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The effect of a pendant neutral alcohol moiety in the N-
alkylated cyclam (1,4,8,11-tetraazacyclotetradecane) ligand
backbone is examined for the non-heme mononuclear
oxoiron(IV) unit in [FeIV(Osyn)(TMC-HOR)(NCCH3)]

2+ (1-syn) (TMC-
HOR=2-(4,8,11-trimethyl-1,4,8,11-tetraazacyclotetradecan1-
yl)ethan-1-ol). Unlike in the related [FeIV(Oanti)(TMC-SR)]

+ (3-anti)
(TMC-SR=1-mercaptoethyl-4,8,11-trimethyl-1,4,8,11-tetraazacy-
clotetradecane) complex, bearing an axial mono-anionic thio-
late ligand trans to the oxo unit, the alcohol moiety in 1-syn

stays protonated and does not axially coordinate to iron. The
protonation of the alcohol moiety is a prerequisite for the
stabilization of the oxoiron(IV) core; it presumably serves as a
hydrogen bonding donor to the oxoiron(IV) unit, which is
positioned syn to the three methyl groups. Comparative
reactivity studies reveal 1-syn to be a stronger hydrogen atom
abstraction but weaker oxygen atom transfer agent relative to
the [FeIV(Osyn)(TMC)(NCCH3)]

2+ (2-syn) complex, bearing the N-
tetramethylated cyclam (TMC) ligand.

Introduction

In biology, dioxygen is often activated at heme and non-heme
iron centers to carry out important and diverse oxidative
transformations.[1] High-valent oxoiron(IV) species are frequently
invoked as reactive oxidants in these reactions.[1a] Driven by the
need to understand the fundamental properties of such
oxoiron(IV) centers and to exploit their oxidative capabilities[1b]

in unprecedented organic transformations, a relatively large
family of oxoiron(IV) complexes[2] has been synthesized and
comprehensively characterized, the vast majority of which
exhibit an intermediate spin (S=1) state.[3] This is in contrast to

the oxoiron(IV) moieties in enzymes,[4] all of which have been
found in the quintet (S=2) spin state. Furthermore, in contrast
to nature, where -O atom donors are ubiquitous, most of the
biomimetic oxoiron(IV) complexes are stabilized by employing
strong-field pyridine,[5] tertiary amine[6] or carbene donors.[6–7]

Electronic effects[1b,8] on the reactivity of oxoiron(IV) com-
plexes have been investigated[9] in significant detail. Theoretical
studies[10] have rationalized a much higher hydrogen atom
abstraction (HAA) reactivity of the naturally occurring S=2
oxoiron(IV) complexes compared to S=1. This is mainly
because of the linear transition state involving a σ attack of the
substrate with the dz2 orbital of the metal, which provides a
lower steric contribution to the barrier at the transition state for
the S=2 surface.[11] In contrast, the π attack required for the
reactivity on the S=1 surface is sterically hindered, which
results in a large barrier at the transition state and depleted
reactivity. The unexpectedly high reactivity observed in some of
the model S=1 oxoiron(IV) complexes has, therefore, been
explained by a two-state reactivity (TSR) model,[12] where the
S=1 oxoiron(IV) core tunnels into the low-lying S=2 transition
state for HAA reactivity. For example, TSR is reflected in the
anti-electrophilic reactivity pattern of a series of complexes[13]

[FeIV(Oanti)(TMC)(X)]
n+ (n=2: X=NCCH3 (2-anti, Scheme 1); n=1:

X=O2CCF3
� , N3

� ) and [FeIV(Oanti)(TMC-SR)]
+ (3-anti) with dihy-

droanthracene. Introducing a stronger electron donating axial
ligand led to a decrease in the calculated energy gap (ΔETQ)
between the triplet ground state and the quintet excited state,
which lowered the activation barrier for HAA, because of the
better accessibility[13] of the more reactive S=2 state. The
replacement of one of the equatorial NMe donors in TMC by an
O-atom in TMCO (TMCO=4,8,12-trimethyl-1-oxa-4,8,12-triazacy-
clotetradecane) also led to a decrease in ΔETQ, thereby trans-
forming the sluggish complex, 2-anti[2b,14] into a highly reactive
oxidant, [FeIV(Oanti)(TMCO)(OTf)]

