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ABSTRACT: The isolation and complete characterization of
a new bis-azoaromatic ligand, 2,6-bis(phenylazo)pyridine (L),
are described, and its coordination to iron(II) is reported. A
pseudo-trigonal-bipyramidal mixed-ligand complex of iron(II),
FeLCl2 (1), and a homoleptic octahedral iron complex, mer-
[Fe(L)2]ClO4 [2]ClO4, have been synthesized from L and
FeCl2 or hydrated Fe(ClO4)2, respectively, in boiling
methanol. Determination of the X-ray crystallographic
structure together with magnetic data (≈ 5.06 μB) and
Mössbauer analysis of 1 established a high-spin Fe(II) complex
ligated by one neutral 2,6-bis(phenylazo)pyridine ligand. The
X-ray crystallographic structure (showing dN−N > 1.30 Å),
Mössbauer data, and magnetic susceptibility measurements (≈
1.65 μB) as well as a nearly isotropic EPR signal with only a small metal contribution at g = 1.968, on the other hand, suggest a
low-spin Fe(II) complex with a one-electron-reduced radical ligand coordination in [2]ClO4. The ligand and the metal
complexes have well-behaved redox properties, with the ligand(s) functioning as the redox-active site(s) responsible for redox
events. The uncoordinated ligand, L, displays a reversible one-electron wave at −1.07 V and a quasi-reversible wave at −1.39 V.
The partially reduced ligand L•− shows a single-line EPR spectrum at g = 2.001, signifying that L•− is a free radical. While
complex 1 shows a reversible reduction at −0.08 V and an irreversible cathodic response at −0.98 V, the bis-chelate [2]ClO4
undergoes a reversible one-electron oxidation at 0.54 V and three successive reversible one-electron reductions at −0.18, −0.88,
and −1.2 V, all occurring at the ligands without affecting the metal ion oxidation state. The electronic structures of the parent
monocationic complex [2]+ and its oxidized and reduced forms, generated by exhaustive electrolyses, have been characterized by
using a host of spectroscopic techniques and density functional theory (DFT). It is found that the 2,6-bis(phenylazo)pyridine
ligand (L) is truly redox noninnocent and is capable of coordinating transition-metal centers in its neutral ([L]0), monoanionic
monoradical ([L•]−), and dianionic diradical ([L••]2−) forms.

■ INTRODUCTION

The favorable properties of azoaromatics as redox-active ligands
have been quite well substantiated in recent times. This
primarily is due to the low-lying π* orbitals of the coordinated
azo function, resulting in multiple electron transfer as a
dominant electron sink in their metal complexes.1,2 For
example, six successive redox processes within an accessible
range of potentials were noted recently in Rh/Ir complexes2a,b

of the 2-(arylazo)pyridine ligand. Similar multielectron redox
phenomena have been noted in several other complexes of the
above and related3 ligands. In fact, in contemporary research,
the studies of redox properties, the isolation of metal complexes
in various redox states, and the discovery of different levels of
degeneracy2a,b in redox series have opened up new possibilities
in terms of chemical catalysis and electronic application
feasibilities.
Since the azo function in azoaromatics is primarily

responsible for the rich redox events in the complexes, the

design of suitable ligands containing multiple azo functions is a
natural choice for exploration. However, to date, the chemistry
of azoaromatics has been dominated by ligands containing a
single azo function. As far as we are aware, there is only one
example of a bis-azo ligand, viz. 1,3-bis(phenylazo)benzene,
whose coordination has been studied for quite some time.4

However, since it coordinates as an anionic NCN donor and
expectedly reductions of its complexes occur at high cathodic
potentials, it seems that these are less promising for sequential
redox-induced events. Consequently, we have been in search of
a neutral ligand that contains multiple reducible azo functions
to serve our purpose of multiple redox processes in its
complexes. We are further encouraged by a recent report5 on
the superior redox properties of fomazanates over β-
diketiminates.
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In this report we wish to disclose the successful isolation of a
neutral bis-azo ligand, viz. 2,6-bis(phenylazo)pyridine (L), and
its coordination to Fe(II). There is virtually no literature on this
ligand except for a German patent6 describing the use of its 3d
ion metal complexes in the rubber-making industry. Fur-
thermore, this ligand has a close resemblance to another
tridentate ligand, 2,6-bis(arylimino)pyridine (L′) (Chart 1),

