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Abstract: Resonance Raman (RR) spectra are reported for a series of ferric complexesetétramesitylporphyrin
XFe''(TMP) (where X= F~, CI-, mchlorobenzoate (mCB, CR0,SO" (trif 7) and CIQ~) and their oxidized
derivatives, OF¥(TMP**)(X). Mode assignments are made by RR studies of#pyrrole-deuterated antfO-

labeled analogues. The results demonstrate that theioxo bond strength is sensitive to the nature of the trans-
axial ligand (X), thev(Fe=O) stretching mode appearing near 800 éror the F~, CI-, and mCB complexes and

near 835 cm! for the trif- and CIQ~ complexes. The high-frequency marker modes andihehemical shifts are
consistent with stronger electron donation by the former three anions. An explanation for the apparent absence of
a correlation between thg(Fe=0) stretching frequencies and the previously reported rate constants for substrate
epoxidation is also suggested.

Introduction and Nakamotbfirst succeeded in observing th¢Fe=0) of
OFe(TPP) (where TPP is tetraphenylporphinato dianion) ob-

In the past decade extensive studies of oxidation reactions . . . .
tained in low-temperature matrices by laser photolysis of

catalyzed by synthetic metalloporphyrins have been repérted. Fe(TPP)@. Later, Nakamoto and co-workérextended their

Among all porphyrin complexes of transition metals, particular )
importance is attached to iron porphyrins, because of theirWork for other porphyrins and observed tw(Fe=0) modes

biological relevance. It has been shdwhat the high-valent " the ranges of 852861 ent 7# and 809-815 onr .7 The .
ferryl porphyrinz-cation radicals and their one-electron-reduced former one was associated W't.h the neutral ferryl porp_hyrln,
analogues, ferryl porphyrins, are the active species in the Whef_eas the_ latter one was assigned to théearyl porphyrin
epoxidation of olefins and hydroxylation of alkanes. In these n-cation radical. Several other groups reported #{fee=0)

reactions they mimic the behavior of biologically important modg of five- and six-coordinate ferryl porph\}/rins olJthained in
intermediates of the heme-containing enzymes such as peroxi-somt'ovnsg Among all these cc_)mpounds,=€|¥e' (TMP ). and
dases, catalases, and cytochrome P450, which selectively —FeV(TMP) have been studied the most frequently since they
cataly’ze various oxidation reactiohs ' form fairly stable complexes at low temperatures. Kitagawa
In the last 15 years there have been many successful attempt ndlco-worke_r%a wglr:e elf,h?r&r;t to doc:’:megt thegérlesquerlmles of
to characterize these two important species by various meth-€ less realctlve, ( ), "f'!v( e=0) at Cm ', va
ods: EPFE Mossbaue?, EXAFS? and NMR225 Fortunately, at 1368 cmt, andv, at 1570 cn1! (in toluene). Later studies

esonance Raman (RR) spectoscopyofers the possily of %, C2euerenics e b eera sl Mo o,
directly observing the iroroxygen stretching mode. Bajdor : ) :
y g yo 9 ) the more reactive and unstable counterparsFgY (TMP),

has been reported by Hashimoto e fir the species observed
in the presence of methanol. In a subsequent study, Kincaid et
al 1% suggested that the earlier reported sp@etere associated
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with a photoproduct and unambiguously assigned the 802 cm
to thev(Fe=0) of O=F"V(TMP*"), generated in the absence of
methanol. Later Kitagawa et &ll confirmed the result obtained

by Kincaid et al'® in the absence of methanol, but disputed

results obtained in the presence of methanol. They argued that™”

the differences in the observed frequencies ofitflee=0) in

the absence and presence of methanol are attributable to the,

Czarnecki et al.

160, (Monsanto Research, 98%0,) and*®O, (ICON, 98%%0,) were
used without further purification. Ozone was prepared froygé&ses

as described by Andrews and SpiKesy electrical discharge (for 6 h)
using a Tesla coil. The extent of the reaction was monitored by Raman
ectroscopy.

