university of
groningen

University Medical Center Groningen

University of Groningen

cis Donor Influence on O-O Bond Lability in Iron(lll) Hydroperoxo Complexes
Wegeberg, Christina; Browne, Wesley R.; McKenzie, Christine J.

Published in:
Inorganic Chemistry

DOI:
10.1021/acs.inorgchem.9b00247

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Wegeberg, C., Browne, W. R., & McKenzie, C. J. (2019). cis Donor Influence on O-O Bond Lability in
Iron(Ill) Hydroperoxo Complexes: Oxidation Catalysis and Ligand Transformation. Inorganic Chemistry,
58(14), 8983-8994. hitps://doi.org/10.1021/acs.inorgchem.9b00247

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 04-06-2022


https://doi.org/10.1021/acs.inorgchem.9b00247
https://research.rug.nl/en/publications/5a8e1cfe-599e-45d8-a373-991a122d9147
https://doi.org/10.1021/acs.inorgchem.9b00247

Downloaded via UNIV GRONINGEN on September 3, 2021 at 09:39:32 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry-——-

pubs.acs.org/IC

cis Donor Influence on O—0O Bond Lability in Iron(lll) Hydroperoxo
Complexes: Oxidation Catalysis and Ligand Transformation

Christina Wegeberg,_l_’_“t Wesley R. Browne,"® and Christine J. McKenzie*'’

TDepartment of Physics, Chemistry and Pharmacy, University of Southern Denmark, Campusvej 55, 5230 Odense M, Denmark

*Molecular Inorganic Chemistry, Stratingh Institute for Chemistry, University of Groningen, Nijenborgh 4, 9747 AG Groningen,

The Netherlands

O Supporting Information

ABSTRACT: The Fe''/Fe' redox potentials for [Fe(tpen)]**/3*, [Fe-
(tpena)]*/?*, and [Fe(tpenOQ)]*/** (N-R-N,N’,N’-tris(2-pyridylmethyl)ethane-
1,2-diamine, where R = CH,C4H,N, CH,COO~, CH,CH,0, respectively) span
470 mV with the oxidation potentials following the order [Fe'(tpenO)]*
(MeOH) < [Fe"(tpena)]* (MeCN) < [Fe'(tpen)]** (MeCN). In their +3
oxidation states the complexes react with 1 equiv of H,0, to give the purple
[Fe"(OOH)(HL)]™ (n =2 for L = tpena, tpenO; n = 3 for L = tpen). A pyridine
arm is decoordinated in these complexes, furnishing a second coordination sphere
base which is protonated at ambient pH. The lifetimes of these transient species
depend on how readily the substrate (sometimes the solvent) is oxidized and
reflect the trend in both the O—O bond lability and oxidizing potency of the
putative iron-based oxidant derived from the iron(III) peroxides. In methanol

H,0, + CH30H 2H,0 +CH,0

solution, [Fe'(tpenO)]** and [Fe'(tpena)]** exist in their Fe(III) states and hence the formation of [Fe" (OOH)(Htpena)]**
and [Fe'(OOH)(HtpenO)]*" is instantaneous. This is in contrast to the short lag time that occurs before adduct formation
between [Fe"(tpen)]** and H,O, due to the requisite prior oxidation of the solution-state iron(II) complex to its iron(III) state.
Stabilization of the +3 iron oxidation state in the resting state catalysts affords complexes that activate H,0, more readily with
the consequence of higher yields in the oxidation of the C—H bonds using H,O, as terminal oxidant. The presence of a cis
monodentate carboxylato donor increases the rate of oxidation by hydrogen atom transfer in comparison to the systems with an
alkoxo or pyridine in this position. Competing with substrate oxidation is the oxidative modification of the alkoxido group in
[Fe"(tpenO)]*, converting it to a carboxylato group in the presence of H,O,: in effect, transforming tpenO to tpena.

B INTRODUCTION

The active sites of otherwise related metalloenzymes are tuned
by the first and second coordination spheres according to their
precise function.' ™ The switch between reversible O, binding
and its irreversible activation is effected by the ligand axial to
the O, binding site in myoglobin vs the related heme site of
cytochrome P450. These axial ligands, histidine and cysteine,
respectively, modulate the electron donation to the iron center,
affecting the basicity of the iron(IV) hydroxide, which is crucial
for the catalytic function of the enzymes.'°”"” In the nonheme
iron enzyme class a similar trend is observed: e.g, in
hemerythrin and soluble methane monooxygenase (sMMO)
the switch from reversible binding of dioxygen to its activation
is predominantly effected by the replacement of histidine
donors by more electron rich carboxylato donors (Scheme
la)."”'* These are approximately cis to the O, binding
site.">™"7 O—O bond cleavage of the coordinated dioxygen
generates a high-valent bis(u-oxo)iron(IV) intermediate (Q)
in SMMO capable of the selective hydroxylation of the strong
C—H bond of alkanes.'*™** With the cooperation of redox-
active organic cofactors, mononuclear nonheme enzymes,
which contain a carboxylato donor also cis to the O, binding
site, can similarly generate high-valent iron-based oxidants
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from O, for the selective hydroxylation of C—H bonds.”*** An
example is the TauD species J for a—keto§lutarate (a-KG)-
dependent dioxygenases (Scheme 1b).>*”** In contrast the
mononuclear nonheme iron enzyme lipoxygenase does not
directly activate O, or peroxides; instead, the catalytic regio-
and stereospecific hydroperoxidation of 1,4-(Z,Z)-pentadiene-
containing polyunsaturated carboxylic acids is initiated by H
atom abstraction from the lipid substrate by a Fe'OH
species.”” ™" The carboxylato donor (terminal isoleucine) for
the iron center cis to the reactive hydroxide ligand is
undoubtedly integral for maintaining the requisite iron(III)
oxidation state and ensuring the presence of a hydroxo rather
than a water ligand.

