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The ferrous complex [(L1)FeII–THF]–, featuring the trisamido-
amine ligand [(RNC6H4)3N]3–, where R is the electron-rich 4-
tBu-Ph moiety, can undergo a one-electron oxidation by di-
oxygen to afford the corresponding [(L1)FeIII–OH]– complex,
and a parallel two-electron oxidation to generate the antifer-
romagnetically coupled diferric µ-oxo compound [(L1

re–1)Fe–
O–Fe(L1

re–1)]. The latter compound possesses a ligand that
exhibits oxidative rearrangement and retention of the oxi-

Introduction

Among the biologically relevant metalloradical systems
explored, most prominent are those containing oxygen/
sulfur residues,[1,2] as these electron-rich entities can better
stabilize radical sites. In contrast, nitrogen-containing[3]

radical moieties, such as aminyl (NR2
·) or amine radical

cations (NR3
·+), have only recently started receiving due at-

tention.[1] These weakly nucleophilic free radicals can be
generated by oxidation or homolytic bond cleavage, and
upon protonation or metalation can be transformed to re-
active electrophilic moieties.[4] The present study provides a
rare synthetic example in which dioxygen itself furnishes the
requisite oxidizing power to initiate simultaneous metal-
and ligand-centered oxidation, the latter leading to ligand
rearrangement due to the reactivity of incipient N-centered
radicals.
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dation equivalent in a o-diiminobenzosemiquinato moiety as
a π radical. Ligand oxidation is perceived to initiate at an
amido residue leading to formation of an electrophilic, metal-
bould aminyl radical that undergoes an 1,4-(N-to-N) aryl mi-
gration reaction.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Results and Discussion

With reference to Scheme 1, entry into the iron chemistry
of the new trisamido-amine ligand [2-N(R)H-C6H4]3N
(L1H3; R = 4-tBu-Ph) is accomplished by ligand deproton-
ation followed by addition of anhydrous FeCl2 to afford
light green crystals of [(L1)FeII–THF][K(THF)3]·0.5THF
(1) (see Figure 1 and Table S1 in the Supporting Infor-
mation).[5]

Scheme 1.
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Figure 1. Solid-state structure of [(L1)FeII–THF][K(THF)3]·
0.5THF (1) showing 30% probability ellipsoids and the atom label-
ing scheme. Selected interatomic distances [Å] and angles [°]: Fe–
N(2) 2.012(5), Fe–N(3) 2.055(5), Fe–N(4) 2.022(5), Fe–N(1)
2.266(5), Fe–O(1) 2.189(4), N(4)–Fe–N(3) 110.28(19), N(4)–Fe–
N(2) 115.7(2), N(3)–Fe–N(2) 123.22(19), N(4)–Fe–O(1) 104.85(18),
N(3)–Fe–O(1) 99.57(17), N(2)–Fe–O(1) 99.06(17), N(4)–Fe–N(1)
79.78(18), N(3)–Fe–N(1) 77.94(18), N(2)–Fe–N(1) 79.26(17), O(1)–
Fe–N(1) 175.33(17).

Solutions of 1 in THF turn instantaneously blue-black
upon exposure to dry dioxygen. The major isolable product
is the blue [(L1)FeIII–O(H)–K(OEt2)] (2), while the black
[(L1

re–1)FeIII–O–FeIII(L1
re–1)] (3) is formed as a secondary

crystalline species. Compound 2 can also be cleanly trans-
formed to 3 by oxidation with iodine according to the stoi-
chiometry of Equation (1).

2 [(L1)FeIII–O(H)–K(OEt2)] + I2 �
[(L1

re–1)FeIII–O–FeIII(L1
re–1)] + 2KI + H2O (1)

The structure of 2 (Figure 2, Table S1)[5] features a bridg-
ing FeIII–OH–K+ moiety as part of a five-membered ring
that also involves the well-established[6] K+-(η6-arene) inter-
action. The assignment of the hydroxo unit is supported by
an Fe–OH bond length of 1.892(2) Å,[7] and by an IR band
at ν(16O–H) = 3612 cm–1 which shifts to 3602 cm–1 in an
18O2-labeling experiment (see Figure S1, Supporting Infor-
mation).[5] The source of hydrogen in –OH, whether due to
H-atom abstraction from THF or residual water, has re-
mained inconclusive. A reaction of 1 with O2 in [D8]THF
proved to be complicated due to potential fast exchange
between –OH(D) and residual H(D)O. Further experimen-
tation is under way to resolve this issue.