The F¢!'(TMP)Cl was purchased from Midcentury Chemicals (Posen,
IL), and an additional purification was done in order to obtain a
uorescence-free product by using the following proceduré!(FelP)-

effect of the trans ligand, i.e., excess of oxidant in the absencec (25 mg) was dissolved in a minimum amount of chloroforr-§3

of methanol, but methanol when it is present.

Very recently, Gross and Nimfihave demonstrated remark-
able differences in reactivity toward styrene for the series of
oxidized species 8FeV(TMPH)X (X = F~, CI-, MeOH,
~OAc, "OSGCRF; (trif7), "OCIOs). In this series the complexes
differ only in the nature of their axial ligands trans to the exo
iron fragment. There was, however, no obvious correlation

between the second-order rate constants and the NMR and ES

mL) and loaded onto a column of neutral alumina (deactivated with
10% (w/w) HO). Development with toluene resulted in the elution
of a fluorescent band (metal-free ligand). After the fluorescent band
had eluted completely, the heme was eluted with neatGGH The
collected heme fractions were pooled and concentrated by evaporation
of solvent and converted to the chloride form by stirring overnight with
a 0.1 M solution of hydrochloric acid. The GEl; layer was separated
nd evaporated to dryness. Upon recrystallization from toluene/heptane,
iolet crystals were obtained, which were dried under vacuum at 50

spectroscopic features of the complexes. This suggests arrc. The final product gave a single spot on silica gel TLC plates

apparent discrepancy between ttrans effect-the kinetic
phenomenaand thetrans influence-the static phenomenaf

developed in toluene, and the UV/vis spectrum matched that reported
in the literature!®> Portions of eluted heme were converted to the

the axial ligands. Since RR is the most direct spectroscopic fluoride'? and m-chlorobenzoafé forms by literature methods. The

probe for examination of oxemetal bond strengtHs!! the
present work is undertaken to document ttams influenceof
the sixth ligands on the(Fe=O0) stretching vibrations of oxo
iron(IV) porphyrin cation radical complexes.

In this study we report RR spectra of the seriesfaV-
(TMPHX (X = F~, CI~, mchlorobenzoate (mCB, "OSQCHR;
(trif7), “OCIOs). The species were generated by oxidation of
the corresponding ferric complexes with ozone in order to

Fe'' (TMP)(trif) was prepared according to the method of Gross and
Nimri.*?> The Fé!'(TMP)CIO, (Porphyrins Product) was used as
received. All compounds were recrystallized prior to use and examined
by *H NMR (CsDg) to confirm their purity. F&(TMP)F: 6 81.5 (pyr-

H, 8H), 12.8 and 11.7nf-H, 8H), 3.4 p-CHs, 12H). Fé!(TMP)CI: ¢

80.3 (pyr-H, 8H), 15.4 and 13.9m(H, 8H), 3.9 @-CHs; 12H).
Fe'(TMP)OAc: ¢ 79.6 (pyr-H, 8H), 13.9 and 12.7¢H, 8H), 3.6
(p-CHs, 12H). Fd'(TMP)trif: 6 52.6 (pyr-H, 8H), 15.3 and 14.2r¢

H, 8H), 4.4 -CHs, 12H). Fd'(TMP)CIO;: 6 29.2 (pyr-H, 8H), 14.1

preserve the identity of the trans-axial ligand. The results show and 13.4 f-H, 8H), 4.2 ©-CHs, 12H).

that two distinct spectral patterns are observed. The first set

(involving complexes with halides and mCPByield av(Fe=0)
at~800 cnmt and virtually identical high-frequency RR spectra.
The second set (including the triflate and Gf@nions) exhibits
av(Fe=0) at~835 cn1! along with a common high-frequency
RR spectrum, which is distinctly different from that observed

Hx(TMP-dg) was initially synthesized according to Lindsey and
Wagnet® using pyrroleds!” and purified by the method of Kihn and
Meunier®while in later studies the modification introduced by Gross
and Kaustot® was used. Metalation with Fe£4H,O in DMF
followed by the earlier described workup afforded violet crystals of
Fe'"(TMP-dg)Cl. The Fé'(TMP-dg)ClO, was obtained by a method
described previousip.

for the first set of complexes. Resonance Raman characteriza- oxidation reactions were performed in @&, at—80°C in a stirred

tion of the ferric porphyrin complexes is also presented.

