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Abstract: The 3C pulsed ENDOR and NMR study of [meso-13C-TPPFe(OCH3)(OOBu)]~ performed in
this work shows that although the unpaired electron in low-spin ferrihemes containing a ROO™ ligand resides
in a d, orbital at 8 K, the d,, electron configuration is favored at physiological temperatures. The variable
temperature NMR spectra indicate a dynamic situation in which a heme with a d. electron configuration
and planar porphyrinate ring is in equilibrium with a dy, electron configuration that has a ruffled porphyrin
ring. Because of the similarity in the EPR spectra of the hydroperoxide complexes of heme oxygenase,
cytochrome P450, and the model heme complex reported herein, it is possible that these two electron
configurations and ring conformations may also exist in equilibrium in the enzymatic systems. The ruffled
porphyrinate ring would aid the attack of the terminal oxygen of the hydroperoxide intermediate of heme
oxygenase (HO) on the meso-carbon, and the large spin density at the meso-carbons of a dy, electron
configuration heme suggests the possibility of a radical mechanism for HO. The dynamic equilibrium between
the ruffled (d,) and planar (d,) conformers observed in the model complexes also suggests that a flexible
heme binding cavity may be an important structural motif for heme oxygenase activity.

Introduction physiological functions, it is important to attain a detailed
The degradation of heme in mammalian cells is catalyzed understanding of the mechanism by which heme is converted

by the enzyme heme oxygenase (HG)In a molecular oxygen- to CO, Fe, and biliverdin.

and electron-dependent set of reactions, HO cleaves-theso Although several important aspects of the mechanism of
bridge of protohemin to produce CO, biliverdin, and free iron. action of HO have not yet been elucidated, the evidence gathered

Not long ago, the HO system was regarded only in the context S° far demonstrates that HO acts via a mec.han.ism different frpm
a;hat currently accepted for other oxygen activating hemoproteins
such as cytochromes P450, peroxidases, and catalases (recently
reviewed)!=38 as well as the mitochondrial enzyme complex,
cytochromec oxidase (recently reviewed)Nevertheless, the
reactions catalyzed by HO display some of the characteristic
fundamental aspects shared by the catalytic mechanism of action
of all oxygen-activating heme proteins. The ferric enzyme is
initially reduced to its ferrous staté followed by formation of

an oxyferrous complex (feO,), which accepts a second elec-
tron from NADPH cytochrome P450 reductase, and thereby is
transformed into a ferric hydroperoxy (FeODOH) specied?

* Towhom correspondence should be addressed. E-mail: Rivera@okstate.eduOn the basis of the reactivity of HO toward hydrogen peroxide

of the maintenance of cellular heme homeostasis as a cataboli
enzyme, and the products of HO activity were considered toxic
waste material. More recently, this view has changed drastically
after the discovery that all products of HO enzymatic action
possess important biological activity. CO functions to regulate
vasomotor tone and neurotransmission in a manner akin to
NO,*5 iron released from HO activity upregulates ferritin
expressiorf,and bilirubin, formed when biliverdin is reduced
by biliverdin reductase, is a potent antioxidarBecause the
regulation of HO activity has ramifications for a variety of

! Oklahoma State University. and alkyl hydroperoxides, it was proposed that the nature of
* University of Arizona. . L.
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reduction of the ferrous dioxygen complex of HO {F®,) to
produce an intermediate that was identified by EPR spectroscopy
as corresponding to the #eODOH complext! Upon warming,
this intermediate was converted into the correspondimgese
hydroxyheme complex, thus confirming a ferric hydroperoxide
intermediate as a precursor @fmesehydroxyheme.

The EPR spectrum corresponding to thé!' FeOH complex
of HO displays g-values of 2.37 (or 2.38, depending on
treatment), 2.19, and 1.93 at 77KThe sum of the squares of
the principalg-values §g?) for the hydroperoxy complex of
HO is about 14.1. It is interesting to consider this value in the
context of recently reported studies of low-spin Fe(lll)
porphyrinated2-15 These reports demonstrated the presence of
a novel electronic configuration, ,gtl,)*(dx)?, where the
unpaired electron resides in theyarbital. Interestingly, all
model hemes known to possess the,€l)*(dy)* electron
configuration (hereafter abbreviated ag)ddisplayed EPR

spectra withy g7 < 14. By comparison, Iogv—spin Fe(lll) hemes  g1v| peroxidel® as well as heme proteins with histid#é&2or
possessing the more commony}#(dy,dy)° electron configu- ¢y gteinateés sixth ligands, yield very similar EPR spectra with
ration (hereafter abbreviated ag) dlisplay EPR spectra with compressed) anisotropy §g? ~ 14). These spectra are very
i 2 2 ~ 14,16 .. . .

the typ|calgxx. T 9y + 07 ~ 16 ) ) similar to those obtained for the FeéDOH complexes of various

On the basis of these arguments, it was possible to speculate,eme protein enzymes, which were prepared by cryoreduction
that the electronic configuration of the 'F®©OH complex of and then annealing of the correspondind-E® complexeg? 24
HO might have an unpaired electron residing in theodbital. Theg-values of the complexes of Tajima and co-workers (2.32,
What is noteworthy about agelectronic configuration is that 5 1571 g5 methoxidéert-butylperoxidei 2.25, 2.15, 1.96, bis-
it places a large amount atspin density on the porphyrimese tert-butyl-peroxide?! 2.32, 2.19, 1.94, imidazolate, hydroper-
carbons*™1 To delocalize spin density from theydrbital into  5i4e20) are very similar to those of annealed hemoglobin-
the porphyrinz system, the macrocycle has tq ruffle signifi- hydroperoxide (2.31, 2.18, 1.94)heme oxygenase-hydroperoxide
cantly, so that the nodal planes of the @bitals of the (5 37 2 19 1.93)! and cytochrome P450-hydroperoxide (2.29,
macrocycle are no longer in they plane; the components 5 15 1 96p4 We thus reasoned that magnetic resonance
(projections) of these rbitals in thexy plane have the proper i estigation of the Tajima model complexes could provide
symmetry to interact with thegdorbital 1 The porphyrin orbital iy hortant information concerning the orbital of the unpaired
that has the proper symmetry to interact with theatbital n electron, and hence the likely conformation of the porphyrinate
this ruffled macrocycle conformation is the-3a) orbitaf ring of these model complexes, which could thus yield insights
shown in Figure 1. It is evident from the relative sizes of the jn(g the electronic and molecular structure of the catalytically
circles in the schematic representation of thg3a Qrbltal that _ active hydroperoxide complex of heme oxygenase. As will
the mesecarbons possess large electron density. Large spinpa shown below, we find that 8 K the unpaired electron of
density at the meso positions, in turn, may explain the attack [TPPFe(OCH)(OOBU)]~, [TPPFe(OtBu),]~, and [TPPFe-
of the F¢!-OOH intermediate on a hemme®-carbon, as  (ocH,),|~ resides in one of the.dorbitals, while at physi-
discussed in more detail later in this work. Consequently, the |5gica| temperatures the unpaired electron of those complexes

main object of the investigations reported herein is to determine {4+ are stable enough to investigate is indeed in therdital.
the electron configuration of hydroperoxide or alkyl peroxide

complexes of P& porphyrinates. Experimental Section
Some years ago Tajima and co-workers showed that synthetic

hemes in the presence of alkyl peroxides and a variety of sixth

ligands, including methoxid&;1° imidazolate?® or a second

Figure 1. Representation of the 3#r) porphyrin orbital. The sizes of the
circles are proportional to the calculated electron density.

ReagentsTetramethylammonium hydroxide (TMAOH) 25% (w/w)
in methanol and 70% (w/w) aqueotast-butylhydroperoxide'BuOOH)
were purchased from Alfa Aesar. TMAOH was used as received,
(11) Davydov, R. M.: Yoshida, T.: Ikeda-Saito, M. Hoffman, B. M. Am. whereasBuOOH was extragted into_meth_ylene chIorigIe by swirling
Chem. S0c1999 121 10656-10657. e ' 2.5 mL of the aqueous peroxide solution with 6 mL of dichloromethane
(12) Safo, M. K.; Walker, F. A.; Raitsimring, A. M.; Walters, W. P.; Dolata,  in a separatory funnel. The organic phase was separated and then dried
7D76%j7%e7%r'“n"er’ P. G.; Scheidt, W. B. Am. Chem. Sod 994 116 over anhydrous MgSPbefore being filtered into a brown glass
(13) Walker, F. A; Nasri, H.; Torowska-Tyrk, I.; Mohanrao, K.; Watson, C. ~ container. Dichloromethane solutions®&OOH were prepared before
I;Q%h'ﬂ‘gei’él’\gg\_/iﬁigm“”er' P. G.; Scheidt, W. RAm. Chem. Soc.  gach experiment. Chloroiron(l1l) tetraphenylporphyrin (TPPFeCl) and
(14) Walker, F. A.Coord. Chem. Re 1999 185-186, 471-534. mese*C-TPPF# Cl were purchased from Porphyrin Products (Logan,

(15) Simonneaux, G.; Sthemann, V.; Morice, C.; Carel, L.; Toupet, L.;  UT) and used without further purificatiod3C labeled perchlorato-
Winkler, H.; Trautwein, A. X.; Walker, F. AJ. Am. Chem. So200Q
122, 4366-4377.

(16) Walker, F. A. Proton NMR and EPR Spectroscopy of Paramagnetic (20) Tajima, K.; Oka, S.; Edo, T.; Miyake, S.; Mano, H.; Mukai, K.; Sakurai,

Metalloporphyrins. InThe Porphyrin HandbogkKadish, K. M., Smith, H.; Ishizu, K.J. Chem. Soc., Chem. Commad®95 1507-1508.
K. M., Guilard, R., Eds.; Academic Press: San Diego, 2000; ppI&B. (21) Tajima, K.Inorg. Chim. Actal99Q 169, 211-219.

