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ABSTRACT: Herein we present a series of new α-
iminopyridine-based iron-PNN pincer complexes [FeBr2LPNN]
(1), [Fe(CO)2LPNN] (2), [Fe(CO)2LPNN](BF4) (3), [Fe(F)-
(CO)2LPNN](BF4) (4), and [Fe(H)(CO)2LPNN](BF4) (5)
with formal oxidation states ranging from Fe(0) to Fe(II)
(LPNN = 2-[(di-tert-butylphosphino)methyl]-6-[1-(2,4,6-
mesitylimino)ethyl]pyridine). The complexes were character-
ized by a variety of methods including 1H, 13C, 15N, and 31P
NMR, IR, Mössbauer, and X-ray photoelectron spectroscopy
(XPS) as well as electron paramagnetic resonance (EPR) and magnetic circular dichroism (MCD) spectroscopy, SQUID
magnetometry, and X-ray crystallography, focusing on the assignment of the metal oxidation states. Ligand structural features
suggest that the α-iminopyridine ligand behaves as a redox non-innocent ligand in some of these complexes, particularly in
[Fe(CO)2LPNN] (2), in which it appears to adopt the monoanionic form. In addition, the NMR spectroscopic features (13C, 15N)
indicate the accumulation of charge density on parts of the ligand for 2. However, a combination of spectroscopic measurements
that more directly probe the iron oxidation state (e.g., XPS), density functional theory (DFT) calculations, and electronic
absorption studies combined with time-dependent DFT calculations support the description of the metal atom in 2 as Fe(0). We
conclude from our studies that ligand structural features, while useful in many assignments of ligand redox non-innocence, may
not always accurately reflect the ligand charge state and, hence, the metal oxidation state. For complex 2, the ligand structural
changes are interpreted in terms of strong back-donation from the metal center to the ligand as opposed to electron transfer.

1. INTRODUCTION

It is the coordination chemist’s desire to classify metal
complexes in terms of their metal oxidation state. On the
basis of this designation, reactivity patterns and the tendency of
the metal center to bind certain ligands can be predicted.
However, the assignment of metal oxidation states is often
ambiguous, and the determination of the true electronic ground
state of organometallic complexes can be challenging. For
example, with the iron complex [Fe(CO)3(NO)]

− it took more
than 50 years after its first synthesis to determine that this
complex is not isoelectronic to [Fe(CO)4]

2−, the latter of which
is an Fe(−II) complex.1 [Fe(CO)3(NO)]

− is rather an Fe(0)
complex that contains an anionic NO− ligand even though the
linear coordination of the ligand to the metal center seemingly
points to the presence of an NO+ ligand.1 Only a thorough
spectroscopic analysis combined with density functional theory
(DFT) and complete active space self-consistent field
(CASSCF) calculations revealed the unexpected electronic
structure of this iron complex. The challenge in the assignment
of the metal oxidation state in this example is the redox non-

innocent nature of the NO ligand, which can adopt charge states
from −2 to +1.2 In general, the determination of a metal
oxidation state becomes ambiguous when redox non-innocent
ligands are involved, and typical examples of such ligands are
1,2-dioxolenes (or catecholates),3−5 1,2-dithiolenes,6 2-amido-
phenoxides,3,7−9 2,2′-bipyridines,10−16 α-iminopyridines,17−19

2,6-diiminopyridines,20−26 and numerous others.27−33 These
ligands are able to change their redox state and to participate in
electron transfer to or from the metal center; as a consequence,
unfavorable metal oxidation states can be avoided or seemingly
unusual metal oxidation states can be stabilized. In the past
decade, catalysis research has made significant progress in
utilizing the electronic flexibility possible with these
ligands.29,30,34−36 While the concept of formal oxidation states37

is a formalism that relies on counting covalent bonds and ionic
charges, a ligand set around a metal atom influences the
electron density at the metal center when compared with the
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bare metal atom or ion. Consequently, it makes sense to think
about electronic structure descriptors that will pave the way to a
correct interpretation of physical and chemical properties of a
given complex. One of these electronic-structure descriptors
can be a parameter that reflects the electron density distribution at
and around a metal center in a complex as a consequence of
metal-ligation electronic interactions and, thus, the shift of
electron density between the different fragments of the
complex. Such a parameter is analogous to the oxidation state
except that it is more closely connected to the physical picture
(actual electronic distribution and metal−ligand interactions).
Thus, it can be called a physical oxidation state. Redox non-
innocent ligands can have a significant influence on the metal
center, but examples also exist where they serve as innocent
spectator ligands.30 The actual mode of interaction of the ligand
with the metal center is determined by the identity of the metal
center, the actual ligand set, and sometimes even by second-
sphere effects (counterions and interactions with solvent
molecules).38 To determine if a ligand participates in electron
transfer to or from the metal center (and, hence, if it is redox
non-innocent in the complex), its geometry within a given
metal complex can be used as a criterion, and this correlation of
the ligand geometry with its charge state is based on a variety of
thorough studies.9−13,15−19,21,22,24−26,39 The term metrical
[ligand] oxidation states was coined in this context.3 This
approach is very reasonable since electron transfer to or from a
ligand leads to structural changes within the ligand. However,
ligand structural changes could also be the consequence of
back-donation from the metal to the ligand as evidenced by a
recent computational study where it was shown that both
effects (electron transfer and backbonding) would indistin-
guishably cause the same type of ligand structural changes.40,41

Backbonding, however, which serves as the classical explanation
for geometric changes of various ligands such as CO or C2H4
upon binding to a metal center, would not be expected to result
in changes of the metal oxidation state. While structural
changes associated with classical backbonding are continuous,
rather discrete ligand structural changes would be expected for
integer electron transfer; and indeed, in studies concerning
redox non-innocent ligands, stepwise changes of the ligand
structure are usually described, which lead to characteristic
bond lengths independent of the metal center involved.3,9,15,18

Ultimately, it is this concept of stepwise ligand structural
changes with the ligand oxidation state that provides the basis
for the use of ligand geometries as a measure for the ligand
charge state. On the other hand, there are examples in which
the structural features of redox non-innocent ligands appear
intermediate between the discretely charged forms, and this
observation is usually explained in terms of delocalization
phenomena.18 No matter how ligand structural features are
interpreted, in terms of backbonding or as a consequence of
electron transfer, one must keep in mind that these
interpretations are fundamentally distinct since backbonding
is continuous, whereas electron transfer in these systems is
described in terms of integer behavior. Thus, the concept of a
physical oxidation state of a metal center appears attractive and
can be helpful in descriptions of the electronic structure. Since
such electronic-structure parameters are not physically
observable, they cannot be probed by a single physical/
spectroscopic method. Rather, only a multitechnique approach
allows a comprehensive understanding of a given complex and
provides means to determine the most suitable description of
the electronic structure.

A particularly challenging system for the identification of the
metal oxidation state is the 2,6-diiminopyridine-based iron
dicarbonyl complex [Fe(CO)2LNNN] depicted in Figure
1a.24,42,43 The structural features of this formal Fe(0) complex

indicate the presence of a dianionic NNN ligand,24 which
would make this complex an Fe(II) system. The spectroscopic
features and broken-symmetry (BS) calculations, however, do
not unequivocally support an Fe(II) assignment, and an Fe(0)
formulation was also considered possible.24 An α-iminopyr-
idine-based iron-PNN dicarbonyl complex such as [Fe-
(CO)2LPNN] (Figure 1b) would presumably suffer from the
same dilemma concerning the oxidation-state assignment,
though Fe(0) and Fe(I) would be the anticipated limiting
oxidation states. A comparison of the spectroscopic features of
both types of complexes should provide insight toward the
actual physical oxidation states present.
Herein, we present the synthesis and characterization of a

series of α-iminopyridine-based iron-PNN pincer complexes
[FeBr2LPNN] (1), [Fe(CO)2LPNN] (2), [Fe(CO)2LPNN](BF4)
(3), [Fe(F)(CO)2LPNN](BF4) (4), and [Fe(H)(CO)2LPNN]-
(BF4) (5), which cover formal oxidation states of 0 to +2 (LPNN
= 2-[(d i - t e r t -buty lphosphino)methy l] -6-[1-(2 ,4 ,6 -
mesitylimino)ethyl]pyridine, see Figure 2).44 All complexes
are characterized by means of a variety of spectroscopic
techniques and other methods including 1H, 13C, 15N, and 31P
NMR spectroscopy, IR, Mössbauer and X-ray photoelectron
spectroscopy (XPS), electron paramagnetic resonance (EPR),
and magnetic circular dichroism (MCD) spectroscopy, as well
as SQUID magnetometry, cyclic voltammetry (CV), and X-ray
crystallography. Density functional theory (DFT) calculations
are employed to investigate the electronic structure of the
complexes in further detail. Also, the 2,6-bisiminopyridine-
based complexes [FeBr2LNNN] (6) and [Fe(CO)2LNNN] (7)
were synthesized and characterized for this study (LNNN = 2,6-
bis-[1-(mesitylimino)ethyl]pyridine, see Figure 2). While metal
oxidation state assignments in these complexes based on ligand
metrical parameters would suggest redox non-innocent ligand
behavior, we demonstrate that detailed electronic-structure
studies combining multiple spectroscopic methods (i.e.,
Mössbauer, EPR, MCD, XPS, electronic absorption spectros-
copy) complemented by DFT and time-dependent DFT (TD-
DFT) studies support the presence of redox-innocent ligands.
Overall, these studies demonstrate the importance of a
multitechnique approach in elucidating the electronic structure

Figure 1. Illustration of the concept of redox non-innocent ligands: (a)
two formulations for a 2,6-bisiminopyridine-based [Fe(CO)2LNNN]
complex (N = NAr) as reported earlier24,42 and (b) possible
formulations for an α-iminopyridine-based [Fe(CO)2LPNN] complex
(N = NAr, P = PR2) as discussed in this study.
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in complexes of potentially redox non-innocent ligands as well
as the contributions of backbonding effects in such complexes.

2. RESULTS AND ANALYSIS

2.1. [FeBr2LPNN] (1). The blue, paramagnetic iron PNN
complex [FeBr2LPNN] (1) is synthesized by the reaction of
LPNN with anhydrous FeBr2 in tetrahydrofuran (THF) at room
temperature, and this complex serves as a starting point for the
syntheses of complexes 2−5 (Figure 3).
Crystals of suitable quality for X-ray diffraction were grown

from a benzene solution of 1 at room temperature (Figure 4A).
The Fe−N1 and Fe−N2 distances of 2.208(2) and 2.171(2)
(see Table 1), respectively, are characteristic for a high-spin
(hs) complex,45,46 and the magnetic-moment measurements
confirm this assignment (Evans’ method:47 μeff = 5.4 (at 298
K); SQUID: μeff = 4.77 (at 298 K, see Supporting Information
for further details)).
For α-iminopyridine complexes, Wieghardt and co-workers

described the CN, Cimine−Cipso, and Cipso−Npy bond lengths
to be indicative of the ligand charge state, and values of 1.28,
1.47, and 1.35 Å, respectively, were reported to be characteristic
for the neutral form.17−19 For [FeBr2LPNN] (1) we found values
of 1.282(4), 1.488(5), and 1.348(4) Å (see Table 1),
respectively, which are well in agreement with a neutral
formulation. Consequently, [FeBr2LPNN] (1) is a hs-Fe(II)
complex. This assignment is fully in agreement with the
Mössbauer spectrum of 1 at 80 K, which is well-fit as a doublet
with parameters of δ = 0.94 mm s−1, ΔEQ = 2.59 mm s−1

(Figure 4 and Table 2).48 Moreover, saturation magnetization
data collected at 8810 cm−1 (Figure 4C, inset) are well-
described by an S = 2 negative zero-field split ground state
model with ground state spin Hamiltonian parameters of δ =
1.4 ± 0.1 cm−1 and g∥ = 9.0 ± 0.2, corresponding to the ligand-
field parameters Δ = −1400 ± 200 cm−1 and |V/2Δ| = 0.18 ±
0.02 (where Δ = E(dxz,yz) − E(dxy) and V = E(dxz) − E(dyz)).

