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The reaction between iron(I1) and H,0, has attracted gresat interest
ever since Fenton discovered that this combination could produce
a strong oxidant in acidic aqueous media.* Despite the fact that
this chemistry was first observed over a century ago, debate
continues as to whether HO» or an Fe'V=0 species represents the
reactive oxidant that is formed by O—O bond cleavage, homolyti-
cally for HOe and heterolytically for F¢V=0.* The involvement
of the latter is supported by recent DFT studies'® and a kinetic
reinvestigation.*®* An understanding of the factors affecting the
reaction between iron(I1) and H,O; is aso of relevance to severa
nonheme iron enzymes, such as the tetrahydropterin-dependent
hydroxylases and isopenicillin N synthase (IPNS), where the key
Fe'V=0 oxidants are proposed to arise by O—O bond heterolysis
of iron(l1)-peroxo precursors.? However, the chemical feasibility
of such atwo-electron-transformation may be questioned because
reactions of Fe(ll) with H,0,, with very few exceptions,® afford
one-electron oxidized Fe(l11) products.>® As a consequence, we have
sought to establish whether a synthetic iron(ll) complex can react
stoichiometrically with H,O, to yield an oxoiron(1V) species. The
heterolytic O—O bond cleavage that a stoichiometric reaction entails
was proposed by Bautz et a. to occur upon treatment of an
Fe'(bispidine) system with H,O, in agueous media® but the
observed maximum vyield of only 60% for the F&V=0 complex
makes it difficult to invoke the heterolytic mechanism unequivo-
cally. This uncertainty can now be eliminated for the analogous
reaction with [Fe'(TMC)]?" (1)* (Scheme 1), described herein,
where H,0, can be converted to the F&V=0 species in high yield.
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2 |_eft: Ligands used in this study.* Right: Proposed mechanism for the
base-catalyzed formation of 2 from 1 and H,0..

Previously 1 was reported to react at —40 °C with 3 equiv of
H,O, in CH3CN to generate [F€'V(O)(TMC)(CHsCN)]?* (2) in
~70% yield after 3 h.> During our reinvestigation of this system,
we found that the reaction between equimolar amounts of 1 and
H>0, in the presence of 2,6-lutidine showed an increased yield of
2 to ~85 + 3% (Figure 1, inset). Furthermore, the titration of 1
with substoichiometric H,O, in the presence of 1.0 equiv of 2,6-
lutidine afforded alinear increase in the yield of 2, which plateaued
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at ~90% with dightly more than 1 equiv of H,O, added, indicating
a 1:1 stoichiometry between 1 and H,O, (Figure 1).°
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Figure 1. Yield of 2 vs equiv of H,0, added. Experimental conditions:
20 mM 1, 2.0 mM 2,6-lutidine, —40 °C in CH3CN. The yield of 2 was
determined from its absorption at 820 nm (¢ = 400 M~* cm™). Inset:
Spectral changes observed during the formation of 2 (b = 1 cm).

In addition to enhancing the yield of 2, 2,6-lutidine also
accelerated its rate of formation 10-fold. The addition of only 0.1
equiv of 2,6-lutidine was sufficient to afford 2 in ~90% yield, but
the maximal pseudo-first-order rate constant for the formation of 2
(Kops) Was obtained with more than 0.5 equiv of 2,6-Iutidine (Figure
2 left). Further kinetic studies with 5—25 equiv of H,O, reveaded
that the rate for the formation of 2 was first-order in both 1 and
H,0,. A second-order rate constant (kp) of 2.3(1) x 10° M tstat
—40 °C was obtained from the slope of the plot of kgps VS [H205]
(Figure 2 right). Analysis of the Eyring plot for the temperature
dependence of this pseudo-first-order reaction afforded AH* =
29(2) k¥mol and AS' = —144(10) J(mol-T) (Figure S1). These
values compare favorably with those obtained from the reaction of
[Fe!'(bispidine)]?" with H,0, to form [F€'V(O)(bispidine)]?" where
rate-determining heterolytic O—O bond scission was proposed but
deviate significantly from those of synthetic Fe''—OOH(R) systems
that undergo homolytic O—O bond cleavage.®

