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Oxidizing intermediates are generated from nonheme iron(lll) complexes to investigate the electronic structure and
the reactivity, in comparison with the oxoiron(IV) porphyrin sz-cation radical (compound 1) as a heme enzyme
model. Sterically hindered iron salen complexes, bearing a fifth ligand Cl (1), OH, (2), OEt (3), and OH (4), are
oxidized both electrochemically and chemically. Stepwise one-electron oxidation of 1 and 2 generates iron(lll)—
mono- and diphenoxyl radicals, as revealed by detailed spectroscopic investigations, including UV-vis, EPR,
Mdossbauer, resonance Raman, and ESIMS spectroscopies. In contrast to the oxoiron(lV) formation from the
hydroxoiron(IIl) porphyrin upon one-electron oxidation, the hydroxo complex 4 does not generate oxoiron(IV) species.
Reaction of 2 with mCPBA also results in the formation of the iron(lll)-phenoxy! radical. One-electron oxidation of
3 leads to oxidative degradation of the fifth EtO ligand to liberate acetaldehyde even at 203 K. The iron(lll)—
phenoxyl radical shows high reactivity for alcoxide on iron(lll) but exhibits virtually no reactivity for alcohols including
even benzyl alcohol without a base to remove an alcohol proton. This study explains unique properties of mononuclear
nonheme enzymes with Tyr residues and also the poor epoxidation activity of Fe salen compared to Mn and Cr
salen compounds.

Introduction soluble diiron enzyme methane monooxygefasgins two

A number of important oxidative transformations are oxidizing eqqivalents divided on two iron centers, generating
carried out by iron enzymes utilizing dioxygen as an oxygen the Fé’20, diamond coré. _
source: A wide variety of coordination environments around N contrast, mononuclear nonheme iron enzymes have long
the iron center in those enzymes generate distinct oxidizing °€€n @ challenge on how oxidizing equivalents are held
intermediates, which are supposed to result in their intrinsic Without an electron pool such as a porphysitonjugation
reactivities. The most important feature of oxidizing inter- @nd @ nearby iron atom. From this viewpoint, the iron-
mediates in determining reactivities is how oxidizing equiva- containing glycopeptide bleomycin has been extensively
lents from dioxygen are distributed around an iron center. Studied for a long time, and the only oxidizing intermediate
In the case of heme enzymes, for example, the electronicdetected to date is the e OOH form> But recent works
structure of the oxidizing intermediate is well documented ©n the taurim-ketoglutarate-dependent dioxygenase (TauD),

to be the oxoiron(lV) porphyrir-cation radical called com- WhiCh_ has a monor_wuglgar nor_lheme iron center_fgciall_y
pound I, with two oxidizing equivalents divided into the coordinated by two histidines (His) and one asparaginic acid

central iron and the su_r_roundm_g por_phyrln liggh@n the (3) Rosenzweig, A. C.: Frederick, C. A Lippard, S. J.: Nordlund, P.
other hand, the RO, diiron active site observed for the Nature 1993 366, 537—543.

(4) (a) Lee, S.-K.; Nesheim, J. C.; Lipscomb, J.DBiol. Chem1993

* To whom correspondence should be addressed. E-mail: hiro@ims.ac.jp. 268 21569-21577. (b) Lee, S.-K.; Fox, B. G.; Froland, W. A

T National Institutes of Natural Sciences. Lipscomb, J. D.; Muack, E.J. Am. Chem. Sod993 115 6450~
*RIKEN. 6451. (c) Liu, K. E.; Valentine, A. M.; Wang, D.; Huynh, B. H.;
(1) See, for example: Lippard, S. J.; Berg, J.Rvinciples of Bioinorganic Edmondson, D. E.; Salifoglou, A.; Lippard, S.J.Am. Chem. Soc.
Chemistry University Science Books: New York, 1994. 1995 117, 10174-10185. (d) Shu, L.; Nesheim, J. C.; Kauffmann,
(2) Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, J.CGhem. Re. K.; Mlinck, E.; Lipscomb, J. D.; Que, L., Bciencel997, 275 515-
1996 96, 2841-2887. 518.
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(Asp), provided compelling evidence for the oxoiron(lV) so far!31® To examine the Tyr coordination to the iron(lll)
formation during oxygen activatiohln addition, several  center, Wieghardt et al. prepared a series of hexadentate iron
synthetic oxoiron(lV) species were successfully prepared complexes containing a 1,4,7-triazacyclononane backbone
from biomimetic nonheme model complexeshich share and three N-bound phenolate moietiésStepwise one-
a redox-innocent nitrogen coordination motif together with electron oxidation of their model complexes was reported
TauD. These epoch-making examples suggest that an nonto result in three successive ligand-centered, phenolate-to-
heme oxoiron(IV) species could possibly be stabilized by phenoxyl radical conversions. Their phenoxyl radical com-
the His coordination. plexes are excellent models, which are stable at room
Another group of nonheme iron enzymes bear tyrosine temperature. However, their model complexes do not neces-
(Tyr) residues, which also play an important role in catalysis sarily reproduce the biological system in all aspects, because
in a more diverse manner due to a redox-noninnocent n&ture. their model system does not have a vacant coordination site,
For example, in the case of the ribonucleotide reductase R2which is critical for accommodation of a biologically
protein? the uncoordinated Tyr in close proximity to the important ligand such asJ® and OH. Indeed, 3,4-PCD has
diiron(lll) core is converted to the tyrosyl radical upon dioxy- a vacant coordination site, which is occupied with a solvent-
gen activatiod? A coordinated Tyr residue is also found derived water molecul& The vacant coordination site on
for mononuclear nonheme iron(lll) enzymes such as proto- the iron(lll) center would be of considerable importance for

catechuate 3,4-dioxygenase (3,4-PCD) bearing thelhis
coordination environment Strikingly different from most

of the iron enzymes activating dioxygen on the iron center,

substrate-binding, considering the examples of the copper-
(I —phenoxyl radical as a model for galactose oxidase
(GO)1¢ At present, reactivity of the iron(llfyphenoxyl

3,4-PCD is proposed to activate an iron-bound substrate forradical intermediates is not cle¥r.

reaction with dioxyged? A rather unigue reaction sequence

In this context, we constructed a biologically more relevant

of 3,4-PCD is possibly induced by the electronic effect system based on a iron salen complex. A salen ligand well

caused by the Tyr coordination to the iron(lll) center.

reproduces the coordination environment by two His and two

Model studies concerning both coordinated and uncoor- Tyr. Most importantly, an iron salen complex has a vacant
dinated Tyr in nonheme iron enzymes have been quite limited fifth coordination site. Following the strategy utilized in the

(5) (a) Burger, R. M.; Kent, T. A.; Horwitz, S. B.; Mek, E.; Peisach, J.
J. Biol. Chem1983 258 1559-1564. (b) Burger, R. M.; Blanchard,
J. S.; Horwitz, S. B.; Peisach, J. Biol. Chem.1985 260, 15406~
15409. (c) Sam, J. W.; Tang, X.-J.; PeisachJ.JAm. Chem. Soc.
1994 116, 5250-5256. (d) Absalon, M. J.; Wu, W.; Kozarich, J. W.;
Stubbe, JBiochemistryl 995 34, 2076-2086. (e) Neese, F.; Zaleski,
J. M.; Zaleski, K. L.; Solomon, E. IJ. Am. Chem. SoQ00Q 122
11703-11724.

(6) (a) Price, J. C.; Barr, E. W.; Tirupati, B.; Bollinger, J. M., Jr.; Krebs,
C. Biochemistry2003 42, 7497-7508. (b) Proshlyakov, D. A,;
Henshaw, T. F.; Monterosso, G. R.; Ryle, M. J.; Hausinger, R. P.
Am. Chem. So2004 126, 1022-1023. (c) Riggs-Gelasco, P. J.; Price,
J. C.; Guyer, R. B.; Brehm, J. H.; Barr, E. W.; Bollinger, J. M., Jr.;
Krebs, C.J. Am. Chem. So004 126, 8108-8109.