In addition, we employed XPS for the characterization of the
electron density at the metal center, which is related to the
physical metal oxidation state. XPS, as well as electron-
spectroscopic methods in general, has the advantage of being
applicable for any element (except hydrogen), in any possible
electronic state (in contrast to NMR or Mössbauer spectros-
copy, which are available only for a limited set of elements and
spin states). Several decades ago, this technique was applied for
the characterization of a wide range of organometallic
complexes and materials including iron-containing species,49−54

while it was within the past decade only sparsely used for
organometallic compounds.40,55,56 Certain spectral features, so-
called shake-up lines,49,51 also allow for the distinction of
diamagnetic and paramagnetic compounds (see Supporting
Information for details). With respect to the determination of
metal oxidation states using XPS, it is independently reported
that, irrespective of the metal, a formal oxidation-state change
of one is accompanied by a change in the electron binding
energy of ∼1 eV50 (or 1.2 eV57). Note, however, that this value
is merely empirical and that it applies only if the ligand sets are
comparable. For [FeBr2LPNN] (1), the maximum of the Fe
2p3/2 peak in the XPS spectrum is located at a binding energy of
709.4 eV (entry 1 in Table 3), and the comparison with the
corresponding chloro complex [FeCl2LPNN] (1′) (709.4 eV,
entry 2 in Table 3) indicates that the electronic influence of Br
versus Cl ligands on the Fe center is comparable. This behavior
is expected and in agreement with previous studies.50

However, in the series [FeBr2LNNN] (6), [FeBr2LPNN] (1),
and [FeBr2LPNP] (Table 3, entries 3, 1, and 4, respectively; for
the ligands, see Figure 2), in which the imine arms of
[FeBr2LNNN] (6) are successively exchanged for phosphine
donors, a systematic decrease of the Fe 2p3/2 binding energies
by 0.6 eV in 0.3 eV steps is observed. This finding is in
agreement with the stronger electron-donating ability of
phosphines when compared with imine ligands, and XPS is

Figure 2. Overview of the PNN, NNN, PNP, and NN ligands discussed in this study.

Figure 3. Overview of the iron complexes [FeBr2LPNN] (1), [Fe(CO)2LPNN] (2), [Fe(CO)2LPNN](BF4) (3), [Fe(F)(CO)2LPNN](BF4) (4), and
[Fe(H)(CO)2LPNN](BF4) (5) as synthesized starting from the new PNN ligand LPNN (N = NMes (Mes = 2,4,6-trimethyl phenyl), P = PtBu2).
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sensitive to this effect. Note, however, that this observation also
demonstrates the difference between a formal and a physical

oxidation state: while the former adopts integer values by
definition (and all three dibromide complexes under discussion
are formal Fe(II) complexes),37 the latter is continuous.
Spin-unrestricted DFT calculations were used to further

evaluate the electronic structure of [FeBr2LPNN] (1). Geometry
optimization at the PBEPBE/TZVP level yielded overall
structural features, bond lengths, and angles in good agreement
with those observed by crystallography with only some minor
bond elongations and contractions of the metal−ligand bonds,
particularly the Fe−LPNN bonds (solvent model). The
optimized structure of 1 is best described as a distorted square
pyramidal complex with Fe−P, Fe−N1, and Fe−N2 bond
lengths of 2.591, 2.151, and 2.103 Å, respectively, Fe−Br bond

Figure 4. Structural and spectroscopic characterization of [FeBr2LPNN]
(1). (A) X-ray molecular structure of 1 with 50% probability thermal
ellipsoids; the hydrogen atoms and a cocrystallized benzene molecule
are omitted for clarity; selected bond lengths are given in Table 1. (B)
80 K Mössbauer spectrum of 1. (C) 5 K, 7 T NIR MCD spectrum of
1. (inset) Saturation-magnetization data (dots) and best fit (lines)
collected at 8810 cm−1.

Table 1. Selected Bond Lengths [Å] of [FeBr2LPNN] (1), [Fe(CO)2LPNN] (2), [Fe(CO)2LPNN](BF4) (3),
[Fe(F)(CO)2LPNN](BF4) (4), and [Fe(H)(CO)2LPNN](BF4) (5)

1 2 3 4 5

Fe−N1 2.208(2) 1.924(2) 1.974(3) 1.957(3) 1.967(1)
Fe−N2 2.171(2) 1.919(2) 1.990(4) 2.008(3) 1.985(1)
Fe−P 2.5147(8) 2.2231(6) 2.259(1) 2.293(1) 2.2329(6)
P−C1 1.833(4) 1.847(2) 1.837(4) 1.838(4) 1.845(2)
C1−C2 1.508(5) 1.491(3) 1.498(6) 1.489(6) 1.500(2)
C2−C3 1.393(5) 1.366(3) 1.394(5) 1.398(6) 1.397(2)
C3−C4 1.381(5) 1.404(3) 1.374(6) 1.370(6) 1.386(2)
C4−C5 1.389(5) 1.363(3) 1.388(6) 1.382(6) 1.393(2)
C5−C6 1.385(4) 1.411(3) 1.389(5) 1.382(6) 1.386(2)
C6−N1 (Cipso−Npy) 1.348(4) 1.377(3) 1.361(5) 1.360(5) 1.357(2)
C6−C7 (Cimine−Cipso) 1.488(5) 1.410(3) 1.452(6) 1.468(6) 1.469(2)
C7−N2 (CN) 1.282(4) 1.339(3) 1.299(5) 1.295(5) 1.293(2)

Table 2. Summary of the 80 K 57Fe Mössbauer Parameters
for Iron LPNN Complexes

complex δ in mm s−1 ΔEQ in mm s−1

[FeBr2LPNN] (1) 0.94 2.59
[Fe(CO)2LPNN] (2) 0.00 1.14
[Fe(CO)2LPNN](BF4) (3) 0.12 0.54
[Fe(F)(CO)2LPNN](BF4) (4) 0.04 0.55
[Fe(H)(CO)2LPNN](BF4) (5) −0.04 1.48

Table 3. Fe 2p3/2 Electron Binding Energies for the Iron
Complexes Discussed in This Study

entry complex Fe 2p3/2 BE
a in eV

1 [FeBr2LPNN] (1) 709.4
2 [FeCl2LPNN] (1′) 709.4
3 [FeBr2LNNN] (6) 709.7
4 [FeBr2LPNP]

b 709.1
5 [Fe(CO)2LPNN] (2) 708.1
6 [Fe(CO)2LNNN] (7) 708.4
7 [FeBr2LPNN‑bp]

c 709.5
8 [Fe(CO)2LPNN‑bp]

c 708.0
9 [Fe(CO)2LPNN](BF4) (3) 708.8
10 [Fe(F)(CO)2LPNN](BF4) (4) 709.9
11 [Fe(H)(CO)2LPNN](BF4) (5) 709.2

aMeasured by XPS. bPrepared according to ref 58. cData taken from
ref 40.
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lengths of 2.458 and 2.483 Å, an N1−Fe−N2 bond angle of
75.38°, and an N1−Fe−P bond angle of 75.23° (compare with
the crystal details given in Figure 4A and Table 1). The
molecular orbitals and their corresponding energies as well as
excitation energies were calculated from the optimized structure
at the B3LYP/TZVP level. Importantly, TD-DFT calculations
provide excellent agreement between calculated and exper-
imentally determined d−d and charge-transfer (CT) transitions
(from MCD and UV−vis spectra), providing further validation
of the quality of the DFT model (see Supporting Information
for details). Both the experimental and computational studies of
1 are indicative of a hs-Fe(II) complex (S = 2). A molecular
orbital energy diagram for 1 is given in the Supporting
Information.
2.2. [Fe(CO)2LPNN] (2). Reduction of the Fe(II) dibromide

complex [FeBr2LPNN] (1) with an excess of sodium amalgam
(10%) under a CO atmosphere at room temperature gives rise
to [Fe(CO)2LPNN] (2). This formally Fe(0) complex is
obtained as an intensely purple, diamagnetic solid, which is
well-soluble in all common solvents including pentane, and
crystals were grown from a saturated pentane solution at −35
°C (Figure 5).

The crystal structure of 2 indicates a distorted square
pyramidal coordination sphere around the Fe center (OC−Fe−
CO = 96.89(9)°, Npy−Fe−CO = 100.75(8)° and 162.34(8)°).
Also, the IR spectra in both the solid state and in solution
confirm an ∼90° angle between the two CO ligands as two
absorptions in a 1:1 intensity ratio are observed (see Table 4).
However, in the NMR spectra recorded at room temper-

ature, [Fe(CO)2LPNN] (2) appears C2v symmetric with a plane
of symmetry defined by the pyridine ring: in the 1H NMR
spectrum only one doublet is observed for the tBu groups at
0.98 ppm (d, 18H, 3JHP = 12.6 Hz), the methylene group at
3.27 ppm (d, 2H, 2JHP = 8.3 Hz), and the o-methyl and the m-

hydrogen atoms of the mesityl group at 2.25 ppm (s, 6H) and
6.95 ppm (s, 2H), respectively. For the CO ligands, only one
doublet is observed at 221.1 ppm (d, 2JCP = 11.3 Hz) in the 13C
NMR spectrum. Similar discrepancies in the structural
assignment upon comparison of the crystal structure and
NMR data have been observed for iron-dicarbonyl complexes
before.24,40,59 The CN, Cimine−Cipso, and Cipso−Npy bond
lengths determined for [Fe(CO)2LPNN] (2) (1.339(3),
1.410(3), and 1.377(3) Å, respectively; see Table 1) are very
similar to those reported for the monoanionic form of α-
iminopyridine ligands according to Wieghardt and co-workers,
that is, 1.34, 1.41, and 1.39 Å, respectively.17−19 On the basis of
the ligand structural data alone, [Fe(CO)2LPNN] (2) would be
assigned as an Fe(I) complex. According to Figure 1b, electron
transfer to the PNN ligand should give rise to a special
signature with respect to the imine carbon atom C7 as well as
to the imine nitrogen atom N2. While for the free PNN ligand
the imine carbon atom C7 exhibits the highest 13C chemical
shift among the quaternary carbon atoms C2, C6, and C7 (and
even overall), in [Fe(CO)2LPNN] (2), the

13C NMR resonance
of C7 is shifted particularly to higher field when compared with
C2 and C6 (see Table 5).

This observation might be in line with an accumulation of
charge density on this site as would be expected according to
Figure 1b. The 15N NMR chemical shift of N2 (when
compared with those obtained for [Fe(F)(CO)2LPNN](BF4)
(4) and [Fe(H)(CO)2LPNN](BF4) (5), vide infra) is also in line
with this interpretation, and we will come back to this aspect
further below. Moreover, according to the crystal structure data
of [Fe(CO)2LPNN] (2), the pyridine ring shows alternating
bond lengths (compare the C−C bonds connecting C2−C6 in
Table 1). Even though such a behavior would rather be
expected for the dianionic form of an α-iminopyridine
ligand,17−19 this observation is in line with the shift of electron
density from the metal center to the ligand.
In contrast to the NMR and crystal structure data, which

suggest an Fe(I) description of [Fe(CO)2LPNN] (2) but which
reflect only the ligand properties in a direct fashion, the

Figure 5. Molecular structure of [Fe(CO)2LPNN] (2) with 50%
probability thermal ellipsoids. The hydrogen atoms and a cocrystal-
lized pentane molecule are omitted for clarity. Selected bond lengths
are given in Table 1.

Table 4. Infrared Stretches νCO for Complexes
[Fe(CO)2LPNN] (2), [Fe(CO)2LPNN](BF4) (3),
[Fe(F)(CO)2LPNN](BF4) (4), [Fe(H)(CO)2LPNN](BF4) (5),
and [Fe(CO)2LNNN] (7) as Determined in the Solid State on
NaCl Plates

2a 3 4 5 7

ν(COsym) [cm
−1] 1934 (1952) 1987 2052 2022 1949

ν(COasym) [cm
−1] 1875 (1897) 1922 2015 1973 1878

ν(Fe−H) [cm−1] 1929

aValues in parentheses were determined in a pentane solution.

