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Abstract: High-spin iron(IIl) iodosylarene complexes bearing
an N-methylated cyclam ligand are synthesized and charac-
terized using various spectroscopic methods. The nonheme
high-spin iron(IIl) iodosylarene intermediates are highly
reactive oxidants capable of activating strong C—H bonds of
alkanes; the reactivity of the iron(IIl) iodosylarene intermedi-
ates is much greater than that of the corresponding iron(IV)
oxo complex. The electrophilic character of the iron(Ill)
iodosylarene complexes is demonstrated in sulfoxidation
reactions.

H igh-valent iron oxo species, such as iron(IV) oxo porphy-
rin m-cation radicals and nonheme iron(IV) oxo complexes,
have been invoked as key intermediates in a variety of
biological oxidation reactions, including alkane hydroxylation
and sulfoxidation.'! A large number of iron(IV) oxo com-
plexes have been synthesized and investigated in the oxida-
tion reactions as chemical models of heme and nonheme iron
enzymes.”! It has been demonstrated that high-valent iron oxo
species are indeed strong oxidants capable of activating C—H
bonds of unactivated hydrocarbons.

Very recently, nonheme iron(IIT) superoxo and high-spin
iron(IIT) hydroperoxo complexes have been proposed or
demonstrated as active oxidants in C—H bond activation
reactions, although the intermediates are able to activate only
weak C—H bonds in hydrocarbons.** Other metal-oxidant
adducts (M"*-OX; for example, X = IAr, OH, OR, halides)
have also been synthesized and characterized spectroscopi-
cally and/or structurally, and their reactivities have been
investigated in oxygen-atom transfer (OAT) reactions, such as
epoxidation and sulfoxidation. For example, Fujii and co-

workers reported that iron(III)-OCl porphyrin and manga-
nese(IV) iodosylarene salen complexes are competent oxi-
dants in OAT reactions.”) McKenzie and Lennartson reported
a crystal structure of a nonheme iron(IIl) iodosylbenzene
complex and used it in a sulfoxidation reaction.”! Lei and co-
workers reported spectroscopic evidence for a manganese
iodosylarene porphyrin adduct.”

Over the past two decades, there has been continuing
interest in oxidation reactions in which multiple oxidants are
involved.®! In most cases, the multiple oxidant hypothesis
has been proposed based on product analysis using mecha-
nistic probes (e.g., radical-clock experiments and competitive
epoxidation of cis- vs. trans-alkenes).”! In contrast to OAT
reactions, the involvement of metal-oxidant adducts has not
been proposed in the hydroxylation of alkanes with strong C—
H bonds. To our knowledge, no kinetic studies have been
conducted on the proposed metal-oxidant species (M"*-OX)
in oxidation reactions. Herein, we report the synthesis and
characterization of high-spin iron(IIl) iodosylarene com-
plexes bearing an N-methylated cyclam ligand (proposed
structure given in Scheme 1). The coordination of iodosylar-
ene to the iron(III) center is evidenced spectroscopically and
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Scheme 1. Proposed structure of high-spin iron(l1l) iodosylarene com-
plexes bearing an N-methylated cyclam ligand and reactions investi-
gated in this work. Filled red circle="20.
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by conducting experiments with '*O-labeled water. The
iron(IIT) iodosylarene intermediates are highly reactive
oxidants capable of activating strong C—H bonds (e.g.
cyclohexane; Scheme 1). The electrophilic character of the
iron(1II) iodosylarene adducts is also demonstrated in sulfox-
idation reactions (Scheme 1).

