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ABSTRACT: The trigonal-bipyramidal high-spin (S = 2)
oxoiron(IV) complex [FeIV(O)(TMG2dien)(CH3CN)]

2+

(7) was synthesized and spectroscopically characterized.
Substitution of the CH3CN ligand by anions, demonstrated
here for X = N3

� and Cl�, yielded additional S = 2
oxoiron(IV) complexes of general formulation [FeIV(O)-
(TMG2dien)(X)]

+ (7-X). The reduced steric bulk of 7
relative to the published S = 2 complex [FeIV(O)-
(TMG3tren)]

2+ (2) was reflected by enhanced rates of
intermolecular substrate oxidation.

Non-heme monoiron oxygen-activating enzymes perform a
remarkably diverse array of highly selective oxidative

transformations,1 Most have iron centers with a 2-His-1-carbox-
ylate facial triad structural motif, and their catalytic cycles often
involve oxoiron(IV) intermediates as oxidants. Within the past
several years, such oxoiron(IV) species have been trapped and
spectroscopically characterized in several enzymes and found in
all cases to be high-spin (S = 2).2 In contrast, the overwhelming
majority of existing synthetic oxoiron(IV) complexes have S = 1
ground states.3 To date, the only published examples of S = 2
oxoiron(IV) complexes are [FeIV(O)(H2O)5]

2+ (1),4 [FeIV(O)-
(TMG3tren)]

2+ (2; TMG3tren =1,1,1-tris{2-[N2-(1,1,3,3-
tetramethylguanidino)]ethyl}amine),5 and [FeIV(O)(H3buea)]

�

(3; H3buea = tris[(N0-tert-butylureaylato)-N-ethylene]amine
trianion).6 The crystallographically characterized trigonal-bipyr-
amidal (TBP) complex 2 was found to react rapidly via intra-
molecular ligand hydroxylation (t1/2 at 25 �C = 30 s) but reacted
with external hydrocarbon substrates at rates comparable to
those of existing S = 1 complexes. In view of the fact that many
density functional theory (DFT) studies have predicted more
facile H-atom abstraction by S = 2 oxoiron(IV) centers than by
their S = 1 counterparts,7 the intermolecular reactivity observed
for 2 was disappointingly sluggish, a fact attributed to steric
retardation of the reaction due to the bulk of the tetramethyl-
guanidine donors.5a,8 In an effort to assess and rationalize the
inherent reactivity of the S = 2 oxoiron(IV) center in 2, we sought
to (i) reduce the steric bulk of the supporting ligand and (ii)
expand the palette of existing high-spin oxoiron(IV) complexes.
Both aims were easily accommodated by replacement of one arm
of the tripodal TMG3tren ligand with a methyl group to yield the
tridentate TMG2dien ligand (Figure 1A).

The iron(II) starting material used in this study,
[FeII(TMG2dien)(OTf)2] (4), was prepared by thallium(I) salt
metathesis of the chloride ligands in [FeII(TMG2dien)(Cl)2]
(5), which itself was generated by combining equimolar
quantities of TMG2dien and FeCl2. The high-resolution X-ray
structures of 4 [Figure 1B and Table S1 in the Supporting
Information (SI)] and 5 (Figure S1 and Table S2) revealed five-
coordinate complexes with geometries intermediate between
square-pyramidal (SP) and TBP (τ = 0.64 and 0.56, respec-
tively).9 This contrasts with the strictly TBP geometry of

Figure 1. (A) Structure of the TMG2dien ligand. (B) Thermal ellipsoid
plot of [FeII(TMG2dien)(OTf)2] (4) showing 50% probability ellip-
soids. Hydrogen atoms have been omitted for clarity. Selected bond
distances (Å): Fe�Oaxial, 2.2012(15); Fe�Oequatorial, 2.0816(15);
Fe�Naxial, 2.2835(17); Fe�Nguanidine(av), 2.0597(17). (C) Space-
filling model of the DFT-generated structure of 7. Atom color scheme:
C, gray; F, light-blue; Fe, magenta; H, white; N, blue; O, red; S, yellow.