Table 5. Selected NMR Spectroscopic Data of the Free PNN
Ligand as well as the Complexes [Fe(CO)2LPNN] (2),
[Fe(F)(CO)2LPNN](BF4) (4), and [Fe(H)(CO)2LPNN](BF4)
(5)

PNN liganda 2a 4a 5a

δ(P)
[ppm]

38.5 (s) 138.4 (s) 120.3 (s) 106.9 (d, 2JPF
= 9.7 Hz)

δ(N1)
[ppm]

311.5 (s) 258.1 (s) 258.6 (s) 257.6 (s)

δ(N2)
[ppm]

334.0 (s) 259.2 (s) 274.8 (s) 274.1 (s)

δ(C2)
[ppm]

161.2 (d, 2JCP
= 14.1 Hz)

159.2 (d, 2JCP
= 7.8 Hz)

162.4 (d, 2JCP
= 4.0 Hz)

164.5 (d, 2JCP
= 2.8 Hz)

δ(C6)
[ppm]

155.8 (s) 144.7 (d, 3JCP
= 5.1 Hz)

153.9 (d, 3JCP
= 4.3 Hz)

156.6 (d, 3JCP
= 3.5 Hz)

δ(C7)
[ppm]

168.0 (s) 144.9 (s) 173.3 (s) 179.9 (s)

aThe 15N NMR chemical shifts were determined by 15N−1H HMQC
experiments.
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Mössbauer data (δ = 0.00 mm s−1, ΔEQ = 1.14 mm s−1, Table
2) for this complex are not unequivocally in agreement with an
Fe(I) designation, since an assignment as either Fe(0) or ls-
Fe(II) (ls = low spin) is possible based on the parameters,
demonstrating the challenge in correlating metal oxidation
states with Mössbauer parameters in low-valent iron com-
plexes.48 Note that very similar parameters (δ = 0.03 mm s−1,
ΔEQ = 1.17 mm s−1) were found for Chirik’s 2,6-
bisiminopyridine-based complex [Fe(CO)2L′NNN], for which
both an Fe(0) and a ls-Fe(II) formulation was considered
possible.24 In Chirik’s study, the Fe(II) interpretation was
suggested by the ligand structural features, which were
interpreted as being indicative of a dianionic ligand, while the
Fe(0) assignment was based on the Mössbauer data. Also
broken-symmetry DFT calculations did not provide a more
conclusive picture, and the authors concluded later that “the
electronic structure can be considered a hybrid of the Fe(0)
and Fe(II) limiting resonance forms.”42

XPS measurements on [Fe(CO)2LPNN] (2) give rise to an Fe
2p3/2 binding energy of 708.1 eV (entry 5 in Table 3), which is
1.3 eV lower than for the formal Fe(II) dibromide complex
[FeBr2LPNN] (1) (entry 1 in Table 3). Thus, the electron
density on the iron center of [Fe(CO)2LPNN] (2) appears
considerably increased when compared with that of
[FeBr2LPNN] (1). The same binding energy difference is
found for the couple [FeBr2LNNN] (6)/[Fe(CO)2LNNN] (7)
(entries 3 and 6 in Table 3), and consequently, the iron centers
in both [Fe(CO)2LPNN] (2) and [Fe(CO)2LNNN] (7) look very
similar electronically. Note that the Fe 2p3/2 binding-energy
values determined in this study for [FeBr2LPNN] (1) and
[Fe(CO)2LPNN] (2) very much resemble those obtained earlier
in an independent investigation from our group, in which the
bipy-analogous PNN pincer complexes [FeBr2LPNN‑bp] and
[Fe(CO)2LPNN‑bp] were investigated (entries 7 and 8 in Table
3; for the ligand see Figure 2; bipy = 2,2′-bipyridine).40 Thus,
all three iron-dicarbonyl complexes [Fe(CO)2LPNN] (2),
[Fe(CO)2LNNN] (7), and [Fe(CO)2LPNN‑bp] appear to be
electronically very similar based on the XPS data, while the
crystal structures of these complexes indicate oxidation states of
Fe(I) for the PNN complexes40 and Fe(II) for the NNN
complex.24

To further evaluate the electronic structure of complex 2,
DFT studies were performed. Initial geometry optimization at
the PBEPBE/TZVP level yielded overall structural features,
bond lengths, and angles in good agreement with those
observed by crystallography. The optimized structure of 2 is
best described as a distorted square pyramidal complex with
Fe−P, Fe−N1, and Fe−N2 bond lengths of 2.258, 1.944, and
1.931 Å, respectively, Fe−CO bond lengths of 1.751 and 1.756
Å, an N1−Fe−N2 bond angle of 79.80°, and an N1−Fe−P
bond angle of 82.26°. This optimized geometry correlates well
with the crystal structure (see Figure 5 and Table 1). Note also
that the bond elongations and contractions of the N1−C6,
C6−C7, and C7−N2 bonds seen in the crystal structure of 2
are reproduced in the calculated structure to within 0.015 Å
(see Table 1). As previously discussed, according to the
structural parameters complex 2 should be assigned as an Fe(I)
complex. In addition, the XPS data seem to indicate that an
Fe(I) situation might apply for 2 if the 1.3 eV difference in the
electron binding energy compared with [FeBr2LPNN] (1) (see
Table 3) is interpreted in terms of an oxidation state difference
of one. However, it is important to recall that 1 carries two
bromide ligands, while 2 contains two CO ligands, and such

ligand changes have a strong influence on the apparent binding
energy.50 Therefore, to further analyze the electronic structure
of 2, spin-unrestricted BS calculations at the B3LYP/TZVP
level were completed to test the possibility of LPNN acting as a
redox-active ligand in this complex. Taking into account that 2
has a diamagnetic ground state (S = 0), three different
computational models were explored (see Supporting In-
formation for details): (i) the neutral-ligand description
corresponding to [Fe0(CO)2(LPNN)], (ii) the BS(1,1) approach
to yield the electronic ground state of [FeI(CO)2(LPNN

−)]
(considering the transfer of both an α- or a β-spin electron
from Fe (now, S = 1/2) to LPNN), and (iii) the BS(2,2) case,
producing [FeII(CO)2(LPNN

2−)] (considering the transfer of
two electrons from Fe to generate either S = 0 or S = 1 with the
Fe site being antiferromagnetically coupled to LPNN

2− to give an
Stotal = 0 complex). Notably, the FeI/[LPNN

−] models converged
to the same result: a system with a nonzero spin density on Fe
and an electronic energy that is 0.61 kcal/mol lower than for
the Fe0/[LPNN] model, the latter of which converged to an
electronic state with a zero spin density on the Fe atom. The
FeII/[LPNN

2−] models were found to depend on the iron spin
state, and electron densities consistent with either the FeI/
[LPNN

−] or Fe0/[LPNN] electronic descriptions could be
obtained. Importantly, however, previous computational studies
of 2,2′-bipyridine complexes of iron, cobalt, vanadium, and
titanium using a variety of exchange-correlation (XC) func-
tionals have demonstrated that B3LYP, a hybrid XC functional,
can yield unreliable results in BS calculations of pincer
complexes of this type and that nonhybrid XC functionals
(e.g., PBE, HCTC, BLYP) give more accurate predictions.41

This previous study and the small energy differences between
the two ground-state descriptions found in our B3LYP
calculations motivated the evaluation of our three computa-
tional models across a series of XC functionals. Analogous
calculations to those described using B3LYP were performed
using BLYP, PBEPBE, HCTC, and M06L with the same basis
set, TZVP, as before. Importantly, all calculations using these
four XC functionals were found to converge to an electronic
state with a zero atomic spin density on Fe, which is consistent
with the [Fe0(CO)2(LPNN)] description with no unpaired
electrons on Fe or LPNN.
Further support for the [Fe0(CO)2(LPNN)] ground-state

electronic structure description derives from TD-DFT
calculations performed for 2 for both the Fe0/[LPNN] and
FeI/[LPNN

−] electronic descriptions (note: B3LYP models were
utilized as both descriptions were obtained). Notably, the TD-
DFT calculations for FeI/[LPNN

−] predict an additional low-
energy d−d transition at ∼8660 cm−1 compared to the Fe0/
[LPNN] solution. Therefore, near-IR (NIR) absorption studies
were completed for 2 (see Supporting Information for details)
that showed no additional low-energy d−d transition at
<10 000 cm−1 (even at very high complex concentrations).
This experimental evidence is consistent with the assignment of
2 as a ls-Fe(0) complex with no unpaired electron on either Fe
or LPNN. While it is likely that the [Fe0(CO)2(LPNN)] and
[FeI(CO)2(LPNN

−)] electronic states are, in fact, relatively close
in energy, the combined results of XPS, electronic absorption
spectroscopy, and DFT/TD-DFT studies are more consistent
with LPNN acting as a redox-innocent ligand in complex 2.
Because of these findings, all further DFT calculations were

completed using the [Fe0(CO)2(LPNN)] electronic ground-state
description. The ground-state wave function of 2 is described
by the frontier molecular orbitals (FMOs), which are shown in
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Figure 6. The Fe d-orbitals are significantly mixed with CO and
LPNN character, and listed in order of increasing energy those
are dxy(130), dxz (132), dyz (134), dz2 (135), and dx2−y2 (138). In
addition, there are FMOs that represent an occupied MO of Fe
d-, N2 σ-, and aryl π-character (133), an unoccupied MO of Fe
d-, N1N2 π*-, aryl π*-, and CO σ*-character (136), and an
unoccupied MO of aryl π*-character (137).
TD-DFT calculations were also used to assign the observed

transitions in the absorption spectrum (see Supporting
Information for details). Overall, the energies of the absorption
transitions correlate well to the TD-DFT calculated energies.
However, the d−d and CT transitions are quite mixed,
involving multiple LPNN, CO, and Fe orbitals.
2.3. [Fe(CO)2LPNN](BF4) (3). Upon one-electron oxidation

of [Fe(CO)2LPNN] (2) with 1 equiv of ferrocenium
tetrafluoroborate in THF at room temperature, [Fe-
(CO)2LPNN](BF4) (3) was isolated as a paramagnetic, green
solid. Reduction of [Fe(CO)2LPNN](BF4) (3) with sodium
amalgam (10%) in THF at room temperature gives rise to the
regeneration of [Fe(CO)2LPNN] (2) (Figure 3). This kind of
reactivity has been indicated by the CV of [Fe(CO)2LPNN] (2)
(Figure 7a), which shows three redox processes between +1.0
and −3.5 V, and an analogous behavior was observed previously
for a similar set of PNN-based iron−dicarbonyl pincer
complexes.40

The waves at E1/2 = −0.65 and −2.76 V are reversible as
indicated by separate scans for these regions. We interpret these
two waves in terms of one-electron oxidation and reduction
processes relative to [Fe(CO)2LPNN] (2) as reported by Chirik
and co-workers for the NNN-iron dicarbonyl complex
[Fe(CO)2L′NNN].42 The oxidation wave at +0.64 V, however,
is not well-behaved reversible, and both reduction features at ca.
0.00 V and −1.48 V appear only if the cycling involves the
oxidation at +0.64 V. While we have no chemical explanation
for the two different reduction events, we speculate that the
respective oxidation event involves the generation of dicationic
[Fe(CO)2LPNN]

2+, which decomposes prior to electrochemical
reduction. Higher scan rates of up to 600 mV s−1 do not make

this process reversible. The fact, however, that the CVs of
[Fe(CO)2LPNN] (2) and [Fe(CO)2LPNN](BF4) (3) (Figure 7)
exhibit similar features at comparable positions confirms the
electrochemical formation of [Fe(CO)2LPNN](BF4) (3) during
cyclic voltammetry of [Fe(CO)2LPNN] (2). Complex 3 exhibits
IR absorptions at 1922 and 1987 cm−1 in a 1:1 ratio, which are
indicative of the presence of two CO ligands with an ∼90°
angle between them. The higher wavenumbers compared with
[Fe(CO)2LPNN] (2) (see Table 4) are consistent with the
reduction of electron density on the metal center upon one-
electron oxidation, and the change of ca. 50 cm−1 is similar to
that reported for the analogous NNN-ligated system described
by Chirik and co-workers.42 Further, the magnetic measure-
ments (Evans’ method: μeff = 2.1 (at 298 K); SQUID: μeff =
2.14 (at 298 K, see Supporting Information for further details))
are in agreement with a ls-Fe(I) assignment. The Mössbauer
parameters of 3 at 80 K (δ = 0.12 mm s−1, ΔEQ = 0.54 mm s−1,

Figure 6. Calculated molecular orbital energy diagram for [Fe(CO)2LPNN] (2).

Figure 7. CVs of (a) [Fe(CO)2LPNN] (2) and (b) [Fe(CO)2LPNN]-
(BF4) (3) in THF (0.1 M [nBu4N][BF4] supporting electrolyte) at
room temperature with scan rates of 100 mV s−1 (glassy-carbon
working-electrode). Potentials are referenced relative to the Fc+/Fc
couple.
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Table 2)48 are also similar to those reported by Chirik and co-
workers for their [Fe(CO)2L′NNN](BArF4) complex, which was
assigned as ls-Fe(I).42 Further evidence for an Fe(I) assignment
of 3 is provided by the Fe 2p3/2 binding energy of 708.8 eV
(entry 9 in Table 3), as determined via XPS, which is 0.7 eV
higher than of the parent compound [Fe(CO)2LPNN] (2), the
latter of which we assigned to be an Fe(0) complex. Single
crystals of [Fe(CO)2LPNN](BF4) (3) were grown by diffusion
of pentane into a THF solution at room temperature (Figure
8).