(7) (a) Grapperhaus, C. A.; Mienert, B.; Bill, E.; Weyhéeilier, T.;
Wieghardt, K.Inorg. Chem200Q 39, 5306-5317. (b) Rohde, J.-U.;
In, J.-H.; Lim, M. H.; Brennessel, W. W.; Bukowski, M. R.; Stubna,
A.; Mlnck, E.; Nam, W.; Que, L., J6cience2003 299 1037-1039.
(c) Lim, M. H.; Rohde, J.-U.; Stubna, A.; Bukowski, M. R.; Costas,
M.; Ho, R. Y. N.; Minck, E.; Nam, W.; Que, L., JBroc. Natl. Acad.
Sci. U.S.A2003 100, 3665-3670. (d) Balland, V.; Charlot, M.-F.;
Banse, F.; Girerd, J.-J.; Mattioli, T. A,; Bill, E.; Bartoli, J.-F.; Battioni,
P.; Mansuy, DEur. J. Inorg. Chem2004 301-308. (e) Kaizer, J.;
Klinker, E. J.; Oh, N. Y.; Rohde, J.-U.; Song, W. J.; Stubna, A.; Kim,
J.; Minck, E.; Nam, W.; Que, L., Jd. Am. Chem. So@004 126,
472—-473. (f) Decker, A.; Rohde, J.-U.; Que, L., Jr.; Solomon, B. I.
Am. Chem. So@004 126, 5378-5379. (g) Rohde, J.-U.; Torelli, S;
Shan, X.; Lim, M. H.; Klinker, E. J.; Kaizer, J.; Chen, K.; Nam, W,;
Que, L., JrJ. Am. Chem. So@004 126, 16750-16761. (h) Ghosh,
A.; Tiago de Oliveira, F. Yano, T.; Nishioka, T.; Beach, E. S
Kinoshita, I.; Minck, E.; Ryabov, A. D.; Horwitz, C. P.; Collins T. J.
J. Am. Chem. So@005 127, 2505-2513. (g) Kim, S. O.; Sastri, C.
V.; Seo, M. S.; Kim, J.; Nam, WI. Am. Chem. So2005 127, 4178~
4179.

(8) Solomon, E. I.; Brunold, T. C.; Davis, M. |.; Kemsley, J. N.; Lee,
S.-K.; Lehnert, N.; Neese, F.; Skulan, A. J.; Yang, Y.-S.; Zhou, J.
Chem. Re. 200Q 100, 235-349.

(9) Nordlund, P.; Sjberg, B.-M.; Eklund, H.Nature 199Q 345 593—
598.

(10) Stubbe, J.; Donk, W. A. v. dChem. Re. 1998 98, 705-762.

(11) (a) Ohlendorf, D. H.; Lipscomb, J. D.; Weber, P. Kature 1988
336, 403-405. (b) Ohlendorf, D. H.; Orville, A. M.; Lipscomb, J. D.
J. Mol. Biol. 1994 244, 586-608.

(12) Costas, M.; Mehn, M. P.; Jensen, M. P.; Que, L.Chrem. Re. 2004
104, 939-986.

heme enzyme modél,we introduced bulky mesityl groups
to the salen framework to stabilize the monomeric iron center
and successfully prepared a,®tcoordinated iron salen
complex, which not only duplicates the structural features
around the iron(lll) active site but also mimics the spectral
characteristics of 3,4-PCB.Herein, we carried out elec-
trochemical and chemical oxidation of the iron salen
complexes bearing ClLf, OH; (2), OEt 3), and OH 4) as

a fifth ligand (Figure 1). We also attemptetiCPBA

(13) Chaudhuri, P.; Wieghardt, Krog. Inorg. Chem2001, 50, 151—
216.

(14) (a) Hockertz, J.; Steenken, S.; Wieghardt, K.; Hildebrandi, Am.
Chem. Soc1993 115, 11222-11230. (b) Adam, B.; Bill, E.; Bothe,
E.; Goerdt, B.; Haselhorst, G.; Hildenbrand, K.; Sokolowski, A.;
Steenken, S.; Weyherither, T.; Wieghardt, KChem—Eur. J. 1997,
3, 308-319. (c) Snodin, M. D.; Ould-Moussa, L.; Wallmann, U.;
Lecomte, S.; Bachler, V.; Bill, E.; Hummel, H.; Weyhetten, T.;
Hildebrandt, P.; Wieghardt, KChem—Eur. J. 1999 5, 2554-2565.

(15) (a) Goldberg, D. P.; Watton, S. P.; Masschelein, A.; Wimmer, L.;
Lippard, S. JJ. Am. Chem. So&993 115 5346-5347. (b) Goldberg,
D. P.; Koulougliotis, D.; Brudvig, G. W.; Lippard, S.J. Am. Chem
Soc 1995 117, 3134-3144.

(16) (a) Wang, Y.; Stack, T. D. B. Am. Chem. S0d.996 118 13097
13098. (b) Halfen, J. A.; Jazdzewski, B. A.; Mahapatra, S.; Berreau,
L. M.; Wilkinson, E. C.; Que, L., Jr.; Tolman, W. B.. Am. Chem.
Soc 1997 119 8217-8227. (c) Wang, Y.; DuBois, J. L.; Hedman,
B.; Hodgson, K. O.; Stack, T. D. Bciencel998 279 537-540. (d)
Itoh, S.; Taki, M.; Takayama, S.; Nagatomo, S.; Kitagawa, T.;
Sakurada, N.; Arakawa, R.; Fukuzumi/Ahgew. Chem., Int. EA999
38, 2774-2776. (e) Chaudhuri, P.; Hess, M.; Nar, J.; Hildenbrand,
K.; Bill, E.; Weyherniuler, T.; Wieghardt, KJ. Am. Chem. So@999
121, 9599-9610. (f) Thomas, F.; Gellon, G.; Gautier-Luneau, |.; Saint-
Aman, E.; Pierre, J.-LAngew. Chem., Int. EQ002 41, 3047-3050.

(17) (a) Groves, J. T.; Haushalter, R. C.; Nakamura M.; Nemo, T. E.; Evans,
B. J.J. Am. Chem. Sod981, 103 2884-2886. (b) Balch, A. L.;
Latos-Grazynski, L.; Renner, M. W.. Am. Chem. Sod.985 107,
2983-2985. (c) Sugimoto, H.; Tung, H.-C.; Sawyer, D. J.. Am.
Chem. Soc1988 110, 2465-2470. (d) Fujii, H.J. Am. Chem. Soc.
1993 115 4641-4648.

(18) Fuijii, H.; Funahashi, YAngew. Chem., Int. EQR002 41, 3638—
3641.

Inorganic Chemistry, Vol. 44, No. 22, 2005 8157



Kurahashi et al.

Table 1. Oxidation Potentials of the Iron Salen Complekes

Q ‘ compd El1z E%p

1 0.85 0.96
2 0.80 1.00
3 0.82 1.00
4 0.79 0.95

aSee the caption in Figure 2 for the measurement conditions.

