E. V.; Nocera, D.JGAm.
Chem. Soc2007, 129, 5069.
(5) Ozaki, S.-i.; Inada, Y.; Watanabe, ¥. Am. Chem. S0d.998 120, 8020.

(6) Hessenauer-llicheva, N.; Franke, A.; Meyer, D.; Woggon, W.-D.; van Eldik,

R. University of Erlangen-Nunberg, Germany, and University of Basel,
Switzerland. Work in progress, 2007.
(7) Groves, J. T.; Watanabe, Yhorg. Chem.1987, 26, 785.

reaction of theSR complex are required to account for the
observed differences in the reactivity of iron(lll) porphyrin
models with RS@ and RS proximal ligands.

With regard to the electronic effect of the axial ligands on
the mode of G-O bond cleavage in acylperoxdron(lll)
porphyrins!? it is supposed that a stronger electron-donating
axial ligand will enhance heterolytic ©0 bond scission.

(8) Yamaguchi, K.; Watanabe, Y.; MorishimaJl.Am. Chem. So4993 115
4058.

(9) Nam, W.; Choi, S. K.; Lim, M. H.; Rohde, J.-U.; Kim, I.; Kim, J.; Kim,
C.; Que, L., JrAngew. Chem., Int. EQR003 42, 109.

(10) Work in progress.

(11) Higuchi, T.; Uzu, S.; Hirobe, MJ. Am. Chem. Sod99Q 112 7051.

(12) (a) Franzen, S.; Roach, M. P.; Chen, Y.-P.; Dyer, R. B.; Woodruff, W. H,;
Dawson, J. HJ. Am. Chem. So&998 120, 4658. (b) Higuchi, T.; Shimada,
K.; Maruyama, N.; Hirobe, MJ. Am. Chem. Sod 993 115 7551.
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Figure 5. (A) Kinetic traces recorded with the dip-in detector at 675 nm for the formation and dechy(&f In the absence of the substrate. (b) After
addition of 2.07x 1072 M cis-stilbene to the solution of. Experimental conditions: 1] = 8.4 x 1076 M, [m-CPBA] = 8.4 x 10 M in acetonitrile at

—35°C. (B) Spectral changes recorded during re-formation of the starting

corfipiethe presence of the substrate. Experimental conditiobls=[7.9

x 1078 M, [m-CPBA] = 7.9 x 105 M, [cis-stilbene]= 1.6 x 1072 M in acetonitrile at—35 °C.

However, the latest findings by Nam et!8lsuggest that the
electron density on the ©O bond must be optimized for
heterolytic cleavage (i.e., it should not be too small but also
not too large). They have demonstrated that axial ligands with
weaker electron donors (i.e., €30, CIO,~, NO3™) favor
heterolytic -0 bond scission to form (Po)FeY=0 species,
whereas iron(lll) porphyrin complexes with stronger donor
ligands prefer homolytic ©0 bond cleavage to produce iron-
(IV) porphyrin complexes or iron(lll) porphyriiN-oxides. In

the present study, we usedCPBA as oxidant, which is known

to facilitate heterolytic G-O bond scission (due to the strong
electron-withdrawing properties of its acyl group), such that on
the basis of the mentioned findings it is reasonable to expect
that the RS@" ligand and electron-deficient porphyrin ring in
complexl should favor heterolytic ©0 bond cleavage of the
acylperoxe-iron(lll) porphyrin intermediate in comparison to
other model iron(lll) porphyrin complexes that possess a strong
donating axial and/or porphyrin ligands.

In the absence of reactive substrates, the-gsan porphyrin
radical cation4 is stable for almost 600 s at35 °C and
[MCPBA] = 7.3 x 1074 M in acetonitrile (Figure 5a). The
addition of cis-stilbene to the green solution dfresults in a
fast decomposition of with concomitant 95% regeneration of
the starting complex (Figure 5b).

To evaluate the effect of substrate concentration on the
reaction betweerd and cis-stilbene, kinetic studies were
performed in which the solutions @f(7.9 x 10-6 M) containing
various amount otis-stilboene ((6.3-111) x 1074 M) were
mixed with a solution ofm-CPBA (7.9 x 105> M), and the
re-formation of 1 (the product of reaction betweef and
substrate) was monitored at 412 nm in acetonitrile-a6 °C.