While the CN, Cimine−Cipso, and Cipso−Npy parameters for
[FeBr2LPNN] (1) and [Fe(CO)2LPNN] (2) are indicative of the
presence of a neutral and a monoanionic α-iminopyridine
ligand, respectively, for [Fe(CO)2LPNN](BF4) (3) the values are
intermediate between the two descriptions (see Table 1). While
other complexes are known in which only one α-iminopyridine
ligand is bound to the metal center,60−62 [Fe(CO)2LPNN](BF4)
(3) is, to our knowledge, the first structurally characterized
complex with a single α-iminopyridine ligand bound to the
metal center, in which the structural parameters are between
the neutral and the anionic description. Wieghardt and co-
workers previously described an α-iminopyridine complex of
iron, [Fe(LNN)2]

+ (L = 2,6-diisopropyl-N-(pyridin-2-
ylmethylene)aniline, Figure 2), in which the two bidentate
NN ligands exhibit intermediate structural features.18 This
observation, however, was interpreted in terms of electron
delocalization: the iron oxidation state in [Fe(LNN)2]

+ was
assigned to be Fe(II), while one negative charge was assumed
to be distributed over the two LNN ligands. Such an
interpretation, however, can be clearly excluded for [Fe-
(CO)2LPNN](BF4) (3), which contains only one α-iminopyr-
idine unit. While a critical reader might argue that the present
PNN ligand is not a genuine α-iminopyridine ligand and that
the additional phosphorus arm might be redox non-innocent
itself, this option can be excluded since in all three complexes 1,
2, and 3, both the P−C1 and the C1−C2 bond lengths are
essentially unaltered (Table 1); the additional phosphorus
donor thus acts as a mere spectator. The fact that in
[Fe(CO)2LPNN](BF4) (3) the α-iminopyridine ligand adopts
a geometry that is between those expected for a neutral and a
monoanionic ligand rules out the possibility of the assignment
of an integer charge state to the ligand and, thus, questions the
strict interpretation of ligand structural changes in terms of

electron-transfer processes. Rather, backbonding phenomena
might account for this observation (vide infra).41

To further characterize the electronic structure of 3, EPR and
MCD spectroscopy were utilized. The 10 K EPR spectrum of 3
shown in Figure 9A clearly depicts a rhombic g ≈ 2 signal (S =

1/2) that is hyperfine split by the 31P ligand (I = 1/2) of the
LPNN moiety. The spectrum was simulated using the following
parameters: g = [2.003, 2.044, 2.088] [gavg = 2.045] and A(P) =
[43, 40, 38] MHz [Aavg = 40.3 MHz] (see Supporting
Information). The simulation is in excellent agreement with the
experimental EPR spectrum and consistent with the assignment
of 3 as a ls-Fe(I) complex. In general, a qualitative indication of
the amount of spin density on a metal can be roughly estimated
from the deviation of the experimental Δg value (where Δg =
gmax − gmin) from the free-electron isotropic g value of 2.0023 in
a frozen solution.63 Typically, large deviations correspond to a
significant spin density on the metal.64 In this system, a Δg
value of 0.085 is obtained, which suggests significant metallo-
radical character being present, consistent with an unpaired
electron on Fe. In Figure 9, the 5 K, 7 T NIR (Figure 9B) and
UV−vis MCD spectra (Figure 9C) of 3 are shown. The
saturation magnetization data collected at 13 333 cm−1 (Figure

Figure 8. Molecular structure of [Fe(CO)2LPNN](BF4) (3) with 50%
probability thermal ellipsoids. The hydrogen atoms, the BF4

−

counterion, and a cocrystallized THF molecule are omitted for clarity.
Selected bond lengths are given in Table 1.

Figure 9. EPR and MCD spectroscopic characterization of [Fe-
(CO)2LPNN](BF4) (3). (A) 10 K EPR spectrum. (B) 5 K, 7 T NIR
MCD spectrum. (inset) Saturation-magnetization data (dots) and best
fit (lines) collected at 13 333 cm−1. C) 5 K, 7 T UV−vis MCD
spectrum. Peak fits are shown for the MCD spectra as dashed lines.
EPR parameters are given in the text.
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9B, inset) are well-described by an S = 1/2 ground-state model
with g = [2.003, 2.044, 2.088] and (Mxy, Mxz, Myz) = (0.420,
0.513, 1.022). The fit gives excellent agreement with the
variable-temperature, variable-field (VTVH) MCD data. The
transitions seen in both the NIR and UV−vis MCD spectra are
fully assigned using TD-DFT (see Supporting Information).
Thus, both the EPR and MCD studies support the assignment
of 3 as a ls-Fe(I) (S = 1/2) complex.
Spin-unrestricted DFT calculations were used to further

analyze the electronic structure of [Fe(CO)2LPNN](BF4) (3).
Initial geometry optimization with PBEPBE/TZVP yielded
overall structural features, bond lengths, and angles in good
agreement with those observed by crystallography (see
Supporting Information for details). BS calculations were
performed to test the possibility of LPNN acting as a redox-active
ligand in this complex. Three separate calculations on the
[FeI(CO)2(LPNN)], [Fe

II(CO)2(LPNN
−)] (α-spin electron from

Fe→ LPNN), and [Fe
II(CO)2(LPNN

−)] (β-spin electron from Fe
→ LPNN) electron ground-state descriptions converged to an
Stotal = 1/2 spin as found experimentally (see Supporting
Information for details). Because of the sensitivity of these
calculations toward the employed DFT functional (as seen
previously for complex 2), the B3LYP, BLYP, and HCTC
functionals were utilized. Notably, all calculations, regardless of
the functional, converged to the same electronic state with the
unpaired electron density on Fe (MPA- and NPA-derived
values of 0.86 and 0.83, respectively, from the B3LYP
calculations) consistent with an [FeI(CO)2(LPNN)] description
of complex 3 with LPNN being redox-innocent. Furthermore,
TD-DFT studies using this electronic structure description
yield excellent agreement between the calculated and the
experimentally determined d−d and CT transitions as observed
in MCD and absorption spectroscopies, thus further supporting
the DFT results (see Supporting Information).
The ground-state wave function of 3 is described by the

FMOs with focus on the MOs in the α-spin manifold, in
conjunction with their β-spin counterparts, to describe the

major contributions to bonding. The MOs and the
corresponding energy diagram are shown in Figure 10. In the
α-spin manifold, the highest occupied molecular orbital along
with the occupied α-130, α-131, and α-132, as well as the
unoccupied α-138, are comprised mostly of Fe d-character,
slightly mixed with LPNN and CO character. The Fe d-orbitals
listed in order of increasing energy are dxy(α-130), dxz (α-131),
dyz (α-132), dz2 (α-135), and dx2−y2 (α-138). In addition, there
are FMOs that represent an occupied MO of aryl π-character
(α-133), an unoccupied MO of N1N2 π*-, CO σ*-, and aryl
π*-character (α-136), and an unoccupied MO of PN2 σ*- and
CO π*-character (α-140).

2.4. [Fe(F)(CO)2LPNN](BF4) (4). Upon treatment of [Fe-
(CO)2LPNN] (2) with 2 equiv of ferrocenium tetrafluoroborate,
the iron−fluoride complex [Fe(F)(CO)2LPNN](BF4) (4) was
obtained, and this result is likely the consequence of B−F bond
cleavage of the BF4

− counterion.65,66 The diamagnetic complex
4 is characterized by a 19F NMR shift of −428.5 ppm (d, 2JFP =
9.9 Hz), and the presence of the F− ligand is also evidenced by
the coupling observed in the 31P NMR spectrum (δ = 106.9
ppm, d, 2JPF = 9.7 Hz, Table 5). Moreover, in the XPS spectra
of this compound two different features for fluorine are found,
one centered at ca. 685.5 eV, which is common for all BF4

−

containing complexes under study, that is, 3, 4, and 5, and one
feature centered at ca. 682.9 eV, which is unique for this
complex and corresponds to the iron-bound F ligand. The IR
stretches of 2015 and 2052 cm−1 in an ∼1:1 ratio confirm the
presence of two CO ligands with an ∼90° angle between each
other. Moreover, in the 13C NMR spectrum two separate sets
of signals centered at 208.1 ppm (dd, 2JCP = 7.0 Hz, 2JCF = 22.4
Hz) and 209.9 ppm (dd, 2JCP = 18.5 Hz, 2JCF = 35.9 Hz) are
evidence for the presence of two distinguishable CO ligands,
which must be consequently coordinated in a cis arrangement,
and this interpretation is in agreement with the 1H and 13C
NMR data as well as the crystal structure of [Fe(F)-
(CO)2LPNN](BF4) (4) (Figure 11a).

Figure 10. Calculated molecular orbital energy diagram for [Fe(CO)2LPNN](BF4) (3).
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While the Mössbauer parameters of 4 at 80 K (δ = 0.04 mm
s−1, ΔEQ = 0.55 mm s−1, Table 2) are in the range for a ls-
Fe(II) complex,48 they are also similar to the parameters
determined for 2, assigned as an Fe(0) complex. A ls-Fe(II)
assignment of 4, however, is consistent with the blue shift of the
IR stretches relative to 2 and 3, which indicates decreased
electron density at the Fe center (see Table 4). Moreover, the
XPS measurements yield an Fe 2p3/2 electron binding energy of
709.9 eV (entry 10 in Table 3), which is 1.1 eV higher than for
the Fe(I) complex [Fe(CO)2LPNN](BF4) (3). This observation
is consistent with the assignment of [Fe(F)(CO)2LPNN](BF4)
(4) as an Fe(II) complex with a neutral PNN ligand. Note that
the 13C NMR chemical shift of the imine carbon atom C7 is the
highest among all but the carbonyl carbon-atom shifts. This
observation is in line with the interpretation of a neutral PNN
ligand. The CN, Cimine−Cipso, and Cipso−Npy bond lengths in
complex 4 are intermediate between the values for the hs-
Fe(II) complex [FeBr2LPNN] (1) and the ls-Fe(I) complex
[Fe(CO)2LPNN](BF4) (3) (see Table 1). These parameters
cannot be interpreted within the framework of the “metrical
oxidation state” concept in a straightforward fashion. While a
minor shift of electron density from the metal to the ligand
might be indicated, the fact that the change does not come in
an integer fashion is strongly indicative of a backbonding effect.
In addition, DFT calculations using B3LYP, BLYP, PBEPBE,
and HCTC functionals on 5 are indicative of a ls-Fe(II)
complex (S = 0), consistent with the experimental data (see
Supporting Information for details).
2.5. [Fe(H)(CO)2LPNN](BF4) (5). The reaction of [Fe-

(CO)2LPNN] (2) with an excess of HBF4·Et2O in THF at
room temperature gives rise to the formation of [Fe(H)-
(CO)2LPNN](BF4) (5). This diamagnetic, formal Fe(II)
complex is characterized by a hydride resonance in the 1H
NMR spectrum centered at −4.59 ppm (d, 1H, 3JHP = 58.2 Hz,
Fe−H). The IR stretches of 1973 and 2022 cm−1 in a 1:1 ratio

(see Table 4) indicate a cis arrangement of two CO ligands.
The presence of two chemically inequivalent CO ligands is
clearly indicated by the two different sets of resonances in the
13C NMR spectrum at 205.0 ppm (d, 2JCP = 7.8 Hz, CO) and
212.0 ppm (d, 2JCP = 19.3 Hz, CO), and in the 1H NMR
spectrum the two sides of the molecule (as defined by the
pyridine-ring plane) can be distinguished based on the
assignment of the tBu groups, the methylene protons, and the
shifts of the mesitylene unit (see Experimental Section). The
crystal structure (Figure 11b) is further in agreement with the
hydride being in apical position. The Mössbauer data at 80 K (δ
= −0.04 mm s−1, ΔEQ = 1.48 mm s−1, Table 2) are in
agreement with a ls-Fe(II) interpretation of this complex.48 In
the XPS experiments, however, [Fe(H)(CO)2LPNN](BF4) (5)
exhibits a 0.7 eV lower Fe 2p3/2 binding energy than
[Fe(F)(CO)2LPNN](BF4) (4), the latter of which is clearly an
Fe(II) compound. The difference in the iron electron-binding
energies of 4 and 5 is most likely the result of the hydride
ligand carrying less electron density compared to the fluoride
ligand in complex 4. This also makes sense chemically as the
hydride complex 5 readily reacts with various bases such as
KOtBu or KHMDS to regenerate the parent compound
[Fe(CO)2LPNN] (2); thus, the hydride ligand in 5 has quite a
protic character, and this observation is reflected in the XPS
data as well. Moreover, the CO stretches in the IR spectrum of
the hydride complex 5 are in agreement with this interpretation
(see Table 4) as they are by ca. 35 cm−1 lower than for the
corresponding fluoride complex 4, thus indicating increased
electron density at the metal center. As was observed for
[Fe(F)(CO)2LPNN](BF4) (4), the 13C NMR chemical shift of
the imine carbon atom C7 of 5 as well as the crystal structure
data are essentially in agreement with the presence of a neutral
PNN ligand. Consequently, the difference in electron density
on the Fe centers in 4 and 5 reflects fluoride versus hydride
ligation and is not a consequence of redox non-innocence of
the PNN ligand. Lastly, spin-restricted DFT calculations of 5
using B3LYP are indicative of a ls-Fe(II) complex (S = 0; see
Supporting Information for details).