3.0+ |

X = Cl (1), OH, (2), OEt (3), OH (4)

Figure 1. Series of iron salen complexes.

e(10*MTem ™)

600 800
Wavelength (nm)

12 10 T T 0a 0o Figure 3. UV —vis spectral changes upon electrochemical oxidatioh of

E(\(/))'é/s Fc' /Oi:ec in CH,Cl, at 203 K. Conditions: 0.5« 1073 M 1; 0.10 M tetrabutylam-
monium perchlorate supporting electrolyte; controlled-potential oxidation

Figure 2. Cyclic voltammogram ofl in CH,Cl; at 233 K. Conditions: 1 at 1.00 V for il * and 1.30 V for ]2+ vs F¢/Fc. 1, [1]*, and [i]?+ are

x 1073 M 1, 0.10 M tetrabutylammonium perchlorate supporting electrolyte; depicted in a solid line.

a saturated calomel electrode as a reference electrode; a glassy carbon

T e e Sty The s 1) and second oxdaion poenti) 5 095
couple. and 0.96 V versus the ferrocenium/ferrocene couple, respec-
tively (Table 1).
oxidation of2 to genel’a’[e OXidiZing intermediates, which is Consistent with the two reversible oxidation waves, a
often utilized to generate high-valent metalo species in  controlled-potential electrochemical oxidation bfat 203
porphyrin chemistry! Surprisingly, there are only two K shows two-stage UVvis spectral changes with clear
reports concerning oxidizing intermediates from iron salen jggspestic points, generating the one- and two-electron-
complexes? Rajagopal and Ramaraj proposed a compound- oxidized intermediatesi]* and [L]2* as shown in Figure 3.
I-like oxoiron(lV) salen radical from iron salen complexes [1]* is generated through controlled-potential oxidation at
and iodosylbenzen? But later Bryliakov provided spec- 1.0V for 2 h. An additionb2 h and an increased voltage of
troscopic observations against such active species andi 3 v are required to generat&]}". The starting iron(ll)
proposed the iodosylbenzerieon(lll) salen adduct®Herein,  complex 1 displays a characteristic phenolate-to-iron(lll)
we did obtain intermediates of a higher oxidation state from charge-transfer band around 500 nm. Upon the first one-
iron salen ComplexeS. And we characterized the electronic electron oxidation to ][l+, the intensity of this band is
structures and investigated the reactivity of the oxidizing decreased, while an intense absorption at 346 nm and a broad
intermediates, to get insight into the unique reaction sequenceapsorption at 780 and 870 nm grow. The second one-electron
for the nonheme iron(lll) center coordinated by Tyr. oxidation from []* to [1]2*, on the other hand, results in a
doubled intensity and a bathochromic shift (346 to 353 nm,

Results 780 and 870 nm to 913 nm) in these absorption maxima.
Detailed Electronic Structures of Oxidizing Intermedi- These spectral changes are reversible, and the starting iron-

ates from 1. We investigate in detail electrochemically (Ill) complex is regenerated when the reversed potential

generated oxidizing intermediates framwhich is a five- (—0.9 V) is applied at 203 K. The intense absorption around

coordinate monomeric iron salen complex bearing only one 350 nm for [I]* and [1]¢* is indicative of the phenoxyl

Cl ligand as clarified by X-ray crystallographic analy¥is.  radical formation, because phenoxyl radicals reported to date
The electrochemical behavior bis investigated with cyclic  usually exhibit an absorption around 400 & Chemical
voltammetry. Cyclic voltammetry ol does not give any  oxidation of1 with tris(2,4-dibromophenyl)aminium hexachlo-
clear oxidation wave at room temperature but gives two roantimonate )2 also generatesl]* and [1]*.2! It was
reversible oxidation waves at 233 K (Figure 2), indicating reported that phenoxyl radicals from €wand Ni salef?

that oxidizing intermediates are stable at low temperature.

(20) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877-910.

(19) (a) Sivasubramanian, V. K.; Ganesan, M.; Rajagopal, S.; Ramaraj, R. (21) [1]* is generated in high yield utilizing just 1.0 equiv of the oxidant
J. Org. Chem2002 67, 1506-1514. (b) Bryliakov, K. P.; Talsi, E. 5, but the yield of L]2" is low utilizing even an excess &. See
P. Angew. Chem., Int. EQ004 43, 5228-5230. Figure 5.
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(@)

1306 1338 1485

1400 1600 1700

Raman Shift / cm
Figure 4. Resonance Raman spectra of {a)b) 1 + 1.0 equiv of the
oxidant5, and (c)1 + 2.0 equiv of the oxidanb in CD.Cl, at 193 K. The
excitation wavelength is 351.4 nm. The band from,CB is denoted with
“s”. The band designated with an asterisk is observable for the reaction
product from the oxidanb alone in the absence df A low signal-to-
noise ratio for the spectrum df is due to a smaller value of 1 at
351.4 nm.

1100 1200 1300 _,1500

display intense absorptions (1750 and 1103 nm, respectively)

in the near-infrared (NIR) region. But no additional spectral
feature from 1100 to 2500 nm is observed for bdfh [and
[1]?" generated by use &.

To obtain more definitive evidence for the phenoxyl radical

formation, resonance Raman spectra are measured at 193 K (c)

for [1]" and [1]?* generated by use &fin CD,Cl,, using an
excitation wavelength of 351.4 nm. As shown in Figure 4,
one of the G-O stretching band of two phenolates iris
observed at 1306 cm.*® When the 1306 cmt band is
deleted by the radical formation, the nearby band at 1338
cmtis shifted to a lower frequency, indicating that the 1338
cm! mode is interacting with the €O stretching. Upon
stepwise one-electron oxidation, the 1306 ¢ivand exhibits

decrease in intensity and instead a new band appears at 1485

cm™1, The 1485 cm! band slightly increases in intensity in
[1]?" compared to I]*. This band is assigned to Y7a’ of
the phenoxyl radical. Both 1338 and 1485 ¢rhands appear

as a single band, suggesting that the two phenoxyl groups

have a similar structure and environment from the aspect of
resonance Raman spectroscopy.

Then, Mtssbauer spectra df, [1]*, and [l]?* dissolved
in CH,Cl, are measured at 11 K, to investigate the elec-
tronic state of the central iron. As shown in Figure 5 a,
the iron(lll) complexl gives a rather broad signal with an
isomer shifté of 0.21 & 0.07 mm s and a quadrupole
splitting AEq of 0.86 &+ 0.14 mm s?, indicative of high-
spin iron(Ill).2* Addition of 1.0 equiv of the oxidant
produces the spectrum shown in Figure 5b, which is fitted
with two subspectra i and ii. Upon addition of 4.0 equiv of

(22) Pratt, R. C.; Stack, T. D. B. Am. Chem. SoQ003 125, 8716~
8717.

(23) Shimazaki, Y.; Tani, F.; Fukui, K.; Naruta, Y.; Yamauchi,.DAm.
Chem. Soc2003 125, 10512-10513.

(24) (a) Kennedy, B. J.; McGrath, A. C.; Murray, K. S.; Skelton, B. W.;
White, A. H.Inorg. Chem1987, 26, 483-495. (b) Shyu, H.-L.; Wei,
H.-H.; Lee, G.-H.; Wang, YJ. Chem. Soc., Dalton Tran200Q 915—
918.
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Figure 5. Zero-field M&ssbauer spectra of (&) (b) 1 + 1.0 equiv of the
oxidant5, and (c)1 + 4.0 equiv of the oxidanb in CH,Cl; at 11 K. The
spectra in (b) and (c) were fitted with two subspectra i and iisbb@uer
parameters = 0.21+ 0.07 mm s! andAEq = 0.86+ 0.14 mm s for
1; 6 = 0.43+ 0.01 mm s andAEq = 1.36 + 0.02 mm s for i; 0 =
0.31+ 0.03 mm s! and AEqg = 0.42+ 0.06 mm s* for ii.

the oxidants, the spectrum shown in Figure 5c is obtained.
The component ii, which is a minor component in Figure
5b, is considerably increased in Figure 5c. We thus as-
signed the component i with = 0.43+ 0.01 mm s* and
AEq = 1.36+ 0.02 mm s? to [1]* and the component ii
with 6 = 0.31+ 0.03 mm s? andAEq = 0.42+ 0.06 mm

s to [1]°".