whose coordination chemistry, in general,7,8 and its redox
chemistry, in particular, received a tremendous boost in recent
years due to extensive catalytic applications9,10 of base metal−
L′ (Fe and Co in particular) complex catalysts in several useful
organic transformations. This indeed is another driving force
for taking up the exploration of the coordination chemistry of
the reference bis(phenylazo)pyridine ligand with a primary aim
of developing, in the long term, potent catalysts9,10 with
synergistic participation of metal and ligand redox activities.
The synthesis and complete characterization of the ligand L

and its two iron complexes are the primary concerns of this
report. To this end, X-ray crystallography, electrochemistry, and
various spectroscopic methods have been applied. Density
functional theory (DFT) has been used to address the
ambiguity in the oxidation state formalism.

■ RESULTS AND DISCUSSION
Synthesis. The neutral tridentate ligand L was prepared

using a procedure modified from that described for closely
related compounds with a single azo group.11 The synthesis
involves condensation of 2,6-diaminopyridine with nitro-
sobenzene in a 1:2 ratio under highly alkaline conditions. An
electrospray ionization (ESI) mass spectrum (MS) of the ligand
corroborates its formulation: the ESI MS of L in acetonitrile
(see the Supporting Information, Figure S1) displayed a peak at
m/z 288 amu for [L + H]+, with the expected isotopic

distribution pattern. Its 1H NMR spectrum is shown in Figure
1.
The reactions of L with two ferrous salts, viz. FeCl2 and

hydrated Fe(ClO4)2, at different metal to ligand ratios (Scheme
1) have been studied, and pure material could be isolated in

two cases. The reaction between equimolar quantities of FeCl2
and L resulted in a brown crystalline product of composition
FeLCl2 (1). The reaction between hydrated Fe(ClO4)2 and 2
equiv of L resulted in a crystalline green product of
composition [Fe(L)2]ClO4 ([2]ClO4). The ESI MS of the
complex [2]ClO4 in acetonitrile showed an intense peak at m/z
630 amu assigned to [2]+; its simulated isotopic distribution
pattern matched well with the experimental pattern (see the
Supporting Information, Figure S2). Elemental analyses
(Experimental Section) of the ligand and both complexes
corroborate the formulations given above.

Characterization: X-ray Crystallography, Magnetic
Susceptibility, and Mössbauer Spectroscopy. The free
ligand and its two iron complexes have been characterized using
single-crystal X-ray diffraction. Crystallographic details are
collected in Table 1, and key bond lengths are compiled in
Table 2.
Single crystals suitable for X-ray crystallography of the ligand

L were grown by slow evaporation of a dichloromethane
solution of the compound. Its ORTEP and atom-numbering
scheme are shown in Figure 2. The X-ray crystallographic
analysis reveals a planar structure of the free ligand L, with two
dN−N values of 1.225(8) and 1.241(8) Å, respectively; these are
indicative12 of double-bond character of the azo functions.
Single crystals of complex 1 suitable for X-ray diffraction

analysis were obtained by slow evaporation of its solution in a
dichloromethane−hexane solvent mixture. The ORTEP and
atom-numbering scheme are shown in Figure 3a. The
coordination geometry of complex 1 is best described as a
distorted trigonal bipyramid with two N(azo) atoms (N1 and
N5) occupying the apical positions with the angle N1−Fe−N5
= 143.53(11)°. The extended azoaromatic ligand and the

Chart 1

Figure 1. 1H NMR spectrum of L in d6-DMSO (*1, H2O; *2, solvent). Inset: aromatic proton resonances.

Scheme 1
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bound metal ion are roughly located in a plane, with no atom
deviating by more than 0.04 Å from the mean plane. The dN−N
values for the complex are 1.278(4) and 1.283(5) Å, clearly
elongated in comparison to those of the free ligand; this may be
attributed to the effect of dπ(Fe) → π*(L) back-bonding
interactions.1a,13