The effects of 2,6-Iutidine (pK, = 6.7) suggest its key role as an
acid—base catalyst, similar to that played by the distal histidine in
horseradish peroxidase (HRP), where it has been established that
the active site base facilitates proton transfer from the proximal to
the distal oxygen of bound H,0, to promote heterolytic O—0O bond
cleavage.” As shown in Figure S2, 2,4,6-collidine (pK, = 7.3) and
pyridine (pK, = 5.2) aso facilitate the formation of 2 with ~90%
yield at comparable rates. Weaker bases such as 3-bromopyridine
(pKa = 2.84) or 2-acetylpyridine (pK, = 2.68) also accelerated the
reaction, but a very large excess of either base was necessary for
kobs to plateau. Significantly weaker bases like 2-bromopyridine (pKa
= 0.79) and 2,6-diacetylpyridine (pKy = 0.12) were ineffective.
These trends are similar to those found for HRP Compound |
formation, where mutation of the distal His residue to a less basic
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Glu or to Ala/Val/GIn decreased the rate of Compound | formation
by factors of 10* and 10°, respectively.”®° Theimportant role played
by protons was further illustrated by the effect of replacing H,O,/
H,O with D,0,/D,0, for which a large H/D KIE of 3.7(4) was
observed (Figure 2 right). For comparison, sizable solvent H/D KIEs
were also observed for HRP Compound | formation (1.6 4 0.1)%2
and in the reactions of Fe(lll) porphyrins with peracids (~2),2°
supporting amechanistic parallel between heme and nonheme iron
centers.
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Figure 2. Left panel: Dependence of the pseudo-first-order rate constant
for formation of 2 (kyps) and yield of 2 on [2,6-lutiding] (conditions: 1.0
mM 1 in CH3CN and 20 equiv of H,O, at —40 °C). Right panel: [H,O,/
D,0O;] dependence of Ky (conditions: 2.0 mM 1, 2.0 mM 2,6-lutidine in
CH3CN at —40 °C). See S| for further experimental details.

In the three published [F€'(TMC)X] structures, the four methyl
groups of the TMC ligand in each complex are oriented syn to
each other, and each X ligand binds syn, within the four-methyl
pocket.® In the structure of 2, the syn site has an MeCN ligand
while the anti siteis occupied by the oxo atom.® This requires H,0,
to interact with the iron center of 1 at the anti site, with the syn
ligand presumably being MeCN.*° The effect of the syn ligand was
examined by investigation of the reaction of H,0, with [F€'(TMC-
py)1?" (3)* (Scheme 1), where the appended pyridine occupies the
syn site. In this case, 2,6-lutidine also exerted a beneficial effect,
increasing the yield of [F€V(O)(TMC-py)]?" (4) from ~65%"" to
>90% with stoichiometric H,O, and enhancing the reaction rates
5-fold (see Sl). Interestingly, the reaction of H,O, with 3 was ~30-
fold slower than with 1 under the same conditions (see Sl), which
we ascribe to a less Lewis acidic iron(ll) center in 3 that has a
lower affinity for H,O, than 1.

We have thus identified for the first time a synthetic iron(ll)
complex that reacts with stoichiometric H,O, to generate an
oxoiron(lV) complex in nearly quantitative yield. A sizable H/D
KIE of 3.7 was observed, highlighting the importance of proton
transfer in the cleavage reaction. The observed stoichiometry and
KIE is best rationalized by invoking heterolytic O—O bond cleavage
of an iron-bound H,0, that is facilitated by an acid—base catalyst
(Scheme 1).*2 This mechanism bears a strong resemblance to the
heterolytic O—O bond cleavage postul ated to occur at the nonheme
iron centers of the tetrahydropterin-dependent hydroxylases and
IPNS in the course of O, activation.?