+. The observed high HAA
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reactivities of 3-anti[14] and [FeIV(Oanti)(TMCO)(OTf)]
+ [2b] provide a

compelling rationale for nature’s use of the O=FeIV� SR motif[15]

and weak-field O-based ligands in heme and non-heme
oxygenases,[16] respectively, to perform key metabolic trans-
formations that involve the activation of strong C� H bonds.
In our continuing efforts to uncover the structure–reactivity

relationships of non-heme metal-oxo complexes, herein we
investigate how alcohol coordination influences the reactivity
of the oxoiron(IV) unit. Although phenol-ligated iron(IV)-oxo
centers are postulated to be the key oxidants in the catalytic
cycles of catalase enzymes,[15f,17] an appropriate model complex
is lacking in the literature. Based on the reported stabilization of
3-anti, where the oxo group binds anti to the three � Me and
� CH2� CH2� S

� groups of the TMC-SR ligand, we reasoned that
appending an alcohol donor to the ligand framework would
also promote coordination of the deprotonated alcohol ligand
to the iron(IV) center. This was tested by replacing one of the
methyl substituents of TMC by a � CH2� CH2� OH group,
affording the ligand TMC-HOR, which stabilizes the correspond-
ing oxoiron(IV) moiety in 1-syn (Scheme 1). Surprisingly, TMC-
HOR stays protonated; DFT calculations and 1H-NMR analysis
suggest a H-bonding interaction between � CH2CH2OH and the
oxoiron(IV) moietiy. The stabilization of a hydrogen bonded
FeIV=Osyn-HOR moiety in 1-syn, in contrast to the deprotonated
thiolate RS� FeIV=Oanti core in 3-anti, improves our understand-
ing of the effect of � S� vs. � OH donors to form the oxoiron(IV)
core in an otherwise identical ligand framework.

Results and Discussion

The neutral ligand, TMC-HOR with a pendant alcohol moiety in
focus was synthesized in moderate yield according to a

previously reported procedure.[19] Combination of the TMC-HOR
ligand with Fe(OTf)2(CH3CN)2 in acetonitrile resulted in the
expected iron(II) complex, [FeII(TMC-HOR)](CF3SO3)2 (see ESI,
synthesis section and Figure S1), with 99% yields.
The X-ray diffraction (XRD) analyzed structure (Figure 1) of

[FeII(TMC-HOR)](CF3SO3)2 displays a 5-coordinate geometry with
a structural parameter (τ5)

[20] value of 0.48, which is in between
square pyramidal and trigonal bipyramidal geometries. The N-
alkylated cyclam ring exhibits a trans-I configuration,[21] similar
to that seen in all previously reported X-ray structures of iron(II)
TMC complexes,[3a,9,18,21–24c] and the appended � CH2CH2OH donor
coordinates to the iron center via its O-atom in a protonated
state. Interestingly, the alcohol moiety is H-bonded to one of
the triflate anions. The XRD-determined iron-ligand bond
lengths (Table S1) associated with [FeII(TMC-HOR)](CF3SO3)2 are
characteristic of a 5-coordinate high-spin iron(II) complex, with
an average Fe� N distance of 2.1627(19) Å and an Fe� O bond of
2.0511(16) Å.
Mössbauer spectroscopy further confirmed the presence of

an S=2 FeII center in [FeII(TMC-HOR)](CF3SO3)2 with a quadru-
pole splitting (ΔEQ) of 3.51 mm/s and an isomer shift (δ) of
0.98 mm/s (Figure 2, top). As the Mössbauer parameters of
[FeII(TMC-HOR)]2+ are similar to those reported for the [FeII(TMC-
SR)]+ complex (ΔEQ=3.0 mm/s and δ=0.90 mm/s),[22h] -S vs -OH
binding has only a minor influence on the electronic structure
of the high-spin FeII state.
Reaction of [FeII(TMC-HOR)](CF3SO3)2 with 1.2 equivalents of