The isomer shiftsd of 0.43 and 0.31 mm 3 clearly
indicate that bothJ]™ and [1]?>* have a high-spin iron(lll)
center. Iron(IV) complexes reported to date usually dis-
play very small isomer shifts (0.640.17 mm s1).”?>There-
fore, both the first and second one-electron oxidations are
not metal-centered, indicating formation of the iron(Hl)

Inorganic Chemistry, Vol. 44, No. 22, 2005 8159
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a
(@ (@) 1065.47
(b) m/z
‘__‘_J\W/\____L 500 600 700 800 900 1000 1100 1200
4.10 (b)
| 532.71
(c) 3.80 2.00
| |
500 600 700 800 900 1000 1100 1200
. ; ; ; ; ; ((c) 532.71 1 [ (@ 1065.47
0 1000 2000 3000 4000 5000
Magnetic Field / G
Figure 6. X-band EPR spectra of (d) (b) electrochemically generated
[1F, and (c) ]2+ at 4 K in frozen CHCI, containing 0.1 M tetrabutyl-
ammonium perchlorate. Conditions: microwave frequency, 9.58 GHz; “J ‘ ., ‘U J‘\ y
H . . . 1 J m/z Al m/z
microwave power, 104W; modulation amplitude, 7 G. =0 4 e sie| |05 P L \1A070
532.74 1065.48
monophenoxyl and iron(l1F-diphenoxyl radical complexes
for [1]* and [1]?*, respectively.
To verify the above assignment, X-band EPR spectra are
recorded 84 K for electrochemically generated]{ and Ll miz L [, me
530 535 545 ) 1060 1065 1070 D,

[1]?* as shown in Figure 6. The neutral complerisplays N
o St offr igh-spin signals gi= 8.1 35, and ca.  Fs . &8ss el L2 oy o ),
_1'8 (E/D ~ O.lO) andg =6.7,5.2,and C_a' ﬂD ~ 0'03) asteriék cgmes from the oxidabt (c, 2d) 2é)bserve?i (top) and calculated
in frozen CHCI, at 4 K One-electron oxidation df results (bottom) isotope distribution patterns. Calculations are done fori(c) [
in disappearance of both signals. The silent EPR signal for CroH7.CIFeN07]** and (d) I, CroH7.CIFeN.O] *.

[1]" is consistent with the monophenoxyl radical formation, o ) ) )

as a result of a strong intramolecular antiferromagnetic €xplore a possibility of a high-valent ireroxo formation
coupling between the ferric ior8(= 5/2) and the phenoxyl from the OH comp!e>4, following the successful examples
radical 8= 1/2). In contrast to two species observedfor N the heme chemistrsf.

[1]2* shows one set of EPR signalsgt= 4.10, 3.80, and Cyclic voltammograms_ are measurt_a(_i and 3 under
2.00, typical ofS = 3/2 (E/D ~ 0.02). The observe& = e_xa_ctly the same expenme_nt_al condltlons_ tbrCI_ose_Iy
3/2 spin system is well accounted for by the diphenoxyl similar to 1, both 2 and 3 exhibit two reversﬂ_ale 0>_<|dat|o_n
radical formation, considering an antiferromagnetic coupling Waves. TheE'; andE?; values are almost identical with
between the ferric iong = 5/2) and the two phenoxyl those O.fl (0.80 and 1.00 V fop, 0.82 and 1.00 V foB) as
radicals &= 1/2) on the salen ligand. shown in Table 1. _

To establish the chemical structures fai and [L]2*, Electrochemical oxidation oR in CH.Cl;, _at ?03 K
ESI mass spectra are measured at low temperature in guccessfully generateg][" and P]*" as shown in Figure 8.
positive mode. The solution of]* generated by 1.2 equiv N the case og, chemical oxidation bj cannot be employed,
of 5 gives a single signal atVz 1065.47 as a singly charged Pecause the O ligand is easily replaced with Cl ions in
ion (Figure 7a). The solution ol]2* generated by 4.0 equiv 5.20 Formation of phgnoxyl rad_|cals similar tbis evident
of 5 produces predominantly a signal miz 532.71 as a from the characteristic absorptlor_1 aro_und 350 and-881D
doubly charged ion (Figure 7b). These results are consistent"™: compared to the spectra in Figure 3. EPR further
with formation of [Fe(salen)Cf] and [Fe(salen)CTF, in suppqrts formation Qf the monoph(_anoxyl radical f2Jrand
which one and two electrons are removed from the starting the diphenoxyl radical forZ]?* (Figure 9). One-electron
1, with no concomitant chemical reaction (Figure 7c,d). OX|dat|9n of2 results in disappearance c_)f the ferric signal

Effect of the Fifth Ligand. The fifth ligand could fro.m 2: justin the same way ds The fqllowmg.one-electron
considerably influence the electronic state and the geometry®Xidation produces & = 3/2 EPR signal withg = 4.30,
of the resting iron(lll) center. Then, the iron salen complexes 528 and 1.988/D ~ 0.07). It is interesting to note that
bearing HO (2) and EtO 8) are investigated. We also

(26) (a) Lee, W. A,; Calderwood, T. S.; Bruice, T. Broc. Natl. Acad.
Sci. U.S.A1985 82, 4301-4305. (b) Calderwood, T. S.; Lee, W. A;;

(25) (a) Collins, T. J.; Kostka, K. L.; Muck, E.; Uffelman, E. SJ. Am. Bruice, T. C.J. Am. Chem. S0d.985 107, 8272-8273. (c) Groves,
Chem. Soc199Q 112, 5637-5639. (b) Collins, T. J.; Fox, B. G.; Hu, J. T.; Gilbert, J. Alnorg. Chem1986 25, 123-125. (d) Calderwood,
Z. G.; Kostka, K. L.; Minck, E.; Rickard C. E. F.; Wright, L. Jl. T. S.; Bruice, T. Clnorg. Chem1986 25, 3722-3724. (e) Swistak,
Am. Chem. Socdl992 114, 8724-8725. (c) Kostka, K. L.; Fox, B. C.; Mu, X. H.; Kadish, K. M.Inorg. Chem1987, 26, 4360-4366. (f)
G.; Hendrich, M. P.; Collins, T. J.; Rickard C. E. F.; Wright, L. J. Groves, J. T.; Gross, Z.; Stern, M. Kiorg. Chem1994 33, 5065~
Minck, E.J. Am. Chem. S0d.993 115 6746-6757. 5072.
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Figure 8. UV—vis spectral changes upon electrochemical oxidatiod of  tetrabutylammonium perchlorate supporting electrolyte; controlled-potential
in CH,Cl, at 203 K. Conditions: 0.5 103 M 2; 0.10 M tetrabutylam- oxidation at 0.83 V vs FfFc.
monium perchlorate supporting electrolyte; controlled-potential oxidation

at 1.00 V for P]* and 1.30 V for P]*" vs Fe/Fe. 2, [2]7, and PI*" are gxjdized. An EPR measurement is consistent with this
depicted in a solid line. . . S L L
interpretation, and the ferric high-spin signal remains intact

in intensity after the irreversible one-electron oxidation. As
expected, quantitative analysis of the resulting solution after
controlled-potential oxidation o3 shows generation of
acetaldehyde in ca. 25% net yield. Notably, the present iron
salen complex exhibits a considerably high reactivity for the
coordinated alcohol.

