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Iron(ll) a-Aminopyridine Complexes and Their Catalytic
Activity in Oxidation Reactions: A Comparative Study of
Activity and Ligand Decomposition

Matthew Lenze,” Erin T. Martin,” Nigam P. Rath,” " and Eike B. Bauer*"

New well-defined Fe'" complexes bearing bi- and tridentate a-
aminopyridine ligands were synthesized, and their catalytic ac-
tivity in the oxidation of hydrocarbons and alcohols utilizing
peroxide oxidants was investigated. The tridendate bis-
(picolyl)amine ligand 6 and its benzylated analogue 7 were
converted into complexes [Fe'(6),]OTf, (96%, X-ray; OTf=
CF,S0;") and [Fe'(7),]OTf, (90%). The bidentate aminopyridine
ligand 8 was converted into [Fe"(8),(OTf),] (93%, X-ray). The
new complexes are catalytically active in the oxidation of sec-
ondary alcohols and benzylic methylene groups to the corre-
sponding ketones, of toluene to benzaldehyde, and of cyclo-
hexene to cyclohexene oxide (3 mol% catalyst, tBuOOH
(4 equiv), RT, 2-6 h, 28 to 85% yield of isolated product). The
catalytic oxidation of cyclohexane with ROOH (R=H, tBu) to an
alcohol/ketone mixture with low ratio revealed that these oxi-
dations follow largely a radical mechanism, except when

Introduction

Iron catalysis has emerged as a lively area of research in recent
years.l" Iron is less toxic than other transition metals typically
utilized in catalysis and, owing to its abundance, it is readily
available at a reasonable cost. Consequently, iron salts or com-
plexes have been increasingly applied as catalysts in a variety
of organic transformations, such as in C—C,”» C—N,® and C—P™
bond-forming reactions, heteroatom-heteroatom bond-form-
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[Fe"(6),]0Tf, was employed and H,0, was added slowly. To-
gether with known bi- and tetradendate iron complexes,
a comparative study showed slight reactivity differences for
the newly prepared complexes, with the highest observed for
[Fe"(6),]0Tf, and [Fe'(7),]JOTf,. The reaction of the new com-
plexes with peroxides was followed over time by UV/Visible
spectroscopy; this revealed a fast reaction between the two re-
actants within minutes. Ligand-decomposition pathways were
investigated, and revealed that the NCH, units of the com-
plexes are rapidly oxidized to the corresponding amides NC=
0. The iron complex [Fe'(6),]OTf, showed no decrease in cata-
lytic activity and a moderate decrease in selectivity when first
subjected to oxidative conditions similar to those employed in
catalysis. Thus, oxidative ligand deterioration had a marginal
effect on the catalytic activity of the iron complex [Fe'(6),]OTf,.

ing reactions,” reductions,’® and polymerizations” as well as
other functional-group interconversions.”®

Iron-based systems have also been investigated as catalysts
in oxidation reactions of organic substrates. Fenton chemis-
try—that is, the oxidative power of iron salts in combination
with peroxides—has been known for over 100 years.”) Gif and
GoAgg chemistry was popularized at the beginning of the
1980s by Barton and utilizes similarly simple conditions: the
combination of iron or iron salts and acetic acid in pyridine
that oxidatively functionalizes alkanes utilizing dioxygen or
peroxides as the terminal oxidants."” The mechanism for both
systems is still the objective of current research,"” and the
nonradical mechanism originally suggested by Barton"? has
been subsequently challenged."® Owing to the possible in-
volvement of radicals in Fenton and Gif chemistry, their applic-
ability in the synthesis of complex organic molecules is limited.
Consequently, these systems have not been employed exten-
sively in the synthesis of fine chemicals, and Fenton chemistry
is utilized for wastewater treatment, in which the oxidative de-
composition of organic compounds in solution is the final
goa|‘[l4]

Hence, recent research efforts have been directed towards
iron catalysts that can be utilized in synthetically useful oxida-
tion reactions under milder conditions in a more predictable
manner. These research efforts are inspired by heme and non-
heme enzymes such as the cytochrome P450 family"™ or the
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methane monooxygenase' that can be found in nature.
These enzymes accomplish oxidation reactions under physio-
logical conditions, and feature well-defined, iron-containing co-
factors bearing N-coordinating ligands in their coordination
sphere. Research efforts have been targeted towards artificial
iron complexes mimicking the active sites of the enzymes
found in nature.'*” These research efforts afforded a number
of catalyst systems that show high efficiencies and selectivities
in oxidation reactions."® Some of these complexes are formed
in situ™ and have been successfully employed in the oxidation
of alkanes,”™ benzylic methylene groups,?” and alcohols;*? in
oxidative cleavage reactions;* and in the epoxidation of al-
kenes.”” It appears that well-defined, preformed nonheme iron
complexes perform notably well in oxidation reactions, for ex-
ample, White's iron complex 5, which selectively oxidizes terti-
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ary CH units to the corresponding alcohols.”” Iron complexes
of the tris(2-picolyl)amine (tpa) ligands 1 and BPMEN (2a) were
utilized by Que for alkane oxidations with high alcohol/ketone
ratios.”® The ligands 2b-d,*” 3,¥ and bispidine® have also
been employed in the synthesis of well-defined, catalytically
active iron complexes, and, as a consequence, the application
of these systems in the synthesis of complex organic mole-
cules has become increasingly popular.®”

Still, existing oxidation systems suffer from some drawbacks,
such as insufficient turnover numbers (TONs) or selectivi-
ties.2%3" potential issues are the involvement of radicals in the
course of the oxidation reactions and oxidative ligand-decom-
position pathways, which potentially can lead to catalyst deac-
tivation.®? The search for improved iron-based catalyst systems
for oxidation reactions utilizing peroxide oxidants is, thus, on-
going.

As part of our long-standing research interest in iron-based
catalysis, we are especially interested in how the ligand struc-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ture can impair the catalytic activity of an iron complex.*® We
recently reported a series of iron complexes [Fe(4),(OTf),]
(OTf=CF;SO;") bearing a-imino pyridine ligands 4, which we
successfully employed as catalysts in the oxidation of activated
methylene groups and secondary alcohols with tBuOOH to
obtain the corresponding ketones (4 h, RT, 3% catalyst loading,
22-91% yield of isolated product).®** Sterically and electroni-
cally tuned ligands 4 were employed in the synthesis of the
corresponding a-imino pyridine iron complexes; however, such
tuning efforts had only limited impact on the catalytic activity,
which was comparable for all complexes of that specific library.
We speculated that ligand architectures could impair the cata-
lytic activity of complexes, and decided to compare the effi-
ciency of different types of ligands in iron-based oxidation sys-
tems.

Herein, we describe the synthesis and characterization of
new iron mono- and bis(2-picolyl)amine complexes and their
catalytic activity. We compare the activities of these new com-
plexes with those of known complexes previously employed in
the title reactions. We furthermore report ligand-decomposi-
tion pathways for the iron complexes and how such ligand de-
terioration impairs the activity of the catalyst system. Finally,
mechanistic studies were performed to identify intermediates
and to assess to what extent radicals may be involved in the
reactions.

Results
Synthesis of new iron complexes

For comparative studies, we first selected a set of nitrogen-
based ligands that differ significantly in their architecture and
denticity and converted them to their respective iron com-
plexes. The tpa complex [Fe'(1a)(OTf),] is known and was syn-
thesized according to literature procedures,®” and will subse-
quently be referred to as [Fe'(tpa)(OTf),]. Likewise, complex
[Fe"(4a),(OTf),] has been synthesized and characterized previ-
ously in our laboratory.**

To investigate different denticities, we utilized the commer-
cial, tridentate bis(2-pyridinylmethyl)lamine (bpa) ligand 6
(Scheme 1). This ligand has been converted previously to iron
complexes of the formula [Fe"(6)Cl,]®* and [Fe"(6),]X, (X=CI",
Br),B and their utilization as catalysts in oxidation reactions is
about to emerge.”” It is known that L,Fe" complexes can form
relatively stable oxo-bridged iron dimers of the general formu-
la [L,Fe—O—FeL,].”¥ Complex [Fe"(6),]Cl, dimerizes in solution
and is oxidized in the air to an oxo-bridged Fe" dimer.>s"
Some oxo-bridged iron complexes show catalytic activity in
alkane oxidations;®? however, they tend to be less efficient
than the enzymes found in nature,”*”’ and the stability reported
for some of these systems might, in the present context, slow
down or inhibit catalytic cycles. Simple halide counterions can
firmly coordinate to the iron center and impede substrate co-
ordination to the metal; for this reason, complex [Fe"(tpa)Cl,]-
(CIO,) did not catalyze the oxidation of cyclohexane utilizing
H,0,.?% Preliminary data from our own laboratory also showed
that complex [Fe'(6),]Cl, exhibited low catalytic activity in oxi-
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Scheme 1. Synthesis of iron complexes.

dation reactions and its chemistry was, thus, not pursued fur-
ther.