Systematic investigations of the influence of supporting
ligands on the reactivity of nonheme iron model compounds
have previously been reported in the literature.”*™>” Tris-2-
pyridylmethylamine (TPA) supports a low-spin iron(III)
hydroperoxo complex; however, a high-spin iron state is
stabilized by methyl substitution at the 6’-position of the
pyridyls.”> The catalytic capabilities of [Fe"(TPA)(MeCN)]**
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Scheme 1. Structurally Related Active Sites of Diiron and
Monoiron Non-Heme Iron Enzymes in Their Iron(II)
States: (a) Hemerythrin (1IHMD)"® and Methane
Monooxygenase (1IMMO)"¢ and (b) a-KG-Dependent
Dioxygenase (lGQ'W)32 and Lipoxygenase (lYGE)33
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and [Fe'(6-Me;TPA)(MeCN)]** in the oxidation of cyclo-
octene by H,0, show that the methylation of the pyridine
donors effects a change in the dlstrlbutlon of the epoxide to
diol products from 1:1.2 to 1:7.”* In this case the N donors of
the first coordination sphere scaffold are identical. Efforts to
assess the influence of the first coordination sphere have
focused on the use of exchangeable monodentate cohgands
Variation of the ligand cis to the oxo group in [Fe'VO(TPA)-
(X)]**/* (X = MeCN, OTf", CI7, Br") results in a change in
near-IR absorption (720—800 nm) but not in the Fe—O bond
length, Mo0ssbauer parameters, or the energy of the X-ray
absorption pre-edge.’® A trans influence is evident in variation
of the donor X trans to the Fe"=O moiety in [FeVO-
(TMC)(X)]** (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraaza-
cyclotetradecane, X = MeCN, HO™, N;7, CN~, OCN~, SCN~,
OTf"), and it is manifested in the near-IR absorption spectra,
Vpe—o Stretching frequencies, Mossbauer quadrupole splitting
parameters, and XAS pre-edge intensities.”” The activity of
[Fe™O(TMC)(X)]** (X = MeCN, OTf", N;7) and the related
complex [FelYO(TMCS)]*** (a methyl group of TMC is
replaced with a pendant chelating ethanethiolato) in hydrogen
atom transfer (HAT) reactions of the O—H and C—H bonds
of phenol, alkyl, and aromatic molecules, respectively, has
revealed that the most reactive species is the iron(IV) oxo
complex [FeVO(TMCS)]*,* which incidentally shows the
lowest Fe**/Fe®* reduction potential.

Nonheme iron(III) hydroperoxo and peroxo complexes
supported by ethylenediamine-backboned ligands,
[Fe"(OOH)(Rtpen)]** and [Fe™(00)(Rtpen)]* (Rtpen
N-R-N,N’,N’-tris(2-pyridylmethyl)ethane-1,2-diamine, R =
Me, Et, iPr, Bz, Ph, 2-methylpyridyl), have been known for
over two decades.”’ ™" The R groups in Rtpen are typically
noncoordinating alkyl or benzyl groups, and thus Rtpen ligands
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furnish NS donor coordination spheres. [Fe''(OOH)-
(Rtpen)]*" complexes are stable enough to be observable at
room temperature in methanol for seconds to hours. In fact,
they are quite often best observed in methanol. The
replacement of a 2-methylpyridyl or the alkyl R group in the
Rtpen scaffold with potentially chelating arms offers the
possibility of investigation of the influence of different
chelating donors cis to a reactive hydroperoxide ligand in
their iron complexes. The introduction of a carboxylato group
is particularly interesting due to the aforementioned relevance
to the first coordination sphere of nonheme iron enzymes. We
have introduced glycyl groups to give the related ethylenedi-
amine-based ligands N-R-N,N’-bis(2-pyridylmethyl)-
ethylenediamine-N'-acetate (Rbpena, R methyl, benzyl,
N40 ligand)*® and N,N,N’-tris(2-pyridylmethyl)-

ethylenediamine-N'-acetate (tpena, NSO ligand, Scheme
2a).*® With their chelating single monodentate carboxylate
donor, these modifications to the Rtpen (R = Me, Bz) and
tpen ligands, respectively, influence dramatically the oxidant
activation chemistry of their iron complexes in comparison to
the neutral NS Rtpen and N6 tpen supported systems.
Depending on the N4O or NSO ligand and the solvent, these
complexes show reactivity patterns that mimic the wide range
of reactivities shown by the mononuclear nonheme enzymes:

for example, regioselective ligand oxygenation at the phenyl
moiety or the amine by O,, HOOH, and ROOH, " catalysis of
sulfoxidation and epomdatlon with PhIO,*”*® and the catalytic
disproportionation of H,0,* and ROOH.*

Ligands with an ethylenediamine backbone tetrasubstituted
with four donor arms can furnish an important biomimetic
feature: ligand flexibility. They allow for hepta- or hexacoordi-
nation of the metal ion on adduct formation with a
monodentate exogenous donor. The latter occurs through
decoordination of a donor arm, which can then act as second
coordination sphere base. In the systems described here for the
iron(I11) oxidation state, this is always a pyridine arm.*”**°
The NSO tpena ligand scaffold is a significant contribution for
the modeling of nonheme iron enzymes, since the majority of
nonheme iron models do not provide either a cis monodentate
carboxylato donor or a second coordination sphere base. Both
the carbonyl of the carboxylate donor and the dangling
pyridine have inherent potential for participating in H-bonding
and proton transfer.

Here we describe a comparative study of the H,O,
activation chemistry of iron complexes with flexible ethyl-
enediamine-based N6 and NSO hexadentate ligands (when
fully coordinated), where one arm is either a 2-methylpyridyl
(tpen), an ethoxide (tpenO), or a glycyl group (tpena)
(Scheme 2a). The spectroscopic characterization of the
iron(III) peroxo species*®*"*” has been extended and includes
experiments which enable a direct comparison of the stability
and reactivity of these complexes. Ultimately our results show
that the evolution from a pyridine donor or an alkoxido to a
carboxylato donor in the position cis to a hydroperoxide
coligand in an iron(III) complex increases the propensity for
homolytic cleavage of the FeO—OH bond.

B RESULTS AND DISCUSSION

Tpen, tpena, and tpenO can act as penta- or hexadentate
ligands. In the case of pentacoordination an uncoordinated
donor can be protonated (Scheme 2c). We have coined
abbreviations for the complexes of these ligands to reflect as far
as possible the site of protonation (Figure S1). Thus, the
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Scheme 2. (a) General Chemical Structures of the
Ethylenediamine Backboned Ligands tpen = N,N,N’,N’-
Tetrakis(2-pyridylmethyl)ethylenediamine, tpenO =
N,N,N’-Tris(2-pyridylmethyl)ethylenediamine-N"-ethoxido,
and tpena = N,N,N’-Tris(2-pyridylmethyl)ethylenediamine-
N’-acetate. (b) Structures of Known Mononuclear Iron(III)
and Iron(II) Complexes of Htpena and tpenOH,
Respectively, (c) Structure of the Proposed Dominant
Diastereoisomer of the Charge-Separated H,0, Adducts of
the Iron(IIT) Complexes of [Fe''(tpen)]**, [Fe'(tpen0O)]**,
and [Fe"'(tpena)]** with X = py, Ethoxido, Glycylato, and
(d) Structures of Diastereoisomers of [Fe(tpenO)]** and
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alcohol of tpenOH remains protonated and is uncoordinated
in [Fe"Cl(tpenOH)]*, where the ligand is pentadentate
(Scheme 2b). If the alcohol group of tpenOH is deprotonated,
it is an alkoxido donor and the ligand is hexadentate. The
complex is named [Fe(tpenO)]** (Scheme 2d). In
complexes where a pyridine arm is uncoordinated and
protonated, while the O donor is coordinated and deproto-
nated, the abbreviated ligand names in the complex are
formulated as Htpena and HtpenO. The abbreviated names are
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illustrated with the crystallographlcally characterized iron
chlorides [Fe™CI(Htpena)]** and [Fe''Cl(tpenOH)]"*
(Scheme 2b).*?