Figure 2. Electronic spectra of 2 (black line), 7 (red line), 7-N3 (blue
line), and 7-Cl (green line) in CH3CN solution. Inset: expansion of the
features in the NIR region.
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[FeII(TMG3tren)(OTf)](OTf) (6; τ = 0.96), the iron(II) start-
ing material used in the generation of 2.5a

Treatment of a CH3CN solution of 4 with 2-(tert-butylsulfo-
nyl)iodosylbenzene, 2-(tBuSO2)C6H4IO,

10 yielded the orange-
brown species 7 (t1/2 at �30 �C ≈ 0.5 h vs 4.5 h for 2), whose
electronic spectrum is reminiscent of that for 2 (Figure 2 and
Table 1), with a weak near-IR (NIR) band centered at 805 nm
(ε = 270 M�1 cm�1) and an intense UV absorption having a
shoulder at ca. 380 nm (ε = 8200 M�1 cm�1). Notably, max-
imization of the intensity of the aforementioned NIR band
required the addition of 2.5�3 equiv of oxidant. M€ossbauer
spectroscopy revealed that reaction with 1 equiv of oxidant led to
substoichiometric yields of 7 (45%), with the remainder of the
iron content being associated primarily with unreacted 4 (Figure
S2). The absence of other iron products is consistent with
nonproductive reaction of 2-(tBuSO2)C6H4IO due to metal-
catalyzed disproportionation, a process that has been docu-
mented for this oxidant.10 Additionally, the 19F NMR spectrum of
7 in CD3CN displayed a single peak at �80 ppm, which is
indicative of free triflate, suggesting that the potentially cis-labile
site is filled by a solvent ligand. This observation, combined with
the other data detailed herein, led to the formulation of 7 as
[FeIV(O)(TMG2dien)(CH3CN)]

2+.
One of the primary motivations for developing the chemistry

of TMG2dien was to generate a TBP high-spin oxoiron(IV)
complex incorporating a labile site. To this end, adding
(R4N)N3 or (R4N)Cl to pre-formed solutions of 7 resulted
in immediate UV�vis spectral changes (Figure 2 andTable 1).
The new complexes, formulated as [FeIV(O)(TMG2dien)(X)]

+

(7-X; X = N3, Cl), exhibited spectra similar to those of the parent
complex 7. The presence of a terminal FedOunit in 7, 7-N3, and
7-Cl was confirmed by resonance Raman spectroscopy (Figure
S3). The ν(FedO) vibrational modes were observed at 807, 833,
and 810 cm�1, respectively, and were downshifted upon 18O
labeling according to Hooke’s Law (Table 1; theoretical Δν ≈
36�37 cm�1). Notably, 7-N3 is of comparable stability to 7,
but 7-Cl undergoes self-decay at a significantly accelerated

rate (t1/2 at �30 �C ≈ 34 and 2 min for 7-N3 and 7-Cl,
respectively).

M€ossbauer spectroscopy confirmed that complexes 7, 7-N3,
and 7-Cl all contain S = 2 oxoiron(IV) centers (Figure 3 left and
Figures S4�S7), with the zero-field spectrum of each exhibiting a
doublet with an isomer shift of δ≈ 0.1 mm s�1 (Table 1). Their
distinct quadrupole splittings (ΔEQ) confirmed the formation of
new anion complexes. The three species were obtained in high
yield, with 7, 7-N3, and 7-Cl accounting for 88, 80, and 87% (all
ca. (4%) of the Fe present, respectively. Minor iron(III)
impurities accounted for the remainder. Fitting the M€ossbauer
spectra observed at variable applied fields B to an S = 2 spin
Hamiltonian (see the SI) yielded zero-field splitting (D and E/D)
and hyperfine parameters (Table 1) that compared well to those
of other S = 2 oxoiron(IV) species.