Therefore, next we targeted iron complex [Fe"(6),]OTf,
which features OTf (=CF;50;7), a readily displaceable counter-
ion, and two tridentate bpa ligands 6 in its coordination
sphere, potentially inhibiting bimolecular decomposition path-
ways®"! and the formation of stable oxo-bridged dimers.
[Fe"(6),J0Tf, was obtained by combining [Fe"(OTf),] and two
equivalents of 6 in CH;CN. Crystallization with diethyl ether af-
forded iron complex [Fe"(6),]OTf, as a red solid in 96% yield
(Scheme 1).

The acidity of the N—H unit in 6 might increase significantly
upon coordination to a metal center. To investigate the influ-
ence of the N—H unit on the catalytic activity, we replaced the
hydrogen in ligand 6 by a benzyl group, affording the
known™? bis(2-pyridylmethyl)benzyl amine (bpba) ligand 7. It
has been employed previously in the synthesis of oxo-bridged
diiron complexes of the general formula [Fe",(O)(OOR)(7)I-
(C10,),.*” However, to the best of our knowledge, the related
complex [Fe"(7),]OTf, has not yet been reported. Combining

two equivalents of ligand 7 and one equivalent of [Fe"(OTf),]
afforded, after workup by crystallization, complex [Fe'(7),]0Tf,
in 90% yield as a red-tan powder.

It has been suggested in the literature that two tridentate li-
gands in the coordination sphere of iron complexes might in-
hibit catalytic cycles, as they occupy all six coordination sites
at the metal center.® For direct comparison with imine Ii-
gands 4, we synthesized bidentate a-aminopyridyl ligand 8 by
reductive amination of 2-pyridine carboxaldehyde with 2-me-
thoxyaniline by following a literature procedure for the related
ligand 6.5°¥ Ligand 8 was converted in a procedure similar to
those described above to the iron complex [Fe"(8),(OTf),],
which was obtained as a purple solid in 93% vyield of isolated
product. We also tried to convert other a-aminopyridyl ligands
to their respective iron complexes, but solubility issues ren-
dered workup efforts and catalytic applications impossible.

Characterization of the new iron complexes

The new complexes [Fe"(6),]OTf, [Fe'(7),]OTf, and [Fe'(8),-
(OTf),] were analyzed by MS, IR, X-ray diffraction, UV/Visible, 'H
and "F NMR spectroscopy, magnetic measurements, and ele-
mental analyses. The NMR spectroscopy, UV/Visible, magnetic
moment, and IR data for the complexes are compiled in
Table 1.

Complex [Fe'(6),]0Tf, has been synthesized previously with
bromide®® and iodide counterions.*®® However, none of
these previously reported complexes have been analyzed by
NMR spectroscopy and were reported to adopt a low-spin con-
figuration.®® Complex [Fe'(6),]JOTf, exhibited a magnetic
moment (u.4=1.83 BM, determined with a magnetic suscepti-
bility balance) and features well-resolved 'H and *C NMR spec-
tra in the diamagnetic regions. However, some line broadening
was observed in the 'H NMR spectrum, and it was not in com-
plete agreement with the structure shown in Scheme 1 (as de-
termined by X-ray diffraction, see below). In addition, the mag-
netic moment is not exactly zero as expected for a low-spin
Fe' complex. Thus, we recorded low-temperature 'H NMR spec-
tra (provided in the Supporting Information), and at —50°C,
a new set of sharp signals appeared in the spectrum, which is
in agreement with the structure of [Fe"(6),]OTf, as shown in
Scheme 1. It appears that the complex exhibits dynamic be-
havior at room temperature. The trans isomers were deter-
mined by X-ray diffraction for [Fe"(6),]Br, and [Fe"(6),]Cl,.”%
The dynamic behavior of [Fe"(6),]JOTf, at room temperature
might explain its intermediate effective magnetic moment of
1.83 BM.

Table 1. Selected physical data of the new iron complexes.

IR, vy [em™'] UV/Visible® Magnetic moments'® °F NMR

free ligand/complex Amax [CH,Cl,] [nm] e[M'em™] e [BM] o [ppm] v, [Hz]
[Fe'(6),]*" 3316/3245 435 7450 (MLCT) 1.83 -78 38
[Fe'(7),** -/- ~550 <100 (d-d) 4.40 -79 36
[Fe'(8),12" 3391/3248 ~550 <100 (d-d) 463 —64 5100

[a] In CH,CN, with concentrations ranging from 0.3x 1073 to 1.4x 107> M. [b] In the solid state at 298 K, determined with a magnetic susceptibility balance.
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Complex [Fe"(7),]OTf, also bears two tridentate ligands 7 in
its coordination sphere, and two OTf anions serve as counter-
ions, as confirmed by elemental analysis, '°F NMR spectroscopy,
and MS. As opposed to [Fe'(6),]JOTf, complex [Fe'(7),]OTf, is
paramagnetic (u.s=4.40 BM). As a consequence, its 'H NMR
spectrum shows large paramagnetic shifts between 6 =-20
and 120 ppm, which have previously been reported in the lit-
erature for related high-spin Fe'" systems, and often not all res-
onances can be observed.?723%

The aminopyridyl complex [Fe"(8),(OTf),] bears two biden-
tate ligands 8 and two OTf ligands in the coordination sphere.
This complex is also paramagnetic (u.=4.63 BM), and features
large paramagnetic shifts between d=0 and 120 ppm in the
'"HNMR spectrum. The general formulation [Fe'(8),(OTf),] is
also confirmed by elemental analysis and MS.

To assess the position of the OTf counterion in solution,
FNMR spectra of the three complexes were recorded in
CD;CN. Non-coordinated OTf counterions give solvent-depen-
dent resonances around 0=—70 ppm that shift significantly
downfield upon coordination to Fe'" In complexes
[Fe"(6),]OTf, and [Fe"(7),]OTf,, the '"F NMR spectra resonances
were observed between 6=-78 and —79 ppm (Table 1),
which is consistent with free, non-coordinated OTf. The widths
at half height (v,,,) for the '°F NMR spectroscopic resonances
for the two complexes are 38 and 36 Hz for the two com-
plexes, respectively. The small widths at half-height are indica-
tive of the absence of dynamic processes in solution involving
the OTf counterion,”’ as all six coordination sites are occupied
by the two tridentate ligands.

In the amino pyridine complex [Fe'(8),(OTf),], two coordina-
tion sites are occupied by the weakly coordinating OTf anion,
and its '°F NMR spectrum exhibited a very broad resonance
around 6 =—64 ppm (v,,,~5100 Hz). The OTf ligand appears
to rapidly exchange with the CD;CN solvent, which leads to
significant line broadening of the resonance. The large v,
value is indicative of dynamic processes in solution involving
the OTf counterion.”’?

The UV/Visible spectra of the three complexes were record-
ed in CH,CN and CH,Cl, and only [Fe"(6),]OTf, features
a metal-to-ligand charge transfer (MLCT) band at =435 nm
(Table 1 and Figure 1, which shows the traces recorded in

8000 - .
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K
gsoo04i [ e [Fe'(7),10Tf,
© E
L 4000 i ”
< 3000 - --- [Fe'(8),]OTf,
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0 - ~.r..::::::r- ------ T T T
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A/nm

Figure 1. UV/Visible spectra of [Fe'(6),]0Tf, (solid line), [Fe"(7),]OTf,, and
[Fe"(8),(0Th),].
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CH;CN). The molar absorptivity ¢ of the MLCT band is
7450Mm~'ecm™' in CH,CN and is typical for MLCT bands (solid
trace in Figure 1); both the wavelengths and the high values
for the molar absorptivity are typical for Fe" complexes with N-
coordinating donor ligands and have been reported previously
for structurally related species.”’>**%) The UV/Visible spectra
barely changed when recorded in non-coordinating CH,Cl,
(the spectra are given in the Supporting Information). The simi-
larities of the UV/Visible spectra in coordinating CH;CN and
non-coordinating CH,Cl, suggest that the structure of the com-
plexes in solution are identical, that is, the CH,CN solvent itself
does not displace the ligands or one of its coordinating N-
donor atoms; similar conclusions were drawn from UV/Visible
data for related iron complexes with nitrogen-donor atoms.”"
The other two complexes [Fe"(7),]JOTf, and [Fe"(8),(OTf),] did
not exhibit MLCT bands; they show very weak and broad ab-
sorbances around 550 nm, which could, owing to their low in-
tensity (e <<100M~'cm™"), be d-d transitions (dotted and
dashed traces in Figure 1).1°

The IR spectra of the new complexes exhibited strong bands
for the OTf counteranion. Non-coordinated OTf typically exhib-
its IR stretches at 1268, 1223, 1143, and 1030 cm™; the solid-
state IR spectra of the three complexes also showed four com-
parable signals; some of the signals are desymmetrized for
[Fe"(8),(0Tf),] and exhibited shoulders, as previously reported
for OTf coordinated to metal centers®***’ The complexes
[Fe"(6),]OTf, and [Fe"(8),(OTf),] feature N—H units in their li-
gands. Absorptions were observed at 3245 and 3248 cm™', re-
spectively, which are about 100 cm™ lower than the corre-
sponding absorbances of the free ligands (Table 1). This shift in
the absorbances indicates that the N—H unit is coordinated to
the iron center.