3. DISCUSSION
The determination of ligand redox non-innocence has become
an important aspect of coordination chemistry due to the
importance of redox non-innocent complexes in catalysis.
Toward this goal, the use of ligand structural parameters to
identify systems that feature electron transfer to ligands (i.e.,
redox non-innocence), as demonstrated by Wieghardt and co-
workers, represents a simple, structure-based method for this
determination but is not unequivocal. Alternatively, studies
combining spectroscopic methods aimed at the direct
determination of the electronic structure of the complex as
well as the metal electron density combined with DFT studies
can permit the determination of ligand redox non-innocence,
though such approaches are more time-consuming and require
specialized instrumentation and expertise. In the present study,
both approaches were utilized to evaluate electronic structure
and ligand redox non-innocence in a series of PNN-ligated iron
complexes ranging in formal oxidation state from Fe(0) to
Fe(II), including possible backbonding versus electron-transfer
effects. While ligand reduction as a consequence of electron
transfer would result in changes of the ligand geometry, the
ligand would be negatively charged. By contrast, backbonding
from the metal center to a ligand can serve as a compensation
mechanism to avoid the accumulation of negative charge

Figure 11. Molecular structures of (a) [Fe(F)(CO)2LPNN](BF4) (4)
and (b) [Fe(H)(CO)2LPNN](BF4) (5) with 50% probability thermal
ellipsoids. The hydrogen atoms and the BF4

− counter are omitted for
clarity. Selected bond lengths are given in Table 1
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density on the metal center when combined with donation
from a ligand to the metal. While in a completely balanced
situation the ligand would be neutral, its structure can be
influenced since donation and back-donation will involve
different ligand orbitals.
For the iron−dibromide complex [FeBr2LPNN] (1), ligand

structural parameters indicate the presence of a neutral α-
iminopyridine ligand (see Figure 12).17−19 Thus, 1 would be

assigned as an Fe(II) complex, and Mössbauer, MCD, XPS, and
DFT studies as well as magnetic measurements further support
the assignment of 1 as an hs Fe(II) complex with a redox-
innocent PNN ligand. Consistency between the structural and
spectroscopic/theoretical methods for the determination of
ligand redox non-innocence are also found for the formal
Fe(II) complexes [Fe(F)(CO)2LPNN](BF4) (4) and [Fe(H)-
(CO)2LPNN](BF4) (5). For these complexes, the ligand
structures are near to those expected for neutral α-
iminopyridine ligands (Figure 12), consistent with the
assignment of 4 and 5 as ls-Fe(II) complexes. Electronic
absorption spectroscopic studies (the latter assigned using TD-
DFT) combined with DFT studies also support the assign-
ments of 4 and 5 as ls-Fe(II) complexes carrying redox-
innocent PNN ligands, while according to IR spectroscopy and
XPS, the electron density on the iron center is considerably
lower for 4 than for 5 due to the highly electron-accepting
fluoride ligand. Still, for the hs- and ls-Fe(II) LPNN complexes,
clearly the ligand-structural parameter approach to the
determination of ligand redox non-innocence provides a simple
method consistent with more extensive electronic-structure
methods.
In contrast to the Fe(II)-PNN complexes, the ligand

structural features of [Fe(CO)2LPNN](BF4) (3) are between
those of the neutral and the anionic descriptions (see Figure
12), and consequently one might assign a charge state of −0.5
to the PNN ligand based solely on the ligand structural
parameters.3 This interpretation, however, is in contrast to the
expectations for electron transfer being responsible for the
structural changes as near integer charges would be observed.
Thus, for 3 the simple ligand structural parameter method for
the determination of ligand redox non-innocence is insufficient.
While detailed spectroscopic and theoretical studies support an
Fe(I) species (with a neutral PNN ligand), the origin of the
ligand structural changes remain undefined in the absence of
electron transfer (i.e., ligand redox non-innocence). However,

significant Fe(I)-PNN back-donation in 3 might also result in
the observed ligand structural variations. Changes in the
populations of the occupied and unoccupied fragment orbitals
of the LPNN ligand, when the metal−ligand electronic
interactions are “turned on”, can be utilized to quantitate
donation and back-donation in this series of CO-ligated
complexes (Table 6).67

From this analysis, back-donation increases on going from
the ls-Fe(II) complexes 4 and 5 to the Fe(I) complex 3. This
trend is consistent with increased back-donation contributing to
ligand structural changes as the ligand acceptor orbital is a π*-
orbital of LPNN that is antibonding with respect to the N1−C6
and N2−C7 bond and bonding with respect to C6−C7 bond
(vide infra).
Lastly, for [Fe(CO)2LPNN] (2) the ligand structural features

are very close to those of an anionic α-iminopyridine ligand
(Figure 12), and thus, 2 would be assigned as an Fe(I) complex
based on the ligand structural parameter method. The
accumulation of electron density on the ligand is further
indicated by NMR spectroscopy: While for the free PNN ligand
as well as for the ls-Fe(II) complexes 4 and 5 the imine carbon
atom C7 exhibits the highest 13C chemical shift among the
quaternary carbon atoms C2, C6, and C7, in complex 2, the 13C
NMR resonance of C7 is shifted particularly to higher field
(Table 5), which might be expected according to Figure 1b if
electron density is shifted to the ligand. Further, the 15N
chemical shift of N2 is nearly identical for complexes 4 and 5,
while it is shifted upfield by ca. 15 ppm, indicating that N2
might have some amide character68 as expected according to
Figure 1b. Notably, the 15N chemical shifts of N1 are within the
same range for 2, 4, and 5, and this observation indicates that, if
present, non-innocence does not influence the character of the
pyridine nitrogen atom.69 While both the crystallographic and
the NMR data support an Fe(I) formulation of [Fe(CO)2LPNN]
(2), it is important to note that both techniques provide only
indirect evidence for the metal oxidation state. XPS offers the
possibility to estimate the oxidation state of 2 in a more direct
manner. Going from [Fe(CO)2LPNN] (2) via [Fe(CO)2LPNN]-
(BF4) (3) to [Fe(F)(CO)2LPNN](BF4) (4) (entries 5, 9, and 10
in Table 3), that is, from a formal Fe(0) via a formal Fe(I) to a
formal Fe(II) compound, steps of 0.7 and 1.1 eV separate the
respective species, and [Fe(CO)2LPNN] (2) corresponds to the
most reduced compound; this fact is also reflected in the IR
stretches of the three compounds (Table 4). Since it has been
demonstrated that [Fe(CO)2LPNN](BF4) (3) and [Fe(F)-
(CO)2LPNN](BF4) (4) are ls-Fe(I) and ls-Fe(II) complexes,
respectively, and considering that ∼1 eV steps separate integer
oxidation states for similar complexes,50 [Fe(CO)2LPNN] (2)
would be most consistent with having an Fe(0) oxidation state,
as supported by XPS and IR measurements. This assignment is

Figure 12. Comparison of the CN (blue), Cimine−Cipso (red), and
Cipso−Npy (green) bond lengths for complexes 1−5 as determined via
X-ray crystallography together with the expected values for the neutral
and the monoanionic form of α-iminopyridine ligands when bound to
a metal center according to Wieghardt and co-workers.17−19

Table 6. Donation and Back Donation between the LPNN and
the Metal Fragments in [Fe(X)(CO)2LPNN]

0/+ (X = empty, F,
H) Complexes Calculated from Changes in Populations of
Occupied and Unoccupied Fragment Orbitals of the Ligand

complex
total donation

(α + β)
total backdonation

(α + β)

[Fe(CO)2LPNN] (2) 1.28 e− 1.14 e−

[Fe(CO)2LPNN]
+ (3) 1.34 e− 0.43 e−

[Fe(F)(CO)2LPNN]
+ (4) 1.51 e− 0.27 e−

[Fe(H)(CO)2LPNN]
+ (5) 1.46 e− 0.34 e−
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also consistent with TD-DFT studies combined with electronic-
absorption studies, which further support Fe(0) as the
oxidation state in this complex being the most consistent
with the experimental data. However, BS DFT calculations
clearly indicate that the Fe(I) state is close in energy to the
Fe(0) state. Note that a direct correlation between the XPS Fe
2p3/2 binding energy and ν(CO) in the IR spectra was observed
for the iron-dicarbonyl complexes under study (see Figure 13).

This graph also highlights the discrepancies between the formal
and the physical oxidation state description: the two formal
Fe(II) complexes 4 and 5, even though clearly identified as ls-
Fe(II) complexes by spectroscopic methods, DFT calculations,
and ligand structural parameters, bear a considerably different
electron density on the Fe centers according to IR and XPS
data.
As with complex 3, the significant changes in the ligand

structural parameters of 2 in the absence of electron transfer to
the ligand can be related to significant back-donation in 2.
From the charge donation analyses (Table 6), [Fe(CO)2LPNN]
(2) exhibits a large amount of Fe → LPNN back-donation (1.14
e−) compared to the [Fe(X)(CO)2LPNN]

0/+ (X = empty, F, H)
species. Fragment molecular orbital (FO) analysis of back-
donation in 2 provides further insight into the origin of ligand
structural changes as a result of back-donation. While electronic
polarization effects are present, similar occupancy changes
(∼42%) are observed in both the α- and β-spin manifolds
(Figure 14), and the LPNN acceptor orbital for both is the
lowest unoccupied fragment orbital of LPNN (note that this is
also the ligand acceptor orbital for back-donation in 3).
Importantly, this π* orbital is antibonding with respect to the
N1−C6 and the N2−C7 bond and bonding with respect to C6−
C7. Hence, significant back-donation into this ligand orbital
contributes to elongations of the N1−C6 and N2−C7 bonds and
contraction of the C6−C7 bond as is observed crystallo-
graphically. Thus, significant back-donation can contribute to
similar ligand bond changes as occurs with electron transfer
(i.e., ligand redox non-innocence).

4. CONCLUSIONS
While Kaim’s statement that “an occasional consequence from
the presence of unrecognized non-innocently behaving ligands

is the erroneous assignment of ‘unusual’ oxidation states to
metals in coordination compounds”30 is certainly valid, the use
of ligand structural data alone for the determination of the
metal oxidation state can also lead to erroneous interpretation
of the electronic structure of transition-metal complexes. This is
demonstrated in this study on a series of α-iminopyridine-based
PNN-iron pincer complexes with formal oxidation states
ranging from Fe(0) to Fe(II). While the crystallographic data
as well as the NMR data suggest the formal Fe(0) complex
[Fe(CO)2LPNN] (2) to be an Fe(I) complex, physical
measurements on the metal center combined with DFT and
TD-DFT studies are more consistent with an Fe(0) center and
a redox-innocent PNN ligand. This interpretation is further in
line with an earlier statement that in complexes of the form
[FeI(CO)2(LPNN

1−)] both the Fe(I) oxidation state and the
radical ligand represent two energetically unfavorable situations
assembled in one molecule.41 We interpret the observed
structural changes in terms of electron back-bonding rather
than being a consequence of electron transfer. The potential
importance of back-bonding contributions is particularly
influenced by the finding that in [Fe(CO)2LPNN](BF4) (3)
the PNN ligand adopts a geometry that is between the neutral
and monoanionic forms combined with the significant back-
donation of electron density in 2 and 3 as determined by charge
donation analysis. Importantly, the PNN π*-acceptor orbital for
back-donation is such that the bond elongations observed could
result from back-donation into this orbital. Overall, since a
variety of factors such as the identity of the metal center and
the actual ligand set determines if ligand structural changes are
the consequence of back-bonding or electron transfer, it is not
surprising that ligand structural parameters alone may be
insufficient in many complexes for the determination of the
ligand charge state (and, thus, the metal oxidation state). In

Figure 13. Correlation of ν(CO) and the XPS Fe 2p3/2 binding
energies as determined in this study for complexes 2−5 and 7; the
values for [Fe(CO)2LPNN‑bp] are taken from ref 40. The squares
correspond to ν(COsym) (trendline with R2 = 0.91), while the circles
indicate ν(COasym) (trendline with R2 = 0.95).

Figure 14. Fragment orbital analysis of back-donation in [Fe-
(CO)2LPNN] (2) including the lowest unoccupied fragment orbital
on LPNN that is the acceptor orbital for back-donation. The signed
changes (%) in the populations for these fragment orbitals are shown,
and the negative changes indicate the loss of the electron density from
a given orbital. 100% change in population corresponds to a complete
transfer of an electron from an orbital.
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these cases, a multitechnique approach combining physical
methods that directly probes the electronic structure of the
metal site (including XPS) combined with DFT and TD-DFT
studies provides a more rigorous method for the determination
of electronic structure and potential ligand redox non-
innocence.