To examine the reactivity of2]*, 2 equiv of benzyl
alcohol is introduced at 203 K to the solution of the
electrochemically generated][. Surprisingly, the U\-vis

A spectrum of 2]™ remains intact, and benzyl alcohol is not
430 oxidized. However, upon addition of 2,6-thrt-butylpyri-
() T 358 1.98 dine, the characteristic UWvis spectrum of 2]* is dimin-
——//\J\'\I//—"\lr_‘—_' ished very quickly. Indeed, analysis of the resulting solution
with GC-MS shows formation of benzaldehyde in 5%
0 1000 2000 3000 4000 5000 yield. Considering the high reactivity for EtO group upon

Magnetic Field / G . i
one-electron oxidation &, a base to remove a proton from

Figure 9. X-band EPR spectra of (@ (b) electrochemically generated  g|cohol OH is required to initiate oxidation sequences from
[2]*, and (c) R]?* at 4 K in frozen CHCI, containing 0.1 M tetrabutyl- lcohol Idehvd L PR+ is i . di
ammonium perchlorate. Conditions: microwave frequency, 9.58 GHz; alcohol to aldehyde. ReaCt'V'ty 0 ]F IS Investigate _'n
microwave power, 10LW; modulation amplitude, 7 G. the same manner, but the yield of benzaldehyde is not
changed at all (5& 5%), indicating that the one-electron
[2]** (E/D ~ 0.07) is more rhombic than th&]f* (E/D ~ oxidized state from the iron(lll) complex is enough for

0.02), while the neutral compleX(E/D ~ 0.21) has also a  oxidation of alcohols. Reaction with cyclohexene is also

more rhombic iron center thah (E/D ~ 0.03, 0.10). examined, but cyclohexene oxide, 2-cyclohexene-1-ol, and
In contrast tol and 2, a UV—vis spectral change upon 2-cyclohexene-1-one are not detected at al0.6%).
electrochemical oxidation @ shows no isosbestic points, The OH complex is produced by addition of tetrabutyl-

indicative of more than two oxidation pathways. Upon ammonium hydroxide to the GEI, solution of2 through
addition of 5% of EtOH to the C}ClI, solution of3, one of acid—base equilibrium but under an excess of tetrabutylam-
these pathways seems to prevail as suggested by the cleamonium hydroxide (2.5 equiv). Cyclic voltammetry df
isosbestic points (Figure 10). However, the spectral changegives two reversible oxidation waves at 0.79 and 0.95 V
is distinctively different from those ofL and 2. The (Table 1), with an additional broad irreversible oxidation
absorption at 350 and 530 nm is increased, while the wave around 0.45 V, which is assigned to oxidation of
absorption at 410 nm is decreased. The resulting spectrumtetrabutylammonium hydroxide. Upon electrochemical oxi-
which is rather close to that of the aqua compls not dation of4, the UV—vis spectral change follows acidase
affected at all upon the reversed-potential electrochemical equilibrium back t@, probably due to oxidation of an excess
oxidation (-0.9 V) at 203 K, suggesting that the coordinated of tetrabutylammonium hydroxide. The further oxidation of
EtO group is oxidized upon one-electron oxidation. Then, the resulting solution then generates an EPR-silent species,
the EtO group is replaced with the @D group, which is which is an iron(lll)-phenoxyl radical, judging from the
more resistant to oxidation. But the U\Wis spectral change  characteristic UV-vis spectrum afl (¢/10* M~ cm™!) =

is exactly the same, suggesting that even thg@group is 345 (1.87) and 850 (0.94) nm.
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Oxidizing Intermediates from the Iron Salen Complex
and mCPBA. With the fully characterized iron(lltyphe-
noxyl radical from the iron salen complex on hand, we then
investigate oxidizing intermediates generatedri@PBA,
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Figure 13. Zero-field M&ssbauer spectra @& + 3 egiuv of mMCPBA in
toluene-CH,ClI; (3:7) at 5 K. The spectrum was fitted with three subspectra
a—c. Mossbauer parameters:= 0.66+ 0.01 mm s andAEq = 1.33+
0.04 mm s for a; 6 = 0.52+ 0.06 mm s* andAEq = 0.86+ 0.01 mm
s~1 for b. Forc, the Mtssbauer parameters could not be determined.

utilization of a large excess d@ (20 equiv), 1 equiv of
MCPBA generates 2 equiv of the monophenoxyl radical,
suggesting that all the oxidizing equivalents fronCPBA
are retained in the blue-green solution.

The Mtssbauer spectrum, on the other hand, indicates that
the blue-green solution contains equimolar amounts of the
components andb as shown in Figure 13. The component
ais fitted withd = 0.66+ 0.01 mm s* andAEq = 1.33+
0.04 mm s?, and the componer is fitted with 6 = 0.52
+ 0.06 mm st andAEqg = 0.86+ 0.01 mm s™. In addition,

a trace amount of the componeatis observed, but the
Mdossbauer parameters could not be determined. As indi-
cated by the) values, both the componeatandb contain

an iron(lll) center. TheAEq value for the componerd is
almost identical with that forl]*, supporting formation of
the monophenoxyl radical. But thAEy value for the
componenb is rather small.

To get insight into the fifth ligand of oxidizing inter-
mediates in the blue-green solution, the ESI mass spec-
trum is measured at low temperature in a positive mode. The

which has been frequently utilized to generate high-valent CHxCl, solution of2 gives a single signal atvz 1030.51 as

metal-oxo species in the porphyrin chemistfyAddition
of 1 equiv ofMCPBA to the CHCI, solution of2 generates

a singly charged ion, which corresponds to'ffsalen)}
with loss of HO and CIQ~ from 2. The blue-green solution

a blue-green solution with absorption maxima at 344 and generated fron2 and 3 equiv oiCPBA gives a predominant

860 nm shown in Figure 11. Titration & with mCPBA

signal atm/z1046.43 as a singly charged ion. The mass value

shows a saturation behavior, and the absorption at 344 andf m/z 1046.43 is increased by 16 Da from [Healen)}.
860 nm does not increase any more upon addition of moreBy use of the'®O-labeledmCPBA, this signal is shifted by

than ca. 0.8 equiv omCPBA. Compared to the UVvis
spectra for I]™ and [1]?" in Figure 3, the absorption at 344
and 860 nm is indicative of the monophenoxyl radical

2.0 Da, indicating that the predominant species detected with
a mass spectrometer is [Fe(salen)@hd that the oxygen
atom comes froormCPBA. Reduction of the blue-green solu-

formation on the salen ligand. Indeed, using an excitation tion with ferrocene results in complete disappearance of the
wavelength at 413.1 nm, a broad resonance Raman bandignal atnvz 1046.43. Instead, the signal mfz 1030.64 is

appears at 1485 crfy exactly the same wavenumber ak'|

regenerated, together with an unidentified signalnéz

An EPR measurement also supports the monophenoxyl1231.67, indicating that the signalratz 1046.43 arises from

radical formation around the iron(lll) center. The ferric high-
spin signal for2 disappears in the blue-green solution (Figure
12). An additional feature is observedgdt- 2, but the origin

of this signal is not identified. Stoichiometry aiCPBA to
the monophenoxyl radical formation is roughly evaluated
using theegss nm value for R]* (13 100 Mt cm™1). With
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a transient intermediate and not from a ligand-oxidation
product.