1400

0,75

0,70

0,65

Absorbance at 412 nm

0,60 +

0,55 - o~

1 ] I 1
200 300 400 500 600

Time, s

I
0 100

Figure 6. Typical kinetic traces recorded at 412 nm an@®5 °C in
acetonitrile for the reaction of (7.9 x 1076 M) with m-CPBA (7.9 x

1075 M) in the presence of 6.3% 10* (80), 9.53x 104 (120), 1.43x
1073(180), 2.06x 1073 (260), 3.95x 102 (500), and 1.1 10 2 (1400)

M cis-stilbene. The substrate excess in parentheses refer&ioetic traces

in red represent results of simulations obtained after introduction of the
appropriate kinetic/thermodynamic constants and oxidant/catalyst/substrate
concentrations for the reaction scheme proposed in Figure 9.

below a 500-fold exceségl is always sufficiently and rapidly
regenerated by the 10-fold excessmHCPBA (~20 s in the
absence otis-stilbene) such that the Soret bandloat 412

nm is not observed. This leads to a delay in the re-formation of
1 during which most of then-CPBA is consumed and which
can last hundreds of seconds when the excesssatilbene is
small. This observation was confirmed by experiments in which

The reaction profile is characterized by a rapid decrease in thethecis-stilbene concentration was kept constant at 3Q@pd

concentration ofl (due to formation of4) followed by an

the m-CPBA concentration was varied from a 5- to 20-fold

apparent induction period that depends on the excess of substrat§Xcess with respect td]. As can be seen from Figure 7, the

employed (Figure 6). If theis-stilbene concentration is kept

(13) (a) Nam, W.; Jin, S. W.; Lim, M. H.; Ryu, J. Y.; Kim, @norg. Chem
2002 41, 3647. (b) Nam, W.; Lim, M. H.; Oh, S.-Y.; Lee, J. H.; Lee, H.
J.; Woo, S. K.; Kim, C.; Shin, WAngew. Chem., Int. EQ00Q 39, 3646.
(c) Nam, W.; Lim, M. H.; Oh, S.-YlInorg. Chem 200Q 39, 5572.
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apparent induction period depends strongly on the oxidant
concentration and is longer for highertHCPBA].

Furthermore, the occurrence of the catalytic cycl& dtiring
the apparent induction period was supported by the GC-FID
product analysis experiments. The epoxidation reactiocgsof
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byproducts. The loss of stereochemical information during the

008 epoxidation reaction dfis-stilbene catalyzed by can indicate
] that the reactive intermediate is a two-state oxidant with
e %057 predominant high-spin character under the selected reaction
E, l conditions (especially at low temperature). Indeed, this observa-
% 044l § 10 15\ 20 tion is in line with the reported DFT studies on the reactivity
9 1 pattern of thel**(FeV)=0 species?
E 0,03 Taken together, these results demonstrate the occurrence of
2 a complete P450-like catalytic cycle (Figure 9) and are consistent
< 0021 with fast formation of the Cpdl analogue within ~20 s at
I —35 °C and a subsequent rate-determining reactiod with
0.014 the substratecis-stilbene. The credibility of the proposed
I mechanistic scheme was confirmed by simulations of the kinetic
07— 71 1 traces (Specfit) by using the thermodynamic/kinetic constants
0 50 100 150 200 250 300

Time. s determined experimentally and the appropriate oxidant/catalyst/
) . - ' ) substrate concentration ratios. The simulated kinetic traces
Figure 7. Typical kinetic traces recorded at 675 nm an@®5 °C in . . . .
acetonitrile for the reaction df with 3.95 x 1075 (5), 7.9 x 10°5 (10), display a good and satisfactory agreement with the experimental
1.18 x 1074 (15), and 1.58x 1074 M (20) m-CPBA in the presence of  traces (i.e., the observed induction periods can be nicely
3.95x 1073 M cis-stilbene. The oxidant excess in parentheses refers to the reproduced by introducing appropriate concentrationsnef

concentration of complex. Kinetic traces in red represent results of CPBA and substrate into the reaction scheme proposed in Figure
simulations obtained after introduction of the appropriate kinetic/

thermodynamic constants and oxidant/catalyst/substrate concentrations for9)- Examples of kinetic traces simulated for differeiststilbene

the reaction scheme proposed in Figure 9. or mCPBA concentrations are shown in red in Figures 6 and
7, respectively.

stilbene applying complexl were carried out under the Control experiments using an excess of compleaver 4

experimental conditions where a significant induction period revealed no evidence for the formation of a FefM)(o Species

was observed (i.e.nfCPBA] = 1.6 x 10 M, [cis-stilbene] as a result of a possible comproportionation reaction between

=4 x 103M, [1] =8.6x 10 °Masin Figure 7), and samples 1 and4 under the studied conditions. Furthermore, no evidence
were taken for GC-FID product analysis 90 s after addition of for the formation of ai—cis-stilbene intermediate was observed,
cis-stilbene (under the selected conditions this is well within although Groves and Watanabelaimed formation of a (Pot)-

the observed induction period). Product analysis of the so- FdV=(Q olefin adduct in the reaction of TMRFeY)=0 with
obtained samples revealed major formation of oxidation products cyclooctene in dichloromethaié.