5. EXPERIMENTAL SECTION
5.1. General Considerations. All reactions were performed under

a nitrogen atmosphere in a glovebox or using standard Schlenk
techniques. All solvents were reagent grade or better. THF, 1,4-
dioxane, diethyl ether, benzene, and pentane were refluxed over
sodium and distilled under a nitrogen atmosphere. Isopropyl alcohol
and triethylamine were refluxed over calcium hydride and distilled
under a nitrogen atmosphere. Methylene chloride (DCM) as well as
the deuterated solvents were purged with argon and stored in the
glovebox over 3 Å molecular sieves. All commercially available reagents
were used as received. NMR spectra were recorded using Bruker
Avance III 300, Avance III 400, and Avance 500 spectrometers.
Chemical shifts were referenced to the residual solvent peaks (1H)70

and to the generally accepted standards of CDCl3 at 77.0 ppm, C6D6 at
128.0 ppm, and CD2Cl2 at 53.8 ppm (13C), as well as to the external
standards of phosphoric acid (85% solution in D2O) at 0.0 ppm (31P)
and neat perfluorobenzene at −164.9 ppm (19F). Chemical shifts are
reported in parts per million, and coupling constants (J) are reported
in hertz. NMR assignments were assisted by 1H−1H-COSY, 1H−31P-
HMQC, 1H−13C-HSQC, 1H−13C-HMBC, and 13C-DEPTQ NMR
spectroscopy, as required. 15N NMR chemical shifts were identified by
1H−15N-HMQC NMR measurements and are reported downfield
from liquid ammonia (0.0 ppm). The effective magnetic moments in
solution were measured by Evans’ method at ambient temperature.47

IR spectra were recorded on a Nicolet FT-IR spectrophotometer.
UV−vis absorption measurements were performed on a Cary-5000
UV−vis−NIR spectrometer (Varian). Samples were measured in 1 × 1
cm quartz cuvettes. Electrospray ionization mass spectrometry (ESI-
MS) spectra were recorded on a Micromass ZQ V4.1 by the Chemical
Research Support Unit of the Weizmann Institute of Science.
Elemental analyses were performed on a Thermo Finnigan Italia
SpA (Flash EA 1112) C, H, N elemental analyzer by the Chemical
Research Support Unit of the Weizmann Institute of Science. Note
that some complexes gave unsatisfactory carbon analyses but
acceptable hydrogen and nitrogen content because of a combustion
problem due to the tetrafluoroborate anion,71 and discrepancies of
similar magnitude have been previously reported in such complexes.72

5.2. X-ray Structure Determinations. Crystal data were
measured at 100 K on a Bruker Kappa Apex-II CCD diffractometer
equipped with [λ(Mo Kα) = 0.710 73 Å] radiation, a graphite
monochromator, and MiraCol optics. The data were processed with
APEX2 collect package programs. Structures were solved by the
AUTOSTRUCTURE module and refined with full-matrix least-
squares refinement based on F2 with SHELXL-97 or SHELXL-2013.
Full details can be found in the CIF files and in the Supporting
Information.
5.3. 57Fe Mössbauer Spectroscopy. 57Fe Mössbauer spectro-

scopic data were collected on nonenriched samples of the as-isolated
complexes. All samples were prepared in an inert-atmosphere glovebox
equipped with a liquid nitrogen fill port to enable sample freezing to
77 K within the glovebox. Each sample was loaded into a Delrin
Mössbauer sample cup for measurements and loaded under liquid
nitrogen. Low-temperature 57Fe Mössbauer measurements were
performed using a SEE Co. MS4 Mössbauer spectrometer integrated
with a Janis SVT-400T He/N2 cryostat for measurements at 80 K with
a 0.07 T applied magnetic field. Isomer shifts were determined relative
to α-Fe at 298 K. All Mössbauer spectra were fit using the program
WMoss (SEE Co.).
5.4. SQUID Magnetometry. SQUID measurements were

performed on a Quantum Design MPMS XL-5 SQUID magneto-
meter. The powdered samples were placed in gelatin capsules. The
temperature dependence of the magnetic moment M(T) was

measured in the temperature range of 5 ≤ T ≤ 300 K at external
magnetic field strength of H = 5000 Oe, along with sample cooling and
heating. Temperature steps of ΔT = 2 K were chosen. Two
measurements were performed at each (T, H) point to determine
the standard deviation of the resulting value. Field-dependent
measurements on M(H) were performed at T = 5 K and −1000 Oe
≤ H ≤ 10 000 Oe to check/confirm the paramagnetic behavior of the
samples. The measurements were performed from 0 to 10 000 Oe with
step ΔH = 500 Oe and from 10 000 Oe to −1000 Oe with ΔH = 1000
Oe. The molar magnetic susceptibility χmol was corrected by the sum
of the Pascal coefficients calculated according to composition of the
samples.73 In the following graphs the paramagnetic contribution to
the molar susceptibility is denoted as χ.

5.5. X-ray Photoelectron Spectroscopy. Powder samples were
loaded to the XPS instrument via a glovebox, which was purged for
several hours with N2. XPS measurements were performed with a
Kratos AXIS ULTRA system using a monochromatized Al Kα X-ray
source (hν = 1486.6 eV) at 75 W and a detection pass energy of 20 eV.
A low-energy electron-flood gun was applied for charge neutralization.
To define binding energies (BE) of different elements, the C 1s line at
284.8 eV was taken as a reference.74 Curve-fitting analysis was based
on linear or Shirley background subtraction and application of
Gaussian−Lorentzian line shapes.

5.6. Electron Paramagnetic Resonance Spectroscopy. All
samples for EPR spectroscopy were prepared in an inert atmosphere
glovebox equipped with a liquid nitrogen fill port to enable sample
freezing to 77 K within the glovebox. EPR samples were prepared in 4
mm OD Suprasil quartz EPR tubes from Wilmad Labglass. All samples
for EPR spectroscopy were 0.95 mM in iron. X-band EPR spectra were
recorded on a Bruker EMXplus spectrometer equipped with a 4119HS
cavity and an Oxford ESR-900 helium flow cryostat. The instrumental
parameters employed were as follows: power: 0.001 262 mW; time
constant: 40.96 ms; modulation amplitude: 8 G; experimental
frequency: 9.381 GHz; modulation frequency 100 kHz.

5.7. Magnetic Circular Dichroism Spectroscopy. All samples
for MCD spectroscopy were prepared in an inert atmosphere glovebox
equipped with a liquid nitrogen fill port to enable sample freezing to
77 K within the glovebox. MCD samples were prepared in 1:1 (v/v)
THF/2-methylTHF (to form low-temperature optical glasses) in
copper cells fitted with quartz disks and a 3 mm gasket. Low-
temperature MCD experiments were conducted using two Jasco
spectropolarimeters. Both instruments utilize a modified sample
compartment incorporating focusing optics and an Oxford Instru-
ments SM4000−7T superconducting magnet/cryostat. This setup
permits measurements from 1.6 to 290 K with magnetic fields up to 7
T. A calibrated Cernox sensor directly inserted in the copper sample
holder is used to measure the temperature at the sample to ±0.001 K.
UV−visible (UV−vis) MCD spectra were collected using a Jasco J-715
spectropolarimeter and a shielded S-20 photomultiplier tube. Near-
infrared (NIR) MCD spectra were collected with a Jasco J-730
spectropolarimeter and a liquid nitrogen cooled InSb detector. The
range accessible with this NIR MCD setup is 2000−600 nm. All MCD
spectra were baseline-corrected against zero-field scans. VTVH-MCD
spectra were analyzed using previously reported fitting procedures.75,76

For VTVH-MCD fitting, both negative and positive zero-field splitting
models were evaluated. The reported error bars were determined via
evaluation of variations of the fit parameters on the quality of the
overall fit. D and |E/D| values were obtained directly from the fit
parameters using the relationships E = (δ/6)+1/3[(δ2/2) + δEs]

1/2

and −D = E +(Es/3) − (δ/6) for S = 2 as previously described.75,76

5.8. Density Functional Theory Experimental Details. Spin-
unrestricted DFT calculations were performed with the Gaussian 09
package.77 All geometry-optimization calculations were performed
with the PBEPBE exchange-correlation functional with the TZVP78

basis set on all atoms with the inclusion of solvation effects using the
polarized continuum model with THF as the solvent.79 The
geometries of all complexes were fully optimized starting from X-ray
crystal structures with initial optimizations performed with CEP-4G
before optimizing with the TZVP basis set. All optimized geometries
have positive harmonic frequencies (confirming the calculated
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structures as electronic energy minima). Further calculations of
molecular orbitals (MOs) and TD-DFT used the B3LYP functional
with the TZVP basis set on all atoms. The analyses of the MO
compositions in terms of fragment orbitals, Mayer bond orders, and
the analysis of charge donation67 were performed using the AOMix
program.80,81 Atomic charges and spin densities were calculated using
Mulliken population analysis (MPA). Orbitals from the Gaussian 09
calculations were plotted with the ChemCraft program. TD-DFT was
used to calculate the electronic transition energies and intensities from
the ground state to the 60−80 lowest-energy excited states.
5.9. Broken Symmetry Calculations. The BS calculations of

complexes 2−5 were completed using the B3LYP, PBEPBE, BLYP,
HCTH, and M06L functionals with the TZVP basis set on all atoms
(see details of calculations in terms of the functionals investigated for
each complex as given in the text). In each case, two fragments were
defined: LPNN and Fe-(CO)2Xn, where separate MO calculations were
completed on both fragments. Using the AOMix-FO option, the wave
functions of the two separate fragments were combined to form the
wave function of the whole complex. An MO calculation was then
completed for the total complex (with the SCF-converged wave
function), and further electronic structure characterization was then
completed in a similar manner as typical charge donation and FO
analyses. Specific information regarding the BS calculations of 2 and 3
can be found in the text, while the corresponding information for 4
and 5 is as follows.
To further characterize the electronic structure of complexes 4 and

5, BS calculations were completed to test the possibility of LPNN being
a redox-active ligand in these complexes. Three separate calculations
were conducted for each complex to allow for the total spin (S = 0)
found experimentally to stay constant, while varying the spins on the
Fe and LPNN. The first calculation allowed a β-spin electron to be
removed from Fe (now, S = 1/2) and placed on LPNN, while the
second calculation allowed an α-spin electron to move from Fe (now,
S = 1/2) to LPNN. The final calculation allowed for a normal
description of a low-spin Fe(II) (S = 0) with no unpaired electron on
LPNN. Notably, all calculations converged to the same energy and spin
density on Fe, which is consistent with the normal description (Fe(II),
S = 0) with no unpaired electrons on Fe or LPNN.
5.10. Ligand Syntheses. The α-iminopyridine-based PNN ligand

2 - [ ( d i - t e r t - b u t y l p h o s p h i n o ) m e t h y l ] - 6 - [ 1 - ( 2 , 4 , 6 -
trimethylphenylimino)ethyl]pyridine (LPNN) was synthesized in five
steps (see Supporting Information, Figure S1) starting from
commercially available dimethylpyridine-2,6-dicarboxylate (A), which
was in the first two steps converted to methyl 6-(hydroxymethyl)-
picolinate82 (B) and 2-acetyl-6-(hydroxymethyl)pyridine83 (C)
according to known procedures.
2-(Hydroxymethyl)-6-[1-(mesitylimino)ethyl]pyridine (D). A

mixture of 2-acetyl-6-(hydroxymethyl)pyridine (3.1 g, 20.5 mmol),
freshly distilled 2,4,6-trimethylaniline (3.0 mL, 21.4 mmol), and a
catalytic amount p-toluenesulfonic acid in 250 mL of toluene was
heated for 3 h under reflux employing a Dean−Stark apparatus. The
solvent was afterward evaporated, and the dark brown residue was
purified by column chromatography on deactivated neutral alumina
(stage II−III) with pentane/ethyl acetate (ca. 4:1). The desired
product was obtained as a yellow oil. Yield: 75% (4.1 g).

1H NMR (400 MHz, CDCl3, 298 K): δ = 1.99 (s, 6H, o-CH3), 2.19
(s, 3H, (CN)−CH3), 2.29 (s, 3H, p-CH3), 3.97 (t, 1H, 3JHH = 4.6
Hz, OH), 4.82 (d, 2H, 3JHH = 4.2 Hz, CH2), 6.89 (s, 2H, m-H), 7.31
(d, 1H, 3JHH = 7.6 Hz, β-H, P-arm side), 7.80 (vt, 1H, 3JHH = 7.7 Hz, γ-
H), 8.28 (d, 1H, 3JHH = 7.8 Hz, β-H, imine side) ppm. 13C{1H} NMR
(101 MHz, CDCl3, 298 K): δ = 16.6 (s), 17.8 (s), 20.7 (s), 63.7 (s),
119.9 (s), 121.4 (s), 125.2 (s), 128.6 (s), 132.3 (s), 137.2 (s), 146.1
(s), 155.2 (s), 157.5 (s), 166.9 (s) ppm. MS (ESI, methanol, m/z+):
269.21 [M + H]+ = [C17H21N2O]+, 291.22 [M + Na]+ =
[C17H20N2NaO]

+, 559.43 [2M+Na]+ = [C34H40N4NaO2]
+.

2 - [ (D i - t e r t -buty lphosph ino )methy l ] -6 - [1 - (2 ,4 , 6 -
mesitylimino)ethyl]pyridine (LPNN). To a solution of 2-(hydrox-
ymethyl)-6-[1-(mesitylimino)ethyl]pyridine (4.1 g, 15.3 mmol) in 260
mL of DCM, cooled in an ice bath, were added triethylamine (8.7 mL,
62.8 mmol) and methanesulfonyl chloride (3.5 mL, 45.2 mmol). After

the mixture was stirred for 30 min at 0 °C, distilled water was added,
and the aqueous phase was washed several times with DCM. The
combined extracts were washed with a concentrated sodium
bicarbonate solution and filtered over a plug of deactivated neutral
alumina (stage II−III). After it was dried over magnesium sulfate, the
solvent was removed at 10 °C, and traces of solvent were removed
under high vacuum at room temperature. The crude product (5.5 g)
was obtained as a yellow oil and carried forward without further
purification.