Table 1. Spectroscopic Parameters of Selected S = 2 Oxoiron(IV) Complexes

complex

λmax [nm]

(εmax [M
�1 cm�1])

νFedO

(Δ18O) [cm�1] D [cm�1] E/D

Ax,y,z/gnβn
[T]

ΔEQ
[mm s�1] η

δ

[mm s�1]

E0
[eV]

EPE [eV]

(area)

7 380 (8200),a

805 (270)

807 (�34) 4.5,b 4.2c 0.09,b 0.10c �13.9, �15.8, �26.0 0.58d 0.5 0.08 7123.6 7113.3 (19.9),

7115.0 (3.1)

7-N3 412 (9700), 827

(290), 867 (275)

833 (�38) 4.6,b 5.0c 0.04,b 0.05c �15.5, �14.5, �27.0 �0.30e 0.35 0.12 7124.2 7113.8 (24.7),

7115.7 (9.2),

7118.1 (5.5)

7-Cl 385 (7800),a 803

(295), 825 (293)

810 (�35) 4.1,b 4.2c 0.13,b 0.14c �15.1, �15.4, �26.6 0.41 0.53 0.08 7123.9 7113.9 (21.9),

7115.7 (2.1)

2f 400 (8900), 825

(260), 865 (250)

843 5.0 0.02 �15.5, �14.8, �28.0 �0.29 0 0.09 7123.2 7113.8 (23.9),

7115.6 (3.1)

3g 350 (4200), 440

(3100), 550

(1900), 808 (280)

798 4.0 0.03 � 0.43 � 0.02 � �

1h 320 � 9.7 0 �20.3, �20.3, nd �0.33 0 0.38 7126 7114.5 (60�70)

TauD-Ji 318 821 10.5 0.01 �18.4, �17.6, �31.0 �0.9 0 0.30 7123.8j �
a Shoulder. bDetermined by M€ossbauer spectroscopy. cDetermined by EPR spectroscopy. dThe electric-field gradient (EFG) tensor and the A tensor
were rotated relative to the ZFS tensor byREFG = 50�,βEFG = 45� andRA = 55�, respectively (WMOSS convention); see the SI for comments. eThe EFG
tensor and theA tensor were rotated byREFG = 30�, βEFG = 60� andRA = 20�, respectively. fReference 5a. gReference 6. hReference 4. iData were taken
from refs 2b and 14. jAssuming an Fe foil reference E of 7112.0 eV.

Figure 3. (left) Selected 4.2KM€ossbauer spectra of 7 inCH3CN(black)
recorded in parallel applied magnetic fields, as indicated. For all spectra, a
high-spin FeIII impurity representing ∼12% of the iron has been
subtracted from the raw data. Solid red lines are spectral simulations
using the parameters in Table 1. Additional spectra are shown in Figures
S4�S7. (right) X-band EPR spectra (black) and spectral simulations
using the parameters in Table 1 (red) for (A) 7-N3, (B) 7, and (C) 7-Cl.
Additional spectra are shown in Figures S8�S10.
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The high-spin ground states of 7, 7-N3, and 7-Cl and the D
and E/D values obtained by M€ossbauer spectroscopy were
confirmed by parallel-mode EPR spectroscopy (Figure 3 right
and Figures S8�S10). Their X-band spectra all display broad
resonances at g ≈ 8�13 originating from the excited-stateMS =
(2 quasi-doublet of an S = 2 multiplet. As the intensity of
such signals is proportional to E/D,4 quantitative simulations
allowed quite accurate determinations of E/D (Table 1; see
Figures S8�S10 for further details).11