The perchlorate salt of the cationic complex [2]+ is
microcrystalline; however, its hexafluorophosphate salt [2]PF6
formed crystals suitable for a single-crystal X-ray structure
determination. The geometry of the cation [2]+ is a distorted
octahedron comprising two meridionally coordinating ligands
that orient the two N(py) atoms in mutually trans positions. Its
ORTEP and atom-numbering scheme are shown in Figure 3b.
Overall the molecule [2]+ has crystallographic C2 symmetry
(noncrystallographic D2d symmetry with an S4 axis) that makes

half of the molecule identical with the other half. In this
structure the most significant observation is that the N−N
bond lengths are elongated considerably (>1.30 Å), which is
taken as an indication that the ligand(s) is (are) reduced2d in
[2]+. Moreover, the average Fe−N(azo) bond lengths in [2]+

(average 1.975(3) Å) are significantly shorter than those in 1
(average 2.222(3) Å).
The iron complexes are paramagnetic, and variable-temper-

ature magnetic susceptibility measurements were performed on
polycrystalline samples of 1 and [2]ClO4 in the temperature
range 295−2 K to confirm the spin states and to assess the
magnetic properties of the present systems. The temperature
dependence of the magnetic behavior as χMT versus T, χM
being the molar magnetic susceptibility, is shown in Figure 4.
At 295 K, the value of the product χMT for 1 is 3.23 cm3 mol−1

K, which is close to the spin-only value for high-spin Fe(II)
with S = 2 (3.00 cm3 mol−1 K). The χMT value of [2]ClO4 at
295 K is 0.34 cm3 mol−1 K, indicating the presence of one
unpaired electron (S = 1/2). Data analysis using a fitting
procedure to the appropriate spin Hamiltonian for zero-field
splitting and Zeeman interaction and including a term for
temperature-independent paramagnetism (TIP) provided the
values g = 2.07, |D| = 7.1 cm−1, and TIP = 12.8 × 10−4 cm3

mol−1 for 1. The data for [2]ClO4 were well simulated with g =
2.0 (fixed based on EPR results; see below), TIP = 5.3 × 10−4

cm3 mol−1, and some diamagnetic impurity (DI) of 7.4% (DI
had to be included since the g value was fixed at 2.0). The
decrease of χMT at temperatures below 10 K could be simulated
assuming the Weiss temperature Θ = −3.7 K, which reflects
weak intermolecular interactions between radical ligands.
Notably, weak intermolecular π−π interactions can be
identified in the solid-state structure of [2]ClO4.
The electronic structures of 1 and [2]ClO4 were further

authenticated by zero-field 57Fe Mössbauer spectroscopy
(Figure 5). The spectrum of 1 at 80 K shows a doublet with
isomer shift δ = 0.67 mm/s and quadrupole splitting ΔEQ =
1.85 mm/s. These values are consistent with the presence of
high-spin Fe(II) in a five-coordinate covalent ligand environ-
ment.8i The isomer shift of 1 is somewhat lower than δ ≈ 0.9
mm/s for the related complexes FeL′Cl2 (L′ = 2,6-bis-
(arylimino)pyridine),14 which is in accordance with L being a
better π acceptor than L′. For [2]ClO4 the Mössbauer
parameters are δ = 0.14 mm/s and ΔEQ = 1.49 mm/s,
suggesting that the iron(II) ion is in its low-spin d6

configuration.8a Consequently, the spin carrier in the case of
[2]ClO4 should be the radical ligand, with [FeII(L)(L•−)]+

being a reasonable description of the electronic structure. One
should note that a much larger quadrupole splitting ΔEQ would
be expected for low-spin iron(III),8a and also the N−N bond
lengths in [2]+ (dN−N = 1.302(3)/ 1.311(3) Å) are most
compatible with an average (caused by crystallographic
symmetry) of one neutral L ligand (dN−N ≈ 1.28 Å) and one
singly reduced L•− ligand (dN−N ≈ 1.35 Å); see Electronic
Structure Analysis for further discussion.

Cyclic Voltammetry, EPR, and Spectroelectrochemis-
try. The redox behavior of the free ligand and its complexes
was studied by cyclic voltammetry and related electrochemical
techniques; the data are collected in Table 3. The cyclic
voltammogram of the ligand L shows two successive one-
electron reductions, [L]0 → [L•]− → [L••]2− at −1.07 and
−1.39 V (vs Ag/AgCl), reflecting the sequential filling of the
lowest π* orbitals (Figure 6). Further two-step reduction-

Table 1. Crystallographic Data for L, 1, and [2]PF6

L 1 [2]PF6

empirical formula C17H13N5 C17H13Cl2FeN5 C34H26FeN10F6P
molecular mass
(amu)