(17) Tajima, K.; Ishizu, K.; Sakurai, H.; Nishiguchi-Ohya, Biochem. Biophys. (22) Jinno, J.; Shigematsu, M.; Tajima, K.; Sakurai, H.; Ohya-Nishiguchi, H.;
Res. Communl986 135 972—-978. Ishizu, K. Biochem. Biophys. Res. Commu®991, 176, 675-681.

(18) Tajima, K.; Jinno, J.; Ishizu, K.; Sakurai, H.; Ohya-Nishiguchi librg. (23) Tajima, K.; Edo, T.; Ishizu, K.; Imaoka, S.; Funae, Y.; Oka, S.; Sakurai,
Chem.1989 28, 709-715. H. Biochem. Biophys. Res. Comma®893 191, 157-164.

(19) Tajima, K.; Tada, K.; Jinno, J.; Edo, T.; Mano, H.; Azuma, N.; Makino, (24) Davydov, R.; Macdonald, I. D. G.; Makris, T. M.; Sligar, S. G.; Hoffman,

K. Inorg. Chim. Actal997, 254, 29-35. B. M. J. Am. Chem. S0d.999 121, 10654-10655.
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()i A typical procedure for synthesizing the alkyl peroxide complexes
is described in what follows: A dichloromethane solution of TPPFeCl
M c (6 mL, 0.2 mM), previously dried over MgSOwas added into the
d cell through the reagent port (g). The cell was then thermostated at
— “&j

—78 °C with the aid of an acetone-dry ice bath. It is important to
maintain a constant stream of argon to avoid the condensation of
atmospheric water inside the cell. A solution of TMAOH in meth-
anol (100uL, 2.4 M) was added to the solution containing TPPFeCl,
g f thus generating [TPPFe(OG)] . The resultant solution was frozen
/ by immersing the cell in liquid nitrogen, followed by the addition of
a solution of BUOOH in CHCI, (125 uL, 1 M). The latter freezes
almost instantaneously on the surface of the frozen solution of
— € [TPPFe(OCH),] . The cell is then transferred back to an acetone-dry
ice bath, where the solid solution is allowed to thaw-at8 °C with
continuous stirring. The color of the solution changes to a cherry red.
The electronic absorption spectrum recorded-@B °C in this “dip

1 h probe” cell is very similar to that reported for [TPPFe(ON@OBuU)]~

&j at 77 K19 Similar experiments allowed us to determine that the molar
proportions needed to obtain electronic absorption spectra characteristic

\\__/ of the different alkyl peroxide complexes &{7/8 °C are 1 TPPFeCl

Figure 2. Schematic cross-sectional representation of the cell used to obtain (0.2 mM):200 OH:100 'BUOOH for [TPPFe(OCE)(OOBU)]", and
electronic absorption spectra at low temperatures: (a) dip probe, (b) threadedl TPPFeCl (0.2 mM):200 OH600 'BUOOH for [TPPFe(O@u),] .
cell-cap, (c) O-ring; when the cap is threaded into position, the teflon washer These proportions were subsequently utilized to synthesize the com-
(d) forces the O-ring to expand, thus producing an airtight seal. The cell plexes for magnetic resonance spectroscopic studies.

body is outfitted with a port for argon inlet (f) and a port for reagent delivery S | . f . S .

and argon outlet (g). The latter can be sealed with a rubber septum. The gmp e Preparatlon. or Magnetic Resonance ; pectroscppm
sampling cavity (h) utilized in the experiments has a path length of 0.2 cm, Studies.The alkyl peroxide complexes were synthesized @8 °C in

and the dip probe is connected to the excitation source and diode arrayan EPR or NMR tube. A typical synthesis was carried out as follows:
detector via optical fibers (i). The NMR/EPR tube is flushed with argon through a polyethylene
) ) ) capillary tube. A solution ofmese®*C-TPPFeCl (50Q:L, 3 mM) in
iron(Ill) tetraphenylporphyrln fhese BC'_TPPOQ) was prepared CD,Cl, was added into an NMR/EPR tube with the aid of a second
from meseTPPFeCl according to a published procediire. polyethylene capillary tube and a peristaltic pump. TMAOH (125

Syr_l(tjhe5|s OT Alkyl fPTe};(;x;de Porphyrtlrr:atg C:‘jog’lplexesaé\f!kylt. f 2.4 M) is then introduced into the NMR/EPR tube in a similar fashion,
peroxide complexes o € were syniesized by a moditication ot y, resulting in the formation ofrjese**C-TPPFe(OCHh),] . Mixing

the synthetic procedures reported by Tajima and co-wofkeisThese ; ) )
investigators reported the synthesis and characterization (EPR andO]c the solutions was performed with the help of a thinl(mm

- ; diameter) ceramic rod. The ceramic rod was left in the solution and
elecmm? absorption spectra) OI [.FeTPP(QOEH’ [TPPFe(OCH)- the NMR tube immersed in liquid nitrogen, while constantly flushin
(OOBU)]", and [TPPFe(OBu),] in frozen glasses at 77 K. An q g y g
) . ) S glass ' with a stream of argon. To synthesizendse!*C-TPPFe(OCh)-
important aim of the investigations reported here is the study of these ~ . )
complexes by'*C NMR spectroscopy in solution. Consequently, (OOBU)]_ - a sol_utlon OfBUOOH (50uL, 3 M.) was then careful!y .
modifications were necessary to synthesize and characterize theadded with the a'.d of a clean polyethylene capll_lary tube and a peristaltic
complexes at temperatures above the melting point ofGTHAS a pump. The solution 0BuOOH freezes almost instantaneously on top

- . o i
first step toward this goal, conditions were explored that allowed us to oft:he_ frohzen solut;on o(fjrﬁese A TPPFe((jOC_@Z] b. Thhe NdME/EPT .
reproduce the electronic absorption spectra, previously obtained from (P IS then transferred to an acetone-dry ice bath and the solutions
frozen glasses at 77 K-19 in solutions thermostated at 195 K. To allowed to melt while mixing with the ceramic rod. The tube is capped,
facilitate these experiments, the cell shown in Figure 2 was constructed @"d the solution containing the alkyl peroxide complex is frozen in

out of glass. To assemble the cell, the “dip probe” (a) is inserted through liquid nitrogen and. transferred into a qreviously thermostated NMR
the cap (b) and secured with the O-ring (c) and teflon washer (d). The ProPe or EPR cavity. TPPFe(OGHor *H NMR experiments was

cap is then threaded onto the main body of the cell (e), where it will Prepared by addition of 2L of a freshly prepared solution of NaOGH
push upon the washer, causing the O-ring to expand, thereby making(~2-4 M) to 500uL of 3 mM TPPFeCIQin tolueneds. The synthesis

the assembly gastight. Two side-ports were built into the glass cell: Was carried out at room temperature, in an NMR tube, as described
the first (f) serves as an inlet for argon, needed to establish a water- above. The mono-methoxy complex used in the electronic absorption
free atmosphere; the second (g) is fitted with a rubber septum, which experiments was prepared in the anaerobic cell described above. In
can be removed for the addition of reactants. Reagents are introducecdshort, 2uL of NaOCH; (2.4 M) was added to 50QL of a 3 mM

into the cell with the aid of polyethylene capillary tubing (0.8 mm i.d., solution of TPPFeCIQin toluene, a solvent that does not support ionic
1.8 mm o.d.) and a peristaltic pump. The dip probe (Ocean Optics, SPecies, hence stabilizing the mono-methoxy complex.

Dunedin, FL) enables ultraviolet and visible light from the excitation NMR Spectroscopic Investigations.*3C NMR spectra of fnese
source to be directed into the sample solution through a fiber optic (i). *3C-TPPFe(OCH)(OOBU)]~ were obtained on a Varian Unity Inova
The light passes through the solution in the probe cavity (h) and is spectrometer operating at¥ frequency of 100.576 MHz. The spectra
reflected by a mirror back to a second fiber optig, (io be sent to a were acquired over 16 k data points, with a spectral width of 8.6 kHz,
detector (Ocean Optics, UWis S2000) where the signal is processed. 90 ms acquisition time, 40 ms relaxation delay, and 40 000 scans. The
The probe can be equipped with sampling cavities of varying path baseline was flattened with a spline fitting of predefined baseline
lengths. For the purposes of these studies, a sampling cavity with aregions. The temperature of the sample was set and regulated through

0.2 cm path length was used. the use of a standard variable temperature unit furnished by Varian
25) N M3 M. Cai. S Shokhi T KN Shokhirey. NV - Jacoh Instruments, which functions by controlling a heating element which
esset, M. J. M.; Cai, S.; Shokhireva, T. Kh.; Shokhirev, N. V.; Jacobson, . . .

S. E.. Jayaraj, K; Gold, A.. Walker, F. Anorg. Chem200Q 39, 532 is expo;ed to a stregm of cool.ed gas. The variable Femperature unit
540. was calibrated by using the Wilmad temperature calibration sample,
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which utilizes the temperature-dependent difference in resonance
frequency of the two peaks of methanol.