The structure of 3 (Figure 3, Table S1)[5,8] reveals an in-
triguing oxidative reorganization of the ligand, which
amounts to a formal 1,4-(N1-to-N3) migration of a phenyl-
ene group (ring between atoms N1 and N4 in 1 and 2,
Scheme 1). The oxidizing equivalent that triggers this re-
arrangement is retained on the ligand in the form of a radi-
cal-bearing o-diiminobenzosemiquinonato moiety (o-disq–;
Scheme 2).[9] X-ray data (80 K) reveal a pattern of four long
(1.41 Å) and two short (1.37 Å) C–C bond lengths for the
ring bridging between atoms N1 and N2, and an average C–
N bond length (1.35 Å) lying between a single and a double
bond. The semi-imino nature of moieties N1 and N2 [as well
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Figure 2. Solid-state structure of [(L1)FeIII–O(H)–K(OEt2)] (2)
showing 50% probability ellipsoids and the atom labeling scheme.
Selected interatomic distances [Å] and angles [°]: Fe(1)–O(1)
1.8923(19), Fe(1)–N(4) 1.952(2), Fe(1)–N(3) 1.967(2), Fe(1)–N(2)
2.000(2), Fe(1)–N(1) 2.314(2), K(1)–O(1) 2.515(2), K(1)–O(1S)
2.651(3), O(1)–H(1A) 0.9500, O(1)–Fe(1)–N(4) 105.71(9), O(1)–
Fe(1)–N(3) 100.76(9), O(1)–Fe(1)–N(2) 100.03(9), O(1)–Fe(1)–N(1)
175.13(8), N(4)–Fe(1)–N(3) 111.29(9), N(4)–Fe(1)–N(2) 114.09(9),
N(3)–Fe(1)–N(2) 121.82(9), N(4)–Fe(1)–N(1) 79.07(9), N(3)–
Fe(1)–N(1) 78.03(9), N(2)–Fe(1)–N(1) 76.87(8), O(1)–K(1)–O(1S)
92.98(7), Fe(1)–O(1)–K(1) 134.55(10), Fe(1)–O(1)–H(1A) 112.7,
K(1)–O(1)–H(1A) 112.7.

as of N5 and N6 on the second iron] is further evidenced by
means of their Fe–N bond lengths [av. 2.032(3) Å], which
are significantly longer than those associated with the genu-
ine amido residues [Fe(1)–N(4) 1.960(5), Fe(2)–N(8)
1.957(5) Å].

Figure 3. Solid-state structure of [(L1
re–1)FeIII–O–FeIII(L1

re–1)] (3)
showing the atom labeling scheme. Selected interatomic distances
[Å] and angles [°]: Fe(1)–O(1) 1.772(4), Fe(2)–O(1) 1.786(4), Fe(1)–
N(4) 1.960(5), Fe(1)–N(3) 2.458(4), Fe(1)–N(2) 2.023(4), Fe(1)–
N(1) 2.037(5), Fe(2)–N(8) 1.957(5), Fe(2)–N(7) 2.487(4), Fe(2)–
N(6) 2.017(5), Fe(2)–N(5) 2.051(4), O(1)–Fe(1)–N(4) 120.72(18),
O(1)–Fe(1)–N(2) 107.29(18), Fe(1)–O(1)–Fe(2) 143.6(2), O(1)–
Fe(1)–N(1) 111.73(19), N(2)–Fe(1)–N(1) 78.80(19).
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Scheme 2.

The 57Fe Mössbauer effect of 3 at 90 K is consistent with
the presence of an asymmetric, high-spin diferric site (δ =
0.363 ppm, 0.397 mm/s, ∆EQ = 1.62, 1.47 mm/s, Γ = 0.45,
0.45 mm/s, Figure S2). The µ-oxo bridged unit displays an
isotope sensitive ν(Fe–16O–Fe) band at 830 cm–1 that shifts
to 797 cm–1 upon use of 18O2 in the oxidation of 1 (Figure
S3).[5]

The best fit of the experimental molar susceptibility of 3
as a function of temperature (Figure 4, top) to the appro-
priate Hamiltonian[5] corresponds to gR = gFe = 2.0 (fixed),
JR–Fe � –500 cm–1 (undefined) for the strong antiferromag-
netic coupling between Fe and the radical, and JFe–Fe =
–125 cm–1 for the coupling between the two FeIII cen-
ters,[8,10] along with an impurity of ρ = 8%. The non-zero
susceptibility at low temperatures is due to paramagnetic
impurities from high-spin ferric ions, which is also verified
from the simulation of the magnetization data according to
the Brillouin function (Figure 4, bottom).

Figure 4. Top: temperature dependence of the susceptibility data of
compound 3, in the form of χMT vs. T (open circles) along with
the fitting results (solid line). Bottom: magnetization data of com-
pound 3 (open circles) along with a percentage (6%) of the theoreti-
cal Brillouin curve (solid line) of a paramagnetic ion with S = 5/2
and D = 0.33 cm–1.