287.32 414.07 775.47

temp (K) 293 293 293
cryst syst monoclinic orthorhombic orthorhombic
space group P21/c Pbca Fddd
a (Å) 6.1995(13) 13.334(2) 14.521(5)
b (Å) 19.910(4) 14.982(3) 27.079(5)
c (Å) 24.478(5) 17.158(3) 32.807(5)
α (deg) 90 90 90
β (deg) 96.343(6) 90 90
γ (deg) 90 90 90
V (Å3) 3002.9(11) 3427.7(10) 12900(5)
Z 8 8 16
Dcalcd (g/cm

3) 1.271 1.605 1.597
cryst dimens (mm) 0.12 × 0.15 ×

0.17
0.11 × 0.13 ×
0.15

0.10 × 0.12 × 0.13

θ range for data
collecn (deg)

1.3−17.2 2.4−20.8 1.7−26.5

GOF 1.00 1.05 0.78
no. of rflns collected 12061 19566 40804
no. of unique rflns 1830 1772 3340
final R indices (I >
2σ(I))

R1 0.0363 0.0327 0.0362
wR2 0.0875 0.0851 0.1339

Table 2. Selected Bond Distances (Å) of L, 1, and [2]PF6

complex
N(1)−
N(2)

N(4)−
N(5)

Fe(1)−
N(1)

Fe(1)−
N(3)

Fe(1)−
N(5)

L 1.225(8) 1.241(8)
1 1.283(5) 1.278(4) 2.198(3) 1.995(3) 2.246(3)
[2]PF6 1.302(3) 1.311(3) 1.971(2) 1.848(2) 1.980(4)

Figure 2. ORTEP of L with ellipsoids at the 30% probability level.
Hydrogen atoms are omitted for clarity.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic500355f | Inorg. Chem. 2014, 53, 4678−46864680



s2a−d,15 to [L•]3− and [L]4−, though likely possible, have not
been observed under the experimental conditions.
The ligand L can be reduced on the bulk scale by exhaustive

electrolysis: the one-electron-reduced product [L•]−, generated
by partial electrolysis, is green and showed an isotropic EPR
signal (g = 2.001) signifying the formation of an anion radical
(Figure 7).
This creates a mixed-valent situation within the organic

framework with reduction of only one of two azo functions. A
low-energy transition was observable at 680 nm. TD-DFT
calculations (see below) indicated the two low-energy
transitions SOMO(α) → LUMO(α) and SOMO(α) →
LUMO+1(α) & LUMO+3(α), in which the SOMO(α) is
localized on half of the ligand and the LUMO is localized on
the other half. Higher energy orbitals, viz. LUMO+1(α) and
LUMO+3(α), have mainly π* character of the phenyl groups
(Supporting Information, Figures S3a and S3b). The calculated
lowest energy transition is broad and appeared in the low-
energy IR region (outside of our experimental range).
However, the absorption at 680 nm observed in our experiment
is in the range of the calculated energy (610 nm) for the above
transition SOMO(α) → LUMO+1(α) & LUMO+3(α). Visible
range spectroelectrochemistry of L showed a gradual generation
of [L•]−, also evidenced by color changes (Figure 8). The two-

electron-reduced product [L••]2− was hypersensitive, and no
meaningful characterization was possible.
Cyclic voltammetry measurements of complexes 1 and [2]+

indicated that, upon coordination of the ligand to Fe(II) in the
complexes, the reduction potentials of the azo chromophore
underwent considerable anodic shifts. For example, complex 1
shows one reversible reductive response at −0.08 V and an
irreversible response at −0.98 V (Figure 6). Exhaustive
electrolysis at −0.3 V confirms a one-electron reduction: 1 →

Figure 3. ORTEP of (a) 1 and (b) [2]+ with ellipsoids at the 30% probability level. Hydrogen atoms are omitted for clarity.

Figure 4. χMT vs T plots of 1 (circles, top) and [2]ClO4 (triangles,
bottom). The solid lines represent the best simulations.