To unequivocally establish the structures of the new iron
complexes, the X-ray structures of complexes [Fe"(6),]JOTf, and
[Fe"(8),(OTf),] were determined (Figure 2). Crystallographic pa-
rameters are given in Table 2 and key bond lengths and angles
are compiled in Table 3.

For complex [Fe"(6),]OTf,, the bond angles for the N atoms
in cis positions about the iron center range from 82.54(9) to

Figure 2. X-ray structures of [Fe"(6),]*"-+OTf (left) and [Fe"(8),(OTf)(CH,CN)]*
(right). Hydrogen atoms, solvent molecules, and one of the OTf counter ions
have been omitted for clarity. Plots giving thermal ellipsoids are given in the
Supporting Information.
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Table 2. Crystallographic parameters.

[Fe"(6),]0Tf,

[Feu(s)zOszl

empirical formula

MI’

T K]

ATA]

crystal system
space group
alAl

b [A]

cAl

al’]

Bl

y []

VA%

V4

Peaica IMgmM ]
w[mm™]

F(000)

crystal size [mm?]
6 range for data
collection [°]
index ranges

reflections collected

completeness to
6=25.00° [%]

refinement method

data/restraints/
parameters

GOF on F?

final R indices
[I>20(N]

R indices

(all data)

absolute structure
parameter

largest diff. peak and
hole [eA~3]

independent reflections

absorption correction

max. and min. transmission

CseHsgF1oFe;N1404,5,

1587.10
100(2)
0.71073
monoclinic
PN
16.9936(10)
9.3511(6)
20.5805(12)
20
102.006(3)
20

3198.9(3)

2

1.648

0.692

1624
0.28x0.27 x0.20
2.02 to 32.18

—25<h<25
—13<k<13
—30<1/<30

139854

21639 [R(int) =0.0636]
100.0

semi-empirical from
equivalents

0.8717 and 0.8277
full-matrix
least-squares on F>
21639/15/937

1.021
R,=0.0468,
WR,=0.1148
R,=0.0579,
wR,=0.1222
0.669(9)

1.381 and —0.761

CaoHy;FsFeN;055-
(CH;CN)(CF;S05)
864.62

100(2)

0.71073

triclinic

Pi

10.5308(6)
13.4426(8)
13.9190(9)
75.702(3)
77.494(3)
79.812(3)
1848.13(19)

2

1.554

0.609

888
0.22x0.10x0.09
1.95 to 26.60

—13<h<12
—16<k<16
—17<1<17

4241

7510 [R(int) =0.0521]
98.6

semi-empirical from
equivalents

0.9461 and 0.8791
full-matrix
least-squares on F?
7510/51/516

1.015
R,=0.0391,
WR,=0.0822
R,=0.0629,
wR,=0.0921

0.696 and —0.483

Table 3. Key bond lengths [A] and angles [°].

[Fe"(6),]OTf,

[Fe"(8),]OTf,

Fe2—N7
Fe2—N8
Fe2—-N9
Fe2—-N10
Fe2—-N11
Fe2—N12
N11-C43
N8—C30
C29-C30
C43-C44
N8-Fe2-N9
N9-Fe2-N10
N7-Fe2-N11
N7-Fe2-N10
N8-Fe2-N12

1.964(2) Fe1-N1
2.006(2) Fe1-N2
1.997(2) Fe1-N3
1.986(2) Fe1-N4
2.011(2) Fe1-N5
1.990(2) Fe1-01
1.487(4) N2—Cé
1.480(4) N4-C19
1.521(5) C5—Cé6
1.479(4) c18—C19
82.51(10) N1-Fel-N2
97.02(9) N2-Fe1-N3
94.33(10) N1-Fe1-N5
178.06(8) N1-Fel-N3
175.45(10) N2-Fel1-N5
N2-Fe1-O1

2.1463(19)
2.257(2)
2.1577(19)
2.249(2)
2.160(2)
2.0879(17)
1.474(3)

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

98.26(9)° and those in trans positions range from 174.15(7) to
178.06(8)°. The structure is, thus, best described as distorted
octahedral. The N-Fe-N bond angles within the ligands range
from 82.54(9) to 85.78(9)°, whereas they range from 91.04(9) to
101.9(2)° between ligands. Thus, the average “bite angle” for
ligand 6 is around 84°, which might be responsible for the dis-
tortion of the complex. The Fe—N bond lengths are between
1.984(2) and 2.011(2) A, which are typical for low-spin Fe" com-
plexes. The two OTf counterions are not coordinated to the
iron center. There is a hydrogen bond between the S—O units
of the OTf and the N—H group of the ligand (Figure 2, left),
ranging from 2.0 to 2.3 A, which has been reported previously
for related complexes with ClI= or Br~ counterions.>® The
bond lengths and angles for [Fe"(6),]JOTf, closely match the
corresponding values of complexes [Fe"(6),]X, (X=CI~, Br?),
which have been structurally characterized previously.*? As
outlined above, there is an interesting difference in the coordi-
nation mode of ligand 6 in these two complexes with halide
counterions and in complex [Fe"(6),]J0Tf,. In complexes
[Fe"(6),]X, (X=CI~, Br7), the two N—H groups occupy positions
trans to each other.”® However, the N—H units are located cis
to each other in complex [Fe'(6),]0Tf,, and trans to a pyridyl
ring in the solid state. At room temperature, the complex
shows dynamic behavior in solution, and it appears that the
isomer with the N—H groups cis to each other crystallizes out
of solution (the crystals for X-ray diffraction were grown at
—18°C). Complexes [Fe"(6),]Cl, and [Fe'"(6),]Br, were not inves-
tigated by NMR spectroscopy in solution.®® It is possible that
those complexes also show dynamic behavior in solution at
room temperature, but owing to the different counterions, the
other isomers precipitate out of solution.

For complex [Fe'(8),(OTf),], the bond angles for N atoms in
cis positions about the iron center range from 76.37(7) to
94.71(7)° and for those in the trans positions around 169.4°.
The structure is, thus, also best described as distorted octahe-
dral. The two N—H units are in cis positions to each other, as
observed for complex [Fe'(6),]OTf,. The N-Fe-N bond angles
within the ligands are 76.37(7) and 75.59(7)°, respectively, and
94.71(7) and 98.32(7)° between ligands. Thus, the average “bite
angle” for the amino pyridyl ligand 8 is around 75°, also lead-
ing to the distortion of the octahedral coordination geometry
for the complex. The Fe—N bond lengths are between
2.1463(19) and 2.257(2) A, which are about 0.2 A longer than
those for [Fe'(6),]OTf,. Complex [Fe"(8),(OTf),] has a high-spin
configuration as determined by magnetic measurements
(Table 1), and it has previously been reported that Fe"-N bond
lengths for high-spin complexes are around 2.2 A and about
0.2 A longer than those of corresponding low-spin complexe-
s.%63% The X-ray structure of [Fe"(8),(OTf),] reveals that one of
the OTf ions is coordinated to the metal center whereas the
other one serves as the counterion. The remaining coordina-
tion site is occupied by a CH;CN solvent molecule. In the origi-
nally isolated complex, there was no evidence for the presence
of CH,CN, as assessed by elemental analysis and IR data. We
assume that its presence in the coordination sphere observed
in the X-ray structure is a result of the crystallization procedure

ChemPlusChem 2013, 78, 101-116 105


www.chempluschem.org

CHEMPLUSCHEM

employed to obtain X-ray-quality crystals, which involved
CH4CN as solvent.

The synthetic efforts described in this section afforded three
well-defined iron complexes [Fe'(6),]OTf, [Fe"(7),]0Tf, and
[Fe"(8),(OTf),] which, with the previously synthesized com-
plexes [Fe"(4a),(OTf),] and [Fe'(tpa)(OTf),] were subsequently
employed in catalytic studies.

Catalysis and catalytic efficiency

The oxidation of cyclohexane is used frequently as a bench-
mark reaction to investigate catalytic selectivity and mechanis-
tic pathways."" In these test reactions, a large excess amount
of the substrate over the peroxide oxidant is employed typical-
ly to avoid overoxidations.”® The alcohol/ketone ratio of the
oxidation products gives information about the course of the
reaction, which is high for metal-centered mechanistic path-
ways and low for free-radical oxidation reactions (see
below).”® Accordingly, we employed various cyclohexane/H,0,
or cyclohexane/tBuOOH ratios and the relevant results are
compiled in Table 4.