2-(tert-butylsulfonyl)iodosylbenzene (tBuSO2C6H4IO, sPhIO) in
CH3CN at � 40 °C gave a bright yellow colored solution of a new
species, 1-syn (half-life (t1/2) of 7 minutes at 25 °C), exhibiting an
electronic spectrum with a near-infrared (NIR) absorption band
(λmax=820 nm; ɛmax=320 M� 1 cm� 1) characteristic of S=1
oxoiron(IV) complexes (Figure 3, Table 1).[24a] Previously, features
of this type have been assigned to ligand field transitions
arising from an S=1 oxoiron(IV) center, with the accompanying
well-defined fine structures being vibronic in nature.[22–24c]

Notably, relative to 3-anti, the NIR band of 1-syn is blue-
shifted with increased absorption intensity (Table 1), which is
consistent with the strong axial donation of the anionic -S� R
group in 3-anti. On the basis of detailed magnetic circular
dichroism (MCD) studies,[9] these spectral changes have been

Scheme 1. Schematic representation of the oxoiron(IV) intermediates.

Figure 1. (A) XRD determined molecular structure of [FeII(TMC-
HOR)](CF3SO3)2].CH3CN, showing unbound triflate anions and a co-crystal-
lized acetronitrile solvent molecule. Hydrogen atoms (except at OH of the
TMC-HOR ligand) are omitted for clarity. Ellipsoids are drawn at 50%
probability level. (B) DFT optimized structure of 1-syn.
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attributed to perturbations in Fe=O π-interactions caused by
the trans ligand. Interestingly, the axial donation in 2-syn
(λmax=815 nm) and 2-anti (λmax=824 nm), containing a neutral
CH3CN ligand, is very similar to 1-syn, as evident from the
similar λmax values (Table 1), which may point towards axial
CH3CN donation instead of a neutral -ROH in 1-syn.

The 1H NMR spectrum of 1-syn (Figure 4), acquired in
acetronitrile-d3 at � 40 °C, provides further structural insights.
The sharp peaks corresponding to the N� CH3 groups are found
in downfield region of the NMR spectrum around 30 ppm, but
are separated due to their non-equivalent character. The α-CH2
groups next to the amine -N donors appear as nine broad peaks
of low intensity. All β-CH2 groups reveal similar chemical shifts
from 37 to 53 ppm, thereby confirming that the trans-I
configuration is conserved in 1-syn, and also that the
� CH2� CH2� OH ligand is not directly bound to the Fe

IV center,
which would shift the β-CH2 protons of � CH2� CH2� OH signifi-
cantly. However, the two β-CH2 protons of the pendant alcohol
moiety appear as two separate peaks in 1-syn, which may
indicate a locked conformation, presumably by H-bonding
interaction with the oxoiron(IV) moiety. As per 19 F NMR
(Figure S3), only one sharp signal at � 79.90 ppm, correspond-
ing to the free triflate anion, is observed, further corroborating
acetonitrile as the axial ligand in 1-syn.
Mössbauer analysis of 1-syn shows a doublet accounting for

~93% of the total iron with ΔEQ=0.25 mm/s and δ=0.13 mm/
s, which confirms the presence of an S=1 iron(IV) center. Its
electrospray mass spectrum exhibits an ion fragment at m/z=

357.1 (Figure S2), with a mass and isotope distribution pattern
in agreement with its formulation as [FeIV(16Osyn)(TMC-O

� R)]+

(calc. m/z 357.2). This ion peak shifts to m/z=359.1 correspond-
ing to [FeIV(18Osyn)(TMC-O

� R)]+ (calc. m/z 359.2), when 18O
labelled sPhIO was used as an oxidant for the generation of the
oxoiron(IV) species, 1-syn.
As a prerequisite for the stabilization of the oxoiron(IV) core

in 1-syn, the TMC-HOR group needs to remain protonated. All
efforts to generate the oxoiron(IV) species with the deproto-
nated [FeII(TMC-OR)]+ complex failed.[24d] Addition of sPhIO to
[FeII(TMC-OR)]+ led to no change in the absorption spectrum in
the near-IR region (Scheme 1). Thus, the syn site cannot be
retrieved for oxo group transfer once the [FeII(TMC-
HOR)](CF3SO3)2 complex gets deprotonated. The significance of
the protonated hydroxyl group in the TMC-HOR ligand system
was further demonstrated in our attempt to isolate 1-syn with
the deuterated starting complex, [FeII(TMC-DOR)](CF3SO3)2 (Fig-
ure S3), which also failed. This may corroborate the necessity of
the H-bonding interaction in the stabilization of the FeIV=O
moiety in 1-syn.