1H NMR (500 MHz, CDCl3, 298 K): δ = 1.98 (s, 6H, o-CH3), 2.15
(s, 3H, (CN)−CH3), 2.29 (s, 3H, p-CH3), 3.12 (s, 3H, O−SO2−
CH3), 5.39 (s, 2H, CH2), 6.89 (s, 2H, m-H), 7.55 (d, 1H, J = 7.6 Hz,
β-H, P-arm side), 7.86 (vt, 1H, J = 7.8 Hz, γ-H), 8.35 (d, 1H, J = 7.9
Hz, β-H, imine side) ppm. 13C{1H} NMR (126 MHz, CDCl3, 298 K):
δ = 16.5 (s), 17.8 (s), 20.7 (s), 38.0 (s), 71.6 (s), 121.1 (s), 123.3 (s),
125.1 (s), 128.6 (s), 132.3 (s), 137.5 (s), 146.0 (s), 152.5 (s), 156.4
(s), 167.0 (s) ppm. MS (ESI, methanol, m/z+): 252.1 [M−
CH3SO3+H]

+ = [C17H20N2]+, 347.3 [M + H]+ = [C18H23N2O3S]
+,

369.2 [M + Na]+ = [C18H22N2NaO3S]
+, 715.4 [2M+Na]+ =

[C36H44N4NaO6S2]
+; (ESI, methanol, m/z−): 95.0 [CH3SO3]

−, 80.0
[CH4SO2]

−.
A solution of the crude (6-(1-(mesitylimino)ethyl)pyridin-2-yl)-

methylmethanesulfonate (E) and di-tert-butylphosphine (4.0 mL, 21.6
mmol) in 60 mL of isopropyl alcohol was stirred at 50 °C for 2 d. After
the addition of 10 mL of triethylamine (71.7 mmol) all volatiles were
removed, and the residue was thoroughly extracted with ca. 100 mL of
pentane. After filtration, the solvent was removed, and 4.3 g of a yellow
oil was obtained, which contained 60−70% of the desired ligand as
based on 1H NMR and complexation studies (43−50% yield). For
characterization purposes, ca. 100 mg of the ligand mixture was
purified by column chromatography on deactivated, neutral alumina
(stage II−III), employing a very thin column and pentane/diethyl
ether (1:1) as the eluent. Ca. 20 mg of the pure ligand was obtained as
a yellow oil. Note, however, that for the complexation reactions, the
crude mixture after the extraction with pentane was used, employing
appropriate amounts of the metal precursor.

1H NMR (400 MHz, CDCl3, 298 K): δ = 1.20 (d, 18H, 3JHP = 11.0
Hz, H10), 1.99 (s, 6H, H15), 2.14 (s, 3H, H8), 2.28 (s, 3H, H16), 3.11
(d, 2H, 2JHP = 7.8 Hz, H1), 6.87 (s, 2H, H13), 7.45 (d, 1H, 3JHH = 7.7
Hz, H3), 7.66 (vt, 1H,

3JHH = 7.75 Hz, H4), 8.09 (d, 1H,
3JHH = 7.8 Hz,

H5) ppm.
13C{1H} NMR (101 MHz, CDCl3, 298 K): δ = 16.7 (s, C8),

18.0 (s, C15), 20.9 (s, C16), 29.9 (d, 2JCP = 13.3 Hz, C10), 31.8 (d, 1JCP
= 24.2 Hz, C1), 32.1 (d, 1JCP = 21.9 Hz, C9), 118.1 (d, 5JCP = 1.7 Hz,
C5), 124.9 (d, 3JCP = 8.1 Hz, C3), 125.5 (s, C12), 128.6 (s, C13), 132.1
(s, C14), 136.6 (s, C4), 146.5 (s, C11), 155.8 (s, C6), 161.2 (d, 2JCP =
14.1 Hz, C2), 168.0 (s, C7) ppm.

31P{1H} NMR (121 MHz, CDCl3,
298 K): δ = 38.5 (s) ppm. 15N−1H HMQC (41 MHz, CDCl3, 298 K):
δ = 311.5 (s, N1), 334.0 (s, N2) ppm. MS (ESI, methanol, m/z+):
397.37 [M + H]+ = [C25H38N2P]

+.
Note that 2-acetyl-6-[(di-tert-butylphosphino)methyl]-pyridine was

identified by NMR and MS studies as one of the main impurities in the
synthesis of LPNN:

1H NMR (300 MHz, CDCl3, 298 K): δ = 1.18 (d,
18H, 3JHP = 11.1 Hz, PC(CH3)3), 2.69 (s, 3H, (CN)−CH3), 3.10
(d, 2H, 3JHP = 3.1 Hz, CH2), 7.54 (d, 1H, J = 7.7 Hz, β-H, P-arm side),
7.69 (vt, 1H, J = 7.7 Hz, γ-H), 7.80 (d, 1H, J = 7.6 Hz, β-H, imine
side) ppm. 31P{1H} NMR (121 MHz, CDCl3, 298 K): δ = 39.2 (s)
ppm. MS (ESI, methanol, m/z+): 280.24 [M + H]+ = [C16H27NOP]

+.
2,6-Bis-[1-(mesitylimino)ethyl]pyridine (LNNN). 2,6-Diacetylpyr-

idine (1.0 g, 6.2 mmol) and 2,4,6-trimethylaniline (7.0 mL, 49.9
mmol) were dissolved in 30 mL of methanol, and 10 drops of formic
acid were added. The mixture was heated for 45 h to 50 °C, and
precipitation of the product was completed in an ice bath. After
filtration, several washings with cold methanol, and drying under high

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b00509
Inorg. Chem. XXXX, XXX, XXX−XXX

N

http://dx.doi.org/10.1021/acs.inorgchem.5b00509


vacuum for several hours, the product was obtained as a yellow
powder. Yield: 78% (1.95 g).

1H NMR (400 MHz, CDCl3, 298 K): δ = 2.04 (s, 12H, H10), 2.26
(s, 6H, H5), 2.32 (s, 6H, H11), 6.92 (s, 4H, H8), 7.92 (vt, 1H, 3JHH =
7.8 Hz, H1), 8.49 (d, 2H, 3JHH = 7.8 Hz, H2) ppm. 13C{1H} NMR
(101 MHz, CDCl3, 298 K): δ = 16.4 (s, C5), 17.9 (s, C10), 20.7 (s,
C11), 122.1 (s, C2), 125.2 (s, C7), 128.6 (s, C8), 132.2 (s, C9), 136.8 (s,
C1), 146.3 (s, C6), 155.2 (s, C3), 167.4 (s, C4) ppm.

15N−1H HMQC
(41 MHz, CDCl3, 298 K): δ = 310.4 (s, N1), 336.0 (s, N2) ppm. MS
(ESI, methanol, m/z+): 398.3 [M + H]+ = [C27H32N3]

+, 420.3 [M +
Na]+ = [C27H31N3Na]

+, 817.6 [2M+Na]+ = [C54H62N6Na]
+.

5.11. Complex Syntheses. [FeBr2LPNN] (1). A mixture of the crude
PNN ligand (801.4 mg, contains ca. 560 mg of pure ligand, 1.412
mmol) and anhydrous FeBr2 (210 mg, 0.974 mmol) in 35 mL of THF
was stirred overnight. The solvent was evaporated completely, and the
residue was treated with diethyl ether (in which it is nearly insoluble)
under vigorous stirring for several hours. After the blue powder settled
completely, the supernatant was removed, and the residue was washed
several times with pentane and dried in high vacuum. Note that 1H
and 31P NMR spectra of the supernatant indicate that only small
amounts of the PNN ligand remain unreacted. Elemental analysis and
Mössbauer spectroscopy unequivocally prove that no other iron-
containing complexes than [FeBr2LPNN] (1) are present in the final
product. Crystals suitable for X-ray diffraction were obtained by
dissolving the complex in benzene; after a while, dark blue crystals
were formed. Yield: 96% (573.5 mg).
Anal. Calcd for C25H37Br2FeN2P: C, 49.05; H, 6.09; N, 4.58;

Found: C, 48.53; H, 6.03; N, 4.24%. MS (ESI, acetonitrile, m/z+):
531.2 [M−Br]+ = [C25H37BrFeN2P]

+; (ESI, acetonitrile, m/z−): 78.9
[Br]−. Magnetic susceptibility (Evans): μeff = 5.4 (1,4-dioxane in
CDCl3, 298 K). SQUID magnetometry: μeff = 4.77 (at 298 K, see
Supporting Information for further details). Mössbauer: 80 K: δ =
0.94 mm s−1, ΔEQ = 2.59 mm s−1; 5 K: δ = 0.96 mm s−1, ΔEQ = 2.90
mm s−1. XPS: Fe 709.4, N 399.5, C 284.8, P 130.5, Br 68.1 eV.
[FeCl2LPNN] (1′). Synthesized in analogy to [FeBr2LPNN] (1). Crude

PNN ligand (100 mg, contains ca. 70 mg of pure ligand, 0.177 mmol);
FeCl2 (15.4 mg, 0.122 mmol); 5 mL of THF. Yield: 59% (37.3 mg).
MS (ESI, acetonitrile, m/z+): 487.3 [M−Cl]+ = [C25H37ClFeN2P]

+.
XPS: Fe 709.4, N 399.5, C 284.8, Cl 197.8, P 130.4 eV.
[Fe(CO)2LPNN] (2). In a 100 mL pressure flask fitted with a Teflon

stopcock [FeBr2LPNN] (1) (438 mg, 0.715 mmol) was dissolved in 30
mL of THF, and sodium amalgam (10%) (464 mg, 2.018 mmol) was
added. After two freeze−pump−thaw cycles, the frozen mixture was
allowed to warm to room temperature under 1 bar of CO atmosphere
and was vigorously stirred overnight. After the solvent was evaporated
completely, the residue was extracted with pentane (ca. 200 mL), and
the solution was filtered through a syringe filter and evaporated to ca. 5
mL. After filtration through a frit, the product was obtained as a dark
purple, nearly black powder. Crystals suitable for X-ray diffraction were
obtained from a concentrated pentane solution at −30 °C. Yield: 90%
(328.6 mg).

1H NMR (400 MHz, C6D6, 298 K): δ = 0.98 (d, 18H, 3JHP = 12.6
Hz, H10), 1.74 (s, 3H, H8), 2.23 (s, 3H, H16), 2.25 (s, 6H, H15), 3.27
(d, 2H, 2JHP = 8.3 Hz, H1), 6.30 (d, 1H, 3JHH = 6.6 Hz, H3), 6.75 (dd,
1H, 3JHH = 6.6, 8.5 Hz, H4), 6.95 (s, 2H, H13), 7.04 (d, 1H,

3JHH = 8.5

Hz, H5) ppm.
13C{1H} NMR (101 MHz, C6D6, 298 K): δ = 14.7 (s,

C8), 18.8 (s, C15), 21.1 (s, C16), 29.3 (d, 2JCP = 3.8 Hz, C10), 35.7 (d,
1JCP = 17.2 Hz, C1), 38.0 (d, 1JCP = 11.3 Hz, C9), 108.9 (d, 3JCP = 9.3
Hz, C3), 121,1 (s, C5), 124.0 (s, C4), 129.2 (s, C13), 129.8 (s, C12),
133.8 (s, C14), 144.7 (d, 3JCP = 5.1 Hz, C6), 144.9 (s, C7), 153.1 (s,
C11), 159.2 (d,

2JCP = 7.8 Hz, C2), 221.1 (d,
2JCP = 11.3 Hz, CO) ppm.

31P{1H} NMR (121 MHz, C6D6, 298 K): δ = 138.4 (s) ppm. 15N−1H
HMQC (41 MHz, C6D6, 298 K): δ = 258.1 (s, N1), 259.2 (s, N2)
ppm. IR(NaCl): v ̃ = 1875 (νCO), 1934 cm

−1 (νCO). IR(pentane): Ṽ =
1897 (νCO), 1952 cm−1 (νCO). Anal. Calcd for C27H37FeN2O2P: C,
63.78; H, 7.34; N, 5.51; Found: C, 63.16; H, 7.36; N, 5.10%. MS (ESI,
acetonitrile, m/z+): 480.3 [M−CO]+ = [C26H37FeN2OP]

+. Magnetic
susceptibility (Evans): μeff = 0.0 (1,4-dioxane in C6D6, 298 K);
Mössbauer: 80 K: δ = 0.00 mm s−1, ΔEQ = 1.14 mm s−1; 5 K: δ = 0.01
mm s−1, ΔEQ = 1.13 mm s−1. XPS: Fe 708.1, N 398.7, C 284.8, P
130.5 eV.