The near-stoichiometric conversion of H,O, to F€Y=0 in the
formation of 2 is unprecedented and can be ascribed to two factors.
The first is the relatively poor hydrogen-atom abstraction ability
of 2,3 which minimizes the reaction between nascent 2 and residual
H,0,. The second factor is the demonstrated lack of reactivity
between 1 and 2,% allowing 2 to accumulate without compropor-
tionation to Fe'"" species (Figure 1). Our results also show that the
conversion of 1 to 2 can be quite facile, suggesting that under the
right conditions the two-€lectron oxidation of Fe'' to Fe’V=0 should
not be such an uncommon event.

Such atransformation has, on the basis of DFT studies,*® been
proposed to be thefirst step of the Fenton reaction, but this argument
has been weakened by the fact that the putative [F€'V(0)(H,0)s)?"
species has yet to be experimentally observed in situ.* However, it
has been generated independently by reaction of O with Fe?" in
agueous acidic solution**P and was found to be very reactive.
Unlike 2, [F€V(0)(H,0)s)?" reacts rapidly not only with substrates
but also with residual Fe'' to yield F€'"' and H,O, to generate HO,»
and HO- radicals.® Thus it may be possible to reconcile the
conflicting views of the Fenton reaction mechanism by considering
the points we have raised in demonstrating the feasibility of the
Fe'-to-FeV=0 conversion.

Acknowledgment. We are grateful for support provided by NIH
Grant GM-33162 (L.Q.) and for helpful discussions with Dr.
Gengiang Xue and Mr. Erik R. Farquhar.

Supporting Information Available: Detailed experimental proce-
dures and Figures S1 and S2. This material is available free of charge
via the Internet at http://pubs.acs.org.

References

(1) (a) Fenton, H. J. H. J. Chem. Soc., Trans. 1894, 65, 899-910. (b) Bray,
W. C.; Gorin, M. H. J. Am. Chem. Soc. 1932, 54, 2124-2125. (c) Wardman,
P.; Candeias, L. P. Radiat. Res. 1996, 145, 523-531. (d) Buda, F.; Ensing,
B.; Gribnau, M. C. M.; Bagrends, E. J. Chem.—Eur. J. 2001, 7, 2775—
2783. (€) Kremer, M. L. Phys. Chem. Chem. Phys. 1999, 1, 3595-3605.

(2) (a) Costas, M.; Mehn, M. P.; Jensen, M. P.; Que, L., Jr. Chem. Rev 2004,
104, 939-986. (b) Eser, B. E.; Barr, E. W.; Frantom, P. A.; Saleh, L.;
Ballinger, J. M., Jr.; Krebs, C.; Fitzpatrick, P. F. J. Am. Chem. Soc. 2007,
129, 11334-11335. (c) Chow, M. S;; Eser, B. E.; Wilson, S. A.; Hodgson,
K. O.; Hedman, B.; Fitzpatrick, P. F.; Solomon, E. I. J. Am. Chem. Soc.
2009, 131, 7685-7698. (d) Schenk, W. A. Angew. Chem., Int. Ed. 2000,
39, 3409-3411. (e) Brown-Marshall, C. D.; Diebold, A. R.; Solomon, E. I.
Biochemistry [Online Early Access] 2010, DOI: 10.1021/bi901772w.

(3) (a) Bautz, J.; Bukowski, M. R.; Kerscher, M.; Stubna, A.; Comba, P,;
Lienke, A.; Minck, E.; Que, L., Jr. Angew. Chem.,, Int. Ed. 2006, 45, 5681—
5684. (b) Sastri, C. V.; Seo, M. S.; Park, M. J;; Kim, K. M.; Nam, W.
Chem. Commun. 2005, 1405-1407.

(4) TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane; TMC-Py
= 1-(2-pyridylmethyl)-4,8,11-trimethyl-1,4,8,11-tetraazacycl otetradecane.