The reactions of [Fe"(13-TMC)(CF;S0,),] (1, 13-TMC =
1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane)!'”  with
iodosylarenes, such as iodosylbenzene (PhIO) or pentafluor-
oiodosylbenzene (FsPhIO), in a solvent mixture of acetone
and CF;CH,OH (3:1) at —40°C resulted in the formation of
blue intermediates. These intermediates, denoted 2 (from the
reaction with PhIO) and 3 (from the reaction with FsPhIO),
respectively, have maximum UV/Vis absorption bands at A =
660 nm (Supporting Information, Figure S1). The intermedi-
ates were highly unstable and decayed to an iron(IV) oxo
complex, [Fe'(0)(13-TMC)]*" (4), with a half-life (t,,) of
approximately 20 s (Figures S1 and S2). Interestingly, when
the same reactions were carried out in the presence of
1.2 equivalents of HCIO,, the stability of the intermediates
increased markedly (#,,~300s; Figure 1a for 2; also see
Figure S3a for 3). Thus, we were able to characterize
intermediates 2 and 3 with various spectroscopic methods,
including coldspray ionization time-of-flight mass spectrom-
etry (CSI-TOF MS), UV/Vis absorption, electron paramag-
netic resonance (EPR), Mdssbauer, and resonance Raman
(rRaman) spectroscopies.
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The UV/Vis absorption spectra of 2 and 3 exhibit an
absorption band at A =660 nm (Figure 1a for 2; Figure S3 for
3). The CSI-TOF MS of 2 exhibits a prominent ion peak at
m/z 766.1 (Figure 1b; Figure S4 for full mass spectrum of 2),
whose mass and isotope distribution patterns correspond to
[Fe(OIPh)(13-TMC)(CF;CH,0)(CF;SO5)[* (calculated
m/z 766.1). When 2 was prepared with '®O-labeled PhI'*O,
a mass shift from m/z 766.1 to 768.1 was observed (Figure 1b,
inset), indicating that 2 contains an oxygen atom. The CSI-
TOF MS of 3 was also taken and analyzed similarly (Fig-
ure S5). The rRaman spectra of 2 and 3, obtained upon A=
441.6 nm excitation in CF;CH,OH at —40°C, show isotopi-
cally sensitive bands at 783 and 772 cm ™, respectively (Fig-
ure 1c for 2; Figure S6 for 3). The peaks were shifted to 751
and 740 cm™' when the intermediates 2 and 3 were prepared
with PhI'"®O and FsPhI'®O, respectively. The observed shift
from the O to ®O samples of A=32cm™! is in good
agreement with the calculated value of 39 cm™ expected for
a diatomic O-T oscillator.'!! The rRaman spectrum of the
decayed product, [Fe'(0)(13-TMC)]** (4), shows one iso-
topically sensitive band at 833 cm~.[1"

The X-band EPR spectra of 2 and 3, recorded in a frozen
acetone/CF;CH,OH (3:1) solution at 5 K, show signals that
are characteristic of §=25/2 Fe"' (Figure S7).'”! The Moss-
bauer spectrum of 2, recorded at 4.2 K (Figure S8), in the
absence of a strong applied magnetic field displays a doublet
typical of iron(IV) oxo species (6=0.12mms"', AE,=

1.98 mms~1)L10%] apq
two doublets corre-
sponding to Fe(IIl)
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Figure 1. a) UV/Vis absorption spectral changes of 2 formed from the reaction of [Fe(13-TMC) (CF;SO;),] (1.0 mm)
with PhlO (3.0 equiv) in the presence of HCIO, (1.2 equiv) in acetone/CF;CH,OH (3:1) at —40°C. Compound 2,
with a maximum absorption band at A=660 nm, was generated within 20 s. Inset: change in absorption intensity,
monitoring at A=660 nm, with respect to time, for the natural decay of 2. b) CSI-TOF MS spectrum of 2 in the
presence of HCIO, (1.2 equiv) in acetone/CF;CH,OH (3:1) at —50°C. Black plots: CSI-TOF MS of 2 prepared using ~ S1 for
PhI™0. Red plot: CSI-TOF MS of 2 prepared using PhI™0. c) rRaman spectra of [Fe" ("*OIPh) (13-TMC)]*" (4.0 mwm,
black line) and [Fe"'("*OIPh) (13-TMC)]** (4.0 mm, red line) upon A =441.6 nm excitation in CF;CH,0OH at —40°C.
The peaks marked with an asterisk are ascribed to solvent. d) Méssbauer spectrum of 2 recorded at 4.2 Kina 7T
parallel applied magnetic field (vertical bars). The solid black line is the theoretical spectrum generated by adding
individual spin-Hamiltonian simulations (colored lines). Components are assigned to 2 (orange), an Fe" product

converted from 2 (blue), and an Fe'" dinuclear complex (pink).
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S =0 ground state and were assigned to a p-oxo dimer. Based
on the spectroscopic characterization of 2 and 3, it can be
concluded that high-spin iron(III) iodosylarene complexes,
assigned as [Fe™(OIPh)(13-TMC)]** for 2 and [Fe™-
(OIPhF5)(13-TMC)]*" for 3, were produced in the reactions
of 1 with iodosylarenes.