Consistent with their assignment as oxoiron(IV) complexes,
7, 7-N3, and 7-Cl exhibited X-ray absorption spectroscopy
(XAS) edge energies E0 ≈ 7124 eV (Table 1), which are in the
range observed for other oxoiron(IV) complexes and blue-
shifted by g1.7 eV relative to the iron(II) starting material
4 (E0 = 7121.9 eV). Unlike S = 1 oxoiron(IV) complexes,
which exhibit a single symmetrical pre-edge feature,12 7, 7-N3,
and 7-Cl all exhibited pre-edge features composed of
two discernible peaks (Figure 4A and Table S3) originating from
1s f 3d electronic transitions. Consequently, two Gaussians were
needed to model them successfully, as predicted by DFT for high-
spin iron(IV) complexes.13

Analysis of the EXAFS data for both 7 and 7-Cl furnished best
fits (Tables S4 and S5, Figure 4B and Figure S11) with an O/N
scatterer at ∼1.65 Å that corresponds to the FedO unit. (High-
quality EXAFS data for 7-N3 could not be obtained because of
rapid photodecomposition.) These distances are comparable to
the FedO lengths observed in the X-ray structures of 2 and 3
[1.661(2) and 1.680(1) Å, respectively],5a,6 the EXAFS of
enzymatic oxoiron(IV) intermediates,2e,14b,15 and the plethora
of existing S = 1 oxoiron(IV) complexes.3,16 Both 7 and 7-Cl also
have a shell of O/N scatterers at ca. 1.94 Å (four in the former
case and three in the latter) assigned to the N donors of the
supporting ligands. This Fe�N distance is shorter than that
found for 2 by EXAFS (1.99 Å),5a reflecting the lower steric
constraints of the TMG2dien ligand. Lastly, 7-Cl has a Cl
scatterer at 2.27 Å, a distance that is very similar to the 2.31 Å
Fe�Cl distance obtained by EXAFS for the chloroferryl inter-
mediate of the aliphatic halogenase SyrB2.2e

DFT calculations for 7, 7-N3 and 7-Cl further supported our
assignment of an S = 2 spin state for these three complexes
(Tables S6�S13), all of which have a 5A ground state with four d
electrons located in two half-filled E levels (Table S7). The spin
populations calculated for the iron and the oxo atoms were
+3.0(1) and +0.6(1), respectively (Tables S9 and S10), similar
to those obtained for 1, 2, and TauD-J.4a,5a,14c The geo-
metry-optimized structures of 7, 7-N3, and 7-Cl (Figure 1C,

Figure S12, and Table S8) are best described as TBP (τ = 0.79,
0.83, and 0.72, respectively)9 and have FedO bond lengths of
∼1.65 Å, in close agreement with EXAFS-derived distances. In
contrast, the Fe�Cl distance of 2.35 Å calculated for 7-Cl is
somewhat longer than the value of 2.27 Å determined by EXAFS.
Lastly, the DFT-calculated spin-dipolar contribution to the 57Fe
A tensor is in good agreement with the experimental data (Table
S6), indicating that the z axis of the spin Hamiltonian
(determined by the ZFS tensor) is oriented along the Fe�O
bond (within ca. 5�).

Besides the creation of an S = 2 oxoiron(IV) complex with a
cis-labile site, it was anticipated that going from the tetradentate
TMG3tren ligand to the tridentate TMG2dien ligand would
provide substrates greater access to the FeIVdO unit, thereby
allowing the inherent reactivity properties of the S = 2 oxoiron-
(IV) center to be manifested. Consistent with these expectations,
the oxo-transfer reaction of 7 to PPh3 proceeded so rapidly that
we were unable to accurately measure the associated rate
constants at �30 �C for comparison with published data for
other oxoiron(IV) complexes listed in Table 2. Additionally,
H-atom abstraction from 1,4-cyclohexadiene (CHD) and 9,10-
dihydroanthracene (DHA), which are substrates with similarly
weak C�H bonds but differing steric profiles, proceeded at
comparable rates, with respective second-order rate constants
that were 15 and 630 times larger than those for the more
sterically hindered 2 (Table 2 and Figures S13�S15).