Table 4. Cyclohexane oxidation.”

Reaction time Peroxide/substrate Alcohol/ketone
[min] ratio ratio
Cyclohexane oxidation with fast addition of H,0,”

[Fe"(6),1** 120 0.1 0.25

240 0.1 0.25
[Fe"(7),]** 120 0.1 0.25
[Fe"(8),(OTf),] 120 0.1 033

Cyclohexane oxidation with slow addition of H,0,"

[Fe'(6),1°" 25 0.01 6.6
[Fe"(7),]** 25 0.01 1.1
[Fe"(8),(0Tf),] 25 0.01 1.5
“19” 25 0.01 3.0

Cyclohexane oxidation with tBuOOH (slow addition of
a dilute solution)™

[Fe"(6),1** 25 0.1 0.5
[Fe"(7),>* 25 0.1 0.66
[Fe"(8),(0Tf),] 25 0.1 0.66

[a] Peroxide/catalyst ratio=10. Details are given in the Experimental Sec-
tion. [b] Fast addition of H,0, to the reaction mixture. [c] Slow addition
over 25 min of a dilute 90 mm H,0, or tBUOOH solution to the reaction
mixture.

For the oxidation reactions with H,0,, the alcohol/ketone
ratios obtained strongly depend on the cyclohexane/H.,0, ratio
and the manner in which the peroxide oxidant was added to
the reaction mixture. When the peroxide solution was added
rapidly to a solution containing the cyclohexane substrate and
the catalyst, a low alcohol/ketone ratio ranging from 0.25 to
0.33 was detected by GC, irrespective of the cyclohexane/oxi-
dant ratio.

However, when H,0, was added as a dilute solution of
90 mm over the course of 25 min by syringe pump to the reac-
tion mixture at a 0.01 H,0O,/cyclohexane ratio, the alcohol/
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ketone ratio was much higher (6.6) for [Fe"(6),]OTf,. The alco-
hol/ketone ratio was still >1 for [Fe'(7),]OTf, and [Fe'(8),(OTf),]
under these conditions. A high concentration of radicals
formed from the peroxides promote free-radical chain mecha-
nisms, which result in low alcohol/ketone ratios.*® When H,0,
is added slowly as a dilute solution, the concentration of free
radicals is minimized, and iron-centered [Fe"=0] species
formed by a reaction of the peroxide with the iron complex
might be the actual oxidant™® through insertion of the oxygen
into a C—H bond of the cyclohexane to give cyclohexanol,
which results in a high alcohol/ketone ratio (see below). It ap-
pears that complex [Fe'(6),]OTf, promotes a mechanistic path-
way through an iron-oxo species, as seen from the high alco-
hol/ketone ratio of 6.6, which is on the same order as reported
for iron complexes with tetradentate ligands such as [Fe'(tpa)-
(OTf)Z].[Zsl

On the other hand, when tBuOOH was employed as the oxi-
dant, the alcohol/ketone ratio was always low (0.5-0.66) and
showed barely a change with the tBuOOH/cyclohexane ratio or
on how the oxidant was added to the reaction mixtures. It has
been reported that tBuO- radicals readily diffuse and can
induce radical chain reactions involving dioxygen, which result
in a low alcohol/ketone ratio (see below)."*"

The alcohol/ketone ratios did not significantly change when
the experiments were performed under inert conditions. When
the iron complexes were combined with the peroxide oxidants
without substrate, we typically observed some heat evolution
and occasionally bubbling, which might be evidence for cata-
lase activity, that is, peroxide decomposition to water and
oxygen. The systems could create their own oxygen atmos-
phere under inert conditions, which would explain the out-
come of the observed low alcohol/ketone ratios.

Next, we employed complex [Fe"(6),]OTf, in oxidation reac-
tions of activated methylene groups, secondary alcohols, and
cyclohexene utilizing tBUOOH as the oxidant (Table 5, which
also includes the previously reported yields obtained with [Fe'-
(4a),(OTf,)]).5%

At a tBuOOH/substrate ratio of 4:1 and a catalyst load of
3 mol%, after 4h at room temperature the corresponding
ketone products were obtained in 34 to 85% vyield of isolated
product. Toluene was oxidized to benzaldehyde in 57% yield
and cyclohexene to the corresponding epoxide in 28% yield
utilizing similar conditions. Primary alcohols were not oxidized
under the conditions in Table 5. Preliminary GC studies showed
that the conversions for the other two complexes [Fe'(7),]OTf,
and [Fe'(8),(OTf),] synthesized for this study were comparable.
As [Fe"(6),]OTf, is the most easily accessible complex, it was
employed for further studies.

The previously synthesized imine complex [Fe"(4a),(OTf),]
gave yields of isolated product between 22 and 91% for the
reactions illustrated in Table 5. The yields for the oxidation of
“doubly activated” substrates such as diphenylmethane or an-
thracene were comparable for the two complexes [Fe'(6),]OTf,
and [Fe"(4a),(OTf),]. With imine complex [Fe"(4a),(OTf),] yields
of isolated product were lower for the oxidation of secondary
alcohols to their corresponding ketones. As opposed to amine
complex [Fe"(6),]OTf,, imine complex [Fe"(4a),(OTf),] did not
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Table 5. Oxidation reactions employing iron complexes [Fe"(6),]OTf, and
[Fe'(4a),(OTf),] as catalyst and tBUOOH as oxidant.
Entry Substrate (9) Product Yield of Yield® of
(10)® [Fe'(6),1** [Fe(4a),]*
[%][b] [%][b]
® X
1 Sy s s
o
2 76 74
(0]
o
o
4 ©A ©* 34 47
o
5 @O ©ij 71 22
OH o)
6 Hytne At 69 -
OH (0]
7 ké?/\ Jd?)& 67 47
OH (0]
CO" O s s
s O o 57 -
o (o 2 -
[a] Typical conditions: Substrate (0.6 mmol), tBUOOH (2.4 mmol), and cata-
lyst (3 mol%), 4 h at room temperature in CH;CN/pyridine (1:1, 2 mL). The
products were isolated by using column chromatography. [b] Yield of iso-
lated product.

show catalytic activity at all for the oxidation of toluene or cy-

clohexene.

To obtain additional informa- 0 -
tion for catalytic efficiencies, we
followed the oxidation of diphe- 35

nylmethane with tBuOOH
(entry 2 in Table 5) by GC at the
significantly reduced catalyst
loading of 0.3 mol% over 3 h for
all iron complexes [Fe'(6),]OTf,,
[Fe"(7),]O0Tf,, and [Fe'(8),(OTf),]
utilized for this study. The
known complexes [Fe'(tpa)-
(OT),] and [Fe"(4a),(OTf),] were
also investigated under the
same conditions. The traces are

w
o
L

N
(9]

e
(9]
L

5 —

Relative Product Formation / %
P N
o o

largely follow a pseudo-zero-order rate law and the k., values
are derived from the slopes of the linear trends. A trace for ma-
terial “19” that was obtained by pretreatment of [Fe"(6),]OTf,
with tBUOOH is included as well (see below).

As can be seen from Figure 3, the catalytic activity is about
comparable for complexes [Fe'(6),]OTf, and [Fe"(7),]0Tf, (k,p, =
0.19 and 0.1 min™"). It is slightly lower for [Fe'(tpa)(OTf),], [Fe'-
(4a),(0TH,], and [Fe"(8),(0Tf),] (k. =0.045, 0.059, and
0.018 min~", respectively). Complex [Fe'(4a),(OTf),] also gave
lower yields for some of the oxidation reactions in Table 5,
which is in accord with its lower activity than [Fe"(6),]OTf,.
However, in general, the catalytic activities of the complexes
do not differ greatly.