Figure 5. Zero-field 57Fe Mössbauer spectra of (a) 1 and (b) [2]ClO4
at 80 K. The solid lines represent simulations with Lorentzian
doublets.
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1−. The solution of 1− is green and showed a broad transition
near 660 nm (Supporting Information, Figure S4). The EPR
spectrum of coulometrically generated 1− shows a slightly axial
(almost isotropic; see Supporting Information, Figure S5)
signal at g = 1.998/1.965, confirming the formation of a radical
upon reduction. The anion radical complexes of transition
metals are known to often have a slight axial character and g
values slightly deviating from 2.0023 due to metal−ligand
interactions.16 [2]+ displayed a nearly isotropic EPR signal with
a small metal contribution16 at g = 1.968 (Figure 9).
Accordingly, it is reasonable that unpaired spin resides primarily
on the ligands. Unfortunately, however, no 14N hyperfine
coupling is observed in the EPR spectrum, either at 120 K or at
room temperature. The cationic complex [2]+ thus belongs to a

rare class of stable radical complexes. Normally the ligand
radical spin in such complexes is quenched via coupling with
other unpaired spin(s) within the system.
The cationic complex, [2]+ shows one reversible one-

electron oxidation at 0.54 V and three successive reversible one-
electron reductions at −0.18, −0.88, and −1.2 V, respectively
(Figure 6). The nature of the redox processes in [2]+ was
studied by EPR spectroscopy and density functional theory
(DFT) calculations (see below). Coulometrically generated
oxidized and reduced compounds [2]2+ (electrolysis at 0.8 V)
and [2]0 (electrolysis at −0.4 V) are EPR silent. The oxidized
compound [2]2+ was further studied by NMR and Mössbauer
spectroscopy. It is diamagnetic and displays a well-resolved 1H

Table 3. Cyclic Voltammetrica and UV−Vis Spectrald Data of L, 1, and [2]ClO4

compound cyclic voltammetry E1/2,
b V (ΔEp, mV) UV−vis λ (ε, 10−4 M−1 cm−1)

L −1.07 (150), −1.39 (200)c 440 (0.18), 320 (3.2)
1 −0.08 (100), −0.98c 890 (0.1), 540,e 410,e 335 (1.1)
[2]ClO4 0.54 (80), −0.18 (80), −0.88 (110), −1.2 (120) 630 (0.39), 415,e 340 (3.5)

aConditions: acetonitrile solution for L and 1 (supporting electrolyte [Et4N]ClO4), dichloromethane solution for complex [2]+ (supporting
electrolyte [Bu4N]ClO4), working electrode platinum, reference electrode Ag/AgCl. bE1/2 = 0.5(Epa + Epc), where Epa and Epc are anodic and
cathodic peak potentials, respectively, ΔEp = Epa − Epc,. Scan rate: 50 mV s−1. cQuasi-revesible or irreversible. dWavelengths in nm and molar
extinction coefficients in M−1 cm−1. In acetonitrile solvent for L and 1 and dichloromethane solvent for [2]ClO4.

eShoulder.

Figure 6. Segmented cyclic voltammograms of L (red), 1 (black), and
[2]ClO4 (green). Conditions: potentials vs Ag/AgCl; L and 1
measured in CH3CN/[Et4N]ClO4 solution; [2]+ measured in
CH2Cl2/[Bu4N]ClO4 solution.

Figure 7. X-band EPR spectrum of [L•]− in frozen CH3CN solution at
120 K. Conditions: microwave frequency 9.136 GHz; power 0.998
mW; modulation amplitude 0.1 mT.

Figure 8. Electronic spectra of gradual generation of the one-electron-
reduced ligand [L•]− in acetonitrile.

Figure 9. X-band EPR spectrum of [2]+ in frozen CH2Cl2 solution at
120 K. Conditions: microwave frequency 9.124 GHz; power 0.998
mW; modulation amplitude 0.1 mT.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic500355f | Inorg. Chem. 2014, 53, 4678−46864682



NMR spectrum; the low number of resonances reflects the high
symmetry (D2d) in solution (see the Supporting Information,
Figure S6). Its Mössbauer parameters (Supporting Information,
Figure S7) are δ = 0.15 mm/s and ΔEQ = 1.41 mm/s: i.e., very
similar to those of parent [2]+. This suggests that the iron(II)
ion remains in its low-spin d6 configuration. Thus, the results
together clearly indicate that the iron center is unaffected and
oxidation occurs at the radical ligand center. Since both the
oxidized and reduced forms are moderately stable, we have
attempted to study their electronic spectral properties, which
are depicted in Figure S8 (Supporting Information). Upon
oxidation the charge transfer transition at 630 nm of [2]+

disappeared, while on reduction the band was shifted to the red
(20 nm) with augmentation of intensity (Supporting
Information, Figure S8). This is an indication8a that reduction
of the second ligand has occurred in [2]0, which should thus be
described as [FeII(L•−)2]