Notably, the reactivity of 7 was more than 1 and 3 orders of
magnitude greater than those of the S = 1 complexes [FeIV(O)-
(N4Py)]2+ (8) and [FeIV(O)(TMC)(CH3CN)]

2+ (9), respec-
tively (Table 2), which would appear to support DFT-based
predictions of a more reactive S = 2 FeIVdO center.7 However,
7 is an order of magnitude less reactive than the recently
reported S = 1 complex [FeIV(O)(Me3NTB)]

2+ (10).17 This
fact serves to highlight the difficulty of making such com-
parisons without consideration of the thermodynamic and steric
consequences of the differing ligand environments of the various
complexes. To date, there has been only one report of a pair of
closely related complexes, namely, [(HO)(L)FeIII/IV�O�FeIV(L)-
(O)] (L = tris(3,5-dimethyl-4-methoxypyridyl-2-methyl)amine),
that have identical ligand environments but differ in having an

Figure 4. (A) XAS pre-edge region of 4 (red), 7 (black), 7-N3 (green),
and 7-Cl (blue). (B) FeK-edge unfiltered EXAFS data [inset: k3χ(k)] and
the corresponding Fourier transform for 7-Cl. The solid black lines and
red dots correspond to the experimental data and fits, respectively. The fit
of 7 and further details of the EXAFS analysis are provided in the SI.

Table 2. Second-Order Rate Constants (k2) Observed in
Reactions of FeIVdO Complexes with Various Substrates

k2 [M
�1 s�1]b

complexa CHD DHA PPh3

7 18 57 �c

2d 1.2 0.090 1.1

8d 1.3 2.0 1.5

9d 0.018 0.016 0.22

10e 94 310 �c

a [FeIV(O)(N4Py)]2+ (8; N4Py = bis(2-pyridylmethyl)bis(2-pyridyl)
methylamine), [FeIV(O)(TMC)(CH3CN)]

2+ (9; TMC = 1,4,8,11-
tetramethylcyclam), [FeIV(O)(Me3NTB)]

2+ (10; Me3NTB = tris((N-
methylbenzimidazol-2-yl)methyl)amine). bReactions were run in
CH3CN solution at �30 �C. The reaction kinetics for 2, 8, and 9 were
measured using 1.0 mM complex. For 7, the higher rates of reaction
required the use of 0.1�0.2 mM complex and similarly reduced con-
centrations of the substrate. cThis reaction was too fast for measurement
of kobs.

dReference 5a. eObtained at �40 �C (see ref 17).
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S = 1 or S = 2 oxoiron(IV) unit.18 Remarkably, the high-spin
FeIIIFeIV complex was found to be 1000-fold more reactive than
the low-spin FeIVFeIV complex, thereby validating DFT-based
predictions that an S = 2 FeIVdO center was superior to an S = 1
FeIVdO center at H-atom abstraction.7

In summary, we have described the synthesis of the high-spin
oxoiron(IV) complex [FeIV(O)(TMG2dien)(CH3CN)]

2+ (7),
which is related to the S = 2 complex [FeIV(O)(TMG3dien)-
(CH3CN)]

2+ (2) by replacement of one of the tetramethylgua-
nidinyl arms of the TMG3tren ligand by a methyl group and
inclusion of a solvent ligand in its place. This modification
provides greater access to the FeIVdO subunit, eliminating the
selectivity for smaller substrates exhibited by 2 and resulting
in a significant increase in the rates of intermolecular reactions.
Furthermore, the introduction of CH3CN as an equatorial
ligand in 7 provides a means to access a series of anion-sub-
stituted S = 2 oxoiron(IV) complexes that are highly amenable to
characterization, as illustrated here for [FeIV(O)(TMG2dien)(X)]

+

(7-X; X = N3, Cl). This offers the promise of elucidating
spectroscopic and reactivity trends as a function of the electronic
properties of an S = 2 oxoiron(IV) center and may provide
answers to specific biorelevant questions, such as the reason for
the omnipresence of carboxylato ligands in non-heme enzymes1

and the cause of the inherent preference for halogen- versus
oxygen-atom rebound in non-heme iron halogenases.19
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