Experiments to better understand the course of the oxida-
tion reactions

The course of iron-catalyzed oxidation reactions with peroxide
oxidants is still an objective of current research. A simplified
mechanistic picture for ROOH is outlined in Scheme 2 (R=H,
tBu).l">*84) |t seems to be generally accepted that the reaction
of an iron complex with ROOH first yields an iron-peroxo spe-
cies [Fe"-O—O-R] (11), which has been described as not oxi-
dizing organic substrates and is only a precursor of the actual
oxidants.®”

The further course of the oxidation reaction depends on the
“fate” of species 11; it decays by either homolytic or heterolytic
bond cleavage of the Fe—O or O—O bond, which has been re-
ported to depend on the spin state of the iron complex®" and
on the pH value.*? Homolytic cleavage of the O—O or Fe—O
bond yields R—O" or H—O" radicals eventually. These radicals
can abstract hydrogen atoms from hydrocarbons, which leads
to unfavorable radical chain oxidation reactions following
a Haber-Weis mechanism (Scheme 2, right-hand path);"'® O,
from the atmosphere (or from iron-catalyzed peroxide decom-
position) is incorporated through the course of the reaction.
The peroxo radical 14 disproportionates through a Russel-type

Kops= 0.19+0.008

obs’

Kops= 0.11£0.00225

{4 ——[Fe(6),]OTf,
......... TR

----- [Fe'(7),)(OTH),
- - - [Fel(tpa)(OTf),]

- i -~ [Fe(4a), (OTf),]

— - [Fe(8)x(OTh)]

K ops= 0.018+0.00065

compiled in Figure 3, which also 0
displays the observed rate con-
stant k,,, for the different cata-
lysts. At this low catalyst loading,
it appears that the reactions

0 20 40
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t/ min

Figure 3. Activity comparison of different iron complexes. The k,,, values were determined from the linear trends
of the traces, which are not shown.
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Scheme 2. Simplified reactivities of iron complexes with ROOH (R=H, tBu).

termination®® and peroxide 15 disproportionates promoted by
iron,*¥ which gives low alcohol/ketone ratios under alkane oxi-
dations. It has been reported that the reaction can still proceed
through an iron-centered oxidant if the concentration of the
radicals is kept low by slow addition of the oxidant.">*®

Heterolytic cleavage of iron—peroxo species 11 gives a high-
valent iron-oxo species [Fe'=0] (16), which is a metal-centered
oxidant.*** |ts oxidation chemistry is much better controlled
through supporting ligands on the iron center, and its exis-
tence has been documented for biomimetic, nonheme iron
complexes spectroscopically,®® structurally,*” and computa-
tionally.*® The [Fe'=0] species can be stabilized by appropriate
ligands and can insert an oxygen atom into a C—H bond
through a “bound-rebound mechanism”™® involving the
bracketed intermediate 17 in Scheme 2, in which the radical in-
termediate R’ presumably never leaves the solvent cage and
does not diffuse freely. This pathway gives specifically alcohols
as the oxidation products, and [Fe"] is recovered, which can
participate in another oxidation cycle.

As outlined above, the catalytic oxidation of cyclohexane uti-
lizing tBUuOOH appears to proceed through a radical mecha-
nism (as seen by the low alcohol/ketone ratios in Table 4). Only
complex [Fe"(6),]0Tf, gives a high alcohol/ketone ratio of 6.6
(Table 4), when H,0, is employed as the oxidant; this reaction
presumably involves the iron-centered oxidant 16 (Scheme 2).
Notably, complex [Fe"(6),]JOTf, exhibits an N—H unit; it may
become significantly acidic upon coordination to the iron
center. A nonradical reaction pathway through an iron-oxo
species might be promoted at low pH values.*? Furthermore,
for complex [Fe"(6),]JOTf, the alcohol/ketone ratio does not
significantly change when performed in the presence of 2,4,6-
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tri-tert-butylphenol (TBPH), which is an efficient scavenger for
oxygen-centered radicals.®

It is largely accepted that iron-catalyzed oxidations with
tBUOOH follow a radical mechanism."*? still, the oxidation re-
actions in Table 5 do not proceed without a catalyst. Only an
8% conversion of diphenylmethane to benzophenone was ob-
served when the radical initiator azobisisobutyronitrile (AIBN)
was employed in place of the catalyst at a significantly higher
reaction temperature of 80°C [Eq. (1)]. The iron complexes
might, thus, provide a steady supply of tBuO" radicals in solu-
tion to keep the reaction running.

(0]

ROOH
4h ca. 8% conversion

85°C

M

In the oxidation of benzylic methylene groups, such as fluo-
rene or diphenylmethane (entries 1 to 5 in Table 5), we never
observed alcohol products. The oxidation reactions are not re-
tarded or inhibited by the radical scavenger TBPH. However, it
has been our observation that benzylic alcohols such as 1-phe-
nylethanol are easily oxidized by peroxides under the reaction
conditions, even without a catalyst. Thus, it is not possible to
establish an alcohol/ketone ratio to elucidate a mechanism. It
appears reasonable to assume that the activated methylene
groups in Table 5 are oxidized first to the alcohol. Alcohols are
in general more easily oxidized" and could, under the reac-
tion conditions, be further oxidized rapidly to the ketone
(Scheme 3, top).

To corroborate the faster oxidation of alcohols relative to
benzylic methylene groups, we performed a competition ex-
periment between an alcohol and a hydrocarbon (Scheme 3,
bottom). When a 1:1 mixture of diphenylmethane and cyclooc-
tanol was treated with 0.5 equivalents tBUOOH under condi-
tions identical to those in Table 5, 43 % of the cyclooctanol but
only 11% of the diphenylmethane was converted into the cor-
responding ketone, thereby establishing that the alcohol
reacts faster than the benzylic CH, unit.

c

OH 9]
cat. [Fe] cat. [Fe]
U0 U Ot U
ROOH ROOH
slow fast

cat. [Fe], 4 h, RT ‘ O
B —

11% conversion

O/OH tBuOOH (0.5 equiv) o

43% conversion

Scheme 3. Potential oxidation sequences (top) and the competition experi-
ment.
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The oxidation of the benzylic alcohol intermediates as well
as the alcohol substrates in Table 5 to the ketones might pro-
ceed through different mechanisms; in the present context,
a radical mechanism™ or a cyclic transition state are potential
pathways."® In a cyclic transition state the alcohol coordinates
first to the iron center as does the peroxide oxidant [Eq. (2)].%
Intramolecular hydride abstraction from the alcohol by the per-
oxide might proceed through six-membered transition state
18 [Eq. (2)]; such a transition state is not possible for saturated
hydrocarbons, as they typically do not coordinate to a metal
center."®

+
H Y H o) Fe"_ /H
\Oj CO/ -H* 1 0
| N N @
R
18

Alternatively, the oxidation can proceed through a radical
mechanism following the pathway depicted in Scheme 2 (right
path). Benzylic C—H bonds and C—H bonds in alcohols are
weaker than saturated C—H bonds by about 10 kcalmol™,
which explains why the oxidation of alcohols to ketones is
much faster than the oxidation of alkanes to alcohols
(Scheme 3).°! The reactions in Table 5 are not affected by
a radical scavenger. However, it has been suggested that iron-
catalyzed oxidation reactions can follow several mechanistic
pathways simultaneously,”*°" and a radical scavenger might
block just one of them.

Irrespective of the exact mechanism, a common first inter-
mediate for the title reactions is most likely the iron-peroxo
species [Fe"-O—O0—R] (11, R=H, tBu; Scheme 2). It can be ob-
served by UV/Visible spectroscopy, and has been reported to
give a charge-transfer band between A1=550 and
630 nm."?8°052831 We hypothesized that UV-spectroscopic moni-
toring of the formation and decay of the peroxo species [Fe"—
O—0O—R] could give further information about the catalytic ac-
tivity of the iron complexes investigated in this study. Accord-
ingly, we recorded UV/Visible spectra over time after treatment
of solutions of the complexes in CH;CN with the peroxide oxi-
dants ROOH in the presence of cyclohexane.

The benzylated amine complex [Fe'(7),]OTf, gave, immedi-
ately after addition of H,0,, a new, weak shoulder around
480 nm (Figure 4, top), which slowly decayed over the course
of 5 min. Complex [Fe'"(8),(OTf),] gave, immediately after addi-
tion of H,0,, a new band at =424 nm with a molar absorp-
tion around 700m~'cm™', which barely changed over time
(Figure 4, bottom). The new bands originate presumably—
owing to their intensity—from charge transfer. For both com-
plexes, almost identical results were obtained when tBuOOH
was used as the oxidant (for spectra, see the Supporting Infor-
mation). The wavelength of the new bands for both complexes
are somewhat low for an iron—-peroxo complex [Fe—O—O-R],
although some complexes have been reported to give charge-
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Figure 4. Time-resolved UV/Visible spectra of [Fe(7),]OTf, (top) and
[Fe(8),(OTf),] (bottom) in CH,CN after addition of H,O, (dotted line: before
addition).

transfer bands around 450 nm for that species."”™™ A peroxo
species might, under the conditions shown in Figure 4, be very
unstable, and the observed bands could also very well be due
to intermediates resulting from oxidative ligand decomposition
(see below). Still, the fast spectral changes within minutes after
addition of an oxidant demonstrate a high reactivity of the
two complexes towards the peroxide oxidants.

However, the bpa complex [Fe'(6),]0Tf, underwent signifi-
cant spectroscopic changes in solution when H,0, or tBuOOH
was added to the complex and UV/Visible spectra were record-
ed before and immediately after addition of the peroxide in
time intervals of one minute. As shown in Figure 5 (top), the
intense charge-transfer band for the complex at 434 nm
(dotted line) completely disappeared immediately after H,0,
was added to the complex. Instead, two new bands formed at
490 and 572 nm. The latter band is characteristic for iron-
peroxo species [Fe—OOH] and its molar absorptivity
£ (4000m~'cm™") is also on the same order as previously re-
ported for similar complexes.”?#**%? This band decayed over
a period of 6 min and had completely disappeared after
15 min. When tBuOOH was employed, after one minute a new
band was observed at 579 nm (¢ around 700m 'cm™, solid
line in Figure 5, bottom). The band showed a lower absorptivi-
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Figure 5. Time-resolved UV/Visible spectra of [Fe(6),]OTf, in CH;CN after ad-
dition of H,0, (top) and tBUOOH (bottom). Dotted lines: before addition.

ty than the band obtained with H,0, and had disappeared
completely after two minutes.

For [Fe'(tpa)]*", a similar reactivity has been reported previ-
ously with tBuOOH®* and H,0,.*” Upon reaction of the oxi-
dant at —36°C, a new band at 600 nm (¢=2000m 'cm™') was
observed, which was assigned to an iron-peroxo species [Fe—
OOH] and that also decayed over time to give a [Fe"=0] spe-
cies.

However, the transient species that formed in the experi-
ments in Figure 5 cannot be unambiguously assigned to
a structure. The spectra in Figure 5 were recorded at room
temperature. The new bands around 572 nm are in the range
for other [Fe—OOR] species reported in the literature, but these
species are typically investigated at much lower temperatures,
although studies at room temperature were also reported.”*
Furthermore, [Fe(6),]JOTf, does not immediately have an open
coordination site available. It might be that the complex opens
a coordination site and forms a peroxo species, but the spec-
tral changes observed over time might also be due to ligand
decomposition.

A different behavior was observed for the iron-imine com-
plex [Fe"(4c),(OTf),], for which an experiment similar to those
in Figures 4 and 5 was performed with tBuOOH (Figure 6).5%
After addition of the tBuOOH oxidant, the charge-transfer
band of the complex at 418 nm intensified, presumably owing
to the fact that the polarity of the solution increased after the
addition of the aqueous solution of the oxidant. Over the
course of 10 min, the charge-transfer band at 418 nm decayed
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Figure 6. Time-resolved UV/Visible spectra of [Fe'(4 c),(OTf,)] in CH,CN after
addition of H,0, (dotted line: before addition).

only very slowly, as opposed to the corresponding bands for
[Fe"(6),]OTf,, which had completely decayed two minutes after
the addition of the oxidant (Figure 5). A band around 600 nm
was not observed for [Fe'(4c),(OTf),]. The slow decay of the
band at 418 nm could indicate slow ligand decomposition, as
imines are somewhat more difficult to oxidize than amines.

Ligand-decomposition pathways and their impact on the
catalytic activity

As demonstrated in the previous sections, different ligand ar-
chitectures can have an impact on the catalytic activity of their
respective metal complexes. It has been argued that oxidative
ligand decomposition during catalytic applications can de-
crease the catalytic activity of metal complexes,®™ although
the opposite has been reported for pyridin-2-yl-type ligands
and their manganese complexes.® We were, thus, interested
in determining what decomposition products are formed as
a consequence of ligand oxidation under catalytic conditions
from the iron complexes investigated in this study and how
the oxidation of the ligands impairs the catalytic activity.
Accordingly, the [Fe"(6),]J0Tf, complex was treated with
tBUOOH under catalytic conditions identical to those employed
in the reactions shown in Table 5 but without the presence of
substrate. The oxidative decomposition products of the iron
complex were isolated as a mixture, which was complex and
could not be analyzed by NMR spectroscopy or MS [although
a species bearing two oxidized ligands was identified by MS;
Eq. (3)]. The mixture will be referred to subsequently as “19”.
We were, thus, looking for a method to detach the ligands
from the iron center after oxidation to identify ligand-decom-
position products. Accordingly, [Fe'(6),]0Tf, was treated with
tBUOOH under conditions otherwise identical to the catalysis
experiment shown in Table 5, but without a substrate. The li-
gands were subsequently displaced from the iron center by
adding aqueous NaCN to the reaction mixture. The displaced
ligands (or their oxidation products, respectively) were isolated
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complex reaction mixture "19"

by extraction and analyzed by GC-MS, NMR spectroscopy, and
IR spectroscopy. Similar reactions were performed with the
other complexes [Fe'(tpa)(OTf),], [Fe'(7),]OTf,, and [Fe"(4a),-
(OTf),], in which the material obtained was analyzed by GC-
MS. The results are compiled in Scheme 4, and the GC-MS
traces are given in the Supporting Information. In all cases,
about 90% of the expected mass was recovered, and, thus,
little material was lost during workup.
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Scheme 4. Experiments to determine ligand-decomposition products under
oxidative conditions.
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Ligands 6 in [Fe"(6),]OTf, were cleanly oxidized to the corre-
sponding diamide 20, which was the only product detected
after isolation. For [Fe"(7),]JOTf, a complex mixture of decom-
position products was observed, and only the three major
components are displayed in Scheme 4. Diamide 20 was de-
tected, together with some 21 and 22; the benzyl or picolyl
units can be oxidatively cleaved from the ligands after oxida-
tion of the CH, units, as observed previously in copper com-
plexes bearing structurally related ligands.®® The imine unit in
[Fe"(4a),(OTf),] also was oxidized cleanly to the corresponding
amide 23. Complex [Fe"(tpa)(OTf),] behaves slightly differently;
it was only oxidized partially to compounds 6, 24, 25, and 26,
and the material isolated after oxidation also contained the
original tpa ligand 1a.

It appeared that the NCH, unit of the ligands is commonly
oxidized to an amide NC=0 for the three complexes, presuma-
bly through an intramolecular oxygen transfer from an Fe=O
species 27 (Scheme 5), as previously suggested for an intramo-

,o\
| =
'S NHAr | NS NHAr
= =
Fe OH
N
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Scheme 5. Potential pathway for an intramolecular NHC, oxidation.

lecular aryl hydroxylation reaction involving the iron complex
[Fe"(L)(CH;CN),](ClO,), (L=modified tpa).®”’ Copper® and
iron®® complexes of diamide 20 are known; in all these cases,
the amide ligands are coordinated through the N atoms to the
iron center, as shown by X-ray studies. Related iron-amide
complexes are still capable of catalytically activating H,0,."”
Thus, it is likely that the decomposed ligands in Scheme 4
were still coordinated to the iron, after they had been oxidized
to the corresponding amides.

Interestingly, we did not observe any chemical changes of
the aryl or pyridyl ring systems of the ligands (although small
amounts of bipyridine were sometimes detected, which might
have resulted from oxidative dimerization of the pyridine sol-
vent). When iron complex [Fe'(6),]OTf, was subjected to ligand
displacement without prior exposure to the tBuOOH oxidant,
only the unoxidized ligand 6 was recovered. Thus, the oxida-
tion of the ligand does not take place during the displacement
procedure.

We were finally interested to determine whether or not the
oxidized ligands could impair the catalytic selectivity and activ-
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ity, and material “19” was employed for that purpose, which
was obtained by oxidizing [Fe"(6),]OTf, utilizing tBuOOH as de-
scribed above [Eq. (3)]. Material “19” was subsequently em-
ployed in the determination of the catalytic activity in the oxi-
dation of diphenylmethane in the same way as it was per-
formed for the unoxidized iron complexes in Figure 3. Some-
what surprisingly, the catalytic activity of “19” is comparable to
the unoxidized complex [Fe"(6),]OTf, (Figure 3, kg, =0.11).
However, the exact composition of the isolated oxidized mate-
rial “19” is not known, thus making a direct comparison of ab-
solute values difficult.

Likewise, when oxidized material “19” was employed in the
cyclohexane oxidations in Table 4, the alcohol/ketone ratio de-
creased, relative to the unoxidized complex [Fe"(6),]OTf,, from
6.6 to 3. The selectivity of “19” is somewhat lower than that of
its precursor, but still higher than those of the other complexes
synthesized for this study. Thus, oxidative ligand decomposi-
tion slightly decreases the selectivity of the complex in the oxi-
dation of cyclohexane but has no measurable negative impact
on the catalytic activity for the oxidation of diphenylmethane
under the conditions in Figure 3.

Discussion

The preceding data establish that the iron complexes
[Fe"(6),]0Tf, and [Fe'"(7),]OTf, with tridentate aminopyridine li-
gands are another efficient class of iron catalysts active for the
oxidation of CH, groups and alcohols to the corresponding ke-
tones with peroxide oxidants. The mild reaction conditions
(4 h reaction time at room temperature) make them an attrac-
tive starting point for further investigation and optimization
effort.