Figure 2. Mössbauer spectra of a powder sample of [FeII(TMC-HOR)](CF3SO3)2
(top) and of a frozen CH3CN solution of 1-syn (bottom) recorded at 14 K
(experimental data, grey dashed lines; fitted curves, red solid lines; major
and minor species are shown by black and blue solid lines, respectively).

Figure 3. UV-vis spectral changes associated with the formation of 1-syn
(red) by reacting [FeII(TMC-HOR)](CF3SO3)2 (1 mM, black) in CH3CN at � 40 °C
with 1.2 eq sPhIO. The inset shows an expansion of the NIR region.

Figure 4. 1H NMR spectrum of 1-syn in acetronitrile-d3 at � 40 °C.
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Resonance Raman (rRaman) spectra (Figure 5) of 1-syn
using an excitation wavelength of 406 nm reveal the Fe=O
vibrational mode at 862 cm� 1, which downshifts by 37 cm� 1

upon introducing 18O by the use of 18O-labelled sPhIO (Figure 5),
as expected for a diatomic Fe� O vibration (� 38 cm� 1) based on
Hooke’s law.[24e] The related 2-syn shows an Fe=O mode at
856 cm� 1, which is 6 cm� 1 down-shifted compared to 1-syn
(Table 1). This slight difference in the Fe=O vibrational modes
between 1-syn and 2-syn can likely be presumably attributed to
presence of an additional pendant alcohol moiety in 1-syn,
which leads to H-bonding interaction and different equatorial
donation. A similar behavior of Fe=O vibrational modes with
respect to H-bonding was previously reported in Hangman
porphyrin complexes[26a] containing appended carboxylic, amide
or ester groups,[3e,8g,25,26a] for all of which the Fe=O vibrational
mode remained unchanged at 824 cm� 1. In these systems, the
H-bonding donor site is covalently linked via a spacer group to
the parent ligand backbone, which presumably reduces their
flexibility and strength of the H-bonding to the Fe=O core. In
contrast, a more flexible FeIV=O-H+/LA (LA= lewis-acids)[26b]

interaction (leading to stronger H-bonding interaction) in heme
iron(IV)-oxo species resulted in a significant down-shift of the
Fe=O vibrational mode compared to the respective non-hydro-
gen bonded system.

X-ray absorption spectroscopy (XAS) data were collected
at the Fe K-edge for [FeII(TMC-HOR)](CF3SO3)2 and 1-syn. The

respective X-ray absorption near-edge structure (XANES) spectra
are shown in Figure 6A. The K-edge energy of [FeII(TMC-
HOR)](CF3SO3)2 (7119.0 eV) indicates an iron(II) center (Table 1).
The K-edge energy for 1-syn (7123.8 eV) is lower relative to 3-
anti (7125.3 eV), presumably due to admixtures of iron(II)
starting material and/or minor iron(III) oxidation products in the
highly concentrated (15 mM) CH3CN-solution sample of 1-syn,
but consistent with previously reported values for 2-anti
(7124.5 eV)[14,18] and other oxoiron(IV) species (ca. 7124–
7125 eV).[2] Complex 1-syn exhibits a more prominent pre-edge
transition compared to [FeII(TMC-HOR)](CF3SO3)2 at ca. 7115 eV,
as typical for oxoiron(IV) complexes and also observed for 2-
anti and 3-anti. It is noted that its broad envelope and relatively
small amplitude in 1-syn may suggest additional contributions
from minor iron species in the sample.

Extended X-ray absorption fine structure (EXAFS) spectra
of [FeII(TMC-HOR)](CF3SO3)2 and 1-syn in frozen CH3CN solution
are shown in Figure 6B. Overall similar spectra imply that the
ligand system remains intact upon oxidation. EXAFS simulation
analysis (Table S2) for [FeII(TMC-HOR)](CF3SO3)2 shows Fe� N
bond lengths (~2.15 Å) in agreement with the crystal data and
apparently resolves two further shorter iron-ligand bonds
(~2.00 Å), likely due to the OH-group of the TMC-HOR ligand
and a solvent (CH3CN) molecule in trans position. The EXAFS
parameters of 1-syn (Table S2) reveal on average ca. 0.1 Å
shortened Fe� N bonds and ca. 0.05 Å shortened second-sphere
Fe� C distances upon iron oxidation. Slightly sub-stoichiometric
amounts of an Fe=O bond of 1.65 Å were detected, as well as
ca. one more oxygen/nitrogen ligand (~2.12 Å). These results
are consistent with the replacement of the O atom of the
pendant ROH moiety of the cyclic ligand by an oxo group at
the ferryl center of 1-syn.