The X-band EPR spectrum of 2 in frozen toluene (3.2 K)
shows an axial signal (g = 4.3), typical of high-spin ferric
systems, along with a small impurity signal at g = 2.06,
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2.00. The same signals are also present as impurities in the
X-band EPR spectrum of 3 but with significantly different
population in favor of the latter signal (Figure S4).[5]

Cyclic and differential pulse voltammograms of solutions
of 3 in THF (Figure 5) exhibit remarkable redox chemistry,
characterized by semi-reversible waves at E1/2 values of
–1.388 V (∆E = 59 mV), –1.087 V (∆E = 134 mV), –0.136 V
(∆E = 145 mV), 0.052 V (∆E = 156 mV), and 0.258 V (∆E
= 131 mV) vs. the Fc+/Fc couple. Other smaller features
(the shoulder at –1.3 V and the small peak at –0.399 V) are
attributed to impurities of 2 in 3, as suggested by the vol-

Figure 5. Cyclic (top) and differential pulse (bottom) voltammo-
grams of 3 (3 m) in THF/0.1  [nBu4N]PF6 with a Au disk elec-
trode (1.6 mm in diameter); scan rate 0.1 V/s (DPV: pulse width
100 ms; step time 2 s; pulse height 25 mV; potential increment
10 mV).
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Scheme 3.

tammogram of 2 (Figure S5).[5] Conversely, the latter shows
development of the characteristic waves of 3, following an
one-electron ligand-centered oxidation of 2. Identification
of the major single-electron events for 3 is in progress.

Cyclic and linear-sweep voltammetry experiments on 1
in THF show anodic/cathodic waves due to the FeII/FeIII

couple at very accessible potentials (E1/2 = –1.264 V vs. Fc+/
Fc, ∆E = 103 mV, ip,a/ip,c = 2.83; Figure S6)[5] followed by
a two-electron anodic peak at Ep,a = –0.382 V that is as-
signed to simultaneous oxidation of metal and ligand
([(L1)–FeII] � [(L1)·–FeIII]). Similar behavior is observed in
DMF and DMSO, but importantly the anodic waves are
shifted to more positive values by 344 and 319 mV, respec-
tively. Consequently, the reaction of 1 with O2 in these sol-
vents only gives [(L1)–FeIII–OH]– and no ligand-based oxi-
dation. Similarly, one-electron oxidation of the air-stable
L1H3 is at Ep,a = 0.325 V, whereas for the exceedingly air-
sensitive K3L1 is at Ep,a = –0.654 V (DMSO). These results
suggest that the oxidation of 1 with O2 takes place via two
independent processes: a facile one-electron process leading
to 2 and a more demanding two-electron process per [(L1)–
Fe] leading to 3.

The electrochemical results and the calculated charge dis-
tribution data for L1H3 and the precursor tris(2-amino-
phenyl)amine at the DFT/B3LYP level of theory (Table
S2),[5] strongly suggest that the protonated Namido moieties
are more electron-rich than the apical Namine atom.[11] This
is expected to be even more pronounced in compound 1.
The initial ligand oxidation here is also accompanied by
metal oxidation and the resulting R2N·–FeIII moiety fea-
tures a reactive, electrophilic aminyl radical. Scheme 3 sum-
marizes downstream steps toward the rearranged ligand
(metal has been eliminated for clarity), chief among which
is a radical 1,4-(N1-to-N3) phenyl migration,[12] which is
well documented for carbon atoms and/or heteroatoms.[13]
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This study exemplifies a rare case in which a metal-
bound amido residue, which is vulnerable to one-electron
oxidation by dioxygen, can trigger ligand rearrangement by
generating an electrophilic aminyl radical that enables a
radical 1,4(N-to-N) aryl migration and retention of the rad-
ical in a newly formed o-disq– moiety. Similar transforma-
tions may be central to other chemical and biological pro-
cesses that split oxidation equivalents between the metal site
and key residues.[14] Further studies will address whether
this and other metalloradical systems can support higher
metal valency.

CCDC-651014 (for 1), -666573 (for 2), and -666574 (for 3) contain
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.

Supporting Information (see also the footnote on the first page of
this article): Listings of experimental procedures, summary of the
crystallographic data for 1–3 (Table S1), results from the DFT cal-
culations (Table S2), FT-IR spectra of 2 and 3 (Figures S1, S3),
Mössbauer spectrum of 3 (Figure S2), EPR spectra of 2 and 3
(Figure S4), cyclic voltammograms of 2 and 1 (Figures S5, S6).
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