Experimental Section

Materials and Methods. Methylene chloride (Aldrich, spectro-
photometric grade) was purified by a procedure described previéusly,
which consists of shaking approximately 500 mL of the solvent with
50—-60 mL portions of concentrated,HO, in a 1 L separatory funnel

Dewar cell specially designed for Raman measurements at low
temperaturé® Ozone was purged through solutions of iron(lil)
porphyrin complex by using a gas-tight syringe, followed by purging
of the reaction cell with B

Spectroscopic MeasurementsLow-temperature Raman measure-
ments were performed using a stirred Dewar cell (temperati@e
°C) with a cylindrical lens setup in order to minimize thermal
decomposition or photodecomposition of the samfleResonance

until the acid layer remained colorless. The solvent was then washed Raman spectra were acquired with a CCD detector (Princeton Instru-

with 100 mL portions of distilled water, passed through gCR»
column, predried over dried Cagldistilled over BOs, and directly
passed through a dried 400°C) neutral alumina column. The gases
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Raman Spectr Peticolas, W., Hudson, B., Eds.; University Printing
Department, University of Oregon: Eugene, OR, 1986; p28. (b)
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ment) and notch filter (Kaiser Optical System, Ann Arbor, MI) attached
to a single monochromator (SPEX Model 1269). The frequencies were
calibrated by using known frequencies of toluene and fenchone and
are accurate te=1 cnt . No smoothing was performed on any of the
spectra. The 406.7 nm line (with 5 mW power at the sample) of a
Coherent Model Innova 100-K3 krypton ion laser was used as the
excitation source. Optical spectra were measured in a low-temperature
Dewar cell using a Hewlett-Packard 8452A diode array spectrometer.

Results and Discussion

1. Characterization of Fe" (TMP)X (X = F~, CI=, mCB~,
trif =, ClO47). Representative RR spectra of the parent (ferric)
complexes are given in Figure 1 along with those of their
B-pyrrole-deuterated analogues. The assignment of the observed
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Figure 1. Low- and high-frequency RR spectra of R MP)Cl and F& (TMP)CIO, and their pyrrole-substituted analogueds(imeasured at-80
°C in CHCl, with excitation at 406.7 nm. Asterisks denote solvent bands.
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Figure 2. Low- and high-frequency RR spectra of RFMP)X complexes (%= F~, CI~, mCB, trif~, CIO,~) measured at-80 °C in CH,Cl, with
excitation at 406.7 nm. Asterisks denote solvent bands.

RR modes for PE(TMP)CI has been proposed by Kitagawa down by 6, 17, 45, and 48 cth respectively. The correspond-
and co-worker$! These assignments we extend for''Fe  ing marker modes of the perchlorate complex (Figure 1, trace
(TMP)CIO4 by using data for thg-pyrrole-deuterated analogues  C) occur at different frequencies, i.e4 (p) at 1372, (p) at

and the observed depolarization ratios of the modes, as well as1567,v; (p) at 1460, and; (dp) at 1494 cml. TheirB-pyrrole

with reference to a complete vibrational analysis of Ni®P.  deuteration shifts (Figure 1, trace D, and Table 1) match those
These results, taken together with the observed depolarizationgpserved for the chloride derivative. Furthermore, for both

ratios of the modes, allow us to assign the modes observed forcomplexes, the shifts observed up@myrrole deuteration are