EPR Spectroscopic InvestigationsContinuous wave EPR spectra
were recorded on a Bruker ESP-300E spectrometer, at 77 K, using an
immersion dewar. The pulsed ENDOR experiments were carried
out on the home-built X/P-band pulsed EPR spectrorffetguipped
with a pulsed ENDOR accessotyIn these experiments, the Mifis ;
and Davie® pulsed ENDOR techniques were employed. To minimize . 588
the Mims ENDOR spectrum distortions due to the blind sg&ts, ) i
the spectra were detected at several time interwélstween the first
and second microwave (mw) pulses of the three-pulse sequence, and
then summed. The measurement temperature, chosen to optimize the
electron spin relaxation times for the pulsed EPR experiments, was
about 8 K.
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Results and Discussion

Synthesis of Alkyl Peroxide Complexes of F&TPP. Tajima
and co-workers have described the synthesis of alkyl peroxide
complexes of Pd-tetraphenylporphyrin, such as [TPPFe-
(OCHy);]~, [TPPFe(OCH)(OOBU)]~, and [TPPFe(OBu),]~,
in several report§’~23 Three important aspects prompted us
to reinvestigate the synthesis of alkyl peroxide complexes
previously reported by Tajima et al.: (a) The stoichiometric IW/ ' 30500 + o
proportions needed to prepare the alkyl peroxide complexes are
significantly different from one report to another. In our hands, B, (G)
the stoichiometric proportions previously reported do not lead fig e 3. Electronic absorption spectra of [TPPFe(Og# (A),
to the synthesis of the desired alkyl peroxide complexes. (b) [TPPFe(OCH)(OOBU)]- (B), and [TPPFe(OBu)]~ (C). The correspond-
The alkyl peroxide'BuOOH), utilized in the previous reports, ing EPR spectra are shown in (D) by traces 1, 2, and 3, respectively. The
was distilled under reduced pressure, a step that is potentiallyS™a!l Peaks a6 = 2 in traces 2 and 3 are due BUOO-.
hazardous, and at best could lead to significant decompositionpath of 1 cm and observes the Soret band. In fact, the concen-
of the peroxide. We have thus used aqueéBuU©OH extracted  tration used to prepare the alkyl peroxide complexes for the
into CH,Cl,, followed by drying with MgSQ. (c) The alkyl NMR experiments is only 4-fold higher than that used with the
peroxide complexes prepared by Tajima et al. have been studiecklectronic absorption spectroscopy studies. This increased
only in frozen glasses at 77 K-23 Because it was our intention  concentration should maintain the thermodynamic stability of
to conductC NMR spectroscopic studies of the alkyl peroxide the complex, even in the face of increased temperature<{178
complexes in solution, it was important to search for appropriate 218 K), by overcoming the expected decreasédfor complex
conditions for the preparation of the complexes at temperaturesformation as the temperature is raised. Experiments conducted
above the melting point of Cil,. Consequently, the alkyl  in this fashion allowed us to establish that the addition of a
peroxide complexes were prepared-at8 °C (195 K), and the  200-fold molar excess of tetramethylammonium hydroxide in
formation of products was monitored with the aid of electronic methanol to a solution containing TPPFeCl in £Hp results
absorption spectroscopy. The appropriate stoichiometric propor-in the formation of a complex that displays the electronic
tions needed to prepare [TPPFe(Of(@OBu)]~ were deter-  spectrum shown in Figure 3A. When the complex is prepared
mined by comparing the electronic absorption spectrum obtainedin an EPR tube (see Experimental Section) and the resultant
in solution at 195 K with those reported by Tajima et al. in solution is frozen at 77 K for spectroscopic analysis, an EPR
frozen glasses at 77 K19 To ensure that the conditions found  spectrum (Figure 3D, trace 1) identical to that reported by
by electronic absorption spectroscopy could be more readily Tajima et all81%for [TPPFe(OCH),]~ is obtained. The addition
translated into the concentrations needed for the NMR and EPRof a 100-fold excess oBuOOH, with respect to TPPFeCl,
spectroscopic experiments, the “dip probe” (see Experimental to [TPPFe(OCH),]~ results in the formation of [TPPFe(OGH
Section) was outfitted with a 2.0 mm path cavity, and only the (OO'Bu)]~. The electronic absorption spectrum of this complex
visible region (456-800 nm) of the spectrum was monitored. at 195 K (Figure 3B) and EPR spectrum at 77 K (Figure 3D,
This allowed us to increase the concentration of porphyrin trace 2) are characteristic of a low-spin iron(lll) porphyrinate
severalfold relative to what is possible if one utilizes an optical and very similar to those reported for [TPPFe(QBOBU)]~
at 77 K1819NMR spectroscopic analysis of the organic layer

2.311

1.953

2.245

EPR Intensity

1.964
[ "

(26) Borbat, P. P.; Raitsimring, A. MAbstracts of 38 Rocky Mountain

Conference on Analytical Chemistenver, CO, July 33August 5, 1994; obtained after extracting aquedBsiOOH into COQCl; indicated
po4. o that there is a small amount BUOH present{5%). Hence,
(27) Astashkin, A. V.; Mader Cosper, M.; Raitsimring, A. M.; Enemark, J. H. . K .. - i .
Inorg. Chem.200Q 39, 4989-4992. it was important to eliminate the possibility that coordination
(28) Mims, W. B.Proc. R. Soc. Londoh965 283 482-457. t f — —
(29) Davies, E. RPhys. Lett. AL974 47, 1—2. of ‘BuOH may form LTPPFE(OCMO Bu)]” or [_TPPFe(GBu)z]
(30) Grupp, A.; Mehring, M. Pulsed ENDOR Spectroscopy in Solid$4élern as the species giving rise to the electronic and EPR spectra
Pulsed and Continuous Wa Electron Spin Resonanc&evan, L., shown in Figure 3B and D, trace 2. To this end, an experiment

Bowman, M., Eds.; Wiley: New York, 1990; pp 19229. . . .
(31) Thomann, H.; Bernardo, M. Pulsed Electron Nuclear Multiple Resonance Was conducted in whicBBuOH (200-fold excess with respect

Spectroscopic Methods for Metalloproteins and Metalloenzymes. In iti
Methods in EnzymologyRiordan, J. F., Vallee, B. L., Eds.; Academic to TPPFeCI) was added to [TPPFe(O;Q;J]-I’. The addition of

Press: San Diego, 1993; Vol. 227, pp $189. 'BUuOH did not bring any changes to the spectrum of [TPPFe-
6080 J. AM. CHEM. SOC. = VOL. 124, NO. 21, 2002
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(OCHg),]~, thus clearly demonstrating that the electronic and
EPR spectra shown in Figure 3B and D, trace 2, correspond
to [TPPFe(OCH)(OOBuU)]~ and not [TPPFe(OCH(OBU)]".
Addition of more'BuOOH to a solution of [TPPFe(OGH
(OOBuU)]~, 600-fold excess with respect to TPPFeCl, results
in the formation of [TPPFe(O®Bu),] . The EPR spectrum of
this complex at 77 K (Figure 3D, trace 3) is identical to that
reported by Tajima and co-worké?d°for [TPPFe(OCBu);] .

It can also be seen from Figure 3C that the electronic spectrum
of [TPPFe(OCBu),]~ at 178 K is characteristic of a low-spin
porphyrinate, and clearly distinct from the electronic spectrum
exhibited by [TPPFe(OCH(OOBU)] . The electronic spectrum

of [TPPFe(OCBu);]~ had not been reported previously.

The results summarized above clearly indicate that the i : i l .
stoichiometric proportions of reactants utilized to synthesize the
different alkyl peroxide complexes at 195 K produce solutions MHz

with optical signatures very similar to those obtained by Tajima Figure 4. Mims ENDOR spectra afese'*C in [TPPFe(OCH)(OOBU)]-

et al. at 77 K820 |n addition, EPR spectra of the low-spin ~ (traces 1 and 2) and in [TPPFe(N-Melj) (traces 3 and 4). The spectra
| thesized with th toichi tri " were obtained as differences between those of the samples enriched with
complexes synthesized wi €se SI0ICNIOMETNIC Proportons aréisc gnq the samples with a natural abundance of isotop&8o( of 13C).

not only identical to those reported previoudly2° but also Traces 1 and 2 are detectedBat= 2920 G (i.r = gz) andB, = 3430 G

do not contain the high-spin Fe(lll) EPR signals, present in (9ur = gx), respectively. They represent a result of summation of spectra

; 18,20,21, : recorded at the time intervaisbetween the first and second microwave
som(T ?jf Ejhehpre\h”oulskr?por%' id Conlsequently, .It Caln bﬁ (mw) pulses of 300, 400, 500, and 600 ns. Traces 3 and 4 are detected at
concluded that the a y peI’OXI e Comp exes, pl’eVIOUS y char- B, =2385G GLF = gz) andBo = 4425 G gHF = gx)’ respect|ve|y. Trace

acterized only at 77 K7~2! are also stable at 195 K. A second 3 represents a result of summation of the spectra obtainee-&50, 350,

point of practical importance in the synthesis of these alkyl 450, and 550 ns, while trace 4 is a result of summation of the spectra at
= 250 and 350 ns. Experimental conditions: temperatt@, K; mw

peroxide complexes is that it is not necessary to distill the alkyl frequency, 9.445 GHz; time interval between the second and third mw
hydroperOXide. It is sufficient to extracBuOOH from its pulses, 6Qus; radio frequency pulse duratiofie = 30 us (about 180 for
aqueous commercial solution into @y, followed by drying weakly coupled'*C).

the organic phase with MgSOThe CHCI, solution offBuOOH
obtained in this manner permits the successful synthesis of the
alkyl peroxide complexes at 195 K if care is taken to exclude
atmospheric water from the system.