DFT computations were performed to verify the structural
conformation of 1-syn by comparison of bond distances and
vibrational modes calculated for various geometry-optimized
structures (Table S4) with the experimental results. The series of
computational S=1 state models comprises such structures in
varying protonation states (i-iii) where the sPhIO derived Oanti

donor atom replaces the coordinating CH3CN in the anti
position inferred from EXAFS for [FeII(TMC-HOR)](CF3SO3)2, while
the RO(H) moiety stays trans-coordinated, as well as structures
(iv) where the oxo atom binds to the syn site, replacing the
pendant ROH ligand, while CH3CN remains trans. The Oanti

structures exhibit on the anti and syn faces, respectively, (i) oxo
and ROH, (ii) hydroxo and RO� and (iii), in analogy to the
thiolate-bound iron(IV)-oxo (3-anti), oxo and RO� ligands. All

Table 1. Spectroscopic and structural properties of nonheme oxoiron(IV) complexes.

Complex λmax (nm)
(ɛ (M� 1 cm� 1))

δ
(mm/s)

ΔEQ
(mm/s)

Fe=O
(Å)

υFe=O
(cm� 1)

EK-edge
(eV)

Ref.

1-syn 820 (320) 0.13 0.25 1.65 862 7123.8 This work

2-syn 815 (380) 0.16 1.55 1.625 856 – [24a]

2-anti 824 (400) 0.17 1.24 1.646 839 7124.5 [9]

3-anti 860 (230) 0.19 0.22 1.70 – 7125.3 [22 h]

Figure 5. rRaman spectra of 1-syn generated using sPhI16O (black) and
sPhI18O (red) upon 406 nm excitation in CH3CN at � 40 °C. The blue line
corresponds to the 16O-18O difference spectrum. (The asterisk marks solvent
bands).
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groups (i-iv) comprise two structures with different conforma-
tions of the trans–I TMC-HOR cycle, namely (a) as in 2-syn and
2-anti (Cs symmetry for TMC)

[8,9, 21–24] and (b) as in iron(II)
complexes with TMC-derived ligands (C2 symmetry for TMC, see
Figure 1 and Refs. [22–24]). In all cases, conformation b is lower
in energy (by 1.6–4.2 kcal/mol), while all calculated properties
are highly similar for a and b (Table S4).

For the oxo/ROH models (i), the νFe=O vibration at 872–
875 cm� 1 (Δ18°� 16°νFe=O= � 41 cm� 1) deviates slightly from that
experimentally determined by rRaman for 1-syn (862 cm� 1,
Δ18°� 16°νFe=O= � 37 cm� 1). In comparison, the hydroxo/RO� mod-
els (ii) are energetically favoured. However, the Fe� O distances
of the latter approach similar values around 1.8 Å both for the
weaker Fe-OH and the stronger Fe-� OR bonds. Because of the
nearly equidistant O ligands in trans positions, their Fe� O
stretching vibrations couple to yield two modes, symmetric and
antisymmetric, involving all three centers O� Fe-O at much
lower energies of 557 and 646 cm� 1, respectively. Accordingly,
compared to two-body Fe� O vibrations, their 16/18O isotope
shifts are drastically reduced to � 9–� 10 cm� 1, which is
inconsistent with the experiment. In the oxo/RO� - models (iii),
the calculated νFe=O <800 cm� 1 are also considerably too small
compared to the experiment. In the CH3CN/oxo models (iv),
both the oxo and ROH moieties are located on the syn face,
interacting via a H-bond of 1.65 Å length. The Fe=O and
CH3CN� Fe distances, as well as, the νFe=O energies of 868–
871 cm� 1 (Δ18°� 16°νFe=O = � 35–37 cm� 1 for 1-syn) are in excellent
agreement with the experiment. Therefore, we prefer the
structure shown in Figure 1B for 1-syn.