the other three analogues of RFMP)X (Figure 2 and Table  j, good agreement with the corresponding shifts observed for

b). . | ) NiTPP2! The most noticeable difference in the low-frequency
The high-frequency RR spectra of FEMP)CI (Figure 1, ghocira of the F&(TMP)CI and Fé' (TMP)CIO, complexes is

trace A) show features characteristic for high-spin complékes. the appearance of the two bands observed at 778 and 808 cm
Its key modesy, (p), v2 (p), v3 (p), andvy; (dp), are observed

at 1365, 1555, 1455, and 1493 thn respectively. Upon (21) Li, X.-Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Su, O. Y.; Spiro,
p-pyrrole deuteration (trace B), these marker modes are shiftedT. G. J. Phys Chem 199Q 94, 31.
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Table 1. Summary of Mode Assignment for Series of'FgMP)X Complexes (X= F~, CI~, mCB-, trif~, CIO,7)?

Vi (Avids)
assignment P Fe(TMP)CI Fe(TMP)F Fe(TMP)mCB Fe(TMP)trif Fe(TMP)CIO

N(phenyl-8a) p 1612 (0) 1612 1612 1612 1612 (0)
V10 dp 1566 (0) 1566 1566 1570 (0)
V2 p 1555 ¢17) 1555 1555 1564 1567(L5)
Vi dp 1493 (-48) 1489 1493 1496 1494-47)
V28 dp 1468 ¢9) 1469 1468 1466 1474-Q)
V3 p 1455 (-45) 1457 1456 1460<44)
V29 dp 1377 41) 1377 1378 1383 1384-41)
2 p 1365 (6) 1367 1368 1369 1372)
Voo dp 1347 (454) 1347 1348 1346 1347¢54)
N(phenyl) dp 1301+1) 1301 1302 1301 1301H1)
V12 dp 1275 €2) 1277 1276 1269 1271Q@)
Vo7 dp 1253 (3) 1251 1253 1250 1256-Q)
21 p 1231 ¢2) 1230 1230 1229 1229-R)
Vaa dp 1184 ¢) 1182 1183 1185 1190+)
V7 p 864 (t+4) 864 863 863 864+6)
V32 dp 864 (-51) 864 863 863 86453)
V16 dp 847 (+38) 847 847 847 847438)
Vo4 dp 835 (-37) 834 837 838 83436)

p 809 () 808 808

p 779 ) 786 781

p 752 () 752 752 748 749+)

p 726 (—108) 726 726 723 7221108)

dp 656 (-95) 656 655 651 63885)

a Abbreviations: p, polarized mode; dp, depolarized madepbserved frequencie®vids, isotopic frequency shifts upon deuteration at the
pyrrole g-carbon positions.

in the spectrum of the former which are very weak or missing for magnesium porphyrin; i.e., thee mode was downshifted
in the case of the latter complex.

On the basis of the similarity of the spectra of thé' FEMP)F
and Fé'(TMP)(mCB) complexes to that of the FErMP)CI

by 6 cnT! upon coordination of THF or MeOFR
2. Characterization of O=F&V(TMP*")X. The O=Fé€V-
(TMP")X complexes were characterized by ESR &ddNMR

complex (Figure 2) and the general similarity of the spectrum in our previous studie®¥? The ESR spectra of all complexes
of the triflate analogue to that of the 'F€rMP)CIO, spectrum, were very similar, showing two signals at arougd= 4 and
the series can be considered to fall into two sets, those for theone atg = 2 characteristic of such compleXg§eV cation &
halide and mCB complexes being distinctly different from = 1) is ferromagnetically coupled to the porphyrin radical (
those for the triflate and ClQ analogues. The spectral = %)), while differences in their NMR spectra confirmed the
assignments for all of the complexes are given in Table 1.  presence of the different axial ligandsde infra). In Figure 3

