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The oxidation reactions of alkanes with hydrogen peroxide and peracids (peracetic acid (PAA) and
m-chloroperoxybenzoic acid (mCPBA)) catalysed by two Fe(Il) complexes of pentadentate {Ns}-donor
ligands have been investigated. Kineticisotope effect experiments and the use of other mechanistic probes
have also been performed. While the total yields of oxidized products are similar regardless of oxidant
(e.g. 30-39% for oxidation of cyclohexane), the observed alcohol/ketone ratios and kinetic isotope effects
differ significantly with different oxidants. Catalytic reactions in H,0, medium are consistent with the
involvement of hydroxyl radicals in the C—H bond cleavage step, and resultant low kinetic isotope effect
values. On the other hand, catalytic reactions performed using peracid media indicate the involvement
of an oxidant different from the hydroxyl radical. For these reactions, the kinetic isotope effect values are

Dedicated to Dr. Georgiy B. Shul’pin in
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reactions relatively high (within a range of 4.2-5.1) and the C3/C2 selectivity parameters in adamantane oxidation

are greater than 11, thereby excluding the presence of hydroxyl radicals in the C—H bond cleavage step.
Keywords: A low spin Fe(III)-OOH species has been detected in the H,0,-based catalytic system by UV/Vis, mass
i\ig;‘heme spectrometry and EPR spectroscopy, while an Fe(IV)-oxo species is postulated to be the active oxidant in

the peracid-based catalytic systems. Computational studies on the C—H oxidation mechanism reveal that
while the hydroxyl radical is mainly responsible for the H-atom abstraction in the H,0,-based catalytic
system, it is the Fe(IV)-oxo species that abstracts the H-atom from the substrate in the peracid-based
catalytic systems, in agreement with the experimental observations.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction enzymes include soluble methane monooxygenases [6] and Rieske

oxygenases [4,7] (Fig. 1).

The selective functionalization of organic substrate molecules
remains a great challenge in catalysis research [1]. For decades,
considerable efforts have been made to develop robust and selec-
tive homogeneous oxidation catalysts based on transition metals
[2]. Nature employs a number of heme and nonheme iron enzymes
to carry out analogous vital biological transformations, involving
oxidation of substrates that use dioxygen as the ultimate oxidant
[3-5]. These metalloenzymes show high regio- and stereoselec-
tivity and operate under mild conditions [4]. Examples of such
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Inspired by Nature, a wide range of mononuclear nonheme iron
complexes have been synthesized and investigated as catalysts
for the oxidation of alkanes and alkenes, using hydrogen perox-
ide, peracids, or dioxygen as an external oxidant [8-11]. Amongst
these complexes, mononuclear Fe(Il) catalysts bearing tetraden-
tate N4-donor ligands, such as TPA [12], BPMEN [13], BQEN [10b],
S,S-PDP [14], Me2pyTACN, [ 15] Me2MeBzZImTACN [16], deserve special
mention (Fig. 2). Such Fe(II) complexes exhibit excellent catalytic
efficiencies in hydrocarbon oxidation reactions with high stereore-
tention and C—H bond selectivity. An important structural feature
regarding the above-mentioned catalysts is that the Fe(Il) ion has
two cis-coordinated labile sites, which is considered to be a prereq-
uisite for efficient catalytic oxidation.
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Fig. 1. The active site structures of soluble methane monooxygenase (reduced form,
left), and a Rieske oxygenase (right).
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Fig. 2. The structures of the ligands, TPA (1), BPMEN (2), BQEN (3), S,S-PDP (4),
Me2pyTACN (5) and Me2MeBZImTACN (6).