[Fe(CO)2LPNN](BF4) (3). In a solution of [Fe(CO)2LPNN] (2) (107.4
mg, 0.211 mmol) in 15 mL of THF, ferrocenium tetrafluoroborate
(57.5 mg, 0.211 mmol) was suspended, and the mixture was stirred for
3 h, during which the color of the solution changed from purple to
green. The volume of the reaction mixture was reduced to 2 mL, and
precipitation was completed by the addition of pentane. The
supernatant was removed, and the dark green residue was washed
several times with pentane and dried in vacuum. Crystals suitable for
X-ray diffraction were grown at room temperature by slow diffusion of
pentane into a THF solution. Yield: 96% (120.4 mg).

IR(NaCl): Ṽ = 1922 (νCO), 1987 cm−1 (νCO). Anal. Calcd for
C27H37BF4FeN2O2P: C, 54.48; H, 6.27; N, 4.71; Found: C, 50.76; H,
6.37; N, 4.48%. MS (ESI, acetonitrile, m/z+): 480.3 [M−BF4−CO]+ =
[C26H37FeN2OP]

+; (ESI, acetonitrile, m/z−): 87.0 [BF4]
−. Magnetic

susceptibility (Evans): μeff = 2.1 (1,4-dioxane in CDCl3, 298 K).
SQUID magnetometry: μeff = 2.14 (at 298 K, see Supporting
Information for further details). Mössbauer: 80 K: δ = 0.12 mm s−1,
ΔEQ = 0.54 mm s−1; 5 K: δ = 0.12 mm s−1, ΔEQ = 0.54 mm s−1. XPS:
Fe 708.8, F 685.5, N 399.7, C 284.8, B 193.7, P 130.7 eV.

[Fe(F)(CO)2LPNN](BF4) (4). In a solution of [Fe(CO)2LPNN] (2)
(165.2 mg, 0.325 mmol) in 50 mL of THF, ferrocenium
tetrafluoroborate (173.9 mg, 0.637 mmol) was suspended, and the
mixture was stirred in the dark for 3 h. After the precipitate settled
completely, the supernatant was removed, and the dark green powder
was washed once with THF and three times with pentane and dried in
vacuum. Crystals suitable for X-ray diffraction were grown at room
temperature by slow diffusion of pentane into a DCM solution. Note
that the product is light-sensitive, particularly in solution (the identity
of the decomposition product(s) remains unknown). Yield: 92%
(179.5 mg).

1H NMR (400 MHz, CD2Cl2, 298 K): δ = 1.33 (d, 9H, 3JHP = 14.4
Hz, H10′), 1.46 (d, 9H, 3JHP = 14.4 Hz, H10), 2.11 (s, 3H, H15), 2.35 (s,
3H, H16), 2.38 (s, 3H, H15′), 2.39 (s, 3H, H8), 3.94 (dd, 1H,

2JHP = 7.2
Hz, 2JHH = 17.4 Hz, H1), 4.20 (dd, 1H,

2JHP = 13.7 Hz, 2JHH = 17.4 Hz,
H1′), 7.03 (s, 1H, H13), 7.08 (s, 1H, H13′), 8.16 (d, 1H, 3JHH = 7.5 Hz,
H5), 8.20 (d, 1H,

3JHH = 7.7 Hz, H3), 8.37 (vt, 1H,
3JHH = 7.6 Hz, H4)

ppm. 13C{1H} NMR (101 MHz, CD2Cl2, 298 K): δ = 18.3 (s, C15),
19.0 (s, C15′ and C8), 20.9 (s, C16), 29.7 (d, 2JCP = 9.9 Hz, C10), 30.4
(d, 2JCP = 1.3 Hz, C10′), 37.2 (d, 1JCP = 18.7 Hz, C1), 38.2 (d, 1JCP =
16.1 Hz, C9′), 40.5 (d, 1JCP = 11.0 Hz, C9), 127.0 (s, C5), 127.7 (d,
3JCP = 8.4 Hz, C3), 127.8 (s, C12), 130.2 (s, C13), 130.8 (s, C12′), 130.9
(s, C13′), 138.2 (s, C14), 142.1 (s, C4), 145.3 (s, C11), 156.6 (d, JCP =
3.5 Hz, C6), 164.5 (d,

2JCP = 2.8 Hz, C2), 179.9 (s, C7), 208.1 (dd,
2JCP

= 7.0 Hz, 2JCF = 22.4 Hz, CO), 209.9 (dd, 2JCP = 18.5 Hz, 2JCF = 35.9
Hz, CO) ppm. 31P{1H} NMR (121 MHz, CD2Cl2, 298 K): δ = 106.9
(d, 2JPF = 9.7 Hz) ppm. 19F{1H} NMR (282 MHz, CD2Cl2, 298 K): δ
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= −154.5 (s, br, BF4−), −428.5 (d, 2JFP = 9.9 Hz, Fe−F) ppm. 15N−1H
HMQC (41 MHz, CD2Cl2, 298 K): δ = 257.6 (s, N1), 274.1 (s, N2)
ppm. IR(NaCl): Ṽ = 2015 (νCO), 2052 cm−1 (νCO). Anal. Calcd for
C27H37BF5FeN2O2P: C, 52.80; H, 6.07; N, 4.56; Found: C, 51.44; H,
6.00; N, 4.27%. MS (ESI, acetonitrile, m/z+): 527.3 [M−BF4]+ =
[C27H37FFeN2O2P]

+, 471.3 [M−BF4−2CO]+ = [C25H37FFeN2P]
+ ;

(ESI, acetonitrile, m/z−): 87.0 [BF4]
−. Mössbauer: 80 K: δ = 0.04 mm

s−1, ΔEQ = 0.55 mm s−1; 5 K: δ = 0.04 mm s−1, ΔEQ = 0.56 mm s−1.
XPS: Fe 709.9, F 682.9 (Fe-F) and 685.5 (BF4

−), N 399.8, C 284.8, B
193.9, P 130.8 eV.
[Fe(H)(CO)2LPNN](BF4) (5). To a solution of [Fe(CO)2LPNN] (2)

(196 mg, 0.386 mmol, 1 equiv) in 30 mL of THF, an excess of HBF4·
Et2O (ca. 50 drops, ca. 10 equiv) was added, and the mixture was
stirred at room temperature for 2 h, during which the color changed
from purple to green. The solvent volume was reduced to a third, and
the raw product was precipitated by the addition of pentane. The
supernatant was removed, and the residue was treated for 2 h with
diethyl ether under vigorous stirring. After the green powder settled
completely, the supernatant was removed, and the residue was washed
several times with pentane and dried in high vacuum. The residue was
taken up in DCM, filtered, and precipitated by dropping the solution
into diethyl ether while stirring. This procedure aided in removing
presumable paramagnetic impurities of unknown identity that caused
broadened lines in the NMR spectra. The precipitate was washed once
with diethyl ether and dried in vacuum. Crystals suitable for X-ray
diffraction were grown by slow diffusion of pentane into a DCM
solution. Yield: 89% (204.7 mg).

1H NMR (400 MHz, CDCl3, 298 K): δ = −4.59 (d, 1H, 2JHP = 58.2
Hz, Fe−H), 1.28 (d, 9H, 3JHP = 14.2 Hz, H10′), 1.40 (d, 9H, 3JHP =
14.5 Hz, H10), 2.23 (s, 3H, H15), 2.25 (s, 3H, H15′), 2.28 (s, 3H, H8),
2.33 (s, 3H, H16), 3.73 (dd, 1H, 2JHP = 6.4 Hz, 2JHH = 18.0 Hz, H1),
4.24 (dd, 1H, 2JHP = 13.4 Hz, 2JHH = 18.1 Hz, H1′), 7.00 (s, 1H, H13′),
7.02 (s, 1H, H13), 8.13 (m, 1H, H5), 8.16 (m, 1H, H3), 8.16 (m, 1H,
H4) ppm.

13C{1H} NMR (101 MHz, CDCl3, 298 K): δ = 17.4 (s, C8),
18.0 (s, C15), 18.3 (s, C15′), 20.8 (s, C16), 27.3 (s, C10′), 30.1 (d, 2JCP =
2.3 Hz, C10), 37.0 (d,

1JCP = 19.0 Hz, C1), 37.5 (d,
1JCP = 16.2 Hz, C9),

38.4 (d, 1JCP = 22.0 Hz, C9′), 125.8 (s, C5), 126.5 (d, 3JCP = 8.6 Hz,
C3), 126.9 (s, C12), 127.3 (s, C12′), 129.9 (s, C13), 130.1 (s, C13′),
137.0 (s, C14), 139.5 (s, C4), 145.9 (s, C11), 153.9 (d, JCP = 4.3 Hz,
C6), 162.4 (d, 2JCP = 4.0 Hz, C2), 173.3 (s, C7), 205.0 (d, 2JCP = 7.8
Hz, CO), 212.0 (d, 2JCP = 19.3 Hz, CO) ppm. 31P{1H} NMR (121
MHz, CDCl3, 298 K): δ = 120.3 (s) ppm. 19F{1H} NMR (282 MHz,
CDCl3, 298 K): δ = −154.5 (s, br, BF4

−) ppm. 15N−1H HMQC (41
MHz, CDCl3, 298 K): δ = 258.6 (s, N1), 274.8 (s, N2) ppm.
IR(NaCl): Ṽ = 1929 (νFe−H), 1973 (νCO), 2022 cm−1 (νCO). Anal.
Calcd for C27H38BF4FeN2O2P: C, 54.39; H, 6.42; N, 4.70; Found: C,
51.44; H, 6.20; N, 4.21%. MS (ESI, acetonitrile, m/z+): 509.3 [M-
BF4]

+ = [C27H38FeN2O2P]
+ , 481 .3 [M-BF4−CO]+ =

[C26H38FeN2OP]+ ; (ESI, acetonitrile, m/z−): 87.0 [BF4]
−.

Mössbauer: 80 K: δ = −0.04 mm s−1, ΔEQ = 1.48 mm s−1. XPS:
Fe 709.2, F 685.5, N 399.9, C 284.8, B 193.6, P 130.9 eV.
[FeBr2LNNN] (6). A mixture of 2,6-bis-[1-(mesitylimino)ethyl]-

pyridine (455 mg, 1.144 mmol) and anhydrous FeBr2 (233 mg,
1.080 mmol) in 50 mL of THF was stirred overnight. The volume was
reduced to one-third, the product was precipitated by the addition of
50 mL of diethyl ether, and the mixture was stirred for several hours.
After the blue powder settled completely, the supernatant was
removed, and the residue was washed several times with diethyl ether
and dried under vacuum. Yield: 96% (635.8 mg). MS (ESI,
acetonitrile, m/z+): 532.2 [M−Br]+ = [C27H31BrFeN3]

+; (ESI,
acetonitrile, m/z−): 78.9 [Br]−. XPS: Fe 709.7, N 399.5, C 284.8, Br
68.2 eV.

[Fe(CO)2LNNN] (7). In a 100 mL pressure flask fitted with a Teflon
stopcock, sodium amalgam (10%, 390 mg, 1.696 mmol) was added to
0.8 mL of mercury in 5 mL of THF, and the mixture was stirred until
the amalgam was dissolved in the mercury. To this mixture a
suspension of [FeBr2LNNN] (6) (506 mg, 0.825 mmol) in 25 mL of
THF was added. After two freeze−pump−thaw cycles, the frozen
mixture was allowed to warm to room temperature under 1 bar of CO
atmosphere and was vigorously stirred overnight. After the solvent was
evaporated completely, the residue was extracted with ether (ca. 500
mL), and the solution was filtrated through a syringe filter and
evaporated to ca. 5 mL. After filtration through a frit, the product was
obtained as a dark green powder. Crystals suitable for X-ray diffraction
were obtained by slow diffusion of pentane into a DCM solution.
Yield: 71% (296.3 mg).

1H NMR (400 MHz, C6D6, 298 K): δ = 2.01 (s, 12H, H10), 2.01 (s,
6H, H5), 2.08 (s, 6H, H11), 6.78 (m, 4H, H8), 7.20 (vt, 1H, 3JHH = 7.7
Hz, H1), 7.77 (d, 2H, 3JHH = 7.7 Hz, H2) ppm.

13C{1H} NMR (101
MHz, C6D6, 298 K): δ = 15.0 (s, C5), 18.3 (s, C10), 20.9 (s, C11), 116.2
(s, C1), 120.6 (s, C2), 129.1 (s, C7), 129.3 (s, C8), 134.8 (s, C9), 145.0
(s, C3), 150.7 (s, C6), 154.9 (s, C4), 215.1 (s, CO) ppm. 15N−1H
HMQC (41 MHz, C6D6, 298 K): δ = 248.7 (s, N1), 255.2 (s, N2).
IR(NaCl): Ṽ = 1878 (νCO), 1949 cm−1 (νCO). Mössbauer: 80 K: δ =
0.00 mm s−1, ΔEQ = 1.44 mm s−1. XPS: Fe 708.4, N 398.9, C 284.8
eV.
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