It is known that many F&(P)CIO, complexes adopt the spin-  are shown representative RR spectra eff@V (TMP**)Cl and
admixed or intermediate sghelectronic configurationg = O=Fé&Y(TMP**)CIO, and their-pyrrole-deuterated analogues.
3/,). For intermediate-spin complexes, thd NMR spectra In both cases, dramatic decreases are observed in the intensities
show the pyr-H resonance neaB0 ppm and an ESR signal at  of the modes, compared to the corresponding parent (ferric)
g = 4.222ab \We have, however, examined the ESR spectrum complexes (the 1157 and 1422 cthsolvent bands, marked with
of Fé''(TMP)CIO, in CH,Cl, at 110 K, which reveals that itis  asterisks, serve as internal intensity standards). This behavior
predominantly high spin, since it exhibits a typical signayjat  has previously been noted as characteristic of porphgation
= 6.22bc |t has been suggest®d that the isotropic shifts of ~ formation3»11 In Figure 4 the RR spectra of the above
the pyr-H resonances in th#H NMR spectra of Fé(P)L complexes are shown together with the spectra of the other three
complexes are due to M~ L o-spin transfer. The observed complexes investigated, i.e.=FeY(TMP*+)F, O=FeV(TMP**)-
signals for the pyr-H of this series of complexes show a (MCB), and G=FeV(TMP**)(trif). Here, it can be pointed out
monotonic shift, implying the following order of ligangtdonor that, as was observed for the ferric complexes, the RR spectra
strength: F > ClI= > AcO™ > trif~ > CIO,~ (i.e., Opyr = 81.5, of the G=F€VY(TMP*")X series can also be grouped into two
80.3, 79.6, 52.6, and 29.2 ppm, respectively). The same sets. The first set consists of complexes ligated with, €t
explanation probably holds for the changes inth&equencies ~ and mCB’, while the second set has CfOand trif~ as axial
of the complexes, which is theg€C; stretching mode. The  ligands. The low-frequency RR spectra shown in Figure 4 were
monotonic shift to higher frequencies (1555 ¢nfior X = F~, obtained by oxidation with®0; and1803, respectively. As has
Cl—, and mCB and 1564 and 1567 cmh for X = trif~ and been previously reportéd!! the low-frequency spectrum of
ClO,~, respectively) indicates that the;€C; bond is stronger ~ O=Fe&Y(TMP**)Cl exhibits a polarized(Fe=0) mode at 801
for the weaker axial ligands. Since the-Faxial ligand bond ~ cm™, which is downshifted to 767 cm upon 20 isotropic
has the proper symmetry to interact with the filled porphyrin substitution (Figure 4, traces A). In the case of-BEV-
&, orbital, electron donation by axial ligands is reflected in a (TMP**)CIO,4 this mode is observed at 835 ci(shifting to
weaker G—Cg bond. The same behavior was recently observed 799 cnm* upon*®0 isotropic substitution) (Figure 4, traces F).
22) (a) Ogoshi. Fi. Sugimoro. 1. Watanabe, E. Yoshida, Z: Maeda The high-frequency spectra also show noteworthy differ.ences.
Y.;(Sakai, H-BUIl. Chem Soc Jpn 1981 54 3474 (b) Toney. G. B+ 1he mode observed at 1531 cinfor O=FeV(TMP)CI is
terHaar, L. W.; Savrin, J. E.; Gold, A.; Hatfield, W. E.; Sangaiahirierg. polarized and shows a 15 cidownshift upong-pyrrole
Chem 1984 23, 2561. (c) Groves, J. T.; Quinn, R.; McMurry, T. J.;  deuteration: a deuterium shift similar to that of themode of
Nakamura, M.; Lang, G.; Boso, B. Am Chem Soc 1985 107, 354. (d)

La Mar, G. N.; Walker, F. A. InThe PorphyrinsDolphin, D., Ed.; Academic
Press: New York, 1978; Vol. IV, Part B, Chapter 2.