Solution-State Chemistry of [Fe'Cl(tpenOH)I* and
fac- and mer-[Fe"(tpen0)]**. Solution-state mononuclear
[Fe(tpen)]™ (n = 2, 3) complexes are obtained upon
dissolution of the simple salts [Fe(tpen)](PFy), and [Fe-
(tpen)](ClO,),/3.°*** Access to the solution-state complexes
[Fe'"(tpenO)]*" and [Fe''(tpena)]** is less straightforward.
[Fe'(tpena)]** is obtained through the dehydration of the
hemihydrate cation in [Fe"™,O(Htpena),](ClO,), which
occurs spontaneously over the course of a few minutes on
dissolution in acetonitrile.">> As a NSO-supported ligand
system, [Fe'(tpena)]** is diastereoisomeric (Scheme 2d). We
have previously spectroscopically characterized fac-
[Fem(tpena)]2+ (S=1/2,g=1274,229, 1.68, § = 0.16 mm

AEQ— 2.17 mms™) and mer—[Fem(tpena)]2+ (8=5/2, geff
=42,6 = 0.31 mm s™') in both the solid and solution states
and the less reactive fac-[Fe"'(tpena)]** has also been
structurally characterized.” [Fe!(tpenO)]** has not previ-
ously been reported; however, in analogy to [Fe'(tpena)]*"
diastereoisomers can be expected.

Solid- and solution-state IR spectra (Figure 1) are useful for
identifying the distinguishing structural features of the cations
in [Fe''(tpen)](PF¢),, [Fe''Cl(tpenOH)]PF, [Fe',0-
(Htpena),](ClO,),, and their mononuclear acetonitrile
solution state derivatives, [Fe'(tpen)]*, [Fe"'Cl(tpenOH)]*,
and [Fe"'(tpena)]*". In agreement with the noncoordinated
alcohol arm found in the crystal structure of [Fe'Cl-
(tpenOH)]PFg, an O—H vibration is observed at 3418 cm™
in the solid-state IR spectrum (Figure 1a, blue). Intense bands
at 1073 and 1660 cm™" for [Fe™,0(Htpena),](ClO,), are due
to the C—O and C=O stretches, respectively, of the
carboxylato donor. The solution-state (d;-MeCN) IR spectrum
of [Fe™,O(Htpena),](ClO,), shows that it has partially
dehydrated to give the mononuclear [Fe(tpena)]**, since
intense bands can be seen at both 1675 and 1715 cm™ for the
C=O0 stretches of [Fe"™,O(Htpena),)]* and [Fe"(tpena)]*".
Solution-state Mossbauer spectroscopy of a similarly prepared
solution consistently showed that [FeIHZO(Htpena)z) and

[Fe(tpena)]** coexist in acetonitrile.”® The relative concen-
trations will depend on the concentration of water, with higher
water content increasing the concentration of [Fesz—
(Hitpena),)]*.

Solution-state EPR spectra of [Fe"Cl(tpenOH)]PF; dis-
solved in MeOH shows that samples, which are frozen
immediately after dissolution, do not exhibit an EPR signal at
100 K. This is consistent with the iron(II) oxidation state that
is present in the solid starting material. However, if the
solution is frozen 10 min after dissolution, two rhombic low-
spin iron(III) signals (g = 2.33, 2.15, 1.93 and g = 2.40, 2.17,
2.00; Figure 2a) can be deconvoluted from the EPR spectrum.
This shows that in methanol solution the solid-state precursor
in [Fe''Cl(tpenOH)]" is oxidized by air over the course of
minutes. Oxidation to the +3 state increases the oxophilicity of
the iron atom, and binding and deprotonation of the ethanol
arm to form [Fe(tpenO)]** as the major solution species
occur (Scheme 3, fac-py; isomer shown).

The appearance of two rhombic signals in the EPR spectrum
is consistent with the formation of diastereoisomers: fac-py;-
[Fe'(tpenO)]** and mer-py;-[Fe(tpenO)]**. Thus, in
contrast to the tpena-supported system,* both of the
diastereoisomers of [Fe(tpenO)]** are low spin (S = 1/2).

DOI: 10.1021/acs.inorgchem.9b00247
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Figure 1. FTIR spectra of [Fe"(tpen)](PF,), (black), [Fe"Cl(tpenOH)]PF, (blue), and [Fe™,0(Htpena),](ClO,), (green) (a) in the solid state
and (b) in solution (d;-MeCN), where the speciation is [Fe''(tpen)]** (black), [Fe"'Cl(tpenOH)]* (blue), and [Fe™(tpena)]** (green). The

spectrum of d;-MeCN is shown in gray.
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Figure 2. (a) X-band EPR (black, 100 K, [Fe] = 3 mM, microwave
frequency 9.32599 GHz) spectrum of [Fe''Cl(tpenOH)]PF dissolved
in MeOH and frozen 10 min after dissolution. The two rhombic low-
spin iron(I1I) signals are simulated in red and blue, and the sum of the
fitted spectra is shown in gray. (b) ESI-MS spectrum of [Fe"Cl-
(tpenOH)]PF, (MeCN, positive mode). Assignment of ions: m/z
216.575 [Fe''(tpenOH)]** (C,,H,,FeN;O caled 216.578), 432.146
[Fe''(tpen0O)]* (C,,H,sFeN;O calcd 432.148), and 468.118
[Fe"(tpenOH)CI]* (C,,H,,CIFeNO calcd 468.125).

However, the intensities of the EPR signals for fac-
[Fe"(tpenO)]** and mer-[Fe(tpenO)]** indicate that they
are present in unequal amounts. Given the axial juxtaposition
of the three pyridines and the three hard o-donors as well as

Scheme 3. Spontaneous Oxidation of [Fe"Cl(tpenOH)]*
[Fe(tpenO)]** in Methanol under Ambient Conditions

S Z) e
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[Fe''Cl(tpenOH)I*
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the starting conformation in the single-crystal X-ray structure
of the precursor [Fe'Cl(tpenOH)]PF,, we deduce that fac-
[Fe"(tpenO)]** is likely to be the most stable isomer and
therefore the major species in solution. fac-[Fe™(tpenO)]**
formation requires just a direct substitution of the chloride by
the alkoxide arm of [Fe''Cl(tpenOH)]* (Scheme 3). Stereo-
chemical support is furnished by the fact that the related fac
isomer is dominant in solutions of [Fe(tpena)]*".**> The
ESI-MS spectrum of an acetonitrile solution prepared from
[Fe""Cl(tpenOH) ]PF, (Figure 2b) shows a monocationic base
peak of m/z 432.146, which can be assigned to [Fe'(tpenO)]".
Low-intensity ions can be assigned to its protonated adduct,
[Fe'(tpenOH)]*. Significantly, only a trace of [Fe'Cl-
(tpenOH)]* is detected. The addition of excess NH,Cl does
not change the ion distribution, suggesting that the chelating
alkoxy arm efficiently outcompetes chloride coordination. In
methanol no chloride-containing complex is detected.
Dissolution of [Fe''Cl(tpenOH)]PF produces yellow sol-
utions with a maximum absorbance band at either 393 nm (& =
2000 M~' cm™) or 398 nm (2100 M~ cm™) in methanol and
acetonitrile, respectively.

A reversible Fe'"/Fe' redox wave appears at —0.08 V vs Fc*/
Fc (Figure 3 and Figure S2) in the cyclic voltammogram (CV)
for the solution-state [Fe™(tpenO)]*" derived from the solid-
state [Fe'Cl(tpenOH)]PF4 in methanol. In acetonitrile a
reversible wave at 0.17 V vs Fc*/Fc appears in the CV of
[Fe"'Cl(tpenOH)]PF,. The 250 mV difference is consistent
with NSO and NSCI coordination spheres in methanol and
acetonitrile, respectively. For comparison the reversible Fe'/
Fe'' redox waves for [Fe"'(tpen)]*" and [Fe''(tpena)]* appear
at 0.39 and 0.04 V in acetonitrile.”® The minor reduction wave
at —0.08 V in the CV of [Fe"'Cl(tpenOH)]PF in acetonitrile
is due to traces of [Fe"(tpenO)]*". These data are consistent
with the expectation that coordination of a negatively charged

8986 DOI: 10.1021/acs.inorgchem.9b00247
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Figure 3. Cyclic voltammograms of [Fe(tpen)](PF¢), (black) and
[Fe,O(Htpena),](ClO4), (green) dissolved in acetonitrile containing
0.1 M TBACIO, and [FeCl(tpenOH)]PF (blue) dissolved in
methanol containing 0.1 M TBACIO,. The bulk solution speciation
is [Fe''(tpen)]**, [Fe'"(tpena)]*, and [Fe"(tpenO)]**, respectively.
Conditions: [Fe] = 0.5 mM, scan rate 100 mV s~

alkoxido or carboxylato donor in place of a pyridyl moiety will
stabilize the higher iron oxidation state. Consistently the Fe**
oxidation state is clearly favored for the two NSO ligands (O =
alkoxido, carboxylato) when they are fully deprotonated and
coordinated in the hexadentate mode. The relatively large span
of 470 mV in Fe'/Fe" redox potentials for the series
[Fe'(tpen)]**, [Fe''Cl(tpenOH)]*, [Fe"(tpena)]**, and
[Fe''(tpenO)]** (charge formulation in accord with the
most stable oxidation state in solution) supports the expected
trends produced by N6, NSCl, NSO(carboxylato), and
NSO(alkoxide) first coordination spheres. The span in this
series is significantly greater than the 15 mV shown for the
reversible Fe'"/Fe redox couples for [Fe(tpen)]** and an
tetraethylated derivative.’®

Transient [Fe'"OOH(HtpenO)]** and [Fe''OO-
(HtpenO)]*. A purple iron(III) hydroperoxo species is formed
on the addition of H,0, to [Fe"Cl(tpenOH)]PFq dissolved in
MeOH.>” This intermediate has previously been characterized
only by its electronic absorption (A, = 537 nm) and was
formulated as [Fe"(OOH)(tpenOH)]*" by analogy with the

structurally characterized dangling ethanol arm of its iron(II)
precursor, [Fe"Cl(tpenOH)]PF,.”” It was noted, however, that
this species distinguished itself by showing a significantly
shorter half-life in comparison to the NS ethylenediamine
ligand-based systems [Fe(OOH)(Rtpen)]**, where the R
group was an alkyl or aryl and contained no heteroatoms
(minutes vs several hours) and that there was no lag time for
its formation. The present reinvestigation, which includes
further spectroscopic studies, now explains the lack of lag time:
the complex is preoxidized just by its dissolution in methanol.
Thus, formation of a “charge-separated” adduct (HOO~
coordinates to the iron(III) and a pyridine group is
decoordinated and protonated; eq 1 and Scheme 2c) of
[Fe"(tpenO)]** with H,0, is more facile in comparison with
the reactions of H,0, with [Fe"'CI(Rtpen)]* (R = Me, Et, iPr,
Bz, Ph)>” and [Fe(tpen)]**, which encompass a separated
metal oxidation step and a ligand substitution step. A lag time
for the formation of [Fe(OOH)(Htpen)]*" is observed even
on the addition of a large excess (50 equiv) of H,0, (Figure
S3).

[Fe"(tpenO)I*" + H,0, — [Fe" (OOH)(HtpenO)J**
(1)

The lifetime of [Fe(OOH)(HtpenO)]* is extended in
CD;OD in comparison to CH;OH (T, ,, = 900 s vs T, , = 300
s; Figure S4). Examination of the methanol solutions
containing [Fe" (OOH)(HtpenO)]** and excess H,0, using
a colorimetric test for formaldehyde (Hantzsche reaction’”)
confirms its presence, verifying that background methanol
oxidation is occurring. Quantification of the formaldehyde
showed 8% yield with respect to H,0, concentration (50
equiv, 1.5 mM [Fe]) 1S min after the addition of H,O,. For
comparison, only trace amounts of formaldehyde are detected
in methanol solutions of [Fe(OOH)(metpen)]** (metpen =
N-methyl-N,N’,N’-tris(2-pyridylmethyl)-1,2-diaminoethane)
and [Fe"™(OOH)(Htpen)]** under the same conditions (1
and 2%, respectively). Hence, the shorter half-life of
[Fe™(OOH)(HtpenO)]** vs [Fe"™(OOH)(Rtpen)]** and
[Fe"(OOH)(Htpen)]** is explained by its rapid onward use
in solvent oxidation. [Fe™(OOH)(Htpena)]** cannot be
detected in methanol, even at low temperatures, due to greater
transiency caused by an even more efficient methanol
oxidation. The yield of formaldehyde using [Fe'(OOH)-
(Htpena)]** was 35% with respect to the amount of H,O,
added. It is however possible to spectroscopically characterize
[Fe""(OOH)(Htpena)]** by using acetonitrile as the solvent

Table 1. Spectroscopic Properties of Ethylenediamine Backboned Iron(III) Hydroperoxide and Peroxide Complexes with the

Supporting Ligands tpen, HtpenO, and Htpena

rRaman (cm™)

complex UV—visible A,,,, (nm)
[Fe(tpen0)]*,” (two diastereoisomers) 393
[Fe"(OOH)(Htpena)]** © 520
[Fe"(OOH)(Htpen)]** © 541
[Fe"'(OOH) (HtpenO)]** 537
[Fe™(00)(Htpena)]*© 675
[Fe"'(0O)(HtpenO)]** 716
[Fe"'(0O)(Htpen)]* ¥ 755

VRe—OOH VEeO-OH EPR g values® S ref

na na 2.33,2.15, 1.93 1/2 this work
2.40, 2.17, 2.00 1/2

613 788 2.21, 2.15, 1.96 1/2 46

617 796 222, 2.15, 1.97 1/2 51

619 800 221, 2.14, 1.97 1/2 52, this work
225, 2.15, 2.00 1/2

473 815 8.8, 5.0, 4.3, 42, 3.5 5/2 46

472 818 8.0, 43 5/2 52, this work

470 817 75,59 5/2 51

“For S = °/, g values are shown. YRecorded in MeOH. na = not applicable. “Recorded in MeCN.
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Figure 4. (a) rRaman spectra of [Fe™(tpenO)]** in MeOH (black) and after addition of 50 equiv of H,O, to generate [Fe" (OOH)(HtpenO)]**
(red) followed by addition of 10 equiv of Et;N to form [Fe™(OO)(HtpenO)]* (green). Conditions: —25 °C, [Fe] = 3 mM, A, = 785 nm. (b) X-
band EPR spectrum of [Fe™(tpenO)]** in MeOH with 50 equiv of H,0, (black). Conditions: 100 K, [Fe] = 3 mM, microwave frequency 9.30555
GHz. Individual fitted spectra are seen in red and blue. The sum of the fitted spectra is seen in gray.

for measurement, since this solvent is less readily oxidized.*’
Another significant difference among the H,0, activation
properties of [Fe'!(tpen)]**, [Fe'''(tpenO)]**, and
[Fe(tpena)]** is noteworthy: in the absence of suitable C—
H substrates, such as methanol, [Fe!(tpena)]** catalyzes
H,0, disproportionation.”® We do not observe any sign of O,
evolution from solutions containing [Fe'(tpenO)]**
[Fe''(Rtpen)]**, or [Fe'(tpen)]** under the same conditions
([Fe] = 0.5 mM, 50 equiv of H,0,, acetonitrile solvent) by
visual examination or using head space Raman spectroscopy as
we could for the H,0, disproportionation reactions with
[Fe''(tpena)]?*.*® This behavior for [Fe(tpena)]** suggests
higher promiscuity for this catalyst in oxidative HAT reactions
in comparison to other nonheme iron-based catalysts.

The spectroscopic parameters for [Fe (OOH)(HtpenO)]**
are similar to those for other ethylenediamine-backboned
iron(III)hydroperoxo species (Table 1). The resonance Raman
spectrum of [Ee™(OOH) (HtpenO)]2+ (Aee = 785 nm)
showed resonance-enhanced bands at 619 and 800 cm™
(Figure 4a) assigned to vp._g and vo_o vibrations, respectively.
The EPR spectrum of a frozen solution can be deconvoluted to
show two rhombic low-spin iron(III) (S = 1/2) signals with g
=221, 2.14, 1.97 and g = 2.25, 2.15, 2.00 (Figure 4b, red and
blue, respectively). Interestingly, the ratio of the spin
concentrations for the EPR signals due to the two S = 1/2
diastereoisomers is 9:1 in the spectra of [Fe(tpenO)]**
(Figure 2a) and [Fe"™(OOH)(HtpenO)]** (Figure 4b). This
suggests that fac- and mer-[Fe"(tpenO)]*" are transformed
into two diastereoisomers of [Fe(OOH)(HtpenO)]*".

The addition of Et;N to a solution of [Fe™(OOH)-
(HtpenO)]** results in deprotonation of the hydroperoxo
ligand to generate the green side-on peroxo bound species
[Fe(00)(HtpenO)]* (Apey = 713 nm).”” This is formed
directly on the addition of excess (30 equiv) H,0, to
[Fe"(tpenO)]*" under marginally basic conditions. Like the
other iron hydroperoxides supported by ethylenediamine-
backboned Rtpen ligand systems, this is a high-spin iron(III)
complex (S = 5/2, g = 8.0, 4.3). The Fe—O and 0-O
vibrational bands are observed at 472 and 818 cm™),
respectively (Figure 4a, green). The end-on hydroperoxo and
the side-on peroxide complexes supported by HtpenO show
longer lifetimes than the corresponding complexes supported
by Htpena®® but shorter lifetimes than the corresponding
complexes supported by Rtpen’” and Htpen. At —15 °C the
T, ), value is 30 min for [Fe"'(OO)(HtpenO)]" (10 equiv of
Et;N, 50 equiv of H,0,).

Oxidative Transformation of tpenO to tpena. The
chemical robustness of [Fe'(tpenO)]** strongly depends on
the number of equivalents of H,0, and base added.
Investigation of MeOH solutions of [Fe'(tpenO)]** aged
for 1 h after the reaction with 50 equiv of H,O, with EPR
spectroscopy shows that the two diastereoisomers of
[Fe'(tpenO)]*" exist in a ratio similar to that before the
reaction with H,O, (Figure SS). Consistently investigation of
exactly the same sample as used for the EPR experiment with
ESI-MS shows the base peak at m/z 432 corresponding to
[Fe''(tpenO)]* as was present before the reaction with H,0,;
however, a new abundant ion at m/z 446 (25%) has appeared.
This can be assigned to [Fe"(tpena)]* (Figure 5a). When 100
equiv of of H,0, was added to [Fe"(tpenO)]*, the peak at
m/z 432 is completely absent and m/z 446 becomes the base
peak of the spectrum. These results indicate that the methylene
group of the alkoxide group is easily oxidized, in situ, to a
carboxylate group and therewith transforming tpenO into
tpena (Scheme 4). The ligand transformation is even more
pronounced in the presence of base, and the conversion was
followed also with time-dependent UV/vis spectroscopy.
When <10 equiv of Et;N was added to deprotonate
[Fe"(OOH)(HtpenO)]*" to give [Fe(0O)(HtpenO)]**
(Amax 713 nm), [Fe™(OOH)(HtpenO)]** could be regen-
erated by the addition of a second portion of H,0, (50 equiv).
When, however, more than 30 equiv of base was added to
[Fe"(OOH)(HtpenO)]** in methanol, a blue shift of the
absorbance band from A, = 713 nm to 4,, = 675 nm
occurred before its complete disappearance within seconds at
—30 °C (Figure Sb). The final absorption spectrum is
consistent with A,,, = 675 nm recorded for [Fe™(0O0)-
(Htpena)]" in acetonitrile (Scheme 4).* In the absence of
other substrates [Fe™(OO)(Htpena)]* is prone to oxidative
destruction in the presence of small amounts of H,0, (ie.,
concentrations at which H,0, disproportionation is out-
com?eted by intra- and intermolecular HAT) even at —30
°C.* Consistently absolute intensities of the ions in the ESI-
MS spectra of aged samples of [Fe(OO)(HtpenO)]* (50
equiv of H,0, 30 equiv of Et;N) are extremely weak,
supporting total degradation of the newly formed tpena
(Figure S6). Titration with just 1 or 2 equiv of Et;N
demonstrated that the abundance of [Fe'(tpena)]* (m/z
446.12) in comparison to that of [Fe''(tpenO)]* (m/z 432.15)
increases as base is added (Figure S7). This suggests that either
[Fe"(OO)(Htpena)]* is more reactive than [Fe'(OOH)-
(HtpenO)]** or that the conversion of HtpenO to Htpena
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Figure 5. (a) H,0,-dependent ESI-MS spectra of [Fe"'Cl(tpenOH)]-
PF4 in MeOH: 0 equiv of H,0, (black), 50 equiv of H,0, (blue), and
100 equiv of H,0, (green). Assignment: m/z 432.15, [Fe(tpenO)]*;
446.12, [Fe''(tpena)]*. (b) Conversion of [Fe"™(OO)(HtpenO)]* to
[Fe"™(00)(Htpena)]* over 1 min at —30 °C (50 equiv of H,0,, 30
equiv of Et;N, [Fe] = 1 mM).

Scheme 4. Regioselective Ligand Oxidation of HtpenO to
Htpena in Iron(III) Peroxide Complexes
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includes a step in the reaction pathway which is assisted by the
presence of base.

Trends in Oxidative Potency of Solutions of
[Fe"'(tpen)]**, [Fe"(tpen0)]?**, and [Fe"(tpena)l** and
H,0,. Iron(IIl) hydroperoxide complexes decay to an
iron(IV) oxo or occasionally an iron(V) oxo complex by O—
O homolysis and heterolysis,”*” respectively. Our original
motivation for this work was a search for a rare positively
charged iron(V) oxo complex. The presence of a cis-alkoxo or
-carboxylato donor in an ethylenediamine-based ligand could
conceivably produce this by a heterolytic Fe!O—OH cleavage.
Our observations, however, are most consistent with a
homolytic mechanism (eq 2) for all the systems studied here.

[LFe™OOH]"" - [LFe"VOI"" + *OH 2)

There has been some tendency in the literature to assign
reactivity in substrate oxidation solely to the iron-based
oxidants. In the case of generation of iron(IV) oxo via
iron(IlI) hydroperoxides this potentially means that the
concurrent production of aggressively oxidizing hydroxyl
radicals has sometimes been overlooked. These can also
engage in H atom abstracting reactions. The most appropriate
assessment of the catalytic C—H oxidizing power was therefore
to study mixtures containing the terminal oxidant H,O, and
the same concentration of either [Fe''(tpen)]*,
[Fe™(tpenO)]*, or [Fe™(tpena)]** or iron perchlorate salts.
This enables comparison of the chemistries of the oxidative
mixtures without attribution of the “direct” oxidizing power to
a particular single species (H,O,, iron(IIl) (hydro)peroxide,
iron(IlI) hydroxo, iron(IV) oxo, or *OH). It should be
mentioned, however, that the reactivities of [Fe™OOH(L)]**
and [Fe™O(L)]** complexes supported by tetradentate N4
ligand scaffolds (L = bztpen, TPA, TMC, N4Py; N4Py = N,N-
bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine) toward
substrate C—H oxidation have been compared with the
conclusion that the iron(IV) oxo complexes are stronger
oxidants than the parent iron(III) hydroperoxides. 061 Asg
described above, there is a clear difference in the amount of
methanol (C—H BDE = 96.1 kcal mol™ ®*) oxidation that
occurs in these mixtures, with a significantly larger production
of formaldehyde for the [Fe'(tpena)]**-catalyzed reactions in
comparison to those catalyzed by [Fe'(tpenO)]** and
[Fe''(tpen)]**. We turned therefore to a more challenging
C—H substrate, cyclohexane (C—H BDE = 99.5 kcal mol™’ 2)
to evaluate the potency of the catalytic mixtures. Cyclohexanol
and cyclohexanone were detected (GC) as the only products
(Table 2).

The oxidation of cyclohexane to cyclohexanol can be
initiated by a HAT reaction. Two oxidants are the most

Table 2. Comparison of Product Distribution during the Oxidation of Cyclohexane”

solid precatalyst

no catalyst

Fe(ClO,),-6H,0 [Fe(H,0)

Fe(ClO,);6H,0 [Fe(H,0)s] %, [Fe,(0) (H,0) 10]4+
[Fe(tpen)](PF), [Fe''(tpen)]**
[FeCl(tpenOH)]PFq4 [Fe™(tpenO)]**
[Fe,O(Htpena),](ClO,), [Fe(tpena)]*

dominant solution state speciation (excluding H,O, adducts)

product (mM)

cyclohexanone cyclohexanol ketone:alcohol
0.0(0) 0.0(0)
0.0(0) 0.0(0)
0.0(0) 4.0(4)
3.4(2) 5.3(2) 1:1.5
3.2(2) 3.9(3) 1:1.2
3.1(2) 10.6(3) 1:34

“Reaction conditions: [Fe] (1 mM), cyclohexane (500 mM) and H,0, (100 mM) in 2 mL of MeCN (C—H BDE = 97.0 kcal mol™! %) at room

temperature in air. The reported values represent an average of four runs.
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plausible for this, an iron(IV) oxo or the *OH radical. This is
followed by a radical termination with a hydroxyl radical
(Scheme Sa). The oxidation of cyclohexanol to cyclohexanone

Scheme $. (a) Oxidation of Cyclohexane to Cyclohexanol,
(b) Iron(IV) Oxo Mediated Oxidation of Cyclohexanol to
Cyclohexanone, (c) Oxygen-Dependent Formation of
Cyclohexanone, and (d) Generation of HOO®

FeV=0 Fe''—OH
H on H : HO
OH H,0 . OH
O -0 U

FeV=0 Fe''—OH FeV=0 Fe'—OH

. or or
HO OH  H,0 HO ‘OH  HO ¢
(b) \O N A O N A \O
H
N 00 ‘00H O
() O*Oz —_— — D + 0, + Hy0

H0
or
Fe'—OH

'OH
or
FeV=0

HOO-H + —> HOO' +

()

is also a two-electron process which can occur by two
consecutive iron(IV) oxo mediated HAT reactions (Scheme
Sb). Alternatively, cyclohexanone can be formed using O, if an
H atom has been abstracted from cyclohexanol (Scheme Sc).
Subsequent reaction of the organoperoxy radical with a
hydroperoxy radical (in turn generated by H atom abstraction
from H,0, by *OH radical or an iron(IV) oxo, Scheme 5d)
will cascade into the ketone product. It has been shown that
protection of the catalytic experiments from O, lowers the
yield of the ketone product.””®* It was not possible in the
present study to probe this because H,0, disproportionation is
a competing reaction in the presence of [FeIII(tpena)]2+.46
This competing H,0, disproportionation was minimized by
slow addition of H,O, with a syringe pump and a large excess
of substrate (Fe:H,0,:cyclohexane = 1:100:500). All three
catalysts showed similar yields of cyclohexanone. No cyclo-
hexanone was detected using iron(II)/(III) perchlorates.

In the presence of the simple iron(III) salt Fe(ClO,)s, it was
interesting to see that low yields of cyclohexanol were obtained
and these yields are comparable to those when precatalysts
[Fe''Cl(tpenOH)]PF, and [Fe'(tpen)](PF4), are used.
Groves and Van Der Puy®®® as well as Sawyer and
Sugimoto®”*® have previously shown that simple iron salts
such as Fe(ClO,),,; and FeCl; can catalyze the oxidation of
simple organic compounds using H,0, as the oxidant.
Pronounced regio- and stereoselectivity were reported and
interpreted as evidence for the generation and involvement of a
metal-bound oxidant, proposed to be the ferryl ion
intermediate, FeO** (sic). The important message in our
data is that [Fe™(tpena)]**-catalyzed reactions show twice the
yield of cyclohexanol product in comparison to the reactions
catalyzed by [Fe"(tpen)]** and [Fe™(tpenO)]**. This
indicates an enhanced reactivity in HAT reactions toward
the strong C—H bonds in cyclohexane. The reaction using
[Fe(tpenO)]** as a catalyst gives the lowest yield of
cyclohexanol. This stands in contrast to the results on the
catalytic oxidation of methanol to formaldehyde, where
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[Fe(tpenO)]** outperformed [Fe'(tpen)]** as a catalyst.
This can be rationalized by the fact that the oxidation of the
alkoxide arm of tpenO in [Fe™(tpenO)]*" is likely to be more
pronounced when it is in competition with cyclohexane (in
MeCN) as a substrate. The consequence will be a change in
the order of potency of the iron complexes as catalysts. Given
that the background *OH radical concentration will be the
same in all reactions, and presuming that the iron hydro-
peroxides are not active as the direct oxidants,">°" then it can
be concluded that [Fe'™VO(Htpena)]** is the most potent
iron(IV) oxo species in this series and is consistent with the
oxidation of cyclohexanol in water using [Fe'YO(Htpena)]**
generated by electroactivation where no *OH radicals are
present.”” Thus, both experiments point to [Fe'YO(Htpena)]**
as a catalytically competent oxidant with significant radical
character. Crucially, the chemistry we have observed is
consistent with [Fe" (OOH)(Htpena)]** showing a relatively
rapid cleavage of the O—O bond relative to the other two
iron(IlI) hydroperoxides. While we have not been able to
measure this directly due to transiency, we have achieved this
for the analogue [Fe'(OO'Bu)(Htpena)]** in MeCN. Here
we were able to show that [Fe'YO(Htpena)]** is the direct
product of rapid homolytic FeO—O'Bu cleavage.69 We can
conclude from all the observations that the latent iron(IV)oxo
complex of tpena is more rapidly available, in higher
concentrations, in comparison with the tpen- and tpenO-
supported systems in the presence of H,0,.

B CONCLUSION

There is a paucity of iron complexes with chelating ligands
containing O atom donors that can activate H,O,, despite their
relevance to the carboxylate (Glu, Asp) donors at the active
site of nonheme enzymes. [Fe'''(tpena)]?* and
[Fe"(tpenO)]*" fill this gap in the literature. They show
redox and reactivity patterns distinct from their sister,
[Fe"(tpen)]**. Using this geometrically matched set of
compounds, we can confirm that the presence of an oxygen
atom in the first coordination sphere reduces the Fe' to Fe'!
oxidation potentials, as might be expected. The carboxylato
donor does this by 350 mV and the alkoxido donor by 470 mV
in comparison to the pyridine donor. This is in accord with the
fact that iron(III) complexes have so far been isolated using
the tpena ligand.**™** For tpen iron(I) complexes are the
most facile to isolate.”’® The situation is more complicated
for tpenOH due to solvent and anion dependence. The one
known structurally characterized complex is [Fe''Cl-
(tpenOH)]PF¢.*” In this the ligand is not hexadentate because
the ethanol arm is uncoordinated. In methanol solution,
however, [Fe'Cl(tpenOH)]* is spontaneously air oxidized to
[Fe"(tpenO)]** and this is accompanied by a switch from
pentadentate NS to hexadentate NSO coordination for the
ligand. EPR spectroscopy indicates that both the mer and fac
diastereoisomers of [Fe'(tpenO)]** (Scheme 2d) show low-
spin ground states. The methylene group of the alkoxide of
tpenO is a vulnerable site for oxidation, and it undergoes a
selective oxidation to generate tpena in the presence of H,O,.

The iron complexes of the potentially hexadentate ethyl-
enediamine-based ligands described here stand out with
respect to most other models for nonheme iron that have
been constructed using tetra- and pentadentate ligands: All
three complexes, in their +3 oxidation state, rapidly form a
spectroscopically identified “charge-separated” adduct with
H,0,, where the base for its deprotonation is internally
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Table 3. Electrochemical and H,0, Activation Properties of the Iron Complexes of Ethylenediamine-Based N6 and N5O

Ligands”

catalysis

Fe'"/Fe'" redox
potential vs Fc*/Fc solvent for observation of
V)

hydroperoxide adduct”

Fe''(tpen)]** 0.39¢ MeOH
[Fe'(tp

[Fe"(tpena)]* 0.04% MeCN
[Fe"(tpenO)]?* —0.08" MeOH

“All experiments were performed at room temperature.

converion for product ratio (cyclohexanone/ H,0,
MeOH oxidation®  cyclohexanol) for cyclohexane oxidation”  disproportionation®
2% 1:1.5 no
35% 1:3.4 yes
8% 1:1.2 no

b[Fe] = 0.5 mM, S0 equiv of H,0,. “[Fe] = 1.5 mM, 50 equiv of H,O,. Reaction time 15

min. Quantification of methanol to formaldehyde was performed colorimetrically.”” “[Fe] = 1 mM, cyclohexane 500 mM, H,0, 100 mM, solvent

MeCN. °[Fe] =
Bz, Ph) supported iron complexes; however, experlence
analogous to that of [Fe'(tpen)]**. £In MeCN. hIn MeOH.

0.5 mM in MeCN, 50 equiv of H,0,. JWe have not performed the entire set of experiment using the NS Rtpen (R = Me, Et, iPr,
6,52
and spot checks indicate that the H,O, activation chemistry of these systems would be

provided by a pyridyl arm. This decoordinates and is
protonated under ambient conditions. The H,0, adducts of
[Fe"(tpen)]**, [Fe"(tpena)]**, and [Fe'(tpenO)] can form
without the time-consuming preoxidation step needed when
the solution-state precursor complex is [Fe'/(tpen)]*".>* The
greater stability of the +3 oxidation state precursors for the
NS5O ligand supported systems translates into a higher level of
O—0 bond lability (activation) in the product hydroperoxide
complex. Both [Fe"(tpena)]** and [Fe"(tpenO)]** catalyti-
cally oxidize methanol in the presence of H,0,. The complexes
based on N-donor-only scaffolds, [Fe™OOH(tpenH)]** and
[FeOOH(Rtpen)]** (R = Me, Et, iPr, Bz, Ph),>* are on the
other hand sluggish oxidants, explaining their ready observa-
tion in methanol. Despite its increased transience in
comparison to the N-only ligands [Fe'(OOH)(HtpenO)]**
and its conjugate base, [Fe(OO)(HtpenO)]* can be
spectroscopically detected in methanol with lifetimes of
seconds (in the presence of 50 equiv of H,0, at room
temperature) FeIH(OOH)(Htpena) 1** and [Fe™(00)-
(Htpena)]*, however, cannot.*® This corroborates the more
effective catalys1s of the oxidation of methanol by
[Fe(tpena)]** that was independently verified by measure-
ment of formaldehyde production. In stark contrast,
[Fe™(OOH)(Htpen)]** and [Fe™(OO)(Htpen)]** show
lifetimes of minutes to hours under the same conditions in
methanol, indicating the fact that they cannot directly, or
indirectly via daughter high-valent species, oxidize this solvent
effectively. All three complexes can oxidize the C—H bond of
cyclohexane to a final product of cyclohexanone; however, the
detection of greater amounts of intermediate cyclohexanol
indicates higher HAT activity for solutions containing
[Fe'!(tpena)]** with H,0,. Table 3 summarizes the
contrasting electrochemical and H,O, activation properties of
the iron complexes of ethylenediamine-based N6 and NSO
ligands.

Our work establishes the importance of stabilizing higher
iron oxidation states to afford more reactive catalysts for
substrate oxidation reactions (+3 vs +2). The introduction of
one anionic oxygen donor into an otherwise neutral N-only
donor set of the endogenous chelating ligands achieves this.
Unexpectedly, there are marked contrasts in the H,0,
activation chemistries of the alkoxido and carboxylato
analogues [Fe'(tpenO)]** and [Fe'(tpena)]** with the latter
producing an iron(IV) oxo derivative that shows a greater
activity in HAT reactions. This does not correlate with the
Fe''/Fe' redox potentials of [Fe'(tpenO)]** and
[Fe"(tpena)]**, implying perhaps a role for the biomimetic
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carboxylate donor beyond just the stabilization of higher iron
oxidation states.

B EXPERIMENTAL SECTION

[Fe''(tpen)](PFq),, [Fe™,O(Htpena),](ClO,),, and [Fe''Cl-
(tpenOH)]PF were synthesized as previously described.*”*>%*
H,0, (50% in water, v/v) and all other chemicals were commercially
available and used without further purification.

Caution! Perchlorate salts of metal complexes are potentially explosive
and should be handled with caution in small quantities.

Generation of [Fe"(OOH)(HtpenO)]** and [Fe''(00)-
(HtpenO)]*. [Fe"'Cl(tpenOH)]PF4 was dissolved in MeOH, and
50 equiv of H,0, was added to generate [Fe(OOH)(HtpenO)]**.
Addition of 10 equiv of Et;N deprotonates the transient species to
form [Fe™(OO)(HtpenO)]*. The base can also be added prior to
H,0, to form [Fe™(00)(HtpenO)]* instantly.

Conversion of [Fe"'(OO)(HtpenO)]* to [Fe"(OO)(Htpena)l*
followed by UV/Vis. H,0, (50 equiv) was added at —30 °C to
[Fe''Cl(tpenOH)]PF, (1 mM) dissolved in MeOH to give
[Fe"™(OOH)(HtpenO)]**. Et;N (30 equiv) was then added to
generate [Fe™(OO)(HtpenO)]*. Over the course of 1 min this
undergoes conversion to [Fe"(00)(Htpena)]*.

Instrumentation and Methods. UV/vis spectra were recorded
in 1 cm quartz cuvettes on either an Agilent 8453 spectrophotometer
with a UNISOKU CoolSpeK UV USP-203 temperature controller or
with an Analytikjena Specord S600 instrument with a Quantum
Northwest TC 125 temperature controller. IR spectra were either
recorded in the solid state on a Spectrum 65 FT-IR spectrometer
(ATR mode, PerkinElmer) or in the solution state on a ChirallR-2X
spectrometer (BioTools). Raman spectra were recorded in 1 cm
quartz cuvettes at 785 nm with either a RamanFlex instrument
(PerkinElmer) equipped with an Inphotonics industrial probe or a
free space laser (75 mW, Ondax, with a 785 nm laser line clean up
filter) and collected in backscattering (180°) mode with a Semrock
dichroic beamsplitter and a 25 mm diameter/7.5 cm planoconvex lens
to focus the laser on the sample and collect the Raman scattering. The
Raman scattering was passed through a long-pass filter (Semrock) ,
focused into a Shamrock300 spectrograph (ANDOR technology), and
dispersed onto a iDUS-420-BUEX2 CCD camera. Spectra were
calibrated with MeCN/toluene (50/50 v/v). The solutions were
cooled with a Quantum Northwest TC 125 temperature controller,
and the spectra were obtained at —25 °C. Baseline correction was
performed for all spectra and normalized to the solvent band at 1038
cm™". EPR spectra (X-band) were recorded on a Bruker EMX Plus
CW spectrometer (modulation amplitude 10 G, attenuation 10 dB)
on frozen solutions at 100 K. Eview4wr and esimX were used for
simulation.”" Cyclic voltammetry was performed on an Eco Chemie
Autolab PGSTAT10 Potentiostat/Galvanostat using a standard three-
electrode setup with a Pt disk as working electrode, a Pt wire as
counter electrode, and Ag/Ag" as reference electrode (0.01M AgNO;,
in 0.1 M TBACIO, in MeCN or 0.01 M AgNO; in 0.1 M TBACIO, in
MeOH; TBA = tert-butylammonium). The electrolyte was either 0.1
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M TBACIO, in acetonitrile or 0.1 M TBACIO, in methanol. The
working electrode was cleaned by polishing with 0.05 gm alumina
followed by sonication, and the solutions were purged with nitrogen
prior to measurements. The oxidation potential of Fc/Fc" against Ag/
Ag" was measured to be 0.08 V, and all oxidation potentials were
converted accordingly. GC analysis was performed using a Hewlett-
Packard 6890 Series gas chromatograph system with a flame
ionization detector. Values reported are an average of four runs.

Catalysis. H,0, (100 mM, 440 uL, 1.25%) was slowly added
using a syringe pump to 2 mL acetonitrile solutions of the iron
catalysts (1 mM [Fe]) and cyclohexane (500 mM) over 20 min at
room temperature. The reaction mixture was stirred for an additional
10 min before it was quenched with Al,O;. The solution was filtered,
and biphenyl was subsequently added as an internal standard for GC
analysis.
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