Pulsed ENDOR Spectroscopy Reveals that [TPPFe-
(OCH3)(O0BBuU)]~ Has a d, Electron Configuration at 8 K.
It is evident from the EPR spectra summarized in Figure 3 that
S¢? < 14 for [TPPFe(OCR)(OOBU)]~ and [TPPFe(O®Bu),] .
This raised the possibility that these complexes might possess
a d,y electron configuration. This possibility was investigated
by pulsed ENDOR @8 K and by'3C NMR spectroscopy at
higher temperatures (see below). The Mims ENBO$pectra
of [mese!*C-TPPFe(OCH)(OOBU)]~, recorded at the low-field
(gur) and high-field gur) extrema of the EPR spectrum, are
shown in Figure 4, traces 1 and 2. Traces 3 and 4 in the same 5 10 15
figure show the spectra ofrfese*C-TPPFe(N-Melmy]*, an MHz
example of a “pure” g electron configuratiod$-%6 The hyper- Figure 5. Davies ENDOR spectra afiese!3C in [TPPFeBUNC),]*. The
fine splittings in all spectra do not exceed 1.7 MHz. In the spectrawere obtained as differences between those of the samples enriched

; ; i with 13C and the samples with a natural abundance of isotopé&4( of
ENDOR spectra recorded at the intermediate positions of the 15C), Traces &5 are detected @ = 3035 6ir = g — Ox — gy), 3325,

EPR spectra, the splittings are similar (not shown). 3375, 3425, and 3495 Gy = g = gv), respectively. The angle@s,
Figure 5 shows for comparison the pulsed ENDOR spectra betweenB, andZ corresponding to thed®, are shown at the left side of
13~ + “ » the figure. Experimental conditions: temperature, about 8 K; mw frequency,
of [mese’*C .TPPF?'BZJlNGC)Z] , an example of a “pure”,d g \5TG " buise durations, 100 ns (180 ns (186), and 100 ns
electron configuratiof?'® recorded agir = gx = gv (trace (180°); time intervalT between the first and second mw pulsesuér =
1), gur = gz (trace 5), and at intermediatg-values that 700 ns; radio frequency pulse duratiofke = 30 us. Dashed traces are

correspond to different anglég; between the external magnetic ~ Simulated withoe = 0.079,pre = 1 — 4pc = 0.68, Oz = 21°.

field B, and the normalZ to the heme plane (agLr, configuration of [TPPFe(OCH(OCtBuU)]~ is d; and that the
0sz = 90°, and atgur, Oz = 0°, as indicated in Figure 5). The  unusually small value of g2 observed for this complex probably
spectra in Figures 4 and 5 are considerably different both in arises from orbital quenching in this relatively weak-field anionic
appearance and in the frequencies of @ transitions, and ligand system.

can be used “as is” to distinguish one electronic configuration  To understand the origin of the difference between the
from the other. Thus, we can already make a conclusion that ENDOR spectra originating from Beporphyrinates with g

the ENDOR spectra clearly indicate that&K the electron and gy electron configurations, we must consider in some detail

ENDOR Intensity
w
N
wn
BN w [\ —

%0

ENDOR Intensity
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the relation between the hyperfine interaction (hfi) parameters  To a first-order approximation in hfi, the tw¥C ENDOR

of mese!3C and the spin density distributions in the porphyrin lines are located at frequencies|of & A/2|, wherevc is the

m-systems. 13C Zeeman frequency. Two situations are possible. In the weak
In the case of the @l electronic configuration, the main  coupling limit, whenve > A/2, the doublet of ENDOR lines

contributions to thenese!3C hfi come from two sources. First,  will be centered atc and split byA. In the strong coupling

there is a dipole interaction between the electronic spin density limit, when vc < A/2, the doublet will be centered Af2 and

prelocalized in the ¢, orbital and the magnetic moment of the  split by 2vc. The doublet of'3C lines seen in spectrum 5 of

mese!®C nucleus. This interaction can be reasonably accountedFigure 5 (neagz, B, = 3495 G,vc ~ 3.74 MHz) is centered

for by using the point dipole approximation and is characterized at the frequencyven ~ 7.5 MHz > wvc. It then clearly

by the anisotropic hfi coupling constant corresponds to the strong coupling case, and we can immediately
3 estimateA| ~ 2ven ~ 15 MHz. Because the anisotropic hfi
Tee ™ —Pe996/N(Reed (1) contribution frompre is very small compared withy (atg =

0z ~ 1.93,Tre~ 0.48 MHz, even apre = 1), it can be neglected

in eq 2, ancpc ~ 0.076 can be readily estimated. If we include
in the effectivepre all spin densities but those located on the
mesecarbons (and for thexglsystem that virtually means only
the spin densities on the pyrrole nitrogens), we may estimate
PFe ~ 1- 4pc ~ 0.7.

Substitutingpc ~ 0.076 into eq 3 or 4 where, agaiffige
is neglected, we can easily findh ~ 3.4 MHz. Using this
value, the position of the high-frequen&C line, vc + An/2,
in the ENDOR spectrum ap ~ 2.23 can be estimated. The
estimated frequency is about 4.95 MHz, very close to the
maximum of the high-frequency line observed in the experi-
mental spectrum 1 in Figure 5. Thus, it is seen that the ENDOR
spectra recorded at both canonical orientations are successfully
explained with this model for the hfi, which shows that it is
reasonably accurate.

The ENDOR spectra recorded B§ values other than those
corresponding to the turning points of the EPR spectrum show
13C transition frequencies intermediate between those observed
at the turning points (see traces 2 in Figure 5). In addition,

e high-frequency line in these spectra exhibits a splitting (we

0 not intend to discuss the low-frequency line, since it has a
much lower intensity in the experimental spectra, and its shape
is considerably affected by noise). This feature is interpreted
as indicative of the p-orbitals of thmesecarbons (and their

which corresponds to the perpendicular component of the axially
symmetric anisotropic hfi tensor. The axis of this tensor is
directed along the radius-vectBEec connecting the central Fe
ion with themesecarbon. The parameters entering eq 1 are as
follows: g andg, are, respectively, the electronic and nuclear
g-factors; 5 and 8, are the Bohr magneton and the nuclear
magnetonh is Planck’s constant, arf@ec~ 3.4 A. The value
of Tge corresponding t@re = 1 is about—0.5 MHz (atg = 2).

The other contribution to the hfi is from the-spin density
pc localized on themesecarbon itself. The anisotropic hfi is
characterized by the axially symmetric tensor with perpendicular
componenflc ~ —50oc MHz (at g = 2).3233 The axis of this
tensor is directed along the carbon p-orbital, close to the heme
normalZ, and is perpendicular (approximately, if the macrocycle
is ruffled) to the axis of the hfi tensor determined e The
isotropic hfi constantac resulting from pc is about 100¢
MHZ_32,33

The contributions of spin densities on other atoms in the
porphyrin ring and, possibly, in the ligands, may be neglected
because these spin densities are close to zero, as is also th
case for the pyrrole carbons. In addition, other atoms are at fairly d
large distances from a givenesecarbon, and the spin densities
on them are limitedd < 0.13%. Somewhat stretching the model,
the spin densities on pyrrole nitrogens that are located close to

f/t/]itlal cc()arr]]trallel;zc?; geslﬂcwtdi%:;g;:ﬁﬁegft I\;ﬁgigﬁgg\lzlﬁgm associated anisotropic hfi tensor axes) being not exactly parallel
. y . ) 9 - Y P 9 to Z. An alternative explanation with significantly inequivalent
anisotropic hfi tensor, which has been neglected, and leads tocarbons fails because spectrum 5, recordeg,atoes not show
a shghtly overestimated value pfe. . resolved splittings, which indicates that the spin densities on
With the model formulated above, the total hfi constant all four mesecarbons are nearly identical
corresponding t@B.//Z can be written as . o
P ing td,/. wr To estimate the anglg,; betweer? and the axis of thenese
Aj=ac+ T, — 2T =~ 100pc — 0.259,0, + 509,00 (2) carbon p-orbital (assuming for simplicitf},z to be the same
_ ) for all four mesecarbons), numerical simulations of the ENDOR
Where a” nume”cal faCtol'S are in megahertz, and the prOpOf- Spectra have been performed W|th a Variatiorﬁgﬁ] Pc, and
tionality of the anisotropic hfi to the electronig-factor is pre = 1 — 4pc. A reasonable fit was obtained fpg ~ 0.079,
factored out. IfB, 00 Z, the hfi constanf; varies from pre ~ 0.68, andf,; ~ 21° (dashed traces in Figure 5). The

A-=a-+T. +T-~ 1000~ — 0.2 -2 3 spin densitypc ~ 0.079 found in this work for rhese!3C-
0= 8T Tre ™ e Oe e~ 2%000c () TPPFeBUNC),] " is close taoc ~ 0.06 found earlier for another

whenB, O Rrec, tO dyy system, [OEPFe(PhNgl), using the ENDOR lines of the
_ N meseprotons3®
Ag=ac — 2T+ T~ 1000c + 0.597pg. — 25gp0c  (4) Now themese!3C ENDOR spectra of the,dsystems shown

in Figure 4 will be considered briefly. The spectra recorded at
0z show better (trace 1) or worse (trace 3) resolved sets of

(32) Carrington, A.; McLachlan, A. Dintroduction to Magnetic Resonance with ~ doublets (asymmetric in amplitude, probably, because of the
Applications to Chemistry and Chemical Physig&rper and Row: New implicit TRIPLE effec?6’37) centered at thel®C Zeeman
York, 1967.

(33) Landolt-Banstein. InNumerical Data and Functional Relationships in
Science and Technology, New Seribtadelung, O., Fisher, H., Eds.; (35) Astashkin, A. V.; Raitsimring, A. M.; Kennedy, A. R.; Shokhireva, T. Kh.;

whenBy/Reec. In egs 3 and 4gn is gir = gx = Oy

Springer-Verlag: Berlin, 1987; Chapters 3,4, Vol. 11/17b,c. Walker, F. A.J. Phys. Chem. 2002 106, 74—82.
(34) Ghosh, A.; Gonzalez, E.; Vangberg,JT Phys. Chem. B999 103 1363— (36) Doan, P. E.; Nelson, M. J.; Jin, H.; Hoffman, B. M. Am. Chem. Soc.
1367. 1996 118 7014-7015.
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frequency and split by the hfi constaris. Different doublet
splittings indicate some inequivalence of the spin density
distributions “seen” by differentnesecarbons.