Reactivity Studies

The reactivity of 1-syn was investigated in various HAA and OAT
reactions and compared with those reported for 2-syn, 2-anti
and 3-anti (Table 2). In each case, the pseudo-first-order
reaction rates were monitored by the disappearance of the NIR
absorption bands. The second-order rate constants (k2) were
calculated from the slope of a plot of the first-order rate
constant (kobs) versus substrate concentration (Figures S4–S8).
The reactivity differences between 1-syn and 2-syn are also
compared to check the effect of possible H-bonding on
reactivity. Similar to that in the heme systems,[25,26] the presence
of additional H-bonding effect in 1-syn leads to enhanced HAA
reactions, approximately by a factor of 2 compared to 2-syn.
However, the OAT abilities of 1-syn are significantly retarded
relative to 2-syn. The KIE value of 11 (0 °C) for 1-syn was
determined using DHA-d4 as a substrate. Polanyi curves for 1-
syn show a linear dependency of decreasing logarithmic
effective reaction rates (k2') with the increase of C� H BDE of the

Figure 6. (A) Normalized Fe K-edge XANES spectra for [FeII(TMC-
HOR)](CF3SO3)2 (black) and 1-syn (red) in frozen CH3CN solution. (B) Fourier-
transforms (experimental data) of the respective EXAFS spectra in the inset
(experimental data, grey dotted line; simulations, thick black and red lines).

Table 2. Second-order rate constants (k2, M� 1 s� 1) determined for C� H bond activation and OAT reactions of 1-syn compared to those for the reported
reactivity trend of 2-syn, 2-anti and 3-anti.

Substrate C� H
BDE[a]

(kcal/mol)

1-syn
(25 °C)

2-syn
(25 °C)

2-anti
(25 °C)

3-anti
(0 °C)

k2 (M
� 1s� 1)

Xanthene 75.50 1.64(5) 0.92 0.67 –

DHA 77 0.73(3) 0.33 0.23 7.50

CHD 78 0.70(2) 0.29 0.22 –

PPh3 N/A 15.55* too fast 29.5* 0.016

[a] Y.-R. Luo, Handbook of bond dissociation energies in organic compounds, CRC Press, New York, 2003. * These k2 values are calculated for 25 °C from the
experimentally determined value at 0 °C.
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substrates. The value of the slope of � 0.28 for 1-syn, implies
that HAA is the rate-determining steps in all cases.
Under Ar atmosphere, the oxidations of xanthene and CHD

by 1-syn yielded xanthone (64%) and benzene (57%), respec-
tively. Anthracene (7%), anthrone (5%) and anthraquinone
(86%) products were obtained in reactions with dihydroanthra-
cene (DHA). Complex 1-syn also performed HAA with 2,4-di-
tert-butylphenol to form 2,2'-dihydroxy-3,3',5,5'-tetra-tert-butyl-
phenol (37%). In the event of OAT reaction, 1-syn reacts with
triphenylphosphine (PPh3) to yield triphenylphosphine oxide
(35%).

Conclusions

In summary, simply replacing the thiolate moiety with a neutral
alcohol moiety, in the TMC-based ligand framework, leads to a
substantially altered conformation of the non-heme oxoiron(IV)
complex, thereby stabilizing an inverted CH3CN-Fe

IV=O-HOR
structure via H-bonding in 1-syn. In contrast, the thiolate ligated
complex, 3-anti, stabilizes a deprotonated RS-FeIV=O core as a
mimic of the cytochrome-P450 active center. The � CH2CH2OH
group of the TMC-HOR ligand needs to stay protonated as a
prerequisite for the stabilization of the oxoiron(IV) moiety. A
comparative reactivity study show an enhancement of HAA and
reduction of OAT abilities of the H-bonded oxoiron(IV) core in
1-syn compared to 2-syn. Surprisingly, however, a correlation of
Fe=O bond strength and reactivity fails, as the H-bonded νFe=O
in 1-syn appears at a slightly higher energy (862 cm� 1) relative
to that in 2-syn (856 cm� 1), despite of the higher HAA activity of
the former. Further studies are therefore necessary to under-
stand the role of H-bonding in the reactivity and spectroscopic
properties of the non-heme oxoiron(IV) complexes, which are
underway.
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