(5) Rohde, J-U.; In, J-H.; Lim, M. H.; Brennessel, W. W.; Bukowski, M. R.;
Stubna, A.; Minck, E.; Nam, W.; Que, L., Jr. Science 2003, 299, 1037—
1039.

(6) Addition of substoichiometric H,O, did not elicit an EPR signal, consistent
with the direct formation of 2 from 1 without an intervening Fe'''species.

(7) (& Newmyer, S. L.; Ortiz de Montellano, P. R. J. Biol. Chem. 1995, 270,
19430-19438. (b) Tanaka, M.; Ishimori, K.; Mukai, M.; Kitagawa, T.;
Morishima, I. Biochemistry. 1997, 36, 9889-9898. (c) Baek, H. K.; Van
Wart, H. E. Biochemistry. 1989, 28, 5714-5719. (d) Poulos, T. L.; Kraut,
J. J. Biol. Chem. 1980, 255, 8199-8205.

(8) (a) Dunford, H. B.; Hewson, W. D.; Steiner, H. Can. J. Chem. 1978, 56,
2844-2852. (b) Traylor, T. G.; Xu, F. J. Am. Chem. Soc. 1990, 112, 178—
186.

(9) (a) Fiedler, A. T.; Hafen, H. L.; Halfen, J. A.; Brunold, T. C. J. Am. Chem.
Soc. 2005, 127, 1675-1689. (b) Sastri, C. V.; Park, M. J.; Ohta, T.; Jackson,
T. A.; Stubna, A.; Seo, M. S;; Kim, J.; Kitagawa, T.; Miunck, E.; Que, L.,
Jr.; Nam, W. J. Am. Chem. Soc. 2005, 127, 12494-12495. (c) Hodges,
K. D.; Wollmann, R. G.; Kesssel, S. L.; Hendrickson, D. N.; Van Derveer,
D. G,; Barefield, K. E. J. Am. Chem. Soc. 1979, 101, 906-917.

(10) The **F NMR spectrum of 1 in MeCN showed only the free triflate peak
at —80 ppm, so MeCN is arguably the axial ligand (see also ref 9c).
(12) Thibon, A.; England, J.; Martinho, M.; Young, V. G.; Frisch, J. R.; Guillot,
R.; Girerd, J.-J.; Minck, E.; Que, L., Jr.; Banse, F. Angew. Chem., Int. Ed.

2008, 47, 7064—7067.

(12) The aternative homolytic mechanism would require a rate-determining
O—0 bond cleavage to form Fe''—OH and HO- followed by very rapid
H-atom transfer between the two species. We do not favor this mechanism
because it seems highly unlikely that HOe, an indiscriminate and powerful
oxidant, would react solely with the nascent Fe'''—OH species.

(13) Sastri, C. V.; Lee, J; Oh, K.; Lee, Y.-J; Lee, J; Jackson, T. A.; Ray, K;
Hirao, H.; Shin, W.; Halfen, J. A.; Kim, J;; Que, L., J.; Shak, S.; Nam,
W. Proc. Natl. Acad. Sci. U.SA. 2007, 104, 19181-19186.

(14) (@) Legager, T.; Holcman, J.; Sehested, K.; Pedersen, T. Inorg. Chem. 1992,
31, 3523-3529. (b) Pestovsky, O.; Stoian, S.; Bominaar, E. L.; Shan, X;
Minck, E.; Que, L., Jr.; Bakac, A. Angew. Chem., Int. Ed. 2005, 44, 6871~
6874. (c) Martire, D. O.; Caregnato, P.; Furlong, J.; Allegretti, P.; Conzalez,
M. C. Int. J. Chem. Kinet. 2002, 34, 488-494. (d) Pestovsky, O.; Bakac,
A. J. Am. Chem. Soc. 2004, 126, 13757-13764.

JA9101908

J. AM. CHEM. SOC. m VOL. 132, NO. 7, 2010 2135