The main contribution to theese!3C anisotropic hfi in these
systems is made byre ~ 0.838 For example, for fnese!*C-
TPPFe(OCH)(OOBU)]™ (gz ~ 2.3), the corresponding aniso-
tropic coupling constanir (see eq 1) is about 0.5 MHz. The
spin densities on thenesecarbons are very small<(0.003,
according to our Hekel calculations), and may contribute no
more thanT¢c ~ —0.17 MHz to the anisotropic hfi and: ~
0.3 MHz to the isotropic hfi constant. Another important
contribution to the hfi parameters afese!3C is made by the
m-spin density p, on the adjacent pyrrolei-carbons. The
contribution fromp, to the isotropic hfi ofmese!3C may be
estimated as, ~ —35p, MHz.3% With p, reaching 0.015 it
may be as large as0.6 MHz, and with two pyrrolec-carbons
neighboring eachmese'®C, a, ~ —1 MHz is a reasonable
estimate. The anisotropic hfi contribution pf ~ 0.015 may
be roughly estimated in the point dipole approximation to give
the coupling constant, ~ —0.13 MHz.

It can be seen that the main contributions to the total hfi
constantA; of the mese!3C are the isotropic contribution of
spin densitiep,, on adjacent pyrrole-carbons &, ~ —1 MHz)
and the anisotropic contribution fromre (Tre & —0.5 MHz
at g = gz ~ 2.3). The sum of these contributions gives
Az ~ —1.5 MHz, which correlates with the maximal splitting
of about 1.7 MHz observed in spectrum 1 in Figure 4. In
spectrum 3, which corresponds to thagat~ 2.83 of [mese
13C-TPPFe(N-Melmy *, the maximal splitting is very similar,
about 1.6 MHz. In spectra 2 and 4 recordedyat = gx, the
maximal splittings are, naturally, of similar magnitude, about
1.05 MHz in trace 2dqr ~ 1.95) and about 0.9 MHz in trace
4 (gur &~ 1.53). The general structure of varionese3C hfi

[ -
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Figure 6. (A) (a) 3C NMR spectrum of fnese!3C-TPPFe(OCh)-
(OOBuU)]~ obtained at 193 K, and (b) of high-spin TPPFe(QH toluene-
dg at 195 K. (B) Electronic absorption spectra of [TPPFe(QQBIO'Bu)]~

at (a) 195 K, (b) afte3 h at 231 K, (c)spectrum obtained from TPPFeCl
at 195 K. (C) Electronic absorption spectra of (a) [TPPFe(g)¢pOBuU)]~,
(b) [TPPFe(OCH);]~, (c) [TPPFe(O@u),]~, and (d) spectrum obtained
from TPPFe(OCH) in benzene at room temperature.

emerges from3C NMR spectroscopic studies over the tem-

contributions is thus understood. However, the numerous Perature range 17818 K'is very different from that discussed

possible contributions prohibit any detailed analysis of the

above for the’*C pulsed ENDOR measurements carried out at

ENDOR spectra in Figure 4 aimed at extracting the exact spin 8 K. The!3C NMR spectrum obtained from a solution afi¢se

densities on thenese and pyrroleo-carbons.

An important parameter that will be used below in the
discussion of thé3C NMR isotropic shifts is the ratio of the
isotropic hfi constantsmeso of mese'*C in the dy and d,
configurations. Withpc ~ 0.08 estimated above for theyd
configuration,amesois about 8 MHz. For the gdconfiguration,
as discussed aboveneso is mostly determined by the spin
polarization contributions from the pyrrole-carbons and is
close to—1 MHz. The ratio of the hfi constants is thus in the
range from—8 to —10.

To conclude the discussion of theese*C ENDOR spectra,

13C-TPPFe(OCHR)(OOBU)]~ at 193 K is shown in Figure 6A(a).
The observed chemical shift for ttreesecarbon is 422 ppm.
The relevance of this chemical shift becomes evident if one
considers that it has recently been shown thantlesecarbon
chemical shift oft3C-labeled ferrihemes is an excellent diag-
nostic tool for differentiating between the, @nd dy electron
configuration®® Complexes with the . unpaired electron
configuration have small chemical shifts (tens of pgin),
whereas those with the unpaired electron in the aibital
typically exhibit large chemical shifts (hundreds of pptth}2
For instance, the chemical shift observed foege!*C-TPPFe-

it can be mentioned here that they, indeed, show in a very g'mH)z]_ is 12 ppm at 193 K (see below), while that ofi¢se
straightforward way the gross features of spin density distribu- “C-TPPFEBUNC)]* is estimatetf to be somewhat greater

tion over the porphyrin ring related to the particular electronic
configuration of the iron-porphyrin complex, and may be used
to make the corresponding assignments.

13C NMR Spectroscopy Reveals that [TPPFe(OCh)-
(OOBu)]~ Has a d.y Electron Configuration at 193 K and,
by Extrapolation, at Room Temperature. The picture that

(37) Astashkin, A. V.; Raitsimring, A. M.; Walker, F. Al. Am. Chem. Soc
2001, 123 1905-1913.

(38) Scholes, C. P.; Falkowski, K. M.; Chen, S.; BankJJAm. Chem. Soc.
1986 108 1660-1671.

(39) Zhidomirov, G. I.; Schastnev, P. V.; Chuvylkin, N. Quantum-Chemical
Calculations of Magnetic-Resonance Parametddauka: Novosibirsk,
1978.

than 1000 ppm at 193 K (see below). The chemical shift
observed forinese!*C-TPPFe(OCH)(OOBU)]~ is somewhat
less than the average of the two (516 ppm), suggesting a
significant population of the g electron configuration at 193

K, and a small energy difference between thedd dy electron
configurationst

(40) Ikeue, T.; Ohgo, Y.; Takashi, S.; Nakamura, M.; Fujii, H.; Yokoyama, M.
J. Am. Chem. So00Q 122 4068-4076.

(41) Goff, H. M. J. Am. Chem. S0d.98], 103 3714-3722.

(42) lkewue, T.; Ohgo, Y.; Saitoh, T.; Yamaguchi, T.; Nakamura,lirg.
Chem.2001, 40, 3423-3434.

(43) The signal broadens and disappears below 258 K, probably because of
slowing of the ruffled porphyrinate inversion kinetics.

(44) Shokhirev, N. V.; Walker, F. AJ. Phys. Chem1995 99, 17795-17804.
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spin complex. Pertinent evidence is provided by the fact that
the electronic absorption spectrum of a cherry red solution of
[TPPFe(OCH)(OOBuU)]~ at 195 K (Figure 6B(a)), with well-
resolvedo. and bands, is clearly characteristic of a low-spin
Fe'' porphyrinate'® This electronic spectrum is clearly distinct
from the electronic spectra of high-spin'Feorphyrinates,
‘—"MMM ¢ such as those corresponding to TPPFeCl (Figure 6B(c)) and
TMPFe(OQBuU) (Figure 4 in ref 48). The electronic absorption
spectrum of the high-spin TPPFe(OgKreported previoushy)
__.%m b (Figure 6C(d)) is rather different from those corresponding to
TPPFeCl and TMPFeOBu, and is similar in structure to those
characteristic of low-spin porphyrinates, in that it has two visible

——i kb, (|

w'/\_ - . a Ll . bands. However, the wavelength maxima of these two bands
are markedly different from those displayed by the spectrum
120 100 30 60 40 20 0 20 of the low-spin complex, [TPPFe(OGHOOBuU)]. Moreover,
Chemical shift (ppm) '_[he electrqnic a_bsorption spectrum of the I_gtter (Figure 6B(a,b))
Figure 7. 400 MHz*H NMR spectra of (a) TPPFe(OMe) in toluerdg is almost identical to that repo_rted by Tajima a_md co-workers
at —70°C: (b) [mese*C-TPPFe(OCK)(OOBU)| at —80 °C; (c) [mese in a frozen glass at 77 K:°while, at the same time, the EPR