0. The corresponding bis-ligated
iron(II) complex8a with 2,6-bis(arylimino)pyridine is diamag-
netic and showed a reversible oxidation (assigned to a metal-
based Fe(II)/Fe(III) couple) and two reversible one- reductive
waves (assigned to ligand-based redox processes) at relatively
high potential in comparison to that of complex [2]+.
Electronic Structure Analysis. In order to have a closer

look into the electronic structure of the ligand and complexes,
we have performed a series of calculations using DFT at the
B3LYP level. The observation that the free ligand L may be
reduced by at least two electrons leading to [L•]− and [L••]2−

with doublet and triplet ground states, respectively, is also
evident from the DFT calculations. The calculated geometries
and metrical parameters of the ligand in its three oxidation
states are collected in Table S1 (Supporting Information). The
one-electron-reduced ligand [L•]− has a doublet ground state
(Figure 10), and the net spin density is delocalized primarily

over the pyridyl ring and two azo chromophores. As
anticipated, N−N bond lengths of the azo groups are elongated
in the reduced ligand (calculated dN−N = 1.292 Å in [L•]−

versus 1.259 Å in L; see the Supporting Information, Table S1).
DFT calculations for the iron complexes considering multiple

metal/ligand oxidation or spin state combinations were
performed to discount their alternative electronic structures.
The observed magnetic moment of the complex 1 is, in
principle, consistent with two formulations, including (i) high-
spin-FeII (SFe = 2) with a neutral ligand (SL = 0) and (ii) high-
spin FeIII (SFe =

5/2) with one unpaired spin on the ligand (SL =
1/2) coupled antiferromagnetically, giving rise to the exper-
imentally observed S = 2 ground state description. The latter
description is energetically higher than the former by 2.7 kcal/
mol. Furthermore, metrical parameters calculated for FeII(L)Cl2

are in slightly better agreement with experimental values than
parameters calculated for FeIII(L•−)Cl2. The spin density plot of
1 is shown in Figure 11, and the calculated parameters are
collected in Table S2 (Supporting Information). This
description is also consistent with its physicochemical behavior
(vide supra).

Experimental magnetic data for [2]+ are consistent with
either of the following two formulations: (i) low-spin FeIII (SFe
= 1/2) with two ligand radicals (SL = +1) and one ligand radical
antiferromagnetically coupled to a single metal center spin or
(ii) low-spin FeII (SFe = 0) and one unpaired electron (SL =
+1/2) either localized on a single ligand or delocalized over
both. DFT calculations for [2]+ favor a low-spin iron(II)
description (Figure 12) for the complex: one unpaired spin is

delocalized17,18 over the two ligands with only a small part
(∼7%) residing on metal orbitals, which is in line with the
observed slight anisotropy in the EPR spectrum of [2]+. It
should be noted, however, that DFT generally has a tendency
to overemphasize electron delocalization, and hence a more
localized mixed-valent [FeII(L)(L•−)]+ description would be
appropriate. The one-electron-reduced compound [2]0 was
optimized in three states: namely singlet closed shell, singlet
broken symmetry (BS), and triplet open shell. Among the
different optimized structures, the triplet (S = 1) open shell
calculated geometry with parallel spin densities (ρL = +1.8) on
the two ligands is energetically the lowest (Supporting
Information, Table S3) and favors a triplet ground state
description. Its spin density plot is depicted in Figure S9
(Supporting Information), and the optimized parameters
(Table S3) along with Cartesian coordinates are included in
the Supporting Information. The difference in calculated

Figure 10. Spin density plot of the one-electron-reduced ligand [L•]−

derived from DFT calculations.

Figure 11. Spin density plot of 1 derived from DFT calculations.

Figure 12. Spin density plot of [2]+ derived from DFT calculations.
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energies between the last two is small (∼0.7 kcal/mol). Hence,
a triplet description [Fe(L•−)2] appears reasonable and is in
accordance with the orthogonal arrangement of the two ligands.
Oxidation of [2]+ is a ligand-based redox process, and the
dicationic complex [2]2+ is best described as a low-spin
[FeII(L)2]

2+ (S = 0) complex, which is consistent with the 1H
NMR and Mössbauer spectral data (vide supra).