Discussion

Phenoxyl Radicals from the Iron Salen Complex.
Oxidizing intermediates generated through stepwise one-
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electron oxidation of the iron(lll) salen complex is subjected signal, suggesting that one of the species is converted to the
to a thorough spectroscopic investigation. ThgONcoor- other upon stepwise one-electron oxidation.
dination environment of the salen ligand is indeed found for ~ The phenoxyl radical complexes frofindisplay ax —
the active site in nonheme iron(lll) enzymes, such as 3,4- 7* transition of the phenoxyl radical af,.x~ 346 nm, which
PCD! In addition, the metal salen complex is one of the is largely shifted from the reported values of 48R0 nm
most important catalysts in synthetic chemigfryherefore, for phenoxyl radical$31416The observed hypsochromic shift
the electronic structure of oxidizing intermediates from the is probably due to introduction of the electron-withdrawing
iron salen complex assumes a fundamental importance, noimino groups to the ortho position of the phenolate ring,
only from a bioinorganic aspect but also from a design of causing a consierable energy lowering of the HOMO level.
effective oxidation catalysts. Indeed,1 exhibits a considerably high oxidation potential
Stepwise one-electron oxidation bbearing Cl as a fifth ~ (E'12 = 0.85 V), compared to other examples such as the
ligand generates the one- and two-electron-oxidized inter- Wieghardt’s macrocylic iron(lll) complex&, = 0.11 V)14
mediates I]* and [1]?*, having an intense absorption around The other characteristic feature in the BVis spectra of
350 nm and a characteristic broad absorption around-500 the present phenoxyl radical is an intense broad absorption
1100 nm. This study clearly indicates thai{ and [1]>* around 506-1100 nm ¢ = 10 000, 23 000 M* cm™* for
are best represented as the mono- and diphenoxyl radicalg1]* and [L]?*, respectively). The best assignment for this
coordinated to the iron(lll) center, respectively. It is not trivial absorption feature is the charge transfer between the iron-
to determine oxidation states of iron centers only from (lll) center and the phenoxyl radical, becau{, in which
Mossbauer parameters, when noninnocent ligands are coorall the two phenolates are converted to the phenoxyls,
dinated to the iron center, as discussed recently by Walkerdisplays the broad absorption of a doubled intensity in this
and Trautweirf® But in the present case isomer shift$or region, compared tol]* bearing one phenolate and one
both [1]* and [1]2" are rather increased from the starting phenoxyl.
iron(lll) complex 1, indicating that the iron center in both Quite interestingly, the active form of galactose oxidase
[1]T and [1]?" bears iron(lll) character. In addition, the (GO) does exhibit a similar feature £ ~5000 M cm™?)
phenoxyl radical formation on the salen ligand is suggested around 606-1200 nm, but Whittaker and Spiro proposed
by the intense absorption around 350 nm. Indeed, resonancéhat this feature arises from a interligand charge transfer from
Raman measurements upon excitation at 351.4 nm give athe tyrosinate to the thiolate-modified tyrosyl radiéal.
resonance Raman band around 1485%mwhich could be Synthetic phenoxyl radicals from the Cu and Ni salen
assigned to the phenoxyl radicaHO stretching. complexes were reported to show a NIR absorption feature

The complext shows two sets of EPR signals from high- at 1750 nm{ = 2400 M~* cm™)** and 1103 nm¢ = 3000
spin iron(lll) centers in frozen Cil, at 4 K, major M~t cm™1),28 respectively. In the case of the Cu salen, the
component witlg = 8.1, 3.5, and ca. 1.85(D ~ 0.10) and absorption at 1750 nm is assigned to the phenolalenoxyl
minor component witly = 6.7, 5.2, and ca. 25D ~ 0.03). charge transfer. Butl]* exhibits no additional absorption
This suggests that two iron(lll) species of different rhom- in the NIR region from 1100 to 2500 nm, indicating that the
bicity are present in solution. The EPR parameter of the phenolate-phenoxyl charge-transfer absorption 1ji{is not
major component is close to that of the previous reprt.  Present or hidden behind the intense absorption arounet 500
On the other hand, we assigned the minor component to a1100 nm. Considering thdthas two distinct phenolate rings
six-coordinated form resulting from binding of ethanolito ~ due to the distortio? the phenolatephenoxyl charge-
in our previous papét but this species is still present when  transfer absorption in1]* is possibly shifted to higher
EPR spectra are measured in amylene-stabilizegOGHor energy, compared to the nondistorted Cu salen bearing two
the well-dried 1. We thus reinterpret thal in a five- phenolate rings of a similar environment. The absorption
coordinated form may have a metastable structure due tofeature around 780 nm id]" might be a candidate, because
steric repulsion from mesityl groups. In frozen solution, the this feature disappears ig]f*.
stable structure, which has been shown by the X-ray crystal It is also interesting to note that a quadrupole splitting
structure, would provide the EPR signals for the major AEqis much larger for{]* (1.36 mm s?) than1 (0.86 mm
component and the metastable structure would be the EPRS ™). The AEq value of 0.86 mm s! for 1 clearly indicates
signals for the minor component. On the other hAHINNMR high-spin iron(lll), because low-spin iron(lll) salen com-
in CD.Cl, at 193 K shows only one set of signals for the plexes exhibit largeAEq value -2 mm s1).24 The larger
phenolate rings, indicating that these two species are inter-AEq is indicative of lower symmetry around the iron center.
converted with each other very fast compared to the NMR In the previous report by Koikawa et al. on one-electron
time scale. Upon stepwise one-electron oxidation, both oxidation of a similar iron(lll)-phenolate system, a large
species are oxidized in the same manner as indicated by EPRAEg is ascribed to the iron(IV) formatio¥. However, as
In contrast tol, [1]2* exhibits only one set of & = 3/2 already pointed out by Wiegharth!* a large AEq for

iron(Ill) —phenolate systems is rather consistent with the

(27) McGarrigle, E. M.; Gilheany, D. GChem. Re. 2005 105 1563—

1602. (29) McGlashen, M. L.; Eads, D. D.; Spiro, T. G.; Whittaker, J. W.
(28) Zakharieva, O.; S¢memann, V.; Gerdan, M.; Licoccia, S.; Cai, S.; Phys. Chem1995 99, 4918-4922.

Walker, F. A.; Trautwein, A. XJ. Am. Chem. Soc2002 124, 6636- (30) Koikawa, M.; Okawa, H.; Maeda, Y .; Kida, Biorg. Chim. Actal992

6648. 194, 75-79.
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phenoxyl radical formation, when it is assumed that the
radical is localized to one of the phenolate rings of the salen
ligand on the Mgsbauer time scale, leading to an electroni-
cally unsymmetrical environment. Our study provides further
support for the interpretation on th&Eqg value, because
oxidation of both phenolate rings on the salen ligand,
generating more symmetrical environment thar [indeed
results in the smalleAEqg value for [1]2* (0.42 mm s?).
Vacant Coordination Site on the Iron Salen Complex.
A fifth ligand on the vacant coordination site could be an
important factor to determine the electronic state and the
geometry of the resting iron(lll) center. The effect of a fifth

coordination ligand is worth discussing here, because previ-

ous iron(lll)—phenoxyl radical complexes have no vacant
coordination site on the iron(lll) center. From this viewpoint,
particularly interesting for the present model system is a
drastic structural change upon exchange of the fifth ligand
from Cl (1) to OH, (2).2® As revealed by X-ray crystal-
lographic analysis, the ferric aqua compl2xdisplays a
distorted trigonal-bipyramidal iron(lll) center, while the
structure of 1 is rather close to the common square-
pyramidal. Such a structural difference is seemingly retained
in solution, because EPR measurements indicate2t{iaD

~ 0.21) has a much more rhombic iron center thai/D

~ 0.03, 0.10). However, the structural difference around the

iron center does not exert any observable influence on the

electrochemical behavior of and 2, and both1l and 2
generate the iron(lllphenoxyl radical complex upon
electrochemical oxidation. Quite interestingly, the structural
distortion caused by the coordination of®lis retained in
the oxidized form of2, becaused]?* (E/D ~ 0.07) is also
more rhombic than1]]?" (E/D ~ 0.02)

The present model system is the first example of the
iron(ll) —phenoxyl radical complex bearing the vacant coor-
dination site and, thus, provides an opportunity to examine
reactivity relevant to iron enzymes having the phenolate
group coordinated to the iron(lll) center. Particularly remark-
able is one-electron oxidation of the EtO or €bcomplexes
causes conversion of alcoxide to aldehyde even at low
temperature. The iron(lll) porphyrin cation radical does not
have such reactivity at all, but coordination of the electron-
donating CHO groups results in formation of a rather stable
iron(1V) intermediate®* One of interesting findings from a

mechanistic perspective is a clear demonstration of necessity

of a base to remove an alcohol proton. As already described
both [2]" and R]?>* do not oxidize even benzyl alcohol at
all, unless 2,6-dtert-butylpyridine is added to the solution.
Once benzyl alcohol is converted to alcoxide on the iron-