On the other hand, activated bleomycin, a biomolecule and
potential antitumor drug that effects the oxidative cleavage of
DNA and also the oxidation of hydrocarbons [17], contains a low
spin Fe(Ill)-hydroperoxo unit surrounded by five nitrogen donors
[18]. Therefore, oxygen activation and hydrocarbon oxidation by
mononuclear Fe(Il) complexes containing pentadentate ligands
with one labile coordination site have been studied extensively
during the last two decades [19-27]. Reactions with suitable oxi-
dants, e.g. O, H,0,, PhIO, give rise to Fe(Ill)-OOH or Fe(IV)=0
intermediates that have been characterized by various spectro-
scopic techniques [28-30]. In contrast to the ferrous complexes of
tetradentate ligands that have been discussed above, Fe(Il) com-
plexes of pentadentate ligands can form high valent Fe(IV)=0
intermediates that possess relatively high thermal stability, per-
mitting thorough investigations of such high-valent intermediates
in oxidative transformation reactions. In this context, the pen-
tadentate ligand N4Py and its Fe(Il)-complex are noteworthy [19].
Both [Fe!'(OOH)(N4Py)]3* [19a,28] and [Fe!V(0)(N4Py)]?* [29] have
been synthesized from the Fe(Il) precursor complex and charac-
terized. The catalytic activities of the Fe(Il) complex of N4Py have
been studied [20] and the involvement of [Fe!ll(OOH)(N4Py)]?*
and [Fe!V(0)(N4Py)]?* as possible active oxidants during cataly-
sis has been established both experimentally and theoretically
[20,27,30,31].

We have previously demonstrated that successive
replacement of pyridyl substituents of the ligand N4Py by (N-
methyl)benzimidazolyl moieties results in an increase in the rates
of hydrogen atom abstraction reactions and oxo-transfer reactions
by the Fe(IV)-oxo complexes [FelV(O)(L1)]?* and [FelV(0)(L2)]?*
(L' =[N-(1-methyl-2-benzimidazolyl)methyl-N-(2-pyridyl)methyl
-N-(bis-2-pyridylmethyl)amine]; L2 = [N-bis(1-methyl-2-benzimid
azolyl)methyl-N-(bis-2-pyridylmethyl)amine]; Fig. 3) [32]. Here

A

Fig. 3. The structures of the Fe(Il)-complexes, [Fe(L')(CH3CN)]?* (12+) (top) and
[Fe(L2)(CHsCN)J?* (22+) (bottom).

we report the oxidation of various hydrocarbons by H,O, or
peracids, using the complexes [Fe!l(L1)CH;CN)]?* (L=L1!, 12) as
catalyst precursors. Spectroscopic studies of possible reactive
intermediates operating during catalysis are also described. A
detailed theoretical study on the reaction mechanisms involving
H,0, and peracids is described.

2. Results and discussion

The catalytic activities of the two ferrous complexes
[Fe'(L')(CH3CN)](C104); (1) and [Fe''(L?)(CH3CN)](ClO4), (2)
(Fig. 3) were studied in oxidation of different alkanes, utilizing
hydrogen peroxide, peracetic acid (PAA) or m-chloroperoxybenzoic
acid (mCPBA) as co-oxidants. The oxidation reactions were carried
out under standard catalytic conditions (1:100:1000 ratio for cat-
alyst:oxidant:substrate) in acetonitrile at room temperature, and
the results were compared to those for [Fell(N4Py)(CH3CN)](ClO4),.
The oxidant was added using a syringe pump and a large excess of
substrate was used to minimize over-oxidation of the products.

Complex 1 together with H,0, (100 equiv.) oxidizes cyclohex-
ane, and a turnover number (TON) of 21.1 for cyclohexanol and 18.0
for cyclohexanone was obtained with an overall yield of 39% (based
on oxidant). Under similar conditions, for complex 2, a TON of 17.4
for cyclohexanol and 14.7 for cyclohexanone was obtained with an
overall yield of 32% (Table 1). The alcohol/ketone (A/K) ratio was
found to be low (1.2) in both cases, and may be explained by consid-
ering the possible involvement of freely diffusing carbon-centered
radicals that are trapped by molecular oxygen, followed by a Rus-

Table 1

Catalytic oxidation of cyclohexane carried out by complexes 1 and 2 with H,0,?.
Complex TON of AP TON of K¢ Yield (%) A/K KIE4
1 21.1 18 39 1.2 1.5
2 17.4 14.7 32 1.2 1.7

2 Reaction conditions: see Experimental section.

b Cyclohexanol.

¢ Cyclohexanone.

d Kinetic isotope effect was determined for the formation of cyclohexanol from a
competitive reaction of a (1:1) mixture of cyclohexane and cyclohexane-d;;.
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Table 2
Catalytic oxidation of cyclohexane carried out by complexes 1 and 2 with PAA and
mCPBA®.

Table 3
Comparison of catalytic efficiencies between complexes 1, 2 and
[Fe''(N4Py)(CH3CN)](Cl04); (3)? for cyclohexane oxidation.