■ CONCLUSIONS

In summary, we have introduced the new pincer-type ligand L
and the first two metal complexes of that ligand. A major
highlight lies in the highly redox noninnocent character of the
ligand, which is superior to those of bis(imino)pyridine and
related pincer ligands, as anticipated.7 In particular, L has two
easily reducible azo functions that enable the ligand to serve as
a multielectron redox reservoir. Thorough crystallographic,
spectroscopic, and DFT analysis of two FeII complexes allowed
us to elucidate the coordination mode of L and the electronic
structure of the complexes in various overall oxidation states.
The new ligand seems far more trivial and readily applicable in
comparison to many common systems, and its complexes are
expected to have great potential in the growing areas of
chemical as well as electronic applications of molecular systems
with multiple accessible redox levels. Our efforts in these areas
are ongoing and will be reported in due course.

■ EXPERIMENTAL SECTION
Materials and Measurements. All reagents and chemicals were

purchased from commercial sources and used without further
purifications. Tetrabutylammonium perchlorate was prepared and
recrystallized as reported earlier.19 Caution! Perchlorates have to be
handled with care and appropriate safety precautions! Syntheses of the
complexes were done in open atmosphere. UV−vis absorption spectra
were recorded on a Perkin-Elmer Lambda 950 UV−vis spectropho-
tometer and a J&M TIDAS instrument. Infrared spectra and NMR
spectra were obtained using a Perkin-Elmer 783 spectrophotometer
and a Bruker Avance 400/500 MHz spectrometer, respectively, and
SiMe4 was used as the internal standard. A Perkin-Elmer 240C
elemental analyzer was used to collect microanalytical data (C, H, N).
ESI mass spectra were recorded on a Micromass Q-TOF mass
spectrometer (Model No. YA263). Cyclic voltammetry potentials were
measured under a nitrogen atmosphere using a Ag/AgCl reference
electrode, with a Pt-disk working electrode and a Pt-wire auxiliary
electrode, in dichloromethane or acetonitrile containing 0.1 M
[Bu4N]ClO4 or 0.1 M [Et4N]ClO4 respectively. A Pt-gauge working
electrode was used for exhaustive electrolyses. The E1/2 value for the
ferrocenium−ferrocene couple under our experimental conditions was
0.40 V. Mössbauer spectra were recorded with a 57Co source in a Rh
matrix using an alternating constant acceleration Wissel Mössbauer
spectrometer operated in the transmission mode and equipped with a
Janis closed-cycle helium cryostat. Isomer shifts are given relative to
iron metal at ambient temperature. Simulation of the experimental
data was performed with the Mfit program (E. Bill, Max-Planck
Institute for Chemical Energy Conversion, Mülheim/Ruhr, Germany).
Temperature-dependent magnetic susceptibility measurements of 1
and [2]ClO4 were carried out with a Quantum-Design MPMS-XL-5
SQUID magnetometer equipped with a 5 T magnet in the range from
295 to 2.0 K at a magnetic field of 0.5 T for 1 and 0.05 T for [2]ClO4.
The powdered sample was contained in a gel bucket and fixed in a
nonmagnetic sample holder. Each raw data file for the measured
magnetic moment was corrected for the diamagnetic contribution of
the sample holder and the gel bucket. The molar susceptibility data
were corrected for the diamagnetic contribution. Temperature-
independent paramagnetism (TIP) and a diamagnetic impurity (DI)
were included according to χcalcd = (1 − DI)χ + TIP. Simulation of the
experimental magnetic data was performed with the julX program.20

Synthesis. Preparation of L. The ligand, L was synthesized11 and
purified by following a procedure slightly modified from that for 2-
(phenylazo)pyridine, with 2,6-diaminopyridine was used in place of 2-
aminopyridine in a 1:2 molar proportion. Yield: 30%. IR (KBr, cm−1):
1571 (ν(CN) + ν(CC)), 1448 (ν(NN)). Anal. Calcd for
C17H13N5: C, 71.06; H 4.56; N 24.37. Found: C, 70.94; H, 4.80; N,
23.98. ESI-MS: m/z 288 [M + H]+. 1H NMR (d6-DMSO, 400 MHz):
8.31 (t, 1H, J = 7.6 Hz), 8.03−8.00 (m, 4H), 7.92 (d, 2H, J = 7.6 Hz),
7.67 (t, 6H, J1 = 3.6 Hz, J2 = 2.8 Hz) ppm.