(1) center, conversion to benzaldehyde proceeds smoothly

without a base, as suggested by oxidation of EtQ3in
Another point to be noted is that a negligible difference is
observed for reactivity ofZ] " and P]?*, indicating that the
monophenoxyl radical complex is the key intermediate for
oxidation of alcohols and that one more oxidizing equivalent
does not contribute to effectiveness. This might be due to
very fast reduction of 4]t to [2]" before reaction with
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Scheme 1

mCcPBA (N_ N N_ N
- ( /Fle{ll> —_— ( Fe’lll>
0’g 0 Nei o/
H O OH
A °
O Ar kz
NN NN
N. N o . p
< ‘Fe’m>mCP A( /Fe{ll> + ( /Fle{11>
N o’ o o’ | o
o o\g 9 7 OH, *~ OH
A 8 ’
O Ar

benzyl alcohol upon addition of 2,6-tirt-butylpyridine.
High reactivity of the present iron(liH)phenoxyl radical for
alcohols may imply that the copper ion in the active site of
GO could be replaced with other metals, just when the metal
center binds a substrate in close vicinity to the phenoxyl
radical and also functions as a Lewis acid. Indeed, phenoxyl
radical complexes with other metals such as zinc and alkaline
earth metal ions have already been reported to exhibit
oxidation reactivity6d..32

In contrast to the oxoiron(IV) formation from the hydroxo-
iron(lll) porphyrin upon one-electron oxidation, the iron salen
complex4 bearing OH does not generate a high-valent iron
species. Upon the initial stage of electrochemical oxidation,
the fifth OH ligand in4, which is retained under an excess
of tetrabutylammonium hydroxide, is supposed to be pro-
tonated to a considerable extent due to oxidation of an excess
of tetrabutylammonium hydroxide. This is supported by the
UV —vis spectral change, which suggests that an-abake
equilibrium is considerably shifted from to 2. Further
oxidation generates an iron(lHphenoxyl radical, but the

fifth ligand is not pure OH.

Oxidizing Intermediates from the Iron Salen Complex
and mCPBA. In the case of the heme chemistry, a model
intermediate relevant to the oxygen activation by heme
enzymes was first synthesized from the iron(lll) porphyrin
complex andnCPBA and was identified to be the oxoiron-
(IV) porphyrin z-cation radical by Grove52On the other
hand, reaction a2 with mCPBA at 193 K generates the blue-
green solution whose UVWvis spectrum is closely similar
to the iron(lll)-monophenoxyl radicals such @§{ and p]*.

The EPR spectrum further supports the monophenoxyl
radical formation, because the ferric high-spin signalZor

'disappears in the blue-green solution. But thésktmauer

spectrum reveals that the blue-green solution contains two
iron(Ill) intermediates of an equimolar amount.

We postulate the reaction sequence shown in Scheme 1,
based on the experimental observation that all the oxidizing
equivalents are retained in the blue-green solution. Reaction
of 2 with mCPBA gives a two-electron-oxidized intermediate
6 at first. But6 is readily reduced by another molecule2f
to give two molecules of monophenoxyl radic&and 8.

This accounts well for the saturation behavior by addition
of less than 1 equiv omMCPBA. An excess ofnCPBA

(31) Groves, J. T.; Quinn, R.; McMurry T. J.; Nakamura, M.; Lang, G.;
Boso, B.J. Am. Chem. S0d.985 107, 354—360.
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convertsd to 9 by exchange of the fifth ligand from 4@ to A considerably high reactivity for coordinated substrate on
m-chloroperoxybenzoate. the iron(lll) center might be a hint to understand a rather
Among two major components observed in thédegloauer unigue reaction sequence upon oxygen activation.
spectrum, the componeatwith 6 = 0.66 mm s* and AEq Finally, we describe another important implication for this
= 1.33 mm s?* would correspond t@, because the\Eq study. The salen ligand is one of the most successful

value, which is almost identical with that fot][f, indicates frameworks for development of effective transition metal
the unsymmetrical monophenoxyl radical. The larger isomer catalysts, but disappointedly low reactivity has been repeat-
shift 0 of 0.66 mm s compared tof]* could be explained  edly encountered for the iron metal. The poor catalytic
by coordination of the more electron-donating ligand OH as activity for epoxidation compared to Mn and Cr salens can
a fifth ligand. We tentatively assign the componéniith be now understood very well by a considerable preference
0 = 0.52 mm s andAEg = 0.86 mm s't0 9. The smaller for the iron(lll) state in the salen framework. By analogy to
AEq value might be due to an electron-accepting nature of the heme chemistry, the iron salen complex has been
the m-chloroperoxybenzoate ligand to increase symmetry elucidated to give a compound | analogue as a reactive
around the iron(lll) center. ESI mass spectrometry supportsintermediate, but this might be not true for most iron salen
the above scenario, and the signahw#t 1046.43 could be  complexes in light of the present comprehensive investiga-
considered to originate fro@ithrough a homolytic cleavage tion. Recently, Rajagopal and Ramaraj reported a mechanistic
of the weak G-O bond during an ionization process. This study on oxygenation of organic sulfides by iron salen
signal apparently matches the oxoiron(lV) salen phenoxyl complexes®2They elucidated the oxoiron(lV) salen radical
radical complex or the oxoiron(V) salen complex, but the formation from several iron salen complexes and PhlO on
presence of such species in solution is denied by the otherthe basis of limited spectroscopic data and discussed the
spectroscopic data. oxygenation mechanism. But we have to point out that their
Implications. We employ two independent routes to the mechanistic elucidation remains to be investigated.
nonheme high-valent irernoxo intermediate from the iron
salen complex, electrochemical oxidation of the OH complex Conclusion
4 and mCPBA oxidation of 2, both of which are the
established pathways to the high-valent metado species
in the porphyrin chemistry. Unexpectedly, both routes lead
to generation of very unstable iron(lHphenoxyl radicals,
although the salen ligand is harder to be oxidized than the
porphyrin ligand bearing the large-conjugation. It is also
in sharp contrast to the heme chemistry that electrochemical
oxidation of3 bearing an electron-donating EtO ligand results
in oxidative degradation of the EtO group and not in the
iron(lV) formation. These results indicate that the phenolate
(Tyr) coordination to the iron(lll) center brings about a
considerable preference for the iron(lll) state over the iron-

V), |rre§pect|ve .Of a hlgh'OXIdatIOI’l potential of the the phenolate group is resistant to adopt the iron(lV) state

surrounding coordination envwonme'nt. . even in a highly oxidizing environment. The vacant coor-
A bunch of mononuclear nonheme iron(ll) enzymes, which ination site also enables investigations on reactivity, which

share the common HZ'ASp/G_Iu motif around the_ |r0n(ll) reveals a highly oxidizing nature of the iron(Hphenoxyl

center referred to as the 2-His-1-carboxylate facial triad, are ¢, qordinated alcohols. This study explains unique proper-

proposed t_o em_ploy similar mechanistic strategies with hemeties of mononuclear nonheme enzymes with Tyr residues

énzymes in oxu;lanon cgtalys?%.lndeed, a pompoun.d-lll— and also the poor epoxidation activity of Fe salen compared

like oxoiron(IV) intermediate was detected in the oxidation , vn and Cr salens.

cycle by TauD, a mononuclear nonheme iron enzyme of this

category® Furthermore, several iron(ll) model complexes Experimental Section

bearing the similar nitrogen coordination environment were

demonstrated to generate an oxoiron(lV) spet&gygesting Instrumentation. Cycl?c voltammograms were measured with

that the His-coordinated iron(ll) center utilizes an oxoiron- &ALS612A electrochemical analyzer (BAS). UVis spectra were