(23) Barzilay, C. M.; Sibilia, S. A.; Spiro, T. G.; Gross, €hem Eur.
J. 1995 1, 312.



Trans Influence in Heme Enzyme Intermediates J. Am. Chem. Soc., Vol. 118, No. 1229396

[}
[<d
~

0=Fe(TMP*")Cl

1233
1358

>
-
b~
[}
14
[
-
£
-
o
2 0=Fe(TMP#3)C10,
- L3
= o
(D) ® >
© © n
© ©
] © ;
_J\ :
{ y
7 . ; ] v . —>—]
650 700 800 900 1200 1400 1600

Raman Shift (cm-1)

Figure 3. Low- and high-frequency RR spectra ofBeY(TMP")Cl and G=FeV(TMP*")CIO, and their pyrrole-substituted analoguegs)measured
at —80 °C in CHCI; at 406.7 nm. Asterisks denote solvent bands.
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Figure 4. Low- and high-frequency RR spectra of=B€Y(TMP*)X complexes (X= F~, CI-, mCB-, trif~, ClO;~) and their'®0 analogues
measured at-80 °C in CHCl, at 406.7 nm excitation. Asterisks denote solvent bands.

Fe''(TMP)CI. In the spectrum of &FeY(TMP*M)CIO, this This frequency is virtually identical with those observed for
polarized mode is observed at 1515 ¢nand is downshifted the F and mCB complexes (Figure 4, trace A, band C).
by 13 cnt?! upon -pyrrole deuteration. This is assigned to However, thev, mode is observed at 1520 ctnfor O=FeV-
thew, stretching vibration. Consideration of the observed shifts (TMP*Htrif and at 1515 cm?! for O=F€&V(TMP**)CIO,. The
upong-pyrrole deuteration and the depolarization ratios of the region of thevs mode consists of an envelope of several
features for @=F&V(TMP*")X series, along with those observed unresolved bands in the spectra of all of the complexes, though
in the spectra of the ferric analogues, permits assignment of definitive location of the position o, is not possible.

the modes for the three remaining=GeY(TMP*+)X complexes Recently it has been sho#fthat a decrease in the isotropic

(X =F~, mCB-, and trif"), and a summary is provided in Table shift of the pyr-H resonances #itH NMR spectra of MH' (P)L

2. complexes (isoelectronic with Feporphyrin complexes) reflects
Thev, mode is observed at 1531 chfor O=FeV(TMP)- thes-donor strength of the ligand, L. Accordingly, on the basis

Cl and exhibits a 15 crt downshift upor-pyrrole deuteration. (24) Turner, P.; Gunter, M. Jnorg. Chem 1994 33, 1406.
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Table 2. Summary of Observed Modes and Their Oxidation Shiftex) for O=Fé&V(TMP**)X (X = CI~, F-, m-CB", trif~, ClO,"),
O=F€Y(TMP), and G=VV(TPP*)2

O=FeV(TMP)Cl O=F€Y(TMP**)F O=F€"(TMP~")mCB O=Fe"(TMP-")trif O=F&¥(TMP~")CIO, O=F€V(TMP)> O=V(TPP*)°

assignment P v; (Avidg, Aviox) vi (Aviox) v; (Aviox) vi (Aviox) vi (Avidg, AviOX) Vi vi (Aviox)
v(phenyl-8a) p 1612 (0y) 1612 () 1612 () 1612 () 1612 (0,—) 1598 (3)
V10 dp 1570 (0-) 1568 () 1563 () 1578 () 1575 (0,—)

V2 p 1531¢15,—39) 1530 ¢40) 1533 37) 1520 ¢50) 1515 ¢13,—55) 1570 1517+¢41)
V11 dp 1496 (-56,—) 1501 () 1498 () 1506 () 1499 (-55,-) 1491 (-8)
V3 p 1454 42,-) 1454 ) 1454 () 1457 ) 1454 41,-)