The coordination of iodosylarene in 2 and 3 was further
confirmed by carrying out an isotopically '*O-labeled water
experiment. This experiment was based on the previous
report that metal-iodosylarene adducts exchange the oxygen
atom (e.g. M"*-O-IAr) with labeled water, H,"*0.*"! Com-
pounds 2 and 3 were firstly prepared with PhI'®O and
FsPhI'°O, respectively, and then a small amount of H,"O
was added to these reaction solutions. Although the UV/Vis
spectra of 2 and 3 remained intact, the CSI-TOF MS of the
resulting solutions showed that approximately 70 % of the
oxygen atoms in 2 and 3 exchanged with H,"®O within 30s
(Figure S9 and S10). This result provides the first direct
evidence that iron(III) iodosylarene complexes exchange
their oxygen atom with H,'®O at a fast rate [see Eq. (1)].¥

[(13-TMC)Fe"-"*O-1Ar]** + H,"*0 = .
[(13-TMC)Fe™-8O-IArP*" + H,°O @

The reactivities of the iron(III)-iodosylarene adducts, 2
and 3, were investigated in the C—H bond activation of
hydrocarbons at —40°C. Upon addition of cumene to
a solution of 2, the intermediate was converted into a new
species (5) which gives rise to an isosbestic point at A=
537 nm (Figure 2a). First-order rate constants, determined
by the pseudo-first-order fitting of the kinetic data for the
decay of 2 (Figure 2a, inset), increased linearly with increas-
ing cumene concentration, giving rise to a second-order rate
constant of 2.1 x 10~'M~'s™" at —40°C. A kinetic isotope effect
(KIE) of 9.1(5) was obtained for the oxidation of cumene by 2
(Figure 2b). In the case of 3, a second-order rate constant of
1.4x 107 'm's™! with a KIE of 13(2) was determined for the
oxidation of cumene at —40°C (Figure S11). This result
suggests that the reactivity of 2 is slightly greater than that of
3. We also determined second-order rate constants for the
oxidation of other substrates by 2 (Table S2 and Figure S12),
showing a linear correlation between the reaction rates and
the C—H bond dissociation energy (BDE) of substrates
(Figure 2¢). Under identical reaction conditions, 4 did not
react with cumene, indicating that the reactivity of the
iron(IT)-iodosylarene adducts is much greater than that of
the corresponding iron(IV) oxo species. On the basis of the
large KIE value and the good correlation between reaction
rates and BDE:s of substrates, we conclude that the C—H bond
activation of substrates by the iron(IIT)-iodosylarene adducts
is the rate-determining step.

Analysis of the products obtained from the reaction
mixtures revealed the formation of alcohols as a major
product in the oxidation of alkanes by 2 and 3 (Table S3). For
example, the oxidation of cumene by 2 under an inert
atmosphere yielded 2-phenylpropan-2-ol (20%), o-methyl-
styrene (21 %), and acetophenone (3% ). When the cumene
oxidation was performed with approximately 70% of "*O-
labeled 2 (2-'*0), approximately 67 % of '*O was found in the

www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(@)
@
<9
£
]
2
[
2
&
<
500 600 700 800 900 1000
Wavelength / nm
(b)
0.04 4
TU)
\2 KIE =9
o
= 0.02 -
0.00 § . .
0.0 0.2 0.4
[cumene and [D,]cumene] / M
(©) —
riphenylmethane
0.0 4
T: Cumene
. -1.0 4
L P Ethylbenzene
=20 4
gu CgHlyg
= 3.0 - CeH)y
80 85 90 95 100

C-H BDE / kcal mol™

Figure 2. a) UV/Vis absorption spectral changes observed in the
reaction of 2 (1.0 mm) with cumene (100 equiv) in the presence of
HCIO, (1.2 equiv) in acetone/CF;CH,OH (3:1) at —40°C. Inset:
change in absorption intensity of 5, monitoring at A=660 nm, with
respect to time. b) Plots of pseudo-first-order rate constants (Ks)
against the concentration of cumene (black circles) or

[Dyz]Jcumene (red circles) to determine second-order rate constants
(k,) in the oxidation reaction of cumene or [D;,Jcumene by 2. Reaction
carried out in the presence of HCIO, (1.2 equiv) in acetone/CF;CH,OH
(3:1) at —40°C. c) Plot of logk," against the C—H BDE of substrates
for the reactions of 2. Second-order rate constants, k,, were deter-
mined and then adjusted for reaction stoichiometry to yield k," based
on the number of target C—H bonds within substrates (see data in
Table S2 and Figure S12).

2-phenylpropan-2-ol product (Figure S13). The high ratio of
alcohol to ketone products obtained and the incorporation of
%0 into the products demonstrates that the products are
derived from the metal-mediated oxidation reaction, not from
an autooxidation reaction. We also analyzed §, a decomposi-
tion product of 2 in the oxidation of cumene, using ESI-MS
and EPR and assigned 5 as an iron(III) species (Experimental
Section and Figures S14 and S15).