It has been argued that two tridentate ligands in the coordi-
nation sphere of iron complexes might decrease the catalytic
activity, as all six coordination sites are occupied by the li-
gands.” Indeed, the majority of biomimetic, nonheme iron
catalysts bear one ligand with four or five nitrogen or oxygen
donor atoms.l'*'%17Pl However, complexes [Fe'(6),]OTf, and
[Fe"(7),JOTf, show catalytic activity that is comparable (even
slightly higher) than the previously established complex [Fe'-
(tpa)(OTf),] in the oxidation of diphenylmethane in Figure 3.
Complex [Fe"(6),]0Tf, needed to detach one of the pyridyl
rings to initiate catalytic activity if the reaction proceeds
through an iron-peroxo intermediate [Fe—OOR]. However,
complex [Fe"(6),]OTf, with two tridentate ligands could also
operate through an outer-sphere electron-transfer mecha-
nism,”" and the species observed in the UV/Visible spectrum is
an intermediate of the ligand decomposition that is taking
place during the course of the reaction.

Complex [Fe'(8),(OTf),] with two bidentate ligands 8 exhibits
a somewhat diminished catalytic activity, and so does the
imine complex [Fe'(4a),(OTf),]; there is a slight dependency of
the catalytic activity on the denticity of the ligands coordinat-
ed to the iron center, as the complexes with tris- or tetraden-
tate ligands perform slightly better than the complexes bear-
ing bidentate ligands.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The catalytic activity of “19”, which was obtained by oxida-
tion of [Fe"(6),]0Tf, [Eq. (3)] shows catalytic activity in the test
reaction for Figure 3 that is comparable to the other com-
plexes. The ligand-decomposition experiments (Scheme 4) re-
vealed that in the ligands the NCH, units are oxidized to the
amides NC=0 as reported for other iron complexes,”? but the
ligands largely remain di-, tri-, or tetradentate. Consequently,
the pyridyl units for the ligands can still coordinate to the iron
center through the nitrogen atoms, as shown for related sys-
tems,>’? even after oxidative degradation of the ligand,
which seems to be the major aspect for retaining catalytic ac-
tivity. It has been described before that in manganese-based
catalyst systems the oxidation of pyridyl-based ligands to pyri-
dine-2-carboxylic acid takes place prior to the onset of the cat-
alytic oxidation of organic substrates.” In our catalytic sys-
tems, the oxidation of the ligand appears to be very fast and
our reactions do not exhibit an induction period (Figure 3).
Thus, we cannot determine whether or not the oxidation of
the ligands is a necessary prerequisite for developing catalytic
activity, but oxidation of the ligands, in turn, does not shut
down the activity.

Conclusion

In conclusion, we have synthesized a series of complexes of
the general formula [Fe'L,JOTf, (n=1, 2) bearing bi- and tri-
dentate aminopyridyl ligands L, two of which were structurally
characterized. The new complexes showed catalytic activity in
the oxidation of benzylic CH, groups and secondary alcohols
to the corresponding ketones (3% catalyst load, 4 equivalents
ROOH, RT, 4 h, 28 to 85% yield of isolated product). The cata-
Iytic activity of the new complexes was determined and com-
pared with previously synthesized iron complexes [Fe'(tpa)-
(OTf),] and [Fe'(iminopyridyl),(OTf),] bearing the tetradentate
tris(picolyl)amine (tpa) and bidentate iminopyridyl ligands in
their coordination sphere.

The denticity of the ligands has a slight impact on the cata-
lytic activity, as the iron complexes featuring tri- and tetraden-
tate ligands in their coordination sphere performed slightly
better than their bidentate counterparts. Ligand-decomposi-
tion products were identified that form under the oxidative,
catalytic conditions. It appears that primarily NCH, units are
oxidized to the corresponding amides NC=0. However, the
overall denticity of the ligands largely stays intact, and no oxi-
dations of the pyridyl units were observed. When [Fe"L,]OTf,
(L=di(picolyl)amine) was treated first with peroxide to obtain
“oxidized” material, it was determined that its catalytic activity
is not diminished appreciably relative to the “unoxidized” start-
ing material.

The findings presented herein can assist in the future design
of catalytically active iron complexes for the title reaction; em-
ployment of ligands with a high denticity appears to have
a beneficial impact on the performance of the complexes, and
oxidative ligand decomposition does not inevitably lead to cat-
alyst deactivation.
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Experimental Section
General

Chemicals were treated as follows: toluene and diethyl ether dis-
tilled from Na/benzophenone; CH,Cl,, MeOH, and CH;CN distilled
from CaH,. CHCl,, silica, pyridine, tri(2-picolyl)amine (tpa, 1a), bis(2-
picolyl)lamine (6, all Aldrich), and other materials were used as re-
ceived. Ligand 7% and [Fe(OTf),]”® were prepared according to
the literature. All reactions were carried out under nitrogen and by
employing standard Schlenk techniques, and workups were carried
out in the air.

NMR spectra were obtained at room temperature on a Bruker
Avance 300 MHz or a Varian Unity Plus 300 MHz instrument at
room temperature and were referenced to a residual solvent
signal; all assignments are tentative. GC-MS spectra were recorded
on a Hewlett Packard GC-MS System Model 5988A. UV/Visible
spectra were recorded on Varian Cary 50 Bio spectrophotometer.
Exact masses were obtained on a JEOL MStation [JMS-700] mass
spectrometer. IR spectra were recorded on a Thermo Nicolet
360 FTIR spectrometer. Elemental analyses were performed by At-
lantic Microlab Inc., Norcross, GA, USA. Magnetic moments,
F NMR spectra, and UV/Visible data are listed in Table 1.

Synthesis

Ligand 8: 2-Pyridine carboxaldehyde (1.0 g, 9.34 mmol) was dis-
solved in methanol (10 mL), cooled with an ice bath, while 2-me-
thoxyaniline (1.16 g, 9.43 mmol) in methanol (10 mL) was added
dropwise. The ice bath was then removed, allowing the reaction to
stir for 1 h at room temperature. Then NaBH, (0.741 g, 19.61 mmol)
was added in 3 portions at 0°C. The reaction mixture was then al-
lowed to stir overnight at room temperature. After 12 h, aqueous
HCI solution (5m) was added until a pH of 4 was reached. The re-
action mixture was then allowed to stir at room temperature for
an additional hour. Then aqueous NaOH (2 m) solution was added
until a pH of 12 was reached. Then CH,Cl, (30 mL) was added and
the two layers were transferred to a separating funnel. The organic
phase was collected and the product was extracted from the aque-
ous layer, using CH,Cl, (2x30 mL). The combined organic layers
were dried over sodium sulfate and the solvent was removed
under vacuum to yield a yellow oil that was subsequently purified
by means of column chromatography (CH,Cl,/Et;N 90:10 as eluent)
to give ligand 8 as a red oil (1.87 g, 8.73 mmol, 94%). 'H NMR
(300 MHz, CDCl;, 25°C, TMS): 6 =8.55 (d, J(H,H)=2.9 Hz, 1H; pyrid-
yl-H), 7.53 (t, JHH)=6.7 Hz, 1H; pyridyl-H), 7.28 (d, JHH)=
7.2Hz, 1H; pyridyl-H), 7.10 (d, JHH)=7.2Hz, 1H; pyridyl-H),
6.82-6.75 (m, 2H; Ar—H), 6.67-6.62 (m, 1H; Ar—H), 6.51 (d, JH,H)=
7.6 Hz, 1H; Ar—H), 5.19 (s, 1H; NH), 4.45 (s, 2H; CH,), 3.82 ppm (s,
3H; OCH,); *C{'H} NMR (300 MHz, CDCl,, 25°C, TMS): 6=159.5 (s;
aromatic), 149.6 (s; aromatic), 147.4 (s; aromatic), 138.2 (s; aromat-
ic), 137.1 (aromatic), 122.4 (s; aromatic), 121.8 (s; aromatic), 117.2
(s; aromatic), 110.6 (s; aromatic). 109.9 (s; aromatic), 55.8 (s; NCH,),
49.6 ppm (s; OCH,); IR (neat oil): #=3391 cm™' (m, NH); MS (FAB):
m/z (%): 214 (100) [8*].

[Fe(6),]OTf,: Acetonitrile (3 mL) was added to a Schlenk flask con-
taining [Fe(OTf),] (0.211g, 0.483 mmol). Ligand 6 (0.192g,
0.967 mmol) was added to the resulting yellow transparent solu-
tion and the resulting red solution was allowed to stir for 30 min
at room temperature. This mixture was then concentrated to
about 1mL, cooled down to 0°C, layered with diethyl ether
(10 mL), and stored at —18°C overnight to yield a red crystalline
precipitate. The supernatant was decanted and the precipitate was

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dried under high vacuum to give [Fe(6),JOTf, as red crystals
(0.351 g, 0.466 mmol, 96%). 'H NMR (300 MHz, CD;CN, 25°C, TMS):
0=9.12 (brs, 4H; pyridyl-H), 7.97 (brs, 2H; pyridyl-H), 7.82 (,
JHH)=7.2Hz, 8H; pyridyl-H), 7.64 (brs, 2H; pyridyl-H), 5.95 (s,
2H; NH), 536-5.25ppm (m, 8H; 4CH,); 'HNMR (300 MHz,
[DJacetone, —50°C, TMS): 6=9.11 (d, 2J(H,H)=5.0 Hz, 2H; NCH
pyridyl), 829 (d, 2(HH)=5.0Hz, 2H; NCH, pyridyl), 7.93 (t
3J(HH)=7.3 Hz, 2H; pyridyl), 7.79 (t, *J(H,H)=7.3 Hz, 2H; pyridyl),
7.71 (d, Y(HH)=7.4Hz, 4H; pyridyl), 7.29 (t, *J(H,H)=6.0 Hz, 2H;
pyridyl), 6.05 (s, 2H; NH), 5.19 (dd, 2J(H,H)=8.4 Hz, 2H; NCHH),
4.44 (d, 2J(H,H)=16.5 Hz, 2H; NCHH"), 4.35 (d, 2J(H,H)=18.5 Hz, 2H;
NCHH'), 427 ppm (d, Y(H,H)=11.5Hz, 2H; NCHH); “C{'"H} NMR
(75 MHz, [Dglacetone, 25°C, TMS): 6 =164.4 (pyridyl), 156.0 (pyrid-
yl), 137.8 (pyridyl), 128.5 (pyridyl), 124.3 (pyridyl), 59.0 ppm (CH,);
IR (neat solid): 7=3245 (m, N—H), 1254 (s, OTf), 1162 (sh, OTf),
1028 cm™' (sh, OTf); MS (FAB): m/z (%): 603 (30) [Fe(6),0Tf"], 404
(100) [Fe(6)OTf*], 255 (20) [Fe(6)*]; HRMS: m/z calcd for
CysH,6F 5 FeNgO5S: 603.10883; found: 603.1091 (corresponds to
[Fe(6),(0OTA1*); elemental analysis calcd (%) for CyH,6FsFENgO,S,: C
41.50, H 3.48, found: C 41.64, H 3.49.

[Fe(7),]OTf,: Acetonitrile (2 mL) was added to a Schlenk flask con-
taining benzylbis(2-picolyl)amine (7, 0.082 g, 0.283 mmol). Subse-
quently, [Fe(OTf),] (0.062 g, 0.141 mmol) was added to the red-
orange solution. The red-orange solution was then heated at 60°C
for 1 h. The resulting solution was cooled down to 0°C and layered
with diethyl ether (8 mL) and stored at —18°C overnight to yield
a red-tan precipitate. The supernatant was decanted and the re-
sulting solid was washed with cold diethyl ether (3x5mL) and
dried under high vacuum to give the product [Fe(7),]OTf, as a red-
tan solid (0.119 g, 0.128 mmol, 90%). 'H NMR (300 MHz, CD,CN,
25°C, TMS): =111.6 (brs, 2H; pyridyl-H), 75.9 (brs, 2H; pyridyl—
H), 64.6 (brs, 2H; pyridyl-H), 58.0 (brs, 2H; pyridyl-H), 44.5 (brs,
2H; pyridyl—H), 42.5 (brs, 2H; pyridyl—H), 41.3 (brs, 2H; pyridyl—H),
154 (s, 3H), 13.7 (s, 3H), 8.36 (brs, 2H), 7.36 (brs, 4H), 6.20 (brs,
2H), 4.81-4.17 (m, 4H), 3.39 (s, TH), 1.99 (s, TH), —10.2 (s, TH; pyr-
idyl-H), —16.4 (s, 1H; pyridyl—H), —19.0 ppm (s, 2H; pyridyl-H); IR
(neat solid) #=1251 (s, OTf), 1152 (m, OTf), 1028 cm™' (s-sh, OTf);
MS (FAB): m/z (%): 783 (30) [Fe(7),(OTAI*, 494 (100) [Fe(7)(OTHI;
HRMS: m/z caled for CyHgF5*FeN;O,S: 783.20270; found:
783.2018 (corresponds to [Fe(7),(OTA1*); elemental analysis calcd
(%) for CuoHsgFsFeNsO,S,: C 51.51, H 4.11; found: C 50.68, H 4.07.

[Fe(8),(OTf),]: Acetonitrile (3 mL) was added to a Schlenk flask con-
taining [Fe(OTf),] (0.265g, 0.607 mmol). Ligand 8 (0.260 g,
1.22 mmol) was added to the yellow transparent solution and the
resulting red-purple solution was allowed to stir for 1.5 h at room
temperature. This mixture was then concentrated to about 1.5 mL,
cooled down to 0°C, layered with diethyl ether (10 mL), and stored
at —18°C overnight to yield a purple crystalline precipitate. The su-
pernatant was decanted and the precipitate was dried under high
vacuum to give [Fe(8),(OTf),] as purple crystals (0.443g,
0.566 mmol, 93%). 'H NMR (300 MHz, CD,CN, 25°C, TMS): 6=53.9
(brs, 2H; pyridyl—H), 45.3 (brs, 2H; pyridyl—H), 11.9 (brs, 2H; pyrid-
yl—H), 6.6-4.4 (brs, ca. 18H), —20.8 ppm (s, 2H; pyridyl-H); IR (neat
solid): #=3268 (w, N—H), 1239 (s, OTf), 1157 (m, OTf), 1024 cm™' (s
sh, OTf); MS (FAB): m/z (%): 633 (30) [Fe(8),(OTf)*1, 419 (100)
[Fe(8)(OTH™1; HRMS: m/z calcd for Cy,H,eF,*°FeN,0s5: 633.10809;
found: 633.1081 (corresponds to [Fe(8),(OTf)]"); elemental analysis
caled (%) for CygH,gFsFeN,OgS,: C 42.98, H 3.61; found: C 42.57, H
3.74.
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Representative catalytic procedure (Table 5)

The substrate fluorene (0.100 g, 0.601 mmol) and the catalyst
[Fe'(6),]0Tf, (0.014g, 0.018 mmol) were dissolved in pyridine
(1.0mL) and CH;CN (1.0 mL). The oxidant tBuOOH (0.344 mL,
70 wt% in H,0O, 2.4 mmol) was added dropwise and the tan solu-
tion was shaken for 5h at room temperature. The pyridine and
CH,CN solvents were removed under vacuum. The product fluore-
none was isolated by column chromatography as a colorless oil
(0.092 g, 0.510 mmol, 85%) using silica gel and CHCI; as eluent.
Spectroscopic data and copies of the 'H and C{'"H} NMR spectra
of all catalysis products in Table 5 are given in the Supporting In-
formation.

X-ray crystal structure determinations of [Fe(6),]OTf, and
[Fe(8),(OTf),]

Suitable crystals of appropriate dimensions were mounted on
Mitgen loops in random orientations. Preliminary examination and
data collection were performed using a Bruker Kappa Apex-lI
charge-coupled device (CCD) detector system single-crystal X-ray
diffractometer equipped with an Oxford Cryostream LT device.
Data were collected using graphite-monochromated Moy, radiation
(1=0.71073 A) from a fine-focus sealed-tube X-ray source. Prelimi-
nary unit-cell constants were determined with a set of 36 narrow
frame scans. Typical data sets consist of combinations of w and ¢
scan frames with a typical scan width of 0.5° and counting time of
15-30 s/frame at a crystal to detector distance of approximately
3.5 to 4.0 cm. The collected frames were integrated using an orien-
tation matrix determined from the narrow frame scans. Apex Il and
SAINT software packages”* were used for data collection and data
integration. Analysis of the integrated data did not show any
decay. Final cell constants were determined by global refinement
of reflections from the complete data set. Data were corrected for
systematic errors using SADABS" based on the Laue symmetry
using equivalent reflections. Structure solutions and refinement
were carried out using the SHELXTL-PLUS software package.” The
structures were refined with full-matrix least-squares cycles by min-
imizing Sw(F>—F?)* All non-hydrogen atoms were refined aniso-
tropically to convergence. Typically, H atoms were added at the
calculated positions in the final refinement cycles. Specific details
of refinement for the compounds are listed below.

[Fe(6),]JOTf, was refined as a twin in the space group P, with BASF
refining to 0.669. Some of the CF; and SO, groups of the anion are
disordered. The disorder was modeled with partial occupancy
atoms and refined with restraints. The NH hydrogen atoms were
located and refined with a riding model. The structure can be
solved and refined in P2/n but this results in poor refinement and
geometry.

[Fe(8),(OTf),] was refined in the space group P1. The coordinated
CF;SO; group is disordered. The disorder was modeled with partial
occupancy atoms and refined with restraints. The NH hydrogen
atoms were located and refined with a riding model.

CCDC-852959 ([Fe"(6),]0Tf,) and 852960 ([Fe'(8),(OTf),]) contains
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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