13C-TPPFe(OCHh),]~ at —70 °C; and (d)mese3C-TPPFe(O@u),]~ at spectrum detected at 77 K is characteristic of a low-spin iron(lll)
—8?h°c. IThedI?Il'tlt/?;\ Ct)h|_|r|ee ctélmple?k()ezI \Ne:ﬁ Plfzepaf?d Witthl gon?eute;?]wd porphyrinate complex. These observations strongly suggest that
mg c?pr%sggnding spec’:traaSW:rSecralcguirlgd V\ﬁth )f(gsetnrrgsgti?ioner;tlgg.(SO lrj'r?s[meSGBC'TPPFe(OCbD(OOtBU),], IS a I(?W-Spln complex ,at
acquisition time, 16 k data points, and 100 kHz spectral width) to minimize 195 K, as well as at 77 K8 Additional evidence corroborating
the intensity of the long-lived signals. Short acquisition times result in the low-spin nature ofese'*C-TPPFe(OCkR)(OOBuU)]~ stems
truncation of the intense methanol and TMOH signals, which upon Fourier from jts IH NMR spectrum at 193 K (Figure 7b), which
transformation impart a slight beating pattern to the baseline. The presence .
of a pyrrole-H signal near 100 ppm in spectrum (c) indicates that the U”eqlﬂ'Voca"}’ ShOWS the_absence (?f pyrrole-H resona}nces that
complex labeled “[TPPFe(OMg) ™ is a mixture of high-spin TPPFe(OMe)  are diagnostic of high-spin porphyrinates. The low-spin nature
and low-spin [TPPFe(OMg). In contrast, spectra (b) and (d) indicate  of the complex having been established, one can conclude that
the absegce of dEtSCt?g:thi%gpi” species in equilibrium with [TPPFe- yha chemical shift of thenesecarbon, 422 ppm at 193 K, clearly
(OMe)(OGBU)T™ and [ S(OBu)™ indicates that the [TPPFe(OGHIOOBU)]~ complex at this
temperature has at least partig} dlectron configuration. The
Before the electronic configuration ofnese'*C-TPPFe-  question of the degree of population of thg electronic state
(OCHg)(OOBuU)]~ can be assigned with complete certainty at s dealt with in the next section.
193 K, it is important to consider alternative explanations of  v/ariable Temperature 13C NMR Spectroscopy of nese
the large**C chemical shift observed for this complex. For TppFe(OCHs)(O0BU)]~ Indicates a Thermodynamic Equi-
example, it is necessary to exclude the possibility that at 193 K |iprium between Electron Configurations. To explore the
[TPPFe(OCH)(OOBU)]" is in equilibrium with a high-spin  temperature dependence of thesecarbon resonance imese
species such as five-coordinate TPPFe(@QCBr TPPFe- 13 TPPFe(OCKH)(OOBU)], it was necessary to first establish
(OOBu). Fé'" porphyrinates coordinated by a single anionic phe temperature range over which [TPPFe(QQEIOBU)]~ is
ligand are known to displagesecarbon chemical shifts inthe  staple. It was also necessary to determine whether changes in
range from 300 to 500 ppm at ambient temperatétésThe temperature result in equilibria of [TPPFe(OgOBu)]~
13C NMR spectrum at 195 K oimese!*C-TPPFe(OCH), with other species. Examples of such chemical species are
prepared in toluends, is presented in Figure 6A(b), and the e high-spin complexes TPPFe(OgHand TPPFe(OBu)
'™H NMR spectrum of this same high-spin mono-methoxy mentioned above, and the low-spin bis-ligand complexes
complex at the same temperature is shown in Figure 7a. The[TppFe(OCH)Z]— and [TPPFe(O®u),] . Electronic absorption
'H NMR spectrum displays a pyrrole-H resonance at 114 ppm. and 14 NMR spectroscopies were again useful in answering
This pyrrole-H chemical shift is very similar to that reported these questions. The electronic absorption spectrum of [TPPFe-
for the hydroxy complex/ as well as the well-known chloride  (QCH,)(OOBU)]~ at 212 K (CHCh-dry ice bathy is very similar
complex?” and is uniquely indicative of a high-spin Fe(lll)  {o that obtained at 195 K (Figure 6B(a)), thus providing strong
complex. Hence, the mono-methoxy complex prepared in our eyigence that the system does not undergo an equilibrium
laboratories is indeed high-spin. Therefore, #i€ shift of involving a change in spin state and that it does not decompose
the mese™*C TPPFe(OCH) (Figure 6A(b)) is characteristic of g this temperature. The solution containing [TPPFe(GQEH
those to be expected for high-spin complexes related to this (OOBuU)]~ was warmed to 231 K (CH#CN-dry ice) for 3 h.
study. Because of the similarity in chemical shift of the high- The resultant electronic absorption spectrum (Figure 6B(b)) is
spin TPPFe(OCE) complex (Figure 6A(b)) to that for the  jdentical in features to those obtained at 212 and 195 K, but is
[mese'*C-TPPFe(OCH)(OOBU)]” of Figure 6A(a), it must |ess intense. We interpret these results as indicating that at
be established whether at 193 K the latter is indeed a low- temperatures above 212 K it is likely that the alkyl peroxide
reacts with the porphyrin to produce oxidation products that

(45) Mispelter, J.; Momenteau, M.; Lhoste, J. ®hem. Commurl979 808—
810.

(46) Goff, H. M.; Shimomura, E. T.; Phillippi, M. Alnorg. Chem.1983 22, (48) Arasasingham, R. D.; Cornman, C. R.; Balch, A.JLAm. Chem. Soc.
66—71. 1989 111, 7800-7805.

(47) Cheng, R.-J.; Latos-Grazynski, L.; Balch, A. lhorg. Chem 1982 21, (49) Kobayashi, H.; Higuchi, T.; Kaizu Y.; Osada, H.; Aoki, Bull. Chem.
2412-2418. Soc. Jpnl1975 48, 3137~3141.
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Figure 8. 13C NMR spectra of fese3C-TPPFe(OCH)(OOBU)]-, 1/T (K'lx 1000)

obtained at different temperatures (listed at the right side of the figure),
over 16 k data points, with a spectral width of 8.6 kHz, 90 ms acquisition
time, 40 ms relaxation delay, and 40 000 scans.

Figure 9. Temperature dependence of these!3C isotropic shift §iso =
chemical shift— dgia (120 ppntl)) for several complexes (as indicated in
the figure), with fits for (a) a “pure” g electron configuration; (b) a “pure”

d,; electron configuration; (c) a chemical equilibrium between the two data

. . ._points @) for the (OCHz)("OOBu) complex; and a thermally accessible
are much less intensely colored, hence decreasing the absorphoBXCned:)tate, eith‘; (d)Fg)o( ch (8)350 Cnﬁ—l, (f) 100 cn1?, (g) )1/50 cnrl,

intensity. Nevertheless, the spectrum in Figure 6B(b) clearly (h) 200 cnt?, (i) 300 cnT?, or (j) 520 cnt! above the ground state. In
indicates the absence of a high-spin species at 212 K. On theplots a-j, the diamagnetic chemical shift of tmeeseC was taken as 120
basis of these observations, it was decided to stotsp!3C- ppm, as obtained experimentally by Goff for [TPPCo(N-Memy*
TPPFe(OCH)(OOBU)]~ between 218 and 178 K. The upper
limit is imposed by the reactivity of the alkyl peroxide ligand of the mesecarbon chemical shift, shown b® in Figure 9,
and the lower limit by the freezing point of the solvent. was fit to different models. To consider the possibility of a
The !H NMR spectra of [TPPFe(OCH{OOBu)]~ obtained thermally acce_ssible excited state, the following equation for
every 10 K between 178 and 218 K are similar to the spectrum the contact shift was useéé*
shown in Figure 7b in that peaks diagnostic of pyrrole-H _ _
resonances, which typically resonate between 70 and 120 ppm, N G chnl2 + WZCnZ2e AEIKT} AW, + Woe AEkT}
depending on temperature, are completely absent. In addition, (5)
electronic absorption spectra obtained at different tempera-
tures (see Figure 6B) also allowed us to conclude that neither
the 5-coordinate high-spin TPPFe(Ogldr TPPFe(O@u), nor
the six-coordinate low-spin [TPPFe((&l),]~ or [TPPFe-
(OCHg),] ~, complexes exist in detectable concentrations under
the conditions used to studypse™*C-TPPFe(OCkH(OOBU)]".
Evidence supporting the absence of low-spin complexes other
than [TPPFe(OCE(OOBuU)]~ is shown in Figure 6C. The
electronic absorption spectrum of [TPPFe(QBOBuU)]~
(Figure 6C(a)) is clearly distinct from the spectra originating
from both [TPPFe(OCH,]~ and [TPPFe(O®u),], Figure
6C(b) and 6C(c), respectively. Furthermore, the spectrum
characteristic of [TPPFe(OBu),]~ can only be observed upon
addition of a 600-fold molar excess BUOOH with respect
to TPPFeCl (1 TPPFeCl (0.2 mM):200 Ot600 '‘BUOOH).
By comparison, [TPPFe(OGHOOBU)] is prepared by the

where 0,°°" is the contact shift of thenesecarbon,F is the
Curie factor that relates the contact shift to the orbital coef-
ficients, T is the absolute temperaturgyy and W, are the
weighting factors for the ground and excited state orbitals,
respectively (equal in this case because both haveSgif/,),

Cn1 and Cy; are the orbital coefficients for positiom in the
ground (1) and excited (2) states, respectivAll,is the energy
separation between ground and excited states, kaigd the
Boltzmann constant. For the present case, since the direction
of shift is opposite for the g and d; electronic states of low-
spin Fe(lll) (Figure 9a and b, respectively), the carbon orbital
coefficients are obviously very differendf opposite sign, in
fact. Thus, the coefficient€,;2 andC;»? in eq 5 must include
the product of the spin densities at the meso position in each
state and the sensitivity of the spin density to the various orbital

- ; contributions. On the basis of the ratio of the isotropic hfi
addition of a 100-fold molar excess ®uOOH with respect to constants ofese*C in dy and d, configurations estimated

TPPFeCl (1 TPPFeCl (0.2 mM):200 OH.00 '‘BuOOH). 1 . o
N O above from3C ENDOR spectra and from spin polarization
When nese’*C-TPPFe(OCH)(OOBU)] ™ is cooled from 218 -, jderationd! SOwe can take?/Cr? to be~—10, with Cor?
to 193 K, themesecarbon shift increases, as is expected for a being negative.
low-spin ferriheme center possessing thgalectron configu- Fits of the temperature dependence of fi@isotropic shifts
ration. However, b(_elow 19_3 K the direction reverses, and the . eq 5, first of all for the two “pure” complexesmiesetiC-
mesaecarbon chemical shift decreases rapidly and becomes
increasingly broader (Figure 8). The temperature dependence0) Karplus, M.; Fraenkel, G. KI. Chem. Phys1961, 35, 1312-1323.
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TPPFeBUNCY]* (dy) (O in Figure 9) and [TPPFe(ImH)" thermodynamic equilibrium, with enthalpyH and entropyAS,
(d,) (v in Figure 9), show that each has a thermally accessible to calculate the contact shift for tireesecarbon of the alkyl
excited state of the opposite electron configuration, with the peroxide complex as a function of temperature:

energy between ground and excited states,~ 97 and 417

cmL, respectively. Thus, both of th€C isotropic shift lines 8" = (FIM{C,,* + Cle W TR 1] 4 g AH-TAIRy
of the “pure” complexes in Figure 9 are slightly curved, with (8)
that for the ¢y electron configuration (a) being more curved
than that for the glelectron configuration (b). The average of
the isotropic shifts of the two “pure” electron configurations is
shown in Figure 9 by plot (e). Plot (e) corresponds not only to
the simple average of the chemical shifts for the two “pure”
electron configurations, but also to that calculated from eq 5
for AE ~ 50 cnT. Not only the strict average (e) of the two
“pure” electron configurations, but also the calculated temper-
ature dependence based upon a varietBfalues, including

20 cnt? (d), 100 cm?® (f), 150 cn1t (g), 200 cn1t (h), 300
cm 1 (i), and a very largéAE = 520 cn1? (j) as possible values
for the temperature dependence ofgse!®C-TPPFe(OCH)-
(OOBuU)]™ are shown. All lines &j were calculated from eq 5
using the ratioCr,%/C? = —10, as discussed above.

