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ABSTRACT: Transition metal complexes supported by pincer ligands have many
important applications. Here, the syntheses of five-coordinate PNP pincer-supported
Fe complexes of the type (PNP)FeCl2 (PNP = HN{CH2CH2(PR2)}2, R = iPr
(iPrPNP), tBu (tBuPNP), or cyclohexyl (CyPNP)) are reported. In the solid state,
(iPrPNP)FeCl2 was characterized in two different geometries by X-ray crystallog-
raphy. In one form, the iPrPNP ligand binds to the Fe center in the typical meridional
geometry for a pincer ligand, whereas in the other form, the iPrPNP ligand binds in a
facial geometry. The electronic structures and geometries of all of the (PNP)FeCl2
complexes were further explored using 57Fe Mössbauer and magnetic circular dichroism spectroscopy. These measurