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Abstract: A detailed mechanistic study
of the hydroxylation of alkane C—H
bonds using H,O, by a family of mono-
nuclear non heme iron catalysts with
the formula [Fe"(CF;SO;),(L)] is de-
scribed, in which L is a tetradentate
ligand containing a triazacyclononane
tripod and a pyridine ring bearing dif-
ferent substituents at the o and y posi-
tions, which tune the electronic or
steric properties of the corresponding
iron complexes. Two inequivalent cis-
labile exchangeable sites, occupied by
triflate ions, complete the octahedral
iron coordination sphere. The C—H hy-

complexes takes place with retention
of configuration. Oxygen atoms from
water are incorporated into hydroxylat-
ed products and the extent of this in-
corporation depends in a systematic
manner on the nature of the catalyst,
and the substrate. Mechanistic probes
and isotopic analyses, in combination
with detailed density functional theory
(DFT) calculations, provide strong evi-

Keywords: bioinorganic chemistry -
density functional calculations
non-heme iron - oxidation - reaction
mechanisms

dence that C—H hydroxylation is per-
formed by highly electrophilic
[FeV(O)(OH)L] species through a con-
certed asynchronous mechanism, in-
volving homolytic breakage of the C—
H bond, followed by rebound of the
hydroxyl ligand. The [FeV(O)(OH)L]
species can exist in two tautomeric
forms, differing in the position of oxo
and hydroxide ligands. Isotopic-label-
ing analysis shows that the relative re-
activities of the two tautomeric forms
are sensitively affected by the o sub-
stituent of the pyridine, and this reac-
tivity behavior is rationalized by com-

droxylation mediated by this family of

Introduction

The selective oxidation of hydrocarbons in general, and al-
kanes in particular, remains a challenge of major interest in
chemistry.l'! The direct transformation of a sp> C—H bond
into a functionalized C—O bond in a selective fashion could
lead to new, shorter, and more straightforward strategies for
the synthesis of complex organic molecules. Besides its mag-
nificent potential significance in organic synthesis, oxidation
of unactivated C—H bonds also represents a formidable fun-
damental chemical challenge that has fascinated chemists
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putational methods.

from a variety of fields. Although the total oxidation of hy-
drocarbons into CO, and H,O is a thermodynamically fa-
vored process, alkyl C—H bonds are very strong and nonpo-
lar; consequently, their functionalization has kinetic barriers
that render these bonds as inert. Highly reactive catalysts
are needed to overcome this inert character, and particularly
interesting are those that can lead to selective C—H oxida-
tion by using environmentally friendly oxidants (e.g., O, or
H,0,).”) Along this line, iron is a particularly interesting
metal for the development of catalysts because it is inexpen-
sive, highly abundant, and non-toxic."™* Thus, the combina-
tion of iron and clean oxidants for the performance of selec-
tive sp® C—H oxidations is regarded as a highly desirable ob-
jective in modern synthetic chemistry.

In spite of the inherent difficulty in achieving this targeted
objective, selective C—H oxidation is routinely carried out in
biology; a number of enzymes perform such transformations
under very mild conditions using iron as the metal center
and O, as the terminal oxidant, which usually occurs by its
reductive activation upon binding to a ferrous site(s). Promi-
nent examples are heme (e.g., cytochromes P450) and
mononuclear non-heme iron enzymes (e.g., Rieske oxygen-
ases).’! Cytochromes P450 serve as the paradigm of O, acti-
vation and C—H oxidation by iron enzymes and they have
been thoroughly studied (Scheme 1).[* C—H bond hydroxy-
lation is carried out by an oxo-iron(IV) porphyrin radical
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Scheme 1. Mechanistic proposals for the formation of formally iron(V)-oxo oxidants in biological systems and

unique synthetic tools in C—H
oxidation reactions.!!

the rebound mechanism for alkane hydroxylation. a) Cytochrome P450; b) Rieske oxygenases.

cation (Porph*FeV=0) through the so-called “rebound
mechanism”. This mechanism was first proposed by Groves
et al.”! and it consists of a stepwise process with two parts:
1) hydrogen-atom abstraction from the C—H bond by the
oxo group to form an alkyl radical and a metal-hydroxo
moiety, and 2)interaction of the radical with the newly
formed hydroxo ligand to give the final hydroxylated species
(oxygen-rebound). The capture of the alkyl radical must
occur rapidly to account for the selectivity and stereospeci-
ficity observed in cytochrome P450 enzymes.[*!

Rieske oxygenases can be considered as the non-heme
counterparts of cytochrome P450s and they catalyze an
array of oxidative transformations even more diverse than
those associated with the heme systems.”™*¢! The iron
center in these enzymes is coordinated to the so-called
facial triad (two histidines and one carboxylate), in such a
way that the metal coordination positions available for inter-
action with the substrate and/or the oxidant are disposed in
a relative cis configuration. This feature contrasts with the
trans disposition of the free sites found in heme enzymes.
However, several studies suggest that the mechanism of
action of Rieske oxygenases parallels that observed in heme
enzymes. The main difference presumably lies in the nature
of the high-valent iron-oxo species, which in the non-heme
case is best described as a true oxo-iron(V) because of the
lack of a redox non-innocent ligand such as the porphyrin.
Indeed, indirect experimental evidence for the implication
of FeV—oxo species in the catalytic cycle of Rieske dioxyge-
nases has been obtained.”) Most remarkably, it is proposed
that the hydroxylation of C—H bonds follows the above-de-
scribed rebound mechanism (Scheme 1b), which entails the
formation of a transient alkyl radical. Experiments with rad-
ical clock substrate probes support this proposal by showing
that short-lived carbon-centered radicals are formed during
the oxidation reaction.®™ Therefore, there is strong evidence
that points to a common reaction mechanism operating in
cytochrome P450 and in Rieske oxygenases.

Whereas cytochrome P450 has inspired the development
of porphryin-based selective C—H oxidation catalysts,[*
Rieske oxygenases constitute the biological precedent for
exploring this reactivity at a mononuclear non-heme iron
center.'”! This represents an attractive and challenging task
as oxidation reactions with non-heme iron catalysts are
vastly dominated by Fenton-type free-diffusing radical
paths.""! Nevertheless, in the last decade it has been proven
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A fundamental question that
arises from these studies is the
understanding of the mecha-

nisms operating in non-heme iron-based C—H oxidation re-
actions, and the extent to which they overlap with those de-
scribed for cytochrome P450s and synthetic heme systems.
Mechanistic information about non-heme systems is scarce
compared with their heme counterparts, the collection of
which is usually hampered by the paramagnetic nature and
high reactivity of the oxidizing species involved, which do
not accumulate to a substantial extent.

We have previously shown that the non-heme coordina-
tion complex [Fe"(CF;SO;),(Pytacn)] (1) (Scheme 2) cata-
lyzes the hydroxylation of alkanes, as well as the epoxida-

N R N a R [Fe(OT),(CH3CN),] SNTR
,,,, nCI <FeCly _ (OTf=CFsS0q) Q‘ / wOTf
k re \c THF ( \ THF or CH,Cl, I/=e\o_|_f
@ /Nu ~ K/N\

[FeCly(L)] (1CI-11Cl) L1-L11 [Fe(OT)y(L)] (1-11)

ligand L R R’ R”

Pytacn L1 H H H

6Me-Pytacn L2 Me H H

6CI-Pytacn L3 Cl H H

6F-Pytacn L4 F H H

4Me-Pytacn L5 H Me H

4Cl-Pytacn L6 H Cl H

4NO,-Pytacn L7 H NO, H

4NMe,-Pytacn L8 H NMe, H

4CO,Et-Pytacn L9 H COEt H

40Me-Pytacn L10 H OMe Me

4,6Me-Pytacn L11 Me Me H

Scheme 2. Ligands and complexes used in this work.

tion and cis-dihydroxylation of olefins.'"¥l Several mechanis-
tic probes indicate the involvement of a metal-based oxidant
in these transformations. Therefore, this complex can be
considered a functional model for the family of Rieske oxy-
genases. Very recently, experimental evidence for the in-
volvement under catalytic conditions of a highly electrophil-
ic [Fe¥(O)(OH)(Pytacn)]** species was obtained by means
of variable-temperature mass spectrometry (VT-MS),

combination with isotopic labeling, and density functional
theory (DFT) calculations."”” The involvement of oxo-
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iron(V) species in catalytic C-H and C=C oxidation reac-
tions had been previously inferred for this!'*'®! and other
non-heme iron catalysts on the basis of product analysis, iso-
topic analysis of reaction products using '*O-labeled re-
agents (such as H,"®*O or H,'0,),?*] DFT calculations,'®!
kinetic studies,””! EPR spectroscopy,”” and mass spectrome-
try.'**2! In parallel to these studies, two examples of oxo-
iron(V) complexes that could be fully spectroscopically
characterized have been recently described.”” On the other
hand, experimental evidence has accumulated that this
chemistry is highly sensitive to the nature of the ligands, and
oxo-iron(IV) species may be responsible for oxidations in
specific families of complexes.!

Taking these precedents into consideration, we go a step
further in the present work and obtain an insight into the
mechanism by which [FeV(O)(OH)(Pytacn)]** reacts with
alkanes, that is, the fundamental nature of the “oxygen-re-
bound” mechanism in a non-heme model complex. To do
so, we have used isotopic analysis and computational meth-
ods to study the mechanism of C—H bond hydroxylation
mediated by a family of complexes in which the tetradentate
Pytacn ligand has been systematically modified with respect
to its electronic and steric parameters. This family of com-
plexes constitute a suitable platform to investigate how
these parameters affect the C—H oxidation reaction, provid-
ing a detailed fundamental understanding on the C—H cleav-
age and C—O bond formation events at a non-heme site. Re-
sults disclosed in this work serve as the basis for understand-
ing the mechanism by which C—H bonds are hydroxylated
at a non-heme iron center containing cis-labile sites.

Results and Discussion

Chemical diversity of the [Fe(Pytacn)] family of catalysts:
Pytacn-based ligands incorporating systematic modifications
in the pyridine ring (Scheme 2) were targeted and the corre-
sponding iron(I) triflate complexes [Fe"(CF;SO;),L], L=
L1-L11 (compounds 1-11) were prepared and characterized.
Compounds 1 and 2 have been reported before, and full
details corresponding to the spectroscopic and structural
properties of 3-11 will be reported elsewhere. In general
terms, the substituents in the y position of the pyridine ring
(5-11) were introduced to tune the electronic properties of
the pyridine so that such effects could be evaluated in their
corresponding catalytic C—H oxidation reactivities. On the
other hand, substitution in the sixth position of the pyridine
(compounds 2-4 and 11) was aimed at influencing the prop-
erties of the iron center both from an electronic and a steric
point of view, because the groups at this position are located
spatially close to the ligands occupying the two cis-labile ex-
changeable coordination sites.

To quantify the electronic effects exerted by the substitu-
ents introduced in the pyridine ring, the electrochemical po-
tential (E,;,) of the Fe/Fe" redox pair was determined for
the bis-chloro complexes [Fe"CLL], in which L=L1, L2,
L5-L11 (1Cl, 2Cl, and 5CI-11Cl, see Table 1). Analogous
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Table 1. Measured E;, values (vs. SCE) for the Fe'/Fe"" redox pair in
1Cl, 2Cl and 5CI-11Cl in CH;CN.

Complex Ep [mV]®
1C1 138
2Cl1 211
5C1 176
6Cl1 165
7C1 225
8Cl1 11
9Cl1 171
10C1 107
11C1 238

[a] All cyclic voltammograms were recorded at a scan rate of 100 mVs™.

The complexes were dissolved in previously degassed CH;CN containing
the necessary amount of n-Bu,NPF, as supporting electrolyte to yield a
0.1M ionic strength solution. All E,, values were estimated as the aver-
age of the oxidative and reductive peak potentials (Ep,+ Ep.)/2.

analyses with triflate complexes (1-11) were precluded by
their chemically irreversible redox behavior. Cyclic voltam-
metry for 4Cl, which contains a fluorine atom in the a posi-
tion of the pyridine ring, showed multiple waves preventing
direct measurement of the electrochemical potential. A
direct comparison between the measured redox potentials
reveals that the electronic properties of the y substituent in
the pyridine ring directly influence the redox potential of
the iron center. For example, the highly electron-withdraw-
ing NO, group (7Cl) causes an increase of the redox poten-
tial by 87 mV with respect to the unsubstituted system (1Cl,
E.»,=138 mV vs. the saturated calomel electrode (SCE)). In-
stead, the introduction of the electron-donating NMe, group
(8Cl) decreases the redox potential down to E;,=11 mV.
Subtler modifications of the E,, values are observed with
less-electron-donating or -withdrawing groups such as a
chloride, an ester, or a methoxide functionality (6Cl, 9Cl, or
10Cl, respectively). The only exception to the predictable
effect on the redox potential corresponds to 5CI bearing a
methyl group in the pyridine y-position, which affords a
counterintuitive increase of the redox potential with respect
to 1CL. In conclusion, the cyclic voltammetry (CV) experi-
ments show that manipulation of the y position of the pyri-
dine ring of the Pytacn ligand platform translates into sub-
stantial changes in the electron density at the iron center
without affecting the spatial properties of the cis-labile sites
of the complexes.

Finally, the introduction of a methyl group in the a-posi-
tion of the pyridine increases the redox potential by approx-
imately 70 mV (compare 1Cl vs. 2Cl, and 5CI vs. 11Cl)
(Table 1). This effect can be understood by considering that
the steric clash between the methyl group and the iron
center disfavors the formation of the shorter Fe—N bonds of
the iron(IIT) with respect to iron(IT).?* Therefore, manipula-
tion of the a position of the pyridine influences not only the
spatial properties of the nearby cis-labile sites, but also has
an effect on the electron density at the iron site.

Chem. Eur. J. 2013, 19, 6724—-6738
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Scheme 3. Mechanistic substrate probes used to evaluate the involvement
of metal-centered oxidants in C—H oxidation reactions. DMCH = cis-1,2-
dimethylcyclohexane. For reaction conditions see footnote [a] in Table 2.

An efficient family of catalysts for C—H oxidation: The cat-
alytic properties of 1-11 were tested in the hydroxylation of
cyclohexane employing H,O, as the oxidant (Scheme 3,
Table 2).1 In a typical experiment, hydrogen peroxide
(10 equiv) diluted in acetonitrile was delivered by using a sy-

Table 2. Alkane hydroxylation reactions catalyzed by 1-11.1%!

Catalyst Cyclohexane Adamantane DMCH
A+K" (A/K) KIEM 3°/20l RC [%]*
1 6.5 (12.3) 43 30 93
2041 7.6 (10.2) 34 20 94
3 6.8 (6.7) 33 28 88
4 5.9 (5.7) 4.5 19 86
5 6.5 (10.5) 5.0 30 88
6 5.9 (8.3) 43 30 94
7 5.3 (8.1) 43 29 89
8 4.3 (8.9) 4.9 23 94
9 5.7(9.2) 4.1 28 94
10 6.2 (10.2) 42 23 95
11 6.1 (9.3) 4.0 15 95

[a] H,O, (10 equiv) was delivered by a syringe pump to an acetonitrile
solution containing the iron catalyst (1 equiv) and the substrate (10—
1000 equiv). 1000 equiv substrate for cyclohexane and DMCH. 10 equiv
for adamantane. [b] Turnover number (TON) (mol of product/mol of cat-
alyst), A =cyclohexanol, K =cyclohexanone. [c] Kinetic isotope effect de-
termined for cyclohexanol formation measured in the oxidation of a 1:3
mixture of cyclohexane/[D,,|cyclohexane. [d] 3°/2° ratio in adamantane
oxidation =3 x (1-adamantanol)/(2-adamantanol 4+2-adamantanone).

[e] Percentage of retention of configuration in the oxidation of the terti-
ary C—H bonds of cis-1,2-dimethylcyclohexane (DMCH) = (cis—trans)/
(cis+trans) x 100.

ringe pump over a period of 30 min to an acetonitrile solu-
tion containing the iron catalyst (1 mm), cylohexane (1m)
and water (1M). As previously shown for 1 and 2,'¥ under
these conditions, complexes 3-11 afford efficient conver-
sions (43-76 %, Table 2) of H,O, into cyclohexanol and cy-
clohexanone products (Scheme 3). Comparison of these
values with those obtained with related iron complexes
under analogous experimental conditions!*!?*%%21 fyrther
reinforces the initial conclusions that the Pytacn ligand ar-
chitecture gives rise to mononuclear iron complexes with re-
markable catalytic activity.'*®) Compound 8 afforded the
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lowest yields (turnover number (TON) of 4.3), suggesting
that the NMe, group might be susceptible to oxidation,
which, in turn, decreases the robustness of this catalyst.

The oxidation of several mechanistic substrate probes
(Scheme 3) was also studied to demonstrate the involvement
of highly selective metal-centered oxidants in the present re-
actions.'"?! Apart from the remarkably high [cyclohexanol]/
[cyclohexanone] (A/K; A =cyclohexanol, K=cyclohexa-
none) ratio (5.7-12.3) found in the oxidation of cyclohexane,
compounds 1-11 also exhibit selectivity parameters indica-
tive of a metal-based oxidant (Table 2): relatively large ki-
netic isotope effects (KIE) were measured in the oxidation
of a mixture of cyclohexane/[Dj,]cyclohexane (1:3) (KIE
values range from 3.4 to 5.0) and a high preference for the
reaction with tertiary C—H bonds compared with secondary
ones was found in the oxidation of adamantane (normalized
3°/2°=15-30). Thus, the data clearly indicates that the
strength of the C—H bond plays a major role in dictating the
C—H site selectivity. Most remarkably, the oxidation of cis-
1,2-dimethylcyclohexane (DMCH) catalyzed by complexes
1-11 showed a large degree of stereoretention clearly indi-
cating that long-lived carbon-centered radicals or cations
are not significantly involved in the C—H oxidation reaction.
The high stereoretention in DMCH oxidation, large KIE
values in the oxidation of cyclohexane, and normalized 3°/
2° adamantane selectivities (Table 2) clearly differ from re-
actions initiated by hydroxyl radicals and they are indicative
of the involvement of a highly selective metal-centered oxi-
dant in these reactions.['"?!

Isotope-labeling studies: To gain a deeper insight into the
mechanism involved in the hydroxylation reactions, the
origin of the oxygen atoms introduced into the alcohol prod-
uct was established by means of isotopic-labeling experi-
ments by using H,"®0, or H,"O. Preliminary experiments
performed by varying the concentration of H,"O in the oxi-
dation of cyclohexane with catalyst 1 indicated that oxygen
atoms coming from water are incorporated into oxidation
products, and the level of incorporation depends on [H,O]
(see Supporting Information, Table S1 and Figure S1).14! Tt
increases linearly with [H,O] at low concentrations, however
a plateau is reached at higher concentrations, indicative of a
saturation behavior. This behavior is characteristic of a pre-
equilibrium involving reversible water-binding at the iron
catalyst."?! The data indicated that 1000 equiv of water af-
forded saturation conditions, above which the percentage of
water incorporated remained approximately constant. For
this reason we fixed 1000 equiv of water as the amount em-
ployed in our experimental conditions.

Complexes 1-11 (1 equiv) were used as catalysts for the
oxidation of cyclohexane (1000 equiv) with H,"O
(1000 equiv) and non-labeled H,O, (10 equiv) as the oxi-
dant. In all cases, significant levels of oxygen from water
were incorporated into cyclohexanol (Table 3). However,
depending on the catalyst used, the level of water incorpora-
tion varied significantly from 50 to 11 %. For selected com-
plexes, complementary experiments performed by using
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Table 3. Percentage 'O incorporation into alcohol products by catalysts 1-11 in the

presence of H,'*O or H,"*0,.1!

cat.
R-H H,®, R-®H + R-@®H
H,®
| |
pie g \ =
0O g 0 X
cyclohexane adamantane DMCH 2,3-dimethylbutane

cally reflect the steady-state mechanistic situation
that exists during catalysis.

Finally, the effect of substrate concentration in
the labeling results was also tested to evaluate if
the competition between water exchange and reac-
tion with the substrate took place (Table 3). Cata-
lytic oxidation of DMCH with 1 was studied at dif-
ferent substrate concentrations (50-1000 mm) in the

Labeling Substrate Percentage O incorporation for catalysts

presence of H,'"®O (1000 equiv) (see the Supporting

source  [equiv] Information, Table S2).'**! The level of water incor-
1 2 3 4 5 6 7 8 9 10 11 poration was (82+4)% irrespective of substrate
cyclohexane H,"*0,” 1000 47 8 - 63 48 - - - - - 76 concentration. For complexes 2, 4, and §, an experi-
H,"0k 1000 45 11 28 24 39 47 50 36 48 44 13 ment using 50 equiv DMCH (instead of 1000 equiv
gjzsnce“] 92 9% - 8787 = = = = = 8 45 usual) in the presence of 1000 equiv H,"*O was
adamantane H,*0 10 43 - 117 - - - _ _ o performed. In all cases, the labeling results for the
DMCH H,"*0"l 1000 79 2 14 10 65 70 66 68 72 72 3  tertiary alcohol were essentially the same as those
H,*0l 50 8 1 - 11 69 - - - - - 4 at higher substrate concentrations, thus indicating

2,3-dimethylbu-  H,"OF 1000 761 - 4 72 - - - - - 1

tane

the absence of a competition between substrate oxi-
dation and water exchange.

[a] H,O, (10 equiv) and H,O (1000 equiv) were delivered by syringe pump to an ace-
tonitrile solution containing the iron catalyst (1equiv) and the substrate (10-
1000 equiv). [b] Percentage of '*O-labeled alcohol in the presence of 10 equiv H,"0,
and 1000 equiv H,O. [c] Percentage of *O-labeled alcohol in the presence of 10 equiv
H,0, and 1000 equiv H,"™O. [d] Percentage of alcohol with oxygen atoms coming
either from H,0, or H,O. The rest is presumably originating from O, of atmospheric

airr.

H,"®0, (10 equiv) in the presence of H,'*O (1000 equiv) indi-
cated that the peroxide is the main source of the rest of the
oxygen in the alcohol product, so that incorporation of O, is
residual (only from 4 to 13% of oxygen atoms incorporated
into alcohol products originate from air, see the mass bal-
ance in Table 3).

Interestingly, in the oxidation of tertiary C—H bonds (ada-
mantane, DMCH, or 23-dimethylbutane) the extent of
water incorporation into products was dramatically affected
by the specific catalyst, ranging from 1% obtained with cat-
alyst 2 to 79 % with 1. Therefore, the level of water incorpo-
ration in the oxidation of tertiary C—H bonds appears to be
more sensitive to the nature of the catalyst than in the case
of secondary C—H bonds.

A time course analysis of the level of "*O-incorporation
into cyclohexanol was studied for the oxidation of cyclohex-
ane with H,O, in the presence of H,"*O, employing 1 and 2
as catalysts. As shown in Table 4, these analyses showed that
the percentage of *O-labeled cyclohexanol remained basi-
cally constant during the whole H,0, addition ((45+1)%
for 1, (154+1) % for 2). However, the first sample taken at 5
and 14% product yield (2 equiv H,O, had been added at
this point) showed slightly lower values (41 and 14 % '®O-cy-
clohexanol for 1 and 2, respectively). The analyses indicate
that these reactions have an initial phase that is mechanisti-
cally distinct from the steady state. Presumably it involves a
Fenton-type initial reaction of the ferrous complexes with
H,O,, but its contribution to the overall reaction is very
small and it can be practically neglected. Therefore, isotop-
ic-labeling values measured at the end of the reactions basi-
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Finally, competitive oxidation of pairs of alkanes,
namely DMCH and cyclohexane, was performed
for catalyst 1.1 In this case, the level of water in-
corporation into products was, within experimental
error, identical to the values obtained in the single
substrate oxidation experiments.

From all the data gathered from the labeling ex-
periments, the catalysts can be classified into two
different categories. On one hand, those catalysts with no
substituent in the alpha position of the pyridine ring (class I:
1 and 5-10) afforded an average value of (43+7)% of
oxygen from water into cyclohexanol (2°C—H bond) and
this percentage increased up to (71+8)% for tertiary C—H
bonds. On the other hand, complexes with a substituent in
the sixth position of the pyridine ring (class IT: 2-4 and 11)
incorporated much less oxygen from water and, in contrast
to the former class, the extent of water incorporation into

Table 4. Monitoring the percentage of *O-labeled cyclohexanol during
the oxidation of cyclohexane by complexes 1 and 2 using H,O, in the
presence of H,"*0.1"!

O

OH "*@H
1 or 2 (1 equiv)

H,0, (up to 10 equiv)

+

1000 equiv  H'®® (1000 equiv) % 180-Iabeled A
CH4CN
Catalyst 1 Catalyst 2

H,0, Yield A 80-labeled Yield A 80-labeled
[equiv] [%] A [%] (%] A [%]

2 5 41 14 14

4 15 44 24 15

7 30 46 44 16
10 45 46 57 15
10410’ stirring 55 46 63 16

[a] H,O, (10 equiv) was delivered by a syringe pump over a period of
30 min to an acetonitrile solution containing the iron catalyst (1 or 2,
1 equiv), cyclohexane (1000 equiv) and H,"®O (1000 equiv). The final con-
centrations were 1 mm catalyst, 10 mm H,0O,, 1M cyclohexane and 1M
H,"™0. Aliquots were taken and analyzed at selected times after the start
of H,0, addition (6, 12, 21, 30, and 40 min).

Chem. Eur. J. 2013, 19, 6724—-6738
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tertiary C—H bonds (7+7 %) was smaller than in secondary
ones (19+8%). Thus, in contrast to our initial expectations,
the sole modification of the electronic properties of the pyri-
dine ring, which could be finely tuned by modifying the R’
substituent (y pyridine) in Scheme 2, does not have a signifi-
cant influence either in the catalytic activity of the catalyst
or in the isotopic patterns of the reactions. Instead, modifi-
cation of the o position of the pyridine has a profound
impact in the labeling.

cis-Dihydroxylation of alkenes: Complexes 1-11 can also
catalyze the cis-dihydroxylation of alkenes by using hydro-
gen peroxide as the oxidant."! For the purpose of the
present work it is especially interesting to evaluate the
origin of the oxygen atoms in the cis-dihydroxylated prod-
uct, as it provides valuable information about the iron active
species. Previous studies of 1, 2, and other non-heme iron
catalysts have shown that the oxygen atoms in the cis-dihy-
droxylated product correspond to those present in the two
cis-labile sites of the iron species responsible for the olefin
cis-dihydroxylation event,[41317¢21.34L27] Therefore, isotopic
analysis of the cis-diol provides a molecular picture of the
oxidizing species.

Consequently, under analogous reaction conditions to
those detailed above for the oxidation of alkanes, we evalu-
ated the percentage of water incorporation into the cis-diol
product derived from the oxidation of cyclooctene
(Scheme 4). For all the catalysts tested essentially only the

HO '°@H

1-11 (1 equiv)
© H,0; (10 equiv)
1000 equiv H,'%@ (1000 equiv)
CH4CN

Scheme 4. cis-Dihydroxylation of cyclooctene by catalysts 1-11 using
H,0, as oxidant in the presence of H,'O.

singly labeled cis-diol product (89+10%) was obtained
(Table 5). Complementary experiments using H,'*O, for cat-
alysts 1 and 2 (as representative examples of class I and II
catalysts) indicate that the second oxygen atom of the diol
originates from hydrogen peroxide (see the Supporting In-
formation, Table S3). This result further suggests that in the
whole family of iron catalysts 1-11, an iron(V)-oxo-hydroxo
species containing one oxygen from water and the second
one from the H,O, oxidant is responsible for the observed
chemistry.

Resting state of the iron species under catalytic conditions:
The resting state of the iron species during C—H oxidation
reactions was investigated by monitoring the catalytic oxida-
tion of cyclohexane with complexes 1 and 2 by ESI-MS. The
initial spectra of 1 and 2 in acetonitrile exhibited prominent
peaks at m/z=453.1 and 467.1, respectively, corresponding
to [Fe"(CF,SO;)(L)]* (L=L1 and L2) cations. Syringe-
pump addition of H,0O, (10 equiv) to an acetonitrile solution
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Table 5. Yield of syn-diol product and its labeling pattern in the oxida-
tion of cyclooctene with H,O, catalyzed by 1-11 in presence of H,'"*O.

Catalyst Diol Qo
yield [%]"
1 40 97
2 59 78
3 43 80
4 56 89
5 65 97
6 54 97
7 19 99
8 58 95
9 48 97
10 44 95
11 63 80

[a] H,O, (10 equiv) was delivered by syringe pump over a period of
30min to an acetonitrile solution containing the iron catalyst (1-11,
1 equiv), cyclooctene (100 equiv), and H,"O (1000 equiv). The final con-
centrations were 1 mm catalyst, 10 mm H,0,, 100mwm cyclooctene, and 1M
H,'®O. [b] Yield of diol product determined by GC. [c] Percentage of
0™ 0-labeled diol determined by GC-MS.

of iron catalyst (1 or 2) in the presence of cyclohexane re-
sulted in the immediate consumption of the initial Fe" spe-
cies, as ascertained by the disappearance of the peaks corre-
sponding to the ferrous compounds. Upon addition of
1 equiv H,O,, the spectra were dominated by cluster peaks
at m/z=470.1 and 484.1 that could be assigned to
{[Fe™(OH)(L)](CF;S0,)}*, in which L=L1 and L2, respec-
tively. These species remained as the major peaks in the MS
spectra during the whole H,O, addition.

We conclude then that ferric hydroxide species
[Fe™(OH)(S)(L)]** constitutes the resting state during cat-
alysis. These species are rapidly formed upon initial reaction
of the ferrous complexes with H,0,. ESI-MS and parallel
spectroscopic analyses (UV/Vis, '"H NMR spectroscopy) do
not provide direct evidence for the nature of the sixth
ligand (S) that presumably binds at the ferric site to com-
plete its likely octahedral coordination sphere. The most ob-
vious candidates are acetonitrile solvent molecules. We infer
that these are not observed in the MS experiments presuma-
bly because as they are neutral molecules, they should be
relatively weakly bound to the ferric center and easily lost
in the ionization process (Figure 1).

Therefore, the mechanism of the catalytic hydroxylation
reaction requires consideration of the [Fe™(OH)-
(CH;CN)(L)]** species (referred to as Q in Scheme 5) as
the resting state, which reacts with H,O, to form an oxidiz-
ing species capable of mediating stereospecific C—H bond
hydroxylation.

The active species: Fe¥(0)(OH): The nature of the active
species in the hydroxylation reactions catalyzed by 1-11
arising from reaction of [Fe™(OH)(CH;CN)(L)]** (Q) with
H,O, can be deduced from several experimental observa-
tions: 1) the mechanistic probes (selective transformations,
see Table 2) and isotopic-labeling experiments (incorpora-
tion of oxygen from water into oxidized products, see
Table 3) indicate that a metal-based oxidant capable of ex-
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Figure 1. ESI-MS monitoring of cyclohexane oxidation by 1 and 2 under catalytic conditions (for the reaction conditions, see footnote [a] in Table 2).
a) ESI-MS spectra corresponding to the reaction catalyzed by 1 before oxidant addition (top), upon addition of 1 equiv H,O, (middle) and 5 equiv of
H,0, (bottom); b) ESI-MS spectra corresponding to the reaction catalyzed by 2 before oxidant addition (top), upon addition of 1 equiv H,0, (middle)

P) Q)
H,O
_OOH 52 _NCCHj
LFe"'{ ‘7L LFe"
M2 chen ®H
"resting state"
"water assisted"
H,0 heterolytic O-O
cleavage
(0)
oxo-hydroxo tautomerism
.0 .OH R R HO @OH
LFeY === LFe¥ _
OH o R R'
[ Rl
R-OH R-@H

Scheme 5. A common iron(V)-oxo-hydroxo species as the active species
in C—H hydroxylation and C=C cis-dihydroxylation as postulated for [Fe-
(tpa)] and [Fe(bpmen)] catalysts.

changing oxygen from water is involved. This precludes hy-
droxyl radicals and peroxide iron species as the C—H oxidiz-
ing agents; 2) cis-dihydroxylation of alkenes affords a cis-
diol product with one oxygen atom coming from water and
the other from hydrogen peroxide (see Table5); 3)the
[Fe™(0)(S)(Pytacn)]*" species has been recently described
and it behaves as a relatively sluggish oxidant, which cannot

account for the fast C—H catalytic oxidation observed;*
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and 5 equiv of H,O, (bottom).

4) the [FeV(O)(OH)(Pytacn)]** species (0), in which one of
the oxygen atoms comes from water and the second one
from the peroxide oxidant, has been recently identified from
1 by VT-MS under the same catalytic conditions used in the
present work.'”) The oxygen isotopic content of these spe-
cies is indicative that its formation entails a “water-assisted”
heterolytic O—O cleavage in a [Fe"(OOH)(H,0)-
(Pytacn)]** precursor (P) following a mechanistic scenario
reminiscent to that previously postulated by Que and co-
workers (Scheme 5),**17%%] and that has been subsequent-
ly validated by DFT methods.["¥!

The combination of these experimental facts clearly
points towards the involvement of a common O as the
active species in the hydroxylation of alkanes performed by
1-11. However, the isotope-labeling studies for the different
catalysts evidence dramatic differences in the origin of the
oxygen atom that is transferred during C—H oxidation,
which, in turn, suggests fundamental differences in the exact
details of the C—H cleavage and/or the C—O formation
event. Most significantly, these differences appear to be sen-
sitive to the nature of the iron catalyst and the substrate.

Discrepancies with the heme paradigm: Water incorporation
into oxidized products was initially studied for heme sys-
tems. It was established that it arose from the so-called
oxo-hydroxo tautomerism taking place at a porphyrinic
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HO—Fe=0 species, involving a proton shift from the hydrox-
ide to the terminal oxo ligand. In heme- and manganese-
porphyrin systems, the oxo-hydroxo tautomerism is in com-
petition with substrate attack (Scheme 6).5"

oxo-hydroxo

H.@ o) . (l? tautomerism (I)H
—FeV. 2 —~feva —Fel- _~|I::e|v-
®H, OH [
R-H l R-H l
R-OH R-@H

Scheme 6. Oxo-hydroxo tautomerism in heme systems.

The HO-Fe=O tautomer initially formed after O—O
bond-cleavage contains an oxo ligand originating from the
oxidant, which is transferred to the oxidized substrate. How-
ever, through prototopic tautomerism, the initial hydroxide
ligand (originated from water) becomes a terminal oxo
ligand that can be subsequently transferred to the substrate.
Because of the competition between tautomerism and sub-
strate attack, the level of oxygen from water incorporated
into products is inversely dependent on the concentration of
substrate and on the substrate relative reactivity.”®! In addi-
tion, the percentage of water incorporation commonly
reaches a maximum value of 50 %, which can be explained
by considering two factors. First of all, intermolecular reac-
tion of porphyrin HO—Fe=0O species with a water molecule
is slow in comparison with substrate oxidation, and thus,
only intramolecular exchange takes place. A second consid-
eration is that most porphyrins contain a plane of symmetry
that render the two axial positions equivalent. Previous iso-
topic-labeling studies in alkane hydroxylation reactions cata-
lyzed by non-heme complexes of the [Fe(bpmen)] and [Fe-
(tpa)] families (bpmen=N,N’-dimethyl-N,N'-bis(2-pyridyl-
methyl)ethane-1,2-diamine; tpa =tris(2-pyridylmethyl)a-
mine) suggest that the oxo-hydroxo tautomerism is also op-
erative for these systems (Scheme 5).1%*!7% Indeed, the
activity of these two families of catalysts accommodates to
the mechanistic scenario described for porphyrinic systems
in two aspects; the level of water incorporation is always
less than 50%, and the percentage of oxygen from water
found into products is inversely related to the strength of
the oxidized C—H bond, which correlates with the corre-
sponding ease of reactivity.['!

In sharp contrast, the [Fe(Pytacn)]-based catalysts studied
in this work (compounds 1-11) present important discrepan-
cies with respect to the mechanism proposed for heme sys-
tems. These discrepancies include: 1) for class I catalysts,
water is the main source of oxygen atoms that end up in ter-
tiary C—H bonds (>50%), so that these complexes cannot
be strictly considered as monooxygenase type of catalysts;
2) for class I catalysts, the percentage of water incorporation
is larger for substrates with weaker C—H bonds (3°C—H >
2°C—H); 3) the level of water incorporation is independent
on substrate concentration; 4) the two positions available
for interaction with the oxidant are non-equivalent and they
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are disposed in a relative cis configuration; 5) the oxygen
isotopic composition of the FeY(O)(OH) intermediate in the
whole family of complexes (1-11) is the same, one oxygen
from water and one oxygen from H,O, (see Table 5), and it
is not substantially affected by exchange with external water
molecules; that is, multiple exchange with water does not
occur.

These observations indicate that the extent of water incor-
poration into products is characteristic of the nature and
structure of the oxidized C—H bond and the value observed
for a specific substrate does not correspond to a particular
extent of the oxo-hydroxo tautomerism into the
FeV(O)(OH) species, dictated by the fastest reacting sub-
strate. In other words, there is no competition between sub-
strate attack and oxo-hydroxo tautomerism. This contrasts
with what has been argued for the [Fe(tpa)] catalyst. Experi-
mental data indicate that the C—H bond activation mecha-
nism is somewhat “C—H bond dependent”.

DFT calculations: To address the particular results observed
in C—H hydroxylation catalyzed by [Fe(Pytacn)]-based com-
plexes, DFT calculations were undertaken. Given the fact
that our experimental observations suggest the involvement
of an O intermediate as the active species, the general
mechanistic scenario postulated for [Fe(bpmen)] and [Fe-
(tpa)] catalysts (Scheme 5) was taken as the reference in our
calculations.' In particular, the hydroxylation of cyclo-
hexane was studied in detail by using two benchmarks in the
Pytacn-based compounds: complex 1 was taken as a repre-
sentative of class I catalysts and complex 2 for class II cata-
lysts. Our calculations were performed at the UB3LYP
level, including both the solvent and London dispersions ef-
fects (see the Experimental Section and the Supporting In-
formation for details).

The iron(III)-hydroxo species (Q) has been identified as
the resting state under catalytic conditions (see above).
Therefore, DFT mechanistic studies of C—H hydroxylation
by 1 and 2 start with species Q and they finish with the for-
mation of alcohol (Scheme 5).

In the first step, the MeCN ligand in compound Q is sub-
stituted by a H,0, molecule, followed by a proton-transfer
from the HOOH to the hydroxo ligand, leading to a low-
spin iron(IIT)-hydroperoxo species [Fe™(OOH)(OH,)(L)]**
(P). Then, heterolytic O—O bond-cleavage of the hydroper-
oxo ligand, assisted by a proton from the water ligand, re-
sults in the formation of §=3/2 [FeY(O)(OH)(L)]** species
(0), concomitant with the release of a water molecule. The
water molecule formed has indeed a key role in the water-
assisted rapid oxo-hydroxo tautomerism (see below). Finally,
species O performs the hydroxylation of cyclohexane.

Careful analysis of the computational results reveals that
cyclohexane hydroxylation by O is an asynchronous concert-
ed process in which the hydrogen abstraction and the forma-
tion of the new C—O bond take place in a single step
(Scheme 7, top). Whereas in the transition state only the hy-
drogen-atom abstraction can be observed (see Figure 2a),
the hydroxyl rebound takes place later in the reaction path-
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Scheme 7. Two possible mechanisms for the hydroxylation of cyclohexane
by O.

a)

Figure 2. a) S=3/2 TS corresponding to cyclohexane hydroxylation by Og
isomer of 1; b) S=3/2 TS corresponding to the water-assisted oxo-hy-
droxo tautomerism connecting O, and Oy isomers of 1. Hydrogen atoms
have been omitted for clarity and only those relevant are depicted. Bond
lengths are in A.

way. DFT calculations show that {[Fe"(OH),(L)]**R’} (in
which R’ is a cyclohexyl radical and L=Pytacn ligand)
could exist as a short-lived intermediate species, because the
latter is a minimum in the potential-energy landscape. Previ-
ously, this led some of us to consider that C—H hydroxyla-
tion by the O species was a stepwise “oxygen-rebound”
mechanism (Scheme 7, bottom) involving initial hydrogen-
atom transfer to form {[Fe'V(OH),(L)]**R"}, followed by hy-
droxyl ligand rebound,!'*” such as in porphyrinic systems
(Scheme 1).°1 Nevertheless, intrinsic reaction coordinate
(IRC) calculations have fully confirmed that the hydrogen-
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atom abstraction transition-state (TS) directly connects O
with the alcohol products. Thus, IRC relaxation of the tran-
sition-state geometries towards both O and the products
rules out that the C—H hydroxylation of cyclohexane occurs
through the mediation of {[Fe™(OH),(L)]**R}.

The description of the reaction as asynchronous concerted
has two very important consequences to understand the iso-
topic-labeling data; firstly, the alkyl radical species formed
after C—H breakage has no lifetime, and because of that the
reaction must proceed stereospecifically. Secondly, and most
relevant to the isotopic-labeling experiments, the oxo ligand
that initiates the attack over the C—H bond is the same one
that ends up forming the C—OH bond. Therefore, the iso-
topic-labeling results must be understood as reflecting the
80-content of the oxo ligands that attack the C—H bond.

Analysis of the reaction mechanism requires considera-
tion of the unsymmetric nature of the complexes
(Scheme 8). This lack of symmetry renders the two cis ex-
changeable positions at the iron center not occupied by the
tetradentate ligand (available for interaction with exogenous
substrates such as the oxidant) as non-equivalent. One of
the positions, labeled as A, is disposed in a relative trans ori-
entation with respect to the N-CH,-pyridine group, whereas
the other, labeled as B, is trans with respect to a N-methyl
group. We have designated as O, the [Fe'(O)(OH)(L)]**
isomer with the oxo group in position A and Oy the one
with the oxo unit in position B. O, and Oy also differ in the
relative orientation of the pyridine ligand with respect to
the Fe-oxo vector, parallel in the case of O, and perpendic-
ular in Oy (Figure 3). This lack of symmetry must also be
considered in the preceding Q and P intermediates, which
can also exist as two different isomers. Taking this into ac-
count, to rationalize our labeling results, we studied by DFT
methods the above-mentioned mechanism, which starts with
the resting state Q and leads to the final cyclohexanol prod-
uct. Due to the unsymmetric nature of the complexes, the
reactivities of the two isomers derived from catalysts 1 and
2 have been analyzed in detail (Scheme 8).

DFT calculations indicate that the labeling results can be
explained by three key steps along the reaction mechanism:
a) the relative stability of the two tautomeric [Fe™(OH)-
(CH;CN)(L)]** isomers (Q4 and Qyg), b) the oxo-hydroxo
tautomerism connecting O, and Oy, and c) the activation
barriers for hydrogen-atom abstraction by isomers O, and
Oy

In our calculations, the Gibbs energy of isomer Qg (i.e.,
the one with the CH;CN ligand trans to a N-methyl group)
is lower than Q, (i.e., the one with the CH;CN ligand trans
to N-CH,-pyridine) by 3.76 and 2.69 kcalmol™, for 1 and 2,
respectively (see Scheme 8). As a result, Qg can be consid-
ered as the catalyst resting state for both 1 and 2, and
isomer Py, [Fe™(OOH)y(H,0)A(L)]**, which bears the hy-
droperoxo ligand in position B and the water ligand (with a
labeled oxygen atom in Scheme 8) in position A, is prefer-
entially formed over P, ([Fe™(OOH),(H,0)5(L)]*").

Then, heterolytic O—O bond-cleavage of Py directly gives
isomer Oy [Fe¥(0)s(OH)A(L)]**, in which the oxo group
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Figure 3. a) S=3/2 O, isomer of 1; b) §=3/2 Oy isomer of 1. Hydrogen
atoms have been omitted for clarity and only those relevant are depicted.

comes from H,O, and the hydroxo ligand from water. Nev-
ertheless, we found that the two O isomers are energetically
very similar, with a Gibbs energy of 0.80 and 0.55 kcalmol !
in favor of isomer O4 for 1 and 2, respectively. The Gibbs
energy barrier of the tautomerism between Oy and O, is
relatively small, 13.5 and 13.2 kcalmol ' for 1 and 2 respec-
tively, when the tautomerism is assisted by a water molecule
(see Figure 2b), but it becomes very high in its absence
(27.1 and 25.9 kcalmol ™! for 1 and 2, respectively). These re-
sults agree with the water-assisted barrier previously found
for the Fe" oxo-hydroxo tautomerism of the [Fe(tpa)] cata-
lyst,['®4 further validating our results. It is likely that the
barrier could be further lowered if more explicit water mol-
ecules were considered in the mechanism, a question that
will be addressed in future studies. As a result, following the
formation of Og, a rapid oxo-hydroxo tautomerism will
allow the fast interconversion with O, and the presence of
both isomers in solution.

Thus from Q to O the mechanisms for catalyst 1 and 2
are equivalent, leading to the existence of both O, and Og
isomers, although the oxygen that comes from the initial
water ligand (i.e., the labeled oxygen in Scheme 8) is always
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Scheme 8. Mechanism of cyclohexane hydroxylation that arises from
DFT calculations considering the different isomers of catalyst 1 (left) and
2 (right).

in the A position. This oxygen atom is the oxo ligand in O,
but it corresponds to the hydroxo ligand in Og.

According to this scenario, compounds 1 and 2 behave
identically, leading to the same iron(V)-oxo species, with es-
sentially identical isotopic and tautomeric composition. Con-
sequently, differentiation leading to the experimental isotop-
ic pattern observed in the oxidation products must arise
from the next step, which involves reaction of O with the
substrate.

Although cyclohexane hydroxylation by O in the doublet
state (§=1/2) is barrierless for 1 and the O, isomer of 2
(see Figure 4), the Gibbs energy is always higher than the
quartet (§=3/2) transition state. Thus, we have determined
the barrier of the hydoxylation step from the quartet free-
energy profile. However, the doublet pathway potentially
could have some role in the hydroxylation by O, isomers,
because for catalysts 1 and 2 the free energy of O, with S=
1/2 is only 1.0 and 2.1 kcalmol " higher than the correspond-
ing §=3/2 transition state.

The hydroxylation reactivities of Q,/Oy isomer pairs for 1
and 2 are not equivalent (see Figure 4). For compound 1,
isomers O, and Og can be considered as equally reactive be-
cause the hydroxylation of cyclohexane presents essentially
the same activation barriers for hydrogen abstraction
(AAG* =0.26 kcalmol ). Therefore, 1 should lead to com-
parable amounts of '*O-/"®*0-labeled alcohols in the presence
of H,"0, as observed in the experimental isotopic-labeling
of the cyclohexanol product (Table 3).

Instead, for catalyst 2 the hydroxylation of cyclohexane
performed by Oy is slightly favored over O, (AAG*=
2.21 kcalmol ™). This means that Qg, in which the oxo ligand
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Figure 4. Free energy [kcalmol '] profiles for the concerted process of cyclohexane hydroxylation along the S=1/2 and S=3/2 potential energy surfaces
by; a) O, isomer of 1; b) Oy isomer of 1; c) O, isomer of 2; and d) Oy isomer of 2. The most stable S=5/2 Fe'! products are also included.

originates from the oxidant (H,0,), dominates the C—H oxi-
dation reaction. Again, this result agrees with the experi-
mental labeling pattern of the cyclohexanol product ob-
tained with catalyst 2, which presents minimal incorporation
of oxygen from water (Table 3).

The chemical basis for eliciting differential reactivity in C—
H oxidation: As stated above, calculations on the mecha-
nism of cyclohexane oxidation by 1 and 2 indicate that the
relative reactivity of the 0,/Og isomer pair in hydrogen-
atom abstraction reactions is influenced by the nature of the
substituent in the sixth position of the pyridine ring in the
Pytacn framework. This difference in the relative reactivity
provides a rationale for the markedly different isotopic-la-
beling patterns observed for the two classes of catalysts
studied in this work.

The distinct oxidative reactivity of isomers O, and Opg
may be tentatively rationalized by taking into consideration
that the two tautomers differ, among other structural as-
pects, in the nature of the ligand in a relative frans position
with respect to the terminal oxo site, and in the relative ori-
entation of the pyridine ring with respect to the Fe-oxo
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vector. Indeed, both aspects have been recognized to have a
defining role in the oxidative properties of high valent oxo-
iron species,'”>*! and should be considered. However, since
the relative reactivities of O, and Oy isomers appear to be
more distinct in 2 than in 1, and the relative trans effect is
the same for both pairs, the relative orientation of the pyri-
dine appears to be the most likely defining factor. Pyridine
ligands parallel to the Fe-oxo unit place the group at a posi-
tion in close proximity to the oxygen atom, and this factor
has been proposed to limit reactivity by hindering the Fe=0O
unit from substrate approach.*'"&¥! This analysis predicts
that this factor would make Og (Py L Fe—O) intrinsically
more reactive than O, (Py|/Fe—O), and that this effect
would be enhanced by introducing sterically demanding
groups at the a position of the pyridine. This is indeed the
scenario that emerges from DFT and isotopic-labeling re-
sults.

Different reactivity of two isomeric forms of high-valent
iron-oxo species finds precedent in the literature. In SyrB2
halogenases” and related synthetic models, halogenation or
hydroxylation of the substrate occurs depending on which of
the two isomers of the active Fe™V(O)(Cl) species intervenes.
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Computational studies by Borowski et al. of this enzyme de-
scribed that the isomerization of the initially formed
Fe™V(0)(Cl) is essential to move the chloride ligand to the
most reactive position and afford halogenation of the sub-
strate.[¥l More recently, de Visser et al. studied this phenom-
enon employing a bioinspired model, [Fe'™(O)(tpa)(CI)]™,
and they also concluded that the selectivity of substrate hy-
droxylation versus chlorination is dependent on the stereo-
chemistry of the oxidant.® In the present work, the relative
reactivities of the two [FeY(O)(OH)(L)]*" isomers (O, and
O3) are not translated into a different reaction outcome but
a much subtler effect is observed, that is, markedly different
levels of oxygen-atom incorporation from water. Moreover,
in contrast to the hydroxylation/halogenation mechanisms in
which the rebound step has a key role, calculations indicate
that for [Fe(Pytacn)]-based systems hydroxylation occurs
through a concerted asynchronous mechanism.

Finally, the mechanism that emerges for the stereospecific
oxidation of C—H bonds by [Fe"(O)(OH)(Pytacn)]** shows
fundamental differences from that operating in [Fe™(O)-
(OH,)(Pytacn)].*! Most significantly, the latter behaves as a
le” oxidant and reactions are not stereospecific. Recent
mechanistic and computational analyses have shown that re-
action of these oxo-iron(IV) species with alkyl C—H bonds
occurs through an initial hydrogen atom transfer, forming a
discrete long-lived carbon-centered radical that can diffuse
from the solvent cage, without engaging in hydroxyl ligand
rebound.® These differences can be intuitively understood
by considering that the Fe™—OH species that form upon hy-
drogen abstraction must be less oxidizing than its le™ oxi-
dized Fe'Y—OH counterpart. The hydroxyl ligand-rebound
involves le™ reduction of the iron site and because of that it
may be expected that the reaction should be disfavored as
the metal site becomes less oxidizing. Therefore, in the ab-
sence of the elaborate spatial constraints imposed by
enzyme active sites to control the mobility and trajectory of
substrate intermediates,*® stereospecific C—H hydroxylation
appears to require a highly oxidizing Fe"(O) oxidant.

Conclusion and Final Remarks

In this work, the mechanism of C—H oxidation with H,O,
mediated by the [Fe(Pytacn)] family of non-heme iron cata-
lysts has been studied by means of isotopic-labeling experi-
ments and DFT computational methods. This family of com-
plexes serves as a general model for the hydroxylation of an
alkane with retention of the stereochemistry at a mononu-
clear non-heme iron center, which contains two cis-ex-
changeable sites. These are unique reactions that fundamen-
tally differ from the most common Fenton-type processes
because the oxidation mechanisms do not involve free-dif-
fusing radicals. Instead, these reactions can be regarded as
simple models of C—H hydroxylation reactions taking place
at non-heme iron-dependent hydroxylases such as Rieske
oxygenases. [sotopic analyses provide a strong support for a
common [FeV(O)(OH)(L)]** species (0) (L=Pytacn-based
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ligand) that is formed though water-assisted O—O cleavage
of a ferric-hydroperoxide species (P) and is responsible for
C—H and C=C oxidation reactions. Most significantly, these
species have been previously identified by variable tempera-
ture ESI-MS spectrometry, and shown to precede cis-dihy-
droxylation of an olefin.™ In addition, analogous species
have also been deduced from isotopic and computational
analyses in the families of non-heme complexes [Fe-
(tpa)]™#*9 and [Fe(bpmen)]'**17=1%) which are also compe-
tent catalysts for oxidizing C—H bonds with retention of
configuration.

This work has shown that systematic manipulation of the
pyridine heterocycle of the Pytacn ligand leads to two
classes of non-heme iron catalysts. Class I catalysts are those
in which the o position of the pyridine Pytacn ligand con-
tains a H atom, whereas class II contain a chemical substitu-
tion at this position (Cl, F, or Me). The two families very
likely operate through the same type of [Fe¥(O)(OH)(L)]**
-oxidizing species in reactions of stereospecific C—H hydrox-
ylation of alkanes and cis-hydroxylation of alkenes, but the
two classes differ in the extent of water incorporation into
alkane-oxidized products.

Differences between the two classes of catalysts could be
attributed to the unsymmetric nature of the Pytacn ligand,
which enforces the inequivalence of the cis-labile exchange-
able sites, in which peroxide binding and terminal oxo for-
mation occur. Two  tautomeric forms of the
[FeY(O)(OH)(L)]** active species can be formed (O, and
0;) and they are connected through fast prototopic oxo-hy-
droxo tautomerism. DFT computational analyses indicate
that the relative reactivity of this pair of tautomers towards
the C—H bonds of cyclohexane depends on the substitution
at the a position of the pyridine ligand. For class I catalysts
(1 and 5-10), tautomers O, and Oy are equally reactive and
this results in a large percentage of water incorporation into
cyclohexanol (39-50 %, Table 3). Instead, tautomer Oy dom-
inates the reaction in class II catalysts, and therefore the
extent of water incorporation is small. Interestingly distinct
relative reactivity of O, and Opg tautomeric species is not re-
stricted to C—H oxidation reactions, but instead finds recent
precedent in oxygen atom transfer (OAT) reactions towards
olefins.!"!

DFT analyses show that the mechanism of cyclohexane
oxidation entails an asynchronous concerted cleavage of the
C—H bond by the Fe'=O unit, so carbon-centered radicals
and Fe''—OH species cannot be considered as reaction inter-
mediates. Consequently, the reaction is stereospecific. This
also means that the oxygen atom of the oxo-ligand is the
one transferred to the oxidized substrate.

Whereas the lack of intermediacy of short-lived carbon-
centered intermediates in the [Fe(Pytacn)] family of non-
heme catalysts could be initially considered a difference
with regard to the canonical “rebound” mechanism operat-
ing in cytochrome P450 and related heme systems, recent
computational analyses in the latter systems are indicative
of a more subtle scenario. Shaik et al. have proposed that
hydroxylation reactions by cytochrome P450 and model sys-
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tems take place in a multiple spin-state reaction landscap-
e’ In the low spin case (S=1/2 resulting from antiferro-
magnetic coupling between the low-spin Fe'Y=0O center and
the porphyrin radical cation), the reaction of the Fe=O
center with a C—H bond occurs also through a concerted
asynchronous mechanism, without formation of discrete in-
termediates. In contrast, the high-spin state (S=3/2 resulting
from ferromagnetic coupling) involves sequential C—H
breakage, with formation of carbon-centered radicals, with a
significant lifetime before hydroxyl rebound from the Fe'V—
OH site takes place. Computational analyses in the present
family of complexes do not provide evidence for a multiple
spin-state scenario, but the experimental results are reminis-
cent of the low-spin scenario proposed in cytochrome P450
and account for a stereospecific C—H hydroxylation mecha-
nism. Furthermore, previous computational analyses of the
reaction mechanism for C—H oxidation by the [Fe(tpa)]
family of catalysts"* also agree with our analyses for the
[Fe(Pytacn)] family.

In conclusion, this work provides an understanding of the
reaction mechanism of C—H oxidation by non-heme species
that serve as functional models for non-heme oxygenase en-
zymes. Stereospecific C—H oxidation by these non-heme
sites shares fundamental aspects with the reaction mecha-
nism taking place at heme sites. However, the presence of
cis-exchangeable sites introduces a richer mechanistic versa-
tility that opens up new reaction paths that warrant further
exploration.

Experimental Section

Reaction conditions for catalysis: In a typical reaction 0.36 mL of a
70 mm (25 pmol) H,O, solution (diluted from a 35% H,O, aqueous solu-
tion) together with H,O (45 pL, 2500 umol) in CH;CN was delivered by
syringe pump over 30 min at 25°C in air to a vigorously stirred CH;CN
solution (2.14 mL) containing the iron catalyst (2.5 umol) and the alkane
substrate (2500 umol). The final concentrations of reagents were 1 mm
iron catalyst, 10 mmM H,O,, 1M H,O and 1M substrate. For adamantane,
due to low solubility, only 25 umol of substrate were added and so the
final concentration was 10 mm for this substrate. After syringe-pump ad-
dition, the resulting solution was stirred for another 10 min. Biphenyl
was added at this point as an internal standard. The iron complex was re-
moved by passing the solution through a short path of silica followed by
elution with of ethyl acetate (2 mL). Finally, the solution was subjected
to GC analysis. The organic products were identified by comparison with
authentic compounds. For the measurement of kinetic isotope effect
(KIE), a substrate mixture of cyclohexane/[D,,|cyclohexane (1:3) was
used to improve the accuracy of the KIE values obtained. For the oxida-
tion of cyclooctene, the reactions were performed as described above but
using 250 umol of substrate. However, after syringe-pump addition and
stirring for 10 min, the reaction mixture was subjected to a pretreatment.
Acetic anhydride (1 mL) together with 1-methylimidazole (0.1 mL) were
added to afford the esterification of the diol product. After stirring for
15 min at room temperature, ice was added and the mixture was stirred
for about 30 min. Biphenyl (internal standard) was added at this point
and the mixture was extracted with CHCl; (2 mL). The organic layer was
washed with 1M H,SO, (2mL), sat. NaHCO; (2mL) and H,O (2mL),
dried with MgSO, and subjected to GC analysis. The organic products
were identified by comparison with authentic compounds.

Isotope-labeling studies: Reaction catalytic conditions using H,"*O: In a
typical reaction, 0.29 mL of a 70 mm (20 pmol) H,O, solution (diluted
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from a 35% H,0, aqueous solution) together with 40 uL of H,"O
(2000 umol) in CH;CN was delivered by syringe pump over 30 min at
25°C in air to a vigorously stirred CH;CN solution (1.71 mL) containing
the iron catalyst (2.0 umol) and the alkane substrate (2000 pmol). The
final concentrations of reagents were 1 mm iron catalyst (1-11), 10 mm
H,0,, 1M H,"*0/32 mm H,'°O and 1w substrate. For adamantane, due to
low solubility, only 200 umol of substrate were added and so the final
concentration was 10mwm for this substrate. For cyclooctene only
200 umol of substrate were added and so the final concentration was
100 mm for this substrate. After syringe pump addition, the resulting solu-
tion was stirred for another 10 min.

Reaction catalytic conditions using H,"*0,: In a typical reaction, 0.29 mL
of a 70 mm (20 umol) H,'"®0, solution (diluted from a 2% H,'* 0, aqueous
solution) in CH;CN was delivered by syringe pump over 30 min at 25°C
in air to a vigorously stirred CH;CN solution (1.71 mL) containing the
iron catalyst (2.0 umol) and the alkane substrate (2000 umol). The final
concentrations of reagents were 1 mm iron catalyst (1), 10 mm H,'*0,, 1m
H,0 and 1M substrate. For adamantane, due to low solubility, only
20 umol of substrate were added and so the final concentration was
10 mm for this substrate. For cyclooctene only 20 pmol of substrate were
added and so the final concentration was 100 mm for this substrate. After
syringe-pump addition, the resulting solution was stirred for another
10 min.

Preparation of the samples for GC-MS analyses: In the oxidation of ada-
mantane, cis-1,2-dimethylcyclohexane and 2,3-dimethylbutane the reac-
tion mixture was directly passed through a short path of silica to remove
the iron catalyst followed by elution with ethyl acetate (2 mL). For cyclo-
hexane and cyclooctene, the reaction solutions were treated with 1-meth-
ylimidazole (0.1 mL) and acetic anhydride (1 mL) to esterify the alcohol
products following the protocol described above (tertiary alcohols were
not esterified under these conditions).

Analysis of the isotopic data: Isotopic composition of the products was
obtained by GC-MS analyses using a chemical ionization mode with a
50 % NH4/CH, mix as the ionization gas. The *O-content of the final al-
cohol and diol products (or their esterified analogues when applicable)
was determined by the relative abundances of the '®O-labeled with re-
spect to the °O-labeled product. The peak corresponding to the molecu-
lar mass plus ammonium [M+NH,] was used to determine the isotopic
content. The [M+NH,] peaks corresponding to the alcohols or syn-diol
products were computer-simulated to determine their '*O isotopic con-
tent. The following corrections were applied to the simulations to ac-
count for the isotopic purity of H,'®O and H,'"®0, and also for the dilution
of H,"®0 due to the use of aqueous H,O, solutions: a) In reactions run in
the presence of H,'®O (1M, 98% '®O-enriched), corrected values were ob-
tained by dividing the simulated percentage of '®O-labeled alcohol and
160'80-labeled syn-diol by 0.94; b) In reactions run with H,"*0, (10 mwm,
90% '8O-enriched), corrected values were obtained by dividing the simu-
lated percentage of *O-labeled alcohol by 0.90.

Computational details: DFT geometries were optimized at the UB3LYP
level in conjunction with the SDD basis set and associated ECP for Fe,
and the 6-311G(d,p) basis for the other atoms, as implemented in the
Gaussian 09 program.”*! The energies were further refined by single
point calculations by using cc-pVTZ basis set. Enthalpic and free energy
corrections were computed at the UB3LYP/SDD&6-311G(d,p) level.
The final free energies also include acetonitrile solvent effect computed
through PCM-SMD approach and London dispersion effects calculated
using the S. Grimme DFT-D3 method. The connections between the
transition states and minimums in energy of the pathway were checked
by IRC calculations (see the Supporting Information for further details
and full reference).
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