The reactivities of 2 and 3 were also investigated in
sulfoxidation reactions. Upon addition of 10 equivalents of
thioanisole, 2 and 3 disappeared within 0.2 s with a first-order
decay profile (Figure 3a for 2; Figure S16 for 3). The pseudo-
first-order rate constants increased proportionally with the
concentration of thioanisole to afford second-order rate
constants of k,=3.5x10% and 2.7 x 10°m~'s™! at —60°C for 2

Angew. Chem. Int. Ed. 2014, 53, 63886392
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Figure 3. a) UV/Vis absorption spectral changes observed in the
reaction of 2 (0.50 mm) with thioanisole (10 equiv) in the presence of
HCIO, (1.2 equiv) in acetone/CF;CH,OH (3:1) at —60°C. Inset:
change in absorption intensity, monitoring at =660 nm, with respect
to time. b) Plot of logk, against the g, values (left) and E,, (right) of
para-substituted thioanisoles for the reactions of 2.

and 3, respectively (Figure S17). The reactivity of 2 is slightly
greater than that of 3, as observed in the alkane hydroxylation
reactions. To investigate the electronic effect of para-sub-
stituents on the oxidation of thioanisoles by iron(IIl)-
iodosylarene adducts, 2 was treated with para-substituted
thioanisoles, para-X-PhSCH; (X =Me, H, F, Cl, and CN). A
Hammett plot of the second-order rate constants versus g, of
substrates gave a p value of —1.9 (Figure 3b, left; Table S4).
Such a negative p value illustrates the electrophilic character
of the iron(IlT)-iodosylarene adducts in OAT reactions, as
frequently observed in the sulfoxidation of thioanisoles by
high-valent metal oxo, metal superoxo, and metal hydro-
peroxo complexes of heme and nonheme ligands.>!* In
addition, we observed a good linear correlation when the
rates were plotted against oxidation potentials (E,,) of
thioanisoles (Figure 3b, right). The negative slope of —3.7
indicates that the oxidation of sulfides by iron(III)-iodosylar-
ene adducts proceeds by a direct oxygen-atom transfer
mechanism.">'* The product analysis of the reaction solution
of the oxidation of thioanisole by 2 revealed that methyl
phenyl sulfoxide was produced with a high yield (>90%
based on the amount of 2 used). The source of oxygen in the
sulfoxide product was found to be the iodosylarene group of
2, on the basis of an '*O-labeling experiment performed with
2-80 (see Experimental Section for reaction conditions and
Figure S18). In contrast to the alkane hydroxylation reaction,
2 was not converted into an iron(I1I) species (such as 5) but to
an iron(II) complex (Figure S19).

Finally, we conducted the alkane hydroxylation and
sulfoxidation reactions with the iron(IIl)-iodosylarene
adducts 2 and 3 in the presence of an excess amount of
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FsPhl. In iron porphyrin systems, an equilibrium exists
between an iron(IV) oxo porphyrin swt-cation radical complex
and an iron(III) iodosylarene porphyrin complex in the
presence of iodoarene and it is the iron(IV) center which is
the reactive species in olefin epoxidation reactions.'” If there
is an equilibrium between an iron(IIl)-iodosylarene adduct
and an iron(V) oxo species, which is formed by O—I bond
cleavage of the iron(IIT)-iodosylarene adduct, the presence of
an excess amount of iodoarene should decrease the reaction
rate (see Scheme 2). Compound 3 was employed in the

[(13-TMC)Fell-OlAr]3+ >& [(18-TMC)FeV=0]3+ + Arl
a lSubstrate b l Substrate

Product-O Product-O

Scheme 2. See text for details.

cumene hydroxylation and thioanisole oxidation reactions in
the presence of FsPhl (50 equiv). It was found that the
reaction rates were the same as those obtained in the
reactions carried out in the absence of FsPhl (Figure S20).
These results demonstrate unambiguously that the iron(IIT)-
iodosylarene adduct (Scheme 2, pathway a), not the iron(V)
oxo complex (Scheme 2, pathway b), is the reactive species
for the hydroxylation and sulfoxidation reactions.

In summary, we have reported the synthesis, character-
ization, and reactivity of nonheme iron(IIl) iodosylarene
complexes. The intermediates are highly reactive in both
alkane hydroxylation and sulfoxidation reactions. Based on
the results of the mechanistic studies and product analysis, we
were able to conclude that the iron(III)-iodosylarene adducts
are the reactive species responsible for the oxidation reac-
tions. These results provide an example of metal-oxidant
adducts which can transfer their oxygen atom to organic
substrates prior to the conversion into metal oxo species.!
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