V4 p 1370 1366 ¢2)
v(phenyl) p 1302 (0;) 1302 () 1302 ) 1302 () 1302 (0,-)

Vo7 dp 1256 ¢3,-) 1258 () 1255 ) 1252 () 1248 -3, -)

vy p 1233¢1,+4) 1234 (+5) 1234 (5) 1234 (+5) 1233 ¢1,+5) 1229

vy p 8634,+1) 863 (+1) 863 (+1) 863 (+1) 863 (+5, +1) 862

v(M=0) p 801(0,—42) 801 (-42) 806 (37) 834 -9) 835 (+1,—8) 843 982 {-16)

a Abbreviations: v;, observed frequenciedyids, isotropic frequency shifts upon deuteration at the pyrfatarbon positionsAviox, difference
in frequencies between ¢€€Fe(TMP) andr-cation radical® Mizutani, Y.; Hashimoto, S.; Tatsuno, Y.; Kitagawa,J' Am Chem Soc 199Q 112,
6809-6814.¢ Macor, K. M.; Czernuszewicz, R. S.; Spiro, T. ®org. Chem 1990 29, 1996-2000.

Table 3. RR and!H NMRP" Data for the Various Complexes and while that bond is significantly stronger for % trif~, CIO, ™,

the Second-Order Rate Constantbfo) for Their Reaction with and MeOH. A further noteworthy point is that the value of
Styrené 831 cnr! for the weak donors is quite close to that of the
F- CI- mCB CHOH ~OSQCFR ~OCIO; compound Il analogue &F€eY(TMP), no axial ligandy(Fe=0)

»(Fe=O) 801 801 806 831 834 835 = 843 cntl). Interestingly, that complex was indeed recently

V2 1530 1531 1533 1517 1520 1515 shown to be much more reactive toward olefins than previously

pyr-H —130 -67 -83 267 -262 269 thought!® A direct comparison of the reactivity of €FeV-

ke 706 149 114 196 46 € (TMP) with that of the G=F€Y(TMP*") cannot be made,
aReferencel2a o, ppm in CQCl, at —80 °C. ¢ Data for "OAc however, because the former complex is a one-electron oxidant,

(ref 12).¢10°3 M~ ¢ No reaction. thus lacking a mechanism for formation of epoxides from

. 2 . olefins.
of the results of the earlietH NMR study? of the series, The modified Badger's rufé that describes the relationship

O=Fe&V(TMP*"X, the order in ther-donor strength of the
ligand, X7, is apparently Cl > F~ > trif— > ClO,~. This
provides an explanation for the variatiomofin the RR spectral

between the equilibrium bond lengthl and stretching force
constant K) for the Fe=O fragment is given by the simple
equationre = 0.74+ 1.54K)~13. For example, assuming that
data. Removal of an (_alectron from the maprocyc&es)/_stem the Fe=O fragment behaves as a diatomic harmonic oscillator
upon forming ther-cation causes a dramatic downshiftiof with reduced masg: of 2.05 x 1072 au, the observed
The reason is that the reduced bond order is mostly reflected infrequencies of 835 cnt for O=Fe(TMP+)CIO, and 801 cm!

the G—Cg bonds, which have large coefficients in the,a ¢, O=Fe(TMP+)CI and G=Fe(TMP*)F yield corresponding
orbital, the HOMO in all TMP metal complexés. While the force constants of 5.04 and 4.68 mdyn/A. Substituting these
CI”, F~, and mCB partially compensate for this viadonation,  «»yajyes into the above equation, the calculatee-Bebond

the complexes with weaker-donors (CIQ™ and triflate) yield g gths of ther-cation radicals investigated in this work are in
lower frequencies for,. Interestingly, because of the opposite  y,q range of 1.641.66 A. For comparison we calculated the
effect of electron donors on the;ECy bond strength in - pe—q gistances of &Fe(TPP) formed in low-temperature
Eé”(TMP))f (decrease) and.@Fe'V(TMP'*)X (|ncrease), the matriceg (v(Fe=0) = 852 cnt® K = 5.30 mdyn/A:re = 1.63
difference in thev, frequencies of the two complexes is only A), horseradish peroxidase (HRP) compouft(#(Fe=0) =