Preparation of FeLCl2 (1). A mixture of 126 mg (1 mmol) of FeCl2
and 287 mg (1 mmol) of L in 50 mL of methanol was refluxed for 4 h.
The resulting brown solution was evaporated to dryness. The crude
residue was subsequently extracted with dichloromethane and
recrystallized from dichloromethane−hexane solution. Yield: 91%
(375 mg). IR (KBr, cm−1): 1580 (ν(CN) + ν(CC)), 1430
(ν(NN)). Anal. Calcd for C17H13Cl2FeN5: C, 49.31; H, 3.16; N,
16.91. Found: C, 49.74; H, 3.20; N, 17.12.

Preparation of Fe(L)2ClO4 ([2]ClO4). A mixture of 180 mg (0.5
mmol) of Fe(ClO4)2·6H2O and 287 mg (1 mmol) of L in 50 mL of
methanol was refluxed for 3 h. The resulting green solution was
evaporated to dryness. The crude residue was subsequently extracted
with dichloromethane and recrystallized from dichloromethane−
hexane solution. Yield: 78% (285 mg). IR (KBr, cm−1): 1580
(ν(CN) + ν(CC)), 1350 (ν(NN)). Anal. Calcd for
C34H26FeN10ClO4: C, 55.95; H, 3.59; N, 19.19; Found: C, 55.53; H,
3.59; N, 19.13. ESI-MS: m/z 630 [2]+. The corresponding
hexafluorophosphate salt, [2]PF6, was obtained in >90% yield by the
addition of a saturated aqueous solution of [NH4]PF6 to a solution of
[2]ClO4 in methanol.

X-ray Crystallography. Crystallographic data for compounds L, 1,
and [2]PF6 are collected in Table 1. Suitable X-ray-quality crystals of
these compounds were obtained by the slow evaporation of a
dichloromethane−hexane solution of the compound. All data were
collected on a Bruker SMART APEX-II diffractometer, equipped with
graphite-monochromated Mo Kα radiation (λ =0.71073 Å), and were
corrected for Lorentz polarization effects.

L: a total of 12061 reflections were collected, of which 1830 were
unique (Rint = 0.062), satisfying the I > 2σ(I) criterion, and were used
in subsequent analysis.

1: a total of 19566 reflections were collected, of which 1772 were
unique (Rint = 0.108), satisfying the I > 2σ(I) criterion, and were used
in subsequent analysis.

[2]PF6: a total of 40804 reflections were collected, of which 3340
were unique (Rint = 0.04).

The structures were solved by employing the SHELXS-97 program
package21 and were refined by full-matrix least squares based on F2

(SHELXL-97).22 All hydrogen atoms were added in calculated
positions.

Computational Details. All DFT calculations presented in this
paper were carried out using the Gaussian 09W program package.23

Full geometry optimizations were performed without symmetry
constraints. The vibrational frequency calculations were performed
to ensure that the optimized geometries represent the local minima
and that there are only positive eigenvalues. The hybrid B3LYP
exchange-correlation functional24 was used. The TZVP basis set25 of
triple-ζ quality with one set of polarization functions was used on Fe
and Cl atoms, and the 6-31G(d) basis set was used for the C, H, and N
atoms. The broken-symmetry approach26,27 was employed to establish
the singlet state S = 0 of the compound(s). The calculations of the
ground-state singlet states were performed using either spin-restricted
or spin-unrestricted approaches (in G09W, combined with
GUESS=MIX). Mulliken spin densities were used for analysis of the
spin populations on ligand and metal centers.28 Singlet excitation
energies based on the solvent-phase (CH3CN) optimized geometry of
the compound L were computed using the time-dependent density
functional theory (TDDFT) formalism29 in acetonitrile using the
conductor-like polarizable continuum model.30 GaussSum31 was used
to calculate the percentage contribution of ligand and metal to the
frontier orbital and the fractional contributions of various molecular
orbitals in the optical spectral transition.
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