a—c shown in Figure 8. The observed pseudo-first-order rate constaks®) mea-
Product formation further increased during the course of the syred for the reaction betwee and a large excess of
reaction as concluded from further samples taken 5 min after ¢js stilbene (following the apparent induction period) show a

the addition ofcis-stilbene. For these samples, the total yield |inear dependence oni§-stilbene] with an almost zero intercept

of oxidation products could be determined to be-80% with (Figure 10). The second-order rate constant determined on the
respect to the appliet-CPBA concentration in the ratio of  pasis of these data lg = 7.0 + 0.2 ML s at —35 °C. In

conditions omittingl showed no formation of the epoxidation  the available kinetic data, it can be concluded that during the
products even for samples taken after elongated reaction timesnduction periodk,K1[1][m-CPBA] = ka[4][cis-stilbene] such

(20 min). Epoxidation products such as a, b, and ¢ obtained in that the concentration of not only remains constant but also
the present study are not uncommon and have been noted inepresents the major iron species in solution. If typical concen-
product analysis of epoxidation reactionsaué-stilbene cata-  trations and the above-quoted rate and equilibrium constants
lyzed by other iron(lll) porphyrind! However, the product  are substituted in this equation, it follows tha} f> [1], which
distribution of a, b, and ¢ seems to differ slightly from that s in good agreement with the spectral observations and the fact
reported previously, indicating formation of significant amounts  that kK is ca. 3 orders of magnitude larger thian

of transstilbene epoxide and a side product such as deoxyben- |, general, studies on the reactivity of Cpdl models toward
zoin. A possible explanation for this behavior can involve the arioys organic substrates demonstrated that the presence and
spin-state specificity of the reactive species (iB%(FE')= " natyre of the axial ligands significantly affect not only the rate
O). As a theoretical study revealédthe different products o gjefin oxidations but also the selectivity of the model catalysts
generated in the alkene epoxidation reactions catalyzed by high-o\yard substrates and the stability of the oxidants in the overall
valent iron-oxo species can result from the multistate reactivity catalytic cyclel®18Indeed, a Raman stuton the Fe-O bond

of the Cpdl models, viz., the low-spin doublet states are strength in the series of various X-substituted (FN)PeY (O)-

effectively involved in the stereospecific epoxide production, (xy gerivatives revealed that the ox@ron bond weakens as
whereas the high-spin quartet states lead to an increase either

in the formation of epoxides that do not conserve the isomeric (16) Groves, J. T.; Watanabe, ¥. Am. Chem. Sod986 108 507.

i i i i i (17) Studies that focus on the reaction between TNFY)=0 andcis-stilbene
identity of the alkene (trans or cis) and/or in the formation of to observe similar olefin adduct (viz. TMRFeV)=0-stilbene) formation

in CH3CN are underway in our laboratories.

(14) (a) Castellino, A. J.; Bruce, T. @. Am. Chem. Sod 988 110, 158. (b) (18) Collman, J. P.; Kodadek, T.; Raybuck, S. A.; MeunierPBc. Natl. Acad.
Lee, Y. J.; Kim, C.; Kim, Y.; Han, S.-Y.; Nam, WBull. Korean Chem. Sci. U.S.A1983 80, 7039.
Soc 199§ 19, 1021. (19) Czarnecki, K.; Nimri, S.; Gross, Z.; Proniewicz, L. M.; Kincaid, J.JR.
(15) de Visser, S. P.; Kumar, D.; Shaik, B.Inorg. Biochem2004 98, 1183. Am. Chem. Socl996 118 2929.
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Figure 8. Epoxidation ofcis-stilbene to form a mixture ofis-stilbene epoxide (a)rans-stilbene epoxide (b), and deoxybenzoin (c).
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Figure 9. Catalytic cycle for the P450 mimit with cis-stilbene in the presence aFCPBA.

and axial ligands is useless. Moreover, taking into account that
0,08 - epoxidation reactions consist of two steps (which can be both
partially rate-limiting)!6-2* the differences in the reactivity of

various model catalysts toward substrate should be accounted

0,061 for not only in terms of the electronic structure of the Cpdl
- " models but also in terms of mechanistic aspects of oxidation
'“{ 004 reactions such as possible changes in the mechanism and rate-
8, limiting steps.
= Discrepancies between rate constants determined for oxygen
0,02 atom transfer by model (Po)FeV=QO species and those

observed for the native enzyniégoint to the important and
unique role of the protein architecture in the active heme pocket
in modulating the reactivity of the reactive intermediates in the
catalytic cycle of P450 enzymes. For example, rate constants