Using the same values @2 and Cn,2, and the estimated
values ofAH ~ +2.53 kJ/mol and\S~ +12 J/mol K, plot (c)
in Figure 9 is obtained. This plot more closely follows the
chemical shift dependence of the experimental data points than
do the plots obtained from the assumption of a thermally
accessible excited state using any valuaBfbetween ground
and excited state (eq 5), in that the curve reaches a maximum
at the point that the experimental data reach a maximum, and
then decreases, albeit at a less rapid rate than do the experimental
data (see below).

Although both metal- and ligand-centered dipolar shifts are
also expected to contribute to the isotropic shiftsf the low-
spin Fe(lll) complexes of this study, their contributions are much
smaller than those of the contact shifts, and they likely mirror

The markedly different behavior of the experimentatse those of the contact shifts in these complexes in solution where
carbon chemical shift® in Figure 9) and those expected for a the Jigands within each complex ion, as well as the complex
thermally accessible excited state clearly demonstrates that thqgons themselves, are rotating rapidly. Thus, it is felt that within
temperature dependence ofgse!*C-TPPFe(OCH)(OOBu)]~ the accuracy of the approximate calculations for line§ of
is not that expected for a system having a thermally accessibleFigure 9, the dipolar shift contributions will not change the
excited state. In particular, the iSOtrOpiC shifts reach a maximum overall picture. Therefore’ the results summarized in Figure 9
at a particular value of inverse temperature, and then decreaseare consistent with the fact that the temperature dependence of
The maximum isotropic shift is reached at a relatively low the chemical shift obtained frommese'*C-TPPFe(OCH)-
temperature, 193 K, unlike that for any possible value\&t (OOBU)]~ results from a chemical equilibrium between planar
for which only those cases havinge = 150 cn! or greater  (d,) and ruffled (dy) conformations, for which the energy of
reach a very gentle maximum isotropic shift before decreasing, the two electronic configurations is very nearly the same, but
and the temperatures at which these maxima are reached arehere is a thermodynamic equilibrium between the planar and
all greater than 193 K. However, the approximate similarity of ruffled ring conformations. The small values of baiid and
the experimental data points for this complex to the calculated ASare consistent with such an equilibrium between species that
behavior if there were a thermally accessible excited state with differ in ring conformation.
AE = 100 cnT? or so suggests that it is highly likely that these Both the extreme broadening and the stronger than predicted
two electron configurations have a very small difference in decrease in chemical shift at the lowest temperatures accessible
energy. In fact, it was not possible to fit the experimental in the solvent (188178 K, last three points of line (c) in Figure
temperature dependence ofgse'*C-TPPFe(OCH)(OOBU)]~ 9) suggest an approach to the intermediate exchange regime. If
without also considering the existence of a thermodynamic this is the case, then at considerably lower temperatures, if the
equilibrium that shifts in favor of the,delectron configuration ~ solvent did not freeze, the planar and ruffled conformers would
as the temperature is raised. As a first estimation of the be in slow exchange with respect to the NMR time scale, and
equilibrium constants for such a process, itese3C chemical two mesecarbon signals, one from each complex, would be
shifts of this complex were compared to those of complexes observed. One signal would approach the chemical shift of the
with “pure” electron configurations, [TPPFe(Im#}y for the planar ¢ complex and would become more intense, while the
d-, and [TPPFEBUNC),]* for the dy electron configuration. It other signal would approach the chemical shift of the ruffled
can be readily shown that for the ring conformation intercon- Gxy complex and become less intense, until it disappeared. Hence,
version, the temperature dependence of thesecarbon chemical shift
(® in Figure 9) does not contradict the fact the8& the pulsed
ENDOR results (Figure 4) clearly indicate a, @lectron
configuration. Thus, if the evidence gathered by electronic and
magnetic spectroscopy is taken together, it can be concluded
that at very low temperatures the electron configuration of
[TPPFe(OCH)(OOBU)] is indeed g, but that the g, config-

Hence,Keq can be easily estimated, and then a van't Hoff uration becomes highly favored at ambient temperatures via a
plot (log Keq Vs 1/T) can be constructed to estimate thid and chemical equilibrium. Over the range of temperatures of the
ASfor this interconversion. Values &fH ~ +2.53+ 0.5 kJ/ NMR measurements, both electronic states are present and
mol andAS ~ +12 + 4 J/mol K are obtained from the best rapidly interconverting, and at physiologically relevant temper-
slope and intercept of this plot. These values can then be usedatures, the g electron configuration is expected to be strongly
in an expression similar to that of eq 5, but appropriate for a favored AGzio = —1.19 kJ/mol,Keq ~ 6.9).

planar(d) Lo ruffled (dy) (6)

Keq= [0(pure d,) — d(peroxo)/|é(pure d,) — d(peroxo) (7)
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Magnetic Resonance Spectroscopy of [TPPFe(OGH]~ guantities of high-spin species in solution. These observations
and [TPPFe(OOBuU),] . The EPR spectra of [TPPFe(Og)y] ~ indicate that inese!*C-TPPFe(O@u),]~ is a low-spin com-
and [TPPFe(O®u),]~ also display compressagianisotropy plex, and, hence, the magnitude of iteesecarbon chemical
(>d? ~ 14), as shown in Figure 3. This observation raised the shifts is indicative of a g electronic structure. The temperature
possibility that the bis-methoxide and bis-alkyl peroxide com- dependence of thmesecarbon chemical shifts, together with
plexes of TPPFe(lll) might havesdelectron configurations.  those obtained from the variable temperature experiments per-
Hence, both complexes were also studied by pulsed ENDOR formed with [nese'3C-TPPFe(OCRH)(OOBuU)]~, are shown in
and 13C NMR spectroscopy. The pulsed ENDOR results, Supporting Information Figure S2. The temperature dependence
summarized in Supporting Information Figure S1, show that of the mesecarbon in nese!3C-TPPFe(O@u),]~ indicates
the hyperfine splittings in the spectra obtained fromefe that in the temperature range accessible experimentally, the
13C-TPPFe(OCH),]~ and [mese*C-TPPFe(O@u),]~ are mesecarbon chemical shift moves to higher frequency as the
very similar to those of [TPPFe(OGHOOBuU)]~ and [TPPFe- temperature is decreased. This is what is expected for a low-
(N-Melm),] " (d,) in Figure 4, and also do not exceed 1.7 MHz. spin ferriheme complex with axg electron configuration.
The magnitude of these hyperfine splittings is thus typical of However, since pulsed ENDOR spectroscopy indicates that the

complexes having their unpaired electron residing in ardital, electron configuration of this complext 8 K is d,, it is

as discussed above for [TPPFe(O@OBU)] . It is therefore anticipated that the direction of tineesecarbon chemical shift

evident that both [TPPFe(OGM]~ and [TPPFe(O®u),]~ will reverse at a lower (inaccessible) temperature. Hence, the

have (dy)?(dx»dy,)® electron configurations at 8 K. plots in Figure S2 are qualitatively indicative of the relative
The mesecarbon chemical shifts obtained fomgse!3C- position of the equilibrium between the,druffled) and ¢