(V) species to effect oxidation reactions. On the other hand, recorded on an Agilent 8453 (Agilent Technologies) equipped with

a mechanistic scenario seems to be utterly different for gUSP-ZOS low-temperature chamber (UNISOKU). this spectra

| . I ith th if in the NIR region were measured with Hitachi U-3500. EPR spectra
mononuc eqr iron(lll) enzymes with the Higr, mc_)t,' . were recorded in a quartz celfi & 5 mm) at 4 K on anE500
around the iron(lll) center, such as 3,4-PCD. As clarified in ¢ontinuous-wave X-band spectrometer (Bruker) with an ESR910

this manuscript, the phenolate-coordinated iron(lll) center nejium-flow cryostat (Oxford Instruments). Resonance Raman
sticks to the iron(III) state and, therefore, follows a reaction spectra were measured with a quartz spinning cell kept at 193 K,
pathway mechanistically distinct from the heme paradigm. using a MC-100DG 100-cm single polychromator (Ritsu Ohyo
Kogaku) equipped with a LN/CCD-1100-PB liquid- nitrogen-cooled
(33) Hegg, E. L.; Que, L., JEur. J. Biochem1997, 250, 625-629. CCD detector (ROPER Scientific). A BeamLok 2080 argon ion

The model complex for mononuclear iron(lll) enzymes,
bearing two His and two Tyr coordinated to the iron(lll)
center, is investigated in detail to reveal the relationship
between the electronic structure and the reactivity of oxidiz-
ing intermediates. The model complex employed in this study
is the sterically hindered iron salen complex, which well
reproduces a coordination environment by Mg, and most
importantly a vacant coordination site on the iron(lll) center.
In contrast to the oxoiron(IV) formation from heme models
and His-coordinated nonheme iron(ll) centers, the iron salen
complex generates the iron(Htphenoxyl radical irrespective
of the fifth ligand. The nonheme iron center coordinated with
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laser (Spectra Physics) was utilized as an excitation source. The2 h. Then, []>" and R]>" were generated after an additional 2 h
laser power at the sample was about 10 mW. Raman shifts wereby controlled potential oxidation at the voltage that was higher by
calibrated with indene. ESI mass spectra were obtained with a LCT 300 mV than the second oxidation potential.
time-of-flight mass spectrometer equipped with an electrospray Preparative Electrochemical Oxidation. Exactly the same
ionization interface (Micromass). method described above was employed except for utilization of a
Materials. CH,Cl, was purchased from Kanto as anhydrous 0.1 cm thin-layer quartz cell. After formation of one- and two-
solvent and was stored in the presence of 4A molecular sieves. Toelectron-oxidized intermediates was confirmed with t\Ws
remove a trace of HCI, C}l, was passed through activated spectroscopy, the electrodes were removed from the quartz cell.
alumina under an Ar atmosphere just before use. Tetrabutylam- The intermediate solution was carefully transferred via a cooled
monium perchlorate was purchased from Kanto and was dried overgastight syringe to an EPR sample tube or a reaction tube to measure
P,Os in vacuo. CROD was purchased from ACROS and was dried EPR or investigate reactivity.
over 3A molecular sieves. GBI, was purchased from ACROS Mossbauer MeasurementsMésshauer spectra were measured
and was stored in the presence of 4A molecular sievesCGD with a conventional spectrometer in the constant-acceleration mode.
was also passed through activated alumina under an Ar atmospherésomer shifts were reported relative to metallic ironKe) at room
just before us€’Fe metal (95.40%) was purchased from ISOFLEX. temperature. Mssbauer spctra were measured fote-enriched
The oxidant5 was prepared according to the reported method complexes. The sample solution was prepared at 203 K in a test
and was assayed with titration by ferrocem&PBA was purchased  tube and then transferred via a precooled gastight syringe to a Teflon
from Nacalai and was purified by washing with a phosphate Mo6ssbauer cell. Immediately, a’sbauer cell was immersed in a
buffer3> 18-labeled mMCPBA was prepared according to the liquid-nitrogen bath and then attached to the sample holder. To
reported metho@® Purity of mMCPBA was checked with iodometry.  obtain clear spectra for samples in &Hp, data were accumulated
Other reagents were purchased from Kanto or Aldrich and were for 3—7 days. Simulation was conducted without any restriction.
used as received. Low-Temperature ESIMS. To obtain mass spectra of transient
Synthesis.Preparations of and2 have been already report&d. species, both desolvation and nebulizer gas were cooled with liquid
3. To the complext (50 mg, 45umol) in anhydrous THF (0.5 nitrogen. The sample solution was prepared in a test tube at 203
mL) was added NaOEt (3.1 mg, 48nol) in anhydrous EtOH (5 K, and a portion of the solution was diluted with g8, in a
mL). The solution was stirred at room temperature for 10 min, gastight syringe cooled with dry ice. The sample solution was then
yielding a reddish precipitate. The resulting precipitate was filtered transferred to the inlet of the mass spectrometer through precooled
out and washed with a small amount of EtOH. The precipitate was capillary tubing.
dissolved in hexane and was passed through a membrane filter (pore  Chemical Oxidation of 1 by 5. For Mossbauer, resonance
size 0.5um) to remove a trace of NaCl. Recrystalization from hot Raman, and ESIMS measurements df*[and [L]2*, chemical

EtOH gave a red crystalline product®{35.7 mg, 33:mol). Anal. oxidation by5 was employed. Preparation of the resonance Raman
Calcd for [GoH7oFeNOs](H-0): C, 79.03; H, 7.46; N, 2.56. sample is described as a representative procedure: To the solution
Found: C, 78.68; H, 7.31; N, 2.59. of 1(1.92 mg, 1.8Qumol) in CH,Cl, (0.6 mL) in an acetoneCO,

4. The solution of4 was prepared by dissolving (4.37 mg, bath was added 1.0 or 2.0 equiv®({2.11 mg, 1.8Q:mol, or 4.21
3.69umol) in 0.1 M tetrabutylammonium perchlorate/gE, (3.7 mg, 3.60umol) in CH,Cl, (0.4 mL). [1]* and [L]** were generated
mL) containing 2.5 equiv of tetrabutylammonium hydroxide (7.38 immediately
mg, 9.23umol) and utilized without purification. mCPBA Oxidation of 2. Preparation of the U¥vis sample is

The iron salen complex bearing the @group was prepared described as a repl’esentative procedure: To tthQHEOlution
in exactly the same manner using NaOZID:;OD instead of of 2 (1.67x104 M, 1.8 mL) in a UV—vis cell at 193 K was added
NaOEt/EtOH. Anal. Calcd for [GH74DaFeN:Os](H,0): C, 77.43; a CHCl; solution of MCPBA (1.5x 1073 M, 0.2 mL). The mixture

H, 7.69: N, 2.54. Found: C, 77.71; H, 7.33: N, 2.64. was stirred at 193 K for 5 min, and then a BVis spectrum was
S7Fe-enrichedl was synthesized frorf’Fe(OAc), which was measured. _ ) _

prepared fronf’Fe metal (95.40%) and acetic acidFe-enriched Quantitative Analysis. The yield of bezaldehyde was determined

2 was prepared frorf/Fe-enrichedl according to the preparation ~ With @ QP5000 GC-MS (Shimadzu), using benzophenone as an

of 2.18 internal standard. Quantitative analysis of acetaldehyde was carried
UV —Vis Measurements upon Controlled-Potential Electro- out by the reported methdd.The net yield of acetaldehyde was

chemical Oxidation. Controlled-potential electrochemical oxi- ~calculated, considering the blank test under exactly the same

dation was conducted in a thin-layer quartz cell (0.05 cm) using a conditions. Each quantitative analysis was repeated three times, and
gold-mesh working electrode, a platinum-wire counter elec- the average values were reported.
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