0,00

T d T T T T T T T T T T 1
0,000 0,002 0,004 0,006 0,008 0,010 0,012

cis-stilbene, M

Figure 10. Substrate concentration dependencégf* for the reaction
of 4 with cis-stilbene. Experimental conditions:1][= 7.9 x 107¢ M,

for chloroperoxidase Cpdl oxidation reactions are32orders
of magnitude larger than those for Cpdl mod1820:23The use
of organic aprotic solvents in the study of P450 models can

[M-CPBA] = 7.9 x 10°° M, [cis-stilbene]= (1.98-11.0) x 10 M. result in stabilization of the intermediates produced in the
) ] ] . “peroxy-shunt” reactions, which in turn leads to a decrease in
the trans ligand bond strength increases (i.e., Cpdl models with

9 ; . . reactivity. In the present study, relatively low rate constants
stronger binding anions should be more reactive species thanypsered for the oxidation reactiondig-stilbene by4 can also
their analogues possessing weak donating axial

ligands). he accounted for in terms of the much higher stabilization of
Recently, Newcomb et & reported second-order rate constants o, tive intermediates (in this ca$gin organic aprotic solvents

for the reactions of iron(lV)oxo porphyrin radical cations g, a5 acetonitrile. The apparent rapid reaction observed in
generated from either TMP or tetrakispentafluorophenyl iron Figure 5A on the addition afis-stilbene is still comparatively
porphyrin with various substrates, including-stilbene. Inter- slow because of the stabilization éfby the aprotic solvent

estl_n aly, th? rate constants measured fOI:—(-]KOﬂ(IV) porphyrin used. Work by Mabrowu® has clearly demonstrated the possible
radical cations depend on the counterion (only a small effect

was observed since both selected axial ligands, viz. &oid
ClO,4~, are relatively weak donors) and the solvent, but in
general are of the same order of magnitude between 90 and
320 M1 s~ similar to the rate constant dfextrapolated to 25
°C, viz. ks = ~448 M~1 s71. These values are so close that any 23)
interpretation in terms of structural differences of the porphyrins

(21) (a) Arasasingham, R. D.; He, G.-X.; Bruice, T.JCAm. Chem. Sod993
115 7985. (b) Collman, J. P.; Kodadek, T.; Brauman, J.l1Am. Chem.
Soc 1986 108 2588. (c) Groves, J. T.; Avaria-Neisser, G. E.; Fish, K.
M.; Imachi, M.; Kuczkowski, R. L.J. Am. Chem. Sod.986 108 3837.
(22) (a) Watanabe, YJ. Biol. Inorg. Chem2001, 6, 846. (b) Newcomb, M.;
Chandrasena, R. E. Biochem. Biophys. Res. Comm@2005 338 394.
(a) Zhang, R.; Chandrasena, R. E. P.; Martinez, E., Il; Horner, J. H,;
Newcomb, M. Org. Lett. 2005 7, 1193. (b) Zhang, R.; Nagraj, N.;
Lansakara-P., D. S. P.; Hager, L. P.; Newcomb, ®fg. Lett 2006 8,
2731.
(24) Mabrouk, P. AJ. Am. Chem. Sod 995 117, 2141.

(20) Pan, Z.; Zhang, R.; Newcomb, M. Inorg. Biochem2006 100, 524.
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benefits of nonaqueous media in facilitating the stabilization leading to almost complete re-formation of the starting complex
of enzyme intermediates in complex biochemical mechanisms. 1 (see overall catalytic cycle in Figure 9). We can conclude
that complext is a valuable catalyst with promising properties
for further applications in a biomimetic approach toward
In summary, we showed in the present study that the new mimicking oxygenation reactions of cytochrome P450. Studies
mimic of cytochrome P450 with a substituted RS@roup in that focus on the determination of activation parameters and
organic solvents such as acetonitrile seems to be an effectiveelucidation of the detailed mechanisms of exmn(IV) por-
model system for the study of intermediate states in the reactionphyrin zz-cation radical formation from complexdsand 2 in
cycle of P450. Indeed, with the application of a low-temperature, various organic solvents are currently underway in our labora-
rapid-scan, stopped-flow technique, we were able to determinetories.
equilibrium and rate constants for the formation and decay of
intermediates in the catalytic cycle dfincluding the formation
constant of the acylperoxaron(lll) porphyrin complex 8), the
first-order rate constant for the heterolytic-@ bond cleavage
in 3 (formation of4), as well as the second-order rate constant
for the oxygen atom transfer fromh to substrate, a reaction  JA073266F

Conclusions
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