TPPFe(OCH),]~ and [mese'3C-TPPFe(Ou),]~ at 193 K (planar) conformations. These plots suggest that as the number
are 361 and 444 ppm, respectively. Before the magnitude of of alkyl peroxide axial ligands is increased from one to two,
these chemical shifts can be taken as an indication that thethe relative concentration of thg,tonformer is larger at the
corresponding compounds are low-spin ferriheme complexes'f)WGSt temperature_s accessible experi_mentally. It is the_re_fore
possessing an electron configuration in which thgahd d, likely that other f_ern_heme co_mple>§es Wlth_El_DR spectra similar
states are essentially isoenergetic, it is necessary to establisic those shown in Figure 3, including the imidazolate complex
that these compounds are not in equilibrium with high-spin LTPPFe(Im)(OCBU)I"*® and the neutral imidazole complex

species such as TPPFe(O§dnd TPPFe(OBu). Once again, [TPPFe(N-Melm)(OCBU)],** will also display variable tem-
electronic absorption spectroscopy dhtiINMR spectroscopy peraturemes_ecarbon chemlcal shlft._c, similar to th_ose observed
were utilized to study these compounds. The electronic absorp-10" the alkoxide-alkyl peroxide and bis-alkyl peroxide complexes
tion spectrum of the olive green solution of [TPPFe(QiH of TPPFé_' reported here, yet different in detail because of
(Figure 6C(b)) was found to be temperature independent dlffer.er.f[ Ilgand field strengthlof thg unique axial ligand. Th|s
between 273 and 183 K; temperatures above 273 K were notpossmmty is currently under investigation in our laboratories.
investigated. It is noteworthy, however, that the electronic

absorption spectra of [TPPFe(OgH~ in this temperature  Relevance to Enzyme Systems and Concluding

range are somewhat different from those obtained by Tajima et Remarks

18 i 1] i
al.l f’it " fif‘._lllr;tFe)lr:esygly, 'j NME spectra ?cquwed from In addition to the complexes included as part of this study,
S0 utions of °[ e(OCH)] ™ in this range o j[emperatur.es the EPR spectrum of the eOOH complex of myoglobin
display a pyrrole-H peak near 100 ppm that is diagnostic of (5@ = 14.09}12452 and that of the F&-OOH complex of

high-spin ferrihemes. For example, at 203 K the pyrrole-H 2 _ 3.24 i

S W cytochrome P45Qn, (3¢ = 13.75%%24 display compressed
resonance (?:r_lglnanr;g frolrgn [TPPFe(Q ME) IhS Iocatedl at100 K anisotropy and very similag-values to those reported for the
pEm_ (Sgi \gure C)I. fy cc;]mpgrlian,] t € pyro e-H pea corresponding alkyl peroxide complexes. These molecules have
obtained from a sample of authentic high-spin TPPFe(OMe) in in common a hydroperoxide or alkyl peroxide axial ligand. Thus

toluene (203 K) is found at 114 ppm (Figure 7a). Similar it seems obvious that the peroxide ligand induces the reduced

observations at other temperatures suggest that at 203 K theanisotropy observed in the EPR spectra. Compregstiso-
compound labeled *[TPPFe(OMg)” is indeed a mixture of 5 couidbe correlated to a (gd,,)*(dx,)* electronic config-

high-spin TPPFe(OMe) and low-spin [TPPFe(Obe) The uration in those cases, or, as in the model heme systems studied

presence of & detectaple gquﬂlbrlum between hlgh.-spm MONO-herein, the electron configuration at the very low temperatures
methoxy and low-spin bls-methoxy complexes in solution  iqq 1 carry out EPR spectroscopic studies ig)ftd,)?,
precludes any further analysis of this complex. with the possibility that some or all of these ferriheme centers
In contrast, the electronic absorption spectrum of a cherry coordinated by a peroxide ligand have &(l),)*(dxy)* electron
red solution of [TPPFe(OBu);]~ (Figure 6C(c)) is different  configuration at ambient temperatures. This has important
from the spectra displayed by the high-spin TPPFeCl, TPPFe-implications for the mechanism of action of the enzymes heme
(OMe), and TMPFe(O®u)*® complexes. The electronic ab-  oxygenase, cytochromes P450, and the peroxidases, since the
sorption spectrum of [TPPFe(CBU),]~ loses intensity rela-  formation of an obligatory F&-OOH intermediate, possessing
tively rapidly above 195 K; thu¥H and**C NMR experiments  |arge electron and spin density at the meso positions, can be
aimed at elucidating the spin state and electronic structure of expected to prime a protein or enzyme to oxygenate its heme.
[mese!'*C-TPPFe(O@u),]~ were acquired only between 203
and 178 K. In this range of temperatures, theNMR spectra (51) Rivera, M.; Caignan, G.; Astashkin, A. V.; Raitsimring, A. M.; Shokhireva,
of this complex, see Figure 7d for an example, are devoid of ., - Kh. Walker, F. A., unpublished work.

oo . (52) Kappl, R.; Htin Berlage, M.; Htterman, J.; Bartlett, N.; Symons, M. C.
peaks near 100 ppm, thus indicating the absence of detectable ° R. Biochim. Biophys. Actd985 827, 327-343.
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Therefore, the ability of a protein to form the important “Fe(V)”
and ferryl (F&=0) intermediates of cytochromes P450, the
peroxidase$,as well as theag heme of cytochrome oxidase,
or to oxygenate its own heme, as in heme oxygefaseould

Another important modulatory mechanism among the en-
zymes that react through the '=®©OH intermediate is that
provided by the proximal heme ligand, a histidine in the cases
of heme oxygenase, the peroxidases, and cytochomrilase,

be modulated by the electronic properties of the protein-provided but a cysteinate in the cases of the cytochromes P450 and

heme ligand®? as well as the hemepolypeptide interactions

chloroperoxidase. It is thus possible that in addition to the

that in the cases of cytochromes P450 and the peroxidasesdynamic equilibrium discussed above, an additional modulatory
presumably retard the attack of the bound hydroperoxide on mechanism among the enzymes that react through tHe Fe

themesecarbons, and accelerate the decay towal4F®, and
possibly prevent ruffling of the porphyrinate ring. Stabilization

OOH intermediate is provided by the chemical nature of the
proximal ligand, including the histidine imidazole protonation

of the ruffled porphyrinate ring at ambient temperature positions state. For example, it is thought that in cytochrome P450, the
the mesecarbons as much as 0.5 to 0.6 A above or below the proximal cysteinate ligand destabilizes the-O bond through

porphyrin mean plan®16 and also places the unpaired electron
of low-spin Fe(lll) in the ¢y, orbital, hence creating large
spin density at thenesecarbons. The end result is that two of
the mesecarbons are placed closer to the terminal OH of the
Fe''-OOH moiety at any given moment, thus facilitating their
attack by the peroxide ligand. Whether the and y- or the

- and 6-mesecarbons are placed closer to the terminal OH
of FE"-OOH at the moment of attack is likely to be dictated
by steric interactions between the porphyrin ring and the
polypeptide. Moreover, since heme ruffling positions pairs of
mesecarbons (e.gq- andy-) closer to the reactive fleOOH,

if only the a-meso-carbon is attacked, as is observed in HO,
this implies that the othemesecarbons must be sterically

protected. Hence, the regioselectivity of heme oxygenation may

be controlled by electronic, as well as steric, effects.

strong electron donation, in conjunction with electron withdrawal
from a hydrogen bond network in the distal site of the heme
binding domairf® In peroxidases the same “puspull” mech-
anism is thought to be operative because the proximal His ligand
is ionized or strongly hydrogen bond&dt has been previously
proposed that in HO, the lack of effectiveness of the neutral
His ligand as an electron donor may actually lower the rate of
0O-0 cleavage, hence channeling the reaction toward heme
oxygenation rather than ferryl complex formati®#? It is
therefore important to investigate the effect that the protonation
state of the proximal ligand might have on the dynamic
equilibrium between planar i and ruffled (dy) conformers,
and such studies are in progress in our laboratories.

If the Fé'(porr~)("OOH) complex in HO indeed has the
unpaired electron in theyglorbital, then large spin density is

It is interesting that the model complexes used in this study expected to be present at tmeesecarbons due to partial

suggest a dynamic equilibrium between a ruffleg))(@nd a
planar (d) conformation. Over the range of temperatures of

porphyrin-to-metal electron transf&¥:16 A limiting resonance
structure for such a species is that in which the electron is fully

the NMR measurements, both electronic states are present andransferred from the porphyrinate ring to the metal, and may

rapidly interconverting, and at physiologically relevant tem-
peratures the 4l electron configuration is favoredAGsio =
—1.19 kJ/mol;Keq = 6.9). In fact, it may be that this dynamic
equilibrium, which in an enzyme may be significantly affected
by heme-polypeptide interactions, is an important modulatory
mechanism that helps an enzyme channel th#-G©H
intermediate toward the formation of a ferryl intermediate in

be represented as'Kpor—)("OOH), which raises the possibility

of involvement of a radical mechanism for this enzyme. A
radical mechanism was considered previously, but discarded
because the then proposed radie@lil) was thought to be too
indiscriminate to lead to well-controlled reactivityHowever,

if the limiting structure F&(por—)(OOH) is considered, then
attack ofeOH at amesecarbon would produce E¢por-mese

some cases, or toward heme oxygenation in others. In thisH,OH)(O*), which would rapidly rearrange its F€© electron

context, it is interesting to point out that the crystal structures
of humart* and bacteridP heme oxygenase strongly suggest
that the flexibility of the distal pocket, provided by conserved

configuration, lose the proton from the attacked meso position
to re-aromatize the porphyrin ring, and reprotonate tHe-6&-
to yield the resting P& aquo form of the enzyme. It is therefore

glycine residues 139 and 143, is an important and conservedevident that if the P&-OOH intermediate of heme oxygenase
motif in these different heme oxygenases. It is therefore tempting does indeed have its unpaired electron residing in thertital,

to speculate that the flexibility of the distal pocket in heme
oxygenase functions to facilitate the dynamic equilibrium
between ruffled (d) and planar () conformers, thus
channeling the reactivity of the BeOOH intermediate toward
heme oxygenation, rather than ferryl formation. In fact,
when Gly-139 of human HO-1 is mutated for a residue with a

bulkier side chain, the resultant enzyme displays peroxidase-

type reactivitys® and when similar mutations are introduced

the electronic structure of the intermediate, which, as we have
shown with the model ferriheme complexes, is accessible via a
dynamic equilibrium that is influenced by the proximal ligand
and the surrounding polypeptide, becomes a novel mechanism
by which this obligatory intermediate is channeled to favor either
heme oxygenation or monooxygenation activity.

It is also noteworthy that bis-pyridine complexes of model
mesehydroxyhemes such as OEPO, produced by coupled

at position 143, the mutant enzymes lose their oxygen activa- oxidation of OEPFe(lll}:#16:66-62 have more compressed EPR

tion activity >’

(53) This certainly includes hydrogen-bonding/deprotonation of histidine ligands
of the peroxidases as compared to HO.
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