Complex  Oxidant TONofA®  TONofK®  Yield(%) A/K  KIE! Complex Oxidant Total Yield (%)° AJKC KIE?
1 PAA 3.8 13 5.1 3.0 5.0 1 H,0,°¢ 39 12 1.5
2 PAA 5.2 4.0 9.2 13 5.1 2 Hy0,°¢ 32 1.2 1.7
1 mCPBA 23 6.9 30 33 4.2 3f H,0,¢ 30.5 1.0 1.5
2 mCPBA 223 10.2 325 2.2 4.5 1 mCPBA®? 30 33 4.2
+ Reacti ditions: see Experimental secti 2 mCPBA® 32 22 4.5
eaction conditions: see cxperimental section. 3]1 mCPBA® 33 56 45

b Cyclohexanol.

¢ Cyclohexanone.

d Kinetic isotope effect was determined for the formation of cyclohexanol from a
competitive reaction of a (1:1) mixture of cyclohexane and cyclohexane-d;,.

sell termination step [9]. Addition of 50 mol% (w.r.t. the oxidant,
H,0,) of acetic acid does not lead to any significant improvement
of the overall yield or A/Kratio in cyclohexane oxidation. The kinetic
isotope effect (KIE) was determined for the formation of cyclohex-
anol in competition experiments between cyclohexane and its dq,
isotopomer. The KIE values obtained for complexes 1 and 2 were
1.45 and 1.7, respectively. These low KIE values are consistent with
the involvement of hydroxyl radicals in the rate-determining step
of C—H bond cleavage [9]. When cyclooctane was employed as the
substrate, both cyclooctanol and cyclooctanone were formed. Com-
plex 1 together with H,0, (50 eq.) produced cyclooctanol with a
TON of 3.7 and cyclooctanone with a TON of 14 and an overall yield
of 36%, while complex 2 together with H,0, (100 eq.) produced
cyclooctanol with a TON of 6.6 and cyclooctanone with a TON of
24.7 and an overall yield of 31%.

The oxidation of adamantane by 1/2 was examined to probe the
nature of the H-abstracting species, on the basis of the tertiary to
secondary (C3/C2) C—H bond selectivity. The C3/C2 parameters in
this reaction were small (the normalized C3/C2 ratio obtained was
3.6 for 1 and 4.5 for 2), and thus consistent with the formation of
a highly reactive but poorly selective species. Finally, complexes
1/2 together with H,0, oxidized cis-1,2-dimethylcyclohexane
(cis-DMCH) to both cis- and trans-1,2-dimethylcyclohexanol. The
reaction took place without retention of configuration. Overall, the
reactivity patterns that arise from the oxidation of these mecha-
nistic probes are consistent with Fenton type activation of H,0; to
generate hydroxyl radicals that then attack the substrate, generat-
ing freely diffusing carbon centered radicals [9].

The behaviour of 1/H,0, with olefins also supports the mecha-
nistic conclusions derived from the alkane oxidation reactions by
H,0,. Styrene was converted mainly into benzaldehyde (yield 41%)
and only a small amount of styrene epoxide (yield 3%) was obtained.
Cyclohexene oxidation afforded the corresponding allylic alcohol
and ketone as the major product and a minor amount of cyclohex-
ene epoxide was formed.

Analogous reactions were carried out using peracids. On using
peracetic acid (PAA), both the conversion and turnover numbers
diminished. Complex 1 gave an overall conversion of 5% with a TON
of 3.8 for cyclohexanol (A) and 1.3 for cyclohexanone (K) (A/K=3),
while complex 2 gave an overall conversion of 9% with a TON of 5.2
for cyclohexanol and 4.0 for cyclohexanone (A/K=1.3) (Table 2).
On the other hand, mCPBA exhibited a catalytic efficiency analo-
gous to H,O0,. Complex 1 produced an overall yield of 30%, TON
for A=23, TON for K=6.9, and complex 2 produced an overall yield
32.5%, TON for A=22.3, TON for K=10.2 (Table 2). The A/K ratios
were slightly increased in favour of the alcohol product (complex
1, A/K~3; complex 2, A/K~2). The KIE values estimated in the
competitive oxidation of cyclohexane and its perdeuterated ana-
logue were found to be higher than with H,O, for both complexes
(Table 2). On the basis of the improved A/K ratio and comparatively
high(er) KIE values, significant participation of hydroxyl radicals in
the peracid-based oxidation reactions may be excluded.