24 cm‘l_for X = CI7, but 52 cm* for X = ClO,™. 790 cnt! at pH 7.0;K = 4.56 mdyn/A;r. = 1.67 A), and
The difference between th¢Fe=0) frequencies for the two compound 7 (v(Fe=O) = 776 cnt? at pH 7.0:K = 4.40

subsets of ferryl porphyrim-cation radicals is consistent with mdyn/A; r = 1.68 A). We note that the value of 1.63 A

the relative donor st_rength of the ligands, _i.e.f,ClF*,_and obtained here for &Fe(TPP) corrects the value calculated
mCB~ > CIO4~ and triflate. Furthermore, as is shown in Table previously’ These distances (1.63.68 A) for the Fe=O
3, there is good agreement among a number of SDECWOSCOD'Cfragment calculated here from RR data are in excellent agree-
parameters for this series of complexes. Thy§e=0), v2, ment with EXAFS datareported for HRP compounds | and I
and the'H-NMR resonances fall into two distinct sets, the values and their model complexes (there an average=®ebond
for the F, CI,_' and mCB (or ,OAC—) complexesﬁ bglng distance was reported as 1.64 0.03 A). However, it is
consistent, while the corresponding values for the tehd emphasized here that, while clearly resolvable frequency dif-
ClO4~ are similar (but distinctly different from the first set). o 0nces (e.g., 801 and 835 ch are observed in the RR
We have included data for the case wher_e m_ethanol was presengpectra, the corresponding bond length changes (0.02 A) are
and presu_mably serve? as the. trans-ax@ !lgand- Wh"? there yithin the experimental uncertainty of the EXAFS technique
is some disagreeméfit regarding the validity of the assign-  (ogtimated at+0.02 A%). Thus, the RR technique is a more
ment ofv(Fe=0) for this species, it is noted that the 831 ¢m sensitive probe of the EeO bond strength, as expect&d.
frequency reported by Kitagawa and co-workets,taken Finally, there still remains an apparent discrepancy between
together with the reportec; frequency and(pyr-H) resonance, e trans influence-the spectroscopic results for the
is consistent with the other data in Table 3. , O=Fé&Y(TMP*")X complexes-and thetrans effect-the reactiv-

Thus, it can be concluded that the stronger axial donor Ilgandsity of the same complexes in the epoxidation of styrene. The
destabilize the oxeiron bond p(Fe=0O) = 801-806 cn1?],

(26) Herschbach, D. R.; Laurie, V. W. Chem Phys 1961, 35, 458.
(25) (a) Czernuszewicz, R. S.; Macor, K. A,; Li, X.-Y.; Kincaid, J. R.; (27) Kincaid, J. R.; Zheng, Y.; Al-Mustafa, J.; Czarnecki, X.Biol.

Spiro, T. G.J. Am Chem Soc 1989 111, 3860. (b) Oertling, W. A.; Salehi, Chem, submitted.
A.; Chang, C. K.; Babcock, G. T. Phys Chem 1989 93, 1311. (28) Kitagawa, T.; Ozaki, YStruct Bonding1987, 64, 71.
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O=F&V(TMPH)F and G=F€Y(TMP")Cl complexes have to the ferryl fragment?® Thus, if it is assumed that only the
identical Fe=O stretching frequencies, but the former is almost first step is sensitive to the strength of the exion bond, the
5 times as reactive as the latter. Similarly, despite the almost apparent discrepancy between tinens effectand thetrans

identical value ofv(Fe=0O) for X = MeOH, trif~, and CIQ™, influenceis resolved.
their reactivity is very different. A plausible explanation is
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