2 Reaction conditions: 1:100:1000 for cat:oxidant:sub in CH3CN at RT.

b Total yield of cyclohexanol and cyclohexanone.

¢ Moles of cyclohexanol/moles of cyclohexanone.

d The kinetic isotope effect was determined for the formation of cyclohexanol
from a competitive reaction of a (1:1) mixture of cyclohexane and cyclohexane-d;,.

¢ Under air.

f Ref. [20].

& Under inert atm.

h Ref. [27].

Furthermore, selectivity probes indicated that oxidations with
peracids involve species more selective than those involved with
H,0, (vide supra). For example, in the oxidation of adamantane by
1/peracid, the C3/C2 parameters (oxidation at tertiary C—H bonds
vs. oxidation at secondary C—H bonds) were found to be signifi-
cantly higher (the normalized C3/C2 ratio obtained for 1 was 15.8
with PAA and 11.4 with mCPBA). For complex 2, the normalized
C3/C2 parameters were 15.0 (with PAA) and 12.3 (with mCPBA).
More interestingly, the C3/C2 selectivity/ratio in the oxidation of
cis-DMCH by 1 was around 1 with H,0,, but this selectivity was
found be approximately 12 with PAA/mCPBA. Since tertiary C—H
bonds are weaker than secondary C—H bonds, the observation of
large C3/C2 is indicative of the implication of an oxidant that is
highly sensitive to the strength of the C—H bond. Consequently,
reactions with peracids occur via species much more selective
than those implicated in H,0, reactions, which are likely to be
the hydroxyl radical. However, the oxidation of cis-DMCH occurs
without stereoretention, irrespective of the oxidant employed,
implicating the presence of long-lived carbon centered radicals.

The catalytic efficiencies of complexes 1 and 2 are comparable
to those of [Fell(N4Py)(CH3CN)](ClO4); [20,27] in oxidations uti-
lizing both H,0, and peracids. For example, both complex 1 and
complex 2 convert cyclohexane into cyclohexanol and cyclohex-
anone with overall yields of 39 and 32%, respectively (vide supra),
while the value for [Fe!l(N4Py)(CH3CN)](ClO4), was 30% (Table 3).
The A/K ratio lies in the range 1-2 for all three (pre-)catalysts. The
low KIE values suggest significant participation of hydroxyl radi-
cals in the rate-determining step when H,0, is used as oxidant.
When mCPBA was employed as co-oxidant, the yields were found
to be similar (30% for complex 1, 32.5% for complex 2 and 33%
for [Fe!l(N4Py)(CH3CN)](Cl04),) to those obtained in the analogous
H,0, systems, but the A/K ratio slightly improved in the mCPBA
system (Table 3). The KIE values for all three complexes were high
(in the range 4-5, Table 3) excluding significant participation of
hydroxyl radicals.

3. Study of reaction intermediates formed during catalysis

UV/Vis spectrophotometry was used to identify possible reac-
tive intermediates involved in the oxidation processes effected by
the complex [Fell(L1)(CH3CN)](CF3S03), (1°7) (cf. Experimental
Section for synthesis) with H, O, or peracids. The addition of excess
H,0, to complex 1°7f (0.5 mM) in acetonitrile at room temperature
led to the formation of a transient purple species, having a charac-
teristic absorbance maximum at Apax =535nm (e ~640M~1 cm~1)
(Fig. 4). This species was identified as a [Fe'(OOH)(L")]?* com-
plex (3) by high-resolution mass spectrometry (HRMS) (cf. Figs.
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Fig. 4. The UV/Vis spectra of 1°7 (black line), 3 (red line) and decay product of 3
(blue line) in acetonitrile measured at room temperature. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

150
100
50
04

-504

g=1.98

-100

2000 2500 _3o'oo 35'90 4000 4500 5000
Field (B) in Gauss

Fig. 5. The X-band EPR spectrum (at 80K) of a frozen solution of 1°7 +H,0; in
CH;CN (after mixing at —20°C).

S1-S3, Supplementary material). However, the species decom-
posed during the mass spectrometric measurement to form the
corresponding [Fe!V(O)(L!)]%* species with a prominent mass peak
at m/z 246.0688 (cf. Figs. S1-S3, SI). The transient species 3 has a
half-life of about 3.7 min at room temperature.

An EPR spectroscopy measurement of complex 1°7/H,0, in
CH3CN also indicated the formation of 3 as a low spin Fe!ll species,
exhibiting g-values at 1.98, 2.12, 2.16 (Fig. 5). These values are
very similar to those obtained for a low spin [Fe!'{(OOH)(N4Py)]?*
species (g-values: 1.98, 2.12,2.17) [19a].

The addition of excess H,0, at room temperature to complex 2
in acetonitrile did not lead to purple colouration, rather a brown-
ish yellow colour appeared (Fig. 6), which could presumably be an
Fe(IIT)-OH species. However, HRMS collected for a cooled (—20°C)
acetonitrile solution containing complex 2 with H, O, showed mass
peaks at m/z281.0809 and 661.1125, corresponding to the formula-
tions [Fel'(OOH)(L2)]%* (calc.281.0822) and [Fe'l(OOH)(L2)(ClO4)]*
(calc. 661.1134) (cf. Figs. S4-S6, Supplementary Material). A promi-
nent mass peak at m/z 272.5826, corresponding to [Fe!V(0)(L2)]?*
(calc. 272.5808), appeared; this ferryl complex might be formed by
decomposition of the [Fe''(OOH)(L2)]?* complex during the mea-
surement.

Formation of [Fell(OOH)(L?)]%* was further established by EPR
spectroscopy. Complex 2 in CH3CN together with H,O, (at —20°C)
exhibited EPR signals with g-values 1.98, 2.12, 2.16 (Fig. 7), which
could be assigned to a low spin [Fe!'(OOH)(L2)]?* species (vide
supra).

35
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Fig. 6. The UV/Vis spectra of 2 (black line) and 2 +H,0; (blue line) in acetonitrile
measured at room temperature. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. The X-band EPR spectrum (at 80K) of a frozen solution of 2+ H, 0, in CH3CN
(after mixing at —20°C).
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Fig. 8. The UV/Vis spectral change taking place upon addition of mCPBA to 1°7 (red
line) in CH3CN at room temperature. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

On the other hand, the reaction of 1°7 with mCPBA resulted
in the formation of a transient Fe'V(O) species, as indicated by
UV/Vis spectroscopy and HRMS. The room temperature UV/Vis
spectrum of 197 with excess mCPBA showed the formation of a
transient species with a broad absorbance maximum in the range
720-725nm (cf. Fig. S7, SI). This transient species decayed very
rapidly at room temperature to form a new species (Fig. 8) which
possibly could be an Fe(lII) species.
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Fig. 9. DFT-computed catalytic cycles for the oxidation of methane (H) to methanol (L) by 'A and the oxidants PAA (D) and H,0, (M). All iron species possess a charge of 2*.

The HRMS spectrum of 1°7 together with mCPBA (mixed
at —20°C) showed formation of [FelV(O)(L!)]%* as well as
[FelV(O)(L1)(CF3S03)]* (cf. Figs. S8-S10, Supplementary Material).
The isotopic distribution patterns were found to correspond to
the formulations of dicationic [Fe!V(0)(L!)]%* and monocationic
[FeV(O)(L1)(CF3S03)]*. Therefore, the transient species observed
in the UV/Vis spectra is most likely [Fe!V(0)(L!)]?*, which decays
rapidly at room temperature under the reaction conditions.

4. Computational investigation

The mechanistic pathways involved in the C—H oxidations
employing the peracid and H,0O, oxidants were computation-
ally evaluated by DFT for compound 1 ('A) using methane (H)
as the hydrocarbon substrate; the latter compound was chosen
to simplify the DFT calculations of the oxidation reaction. Fig. 9
shows the computed catalytic cycles starting from the labile MeCN-
substituted compound 1 (1A).

Species 1A has previously been addressed in our recent work
on the formation of nonheme Fe(IV)-oxo compounds derived from
1 ('A) and PhIO [32]. Dissociation of MeCN (B) from A generates
the unsaturated iron species >C. This process is slightly endergonic
with the products lying 8.7 kcal/mol above the starting material.
Coordination of the oxidant PAA gives °E which then eliminates
AcOH (F) to yield the triplet Fe(IV)(oxo) species 3G as the ground-
state. However, the kinetically active species is the corresponding
high spin quintuplet Fe(IV)oxo complex, >G, which lies 2.6 kcal/mol
above the ground-state triplet. H-atom abstraction from methane

(H) by >G occurs in the o-directed rather than w-directed mani-
fold. The underlying theory behind this two-site reactivity model
has been demonstrated by Shaik in related non-heme Fe(IV) species
[33]. Successful H-atom transfer produces the geminate radical pair
61 and 2], and their collapse affords the MeOH-coordinated com-
pound °K. The release of MeOH (L) liberates the oxidation product
and regenerates unsaturated °C, completing the catalytic cycle. The
net reaction (D+H — F+L) is exergonic at —43.5 kcal/mol.

The catalytic cycle employing H,O, (M) proceeds through the
initial coordination of M by >C. While the resulting product °N
is similar to °E, the fate of the coordinated oxidant is different.
Here 0—0 bond homolysis can yield the geminate radical pair °I
and 20 and then hydrogen abstraction from methane (H) by the
hydroxyl radical (20) would yield H,O (P) and the methyl radical
(3]). At this point, just as in the PAA reaction pathway, the col-
lapse of the resulting radicals, I and 2], can give °K, which then
undergoes loss of MeOH (L) and reformation of °C. The net reaction
(H+M — L+P)is exergonic and comparable to the earlier reaction,
liberating —43.8 kcal/mol.

The experimentally observed KIEs using cyclohexane as the
substrate are in general agreement with the expected behaviour
of the active oxidants computed in the two catalytic cycles. The
Fe(IV)(oxo0) species °G, which is produced when PAA (D) is used
as the oxidant, is expected to react more slowly than the hydroxyl
radical (20) that results from O—0 bond cleavage in °N. Application
of the Hammond postulate predicts lower KIE values for C—H/C—D
bond activation from the more aggressive hydroxyl radical.
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5. Summary and conclusions

The complexes [Fe!l(L1)(CH3CN)](ClO4); (1) and [Fel'(L?)
(CH3CN)](ClO4), (2) are competent catalyst precursors for oxida-
tion of alkanes by hydrogen peroxide and peracids (peracetic acid
and m-chloroperoxybenzoic acid). Kinetic isotope effect measure-
ments and alcohol/ketone ratios indicate that when H,0, is used
as an oxidant, a Fenton-type mechanism takes place, where the
metal complex serves to generate hydroxyl radicals that function
as the effective oxidants. Formation of low-spin Fe(Ill)-OOH species
from both 1 and 2 have been detected in the H,0,-based cat-
alytic system by UV/Vis, mass spectrometry, and EPR spectroscopy
and such species may be immediate precursors to hydroxyl radi-
cals, which would be generated by homolytic cleavage of the 0—O
bond. On the other hand, when the peracids are used as oxidants,
relatively high kinetic isotope effects and high C3/C2 selectivity
parameters in cis-DMCH oxidation are detected, effectively ruling
out a Fenton-type mechanism. For these oxidants, we postulate that
the catalytic oxidation mechanism involves [Fe!V(O)(L)]?* (L=L1,
L2) species that react with the substrates. These Fe(IV) oxo com-
plexes have previously been isolated and characterized by reaction
of 1 or 2 with iodosyl benzene [32]. The lack of stereoretention
that is observed in the oxidation of cis-dimethylcyclohexane when
peracids are used as the ultimate oxidants (vide supra) suggests
that the Fe(Ill)-OH species that are generated in the initial hydro-
gen atom transfer step are relatively sluggish oxidants, and that
the rate of epimerization of the substrate (radical) is faster than
the rebound step. It should be noted that theoretical and exper-
imental studies on [Fe!V(O)(N4Py)]?* indicate that the substrate
radical generated upon hydrogen atom transfer may dissociate
before oxygen rebound (leading to facile epimerization) [34]. Over-
all, the catalytic reactivities of the Fe(Il) complexes follow similar
trends (in terms of efficiencies and mechanistic scenarios) to that of
[Fell(N4Py)(CH3CN)](ClO4); and can be regarded to belong amongst
the most efficient nonheme mononuclear iron catalysts.

6. Experimental section
6.1. Materials and methods

All solvents were of at least 99.5% purity and used as received.
Reagents were of at least 99% purity and used without any fur-
ther purification. The reagents and solvents were purchased from
Sigma-Aldrich and Fisher chemicals.

UV/vis spectra and all kinetic experiments were performed on
a VWR double-beam UV/vis spectrophotometer. The reaction mix-
ture in the case of kinetic experiments and the complex solution in
case of spectral scans were placed in a 1cm quartz cell. The mass
spectrometry (ESI) was performed with a Bruker HCT Ultra instru-
ment. The high-resolution mass spectrum (HRMS) was recorded
using a Bruker FTICR APEX IV instrument. EPR spectra (X-band,
9.46 GHz) were recorded on a Bruker ECS 106 spectrometer at
80K using liquid nitrogen. Product analyses were performed on
an Agilent Technologies 7820 A gas chromatograph with a 16 sam-
ple automatic liquid sampler and flame ionization detector. The
products were identified by their GC retention times.

6.2. Syntheses

The Fe(I) complexes, [Fe'l(L1)(CH3CN)](CIO4), (1) and [Fel'(L?)
(CH3CN)](ClO4), (2) were prepared using a literature procedure
[32].

6.2.1. Synthesis of [Fe!l(CH;CN)(L!)](CF3S03), (1°7)
A total of 63 mg (0.15mmol) of ligand L! was taken in a vial
and dissolved in a minimum amount of acetonitrile, To this solu-

tion, 65.4 mg (0.15 mmol) of [Fe(CH3CN),(CF3S03 ), ] in acetonitrile
was added under stirring at room temperature under nitrogen
atmosphere. After stirring for about 30 min, the reaction mixture
was placed into an ethyl acetate bath and stored overnight. The
precipitate was collected by filtration, washed with ethyl acetate,
dried under vacuum and obtained as red solid. Yield: 87 mg (71%).
ESI-MS (in CH3CN): m/z 238.1 [Fe!l(L1)]?* (z=2) calc. 238.1, 625.1
[Fell(L1)(CF3S03)]* (z=1) calc. 625.1. Anal.Cald (%): C 44.18, H 3.34,
N 12.02; Found (%): C 43.94, H 3.77,N 11.91.

6.3. Reaction conditions for catalysis

In a typical reaction, 2 ml of 100 mM (200 wmol) H, 0, (diluted
from 35% H,0, aqueous solution) or 2 ml of 100 mM (200 pmol)
PAA/mCPBA solution in CH3CN was delivered by syringe pump in
air or under nitrogen to a stirred solution of catalyst, i.e. complex 1
(2 pmol), and the substrate (2000 wmol) inside a vial. The final con-
centrations of the reagents were ~0.7 mM iron catalyst, ~70 mM
oxidant, and ~700 mM substrate. After syringe pump addition,
a known amount (500 wl) of biphenyl solution was added as an
internal standard. The iron complex was removed by passing the
reaction mixture through a small silica column followed by elution
with ethyl acetate. Finally, the solutions were subjected to GC anal-
ysis. The organic products were identified, and their yields were
determined by comparison with authentic compounds.

The kinetic isotope effect (KIE) in the reactions were determined
from an equimolar mixture of cyclohexane and cyclohexane-d;; for
those reactions performed under nitrogen atmosphere.

6.4. Computational details and modeling

All DFT calculations were carried out with the Gaussian 09
package of programs [35], using the B3LYP hybrid functional.
This functional is comprised of Becke’s three-parameter hybrid
exchange functional (B3) [36] and the correlation functional of Lee,
Yang, and Parr (LYP) [37]. The iron atom was described with the
Stuttgart-Dresden effective core potential and valence basis set
[38], and the 6-31G(d’) basis set [39] was employed for all remain-
ing atoms. The iron-based structures were optimized as a function
of the spin state and only the lowest energy species are shown in
the catalytic cycle (Fig. 9). Here the superscript number for each
species represents the preferred multiplicity. For those molecules
with a singlet ground-state (B, D, F, H, L, M, and P), the multiplicity
is assumed to be one (2S+1=1) and no multiplicity designation is
specified in the labeling scheme of the catalytic cycle.

All reported geometries were fully optimized, and evaluation of
the analytical Hessian showed each stationary point to be an energy
minimum (no negative eigenvalues). Unscaled vibrational frequen-
cies derived from the analytical Hessian were used to calculate the
zero-point and thermal corrections to the electronic energies. The
resulting free energies are reported in kcal/mol relative to the speci-
fied standard. Standard state corrections were applied to all species
to convert concentrations from 1atm to 1 M according to the trea-
tise of Cramer [40]. The geometry-optimized structures have been
drawn with the JIMP2 molecular visualization and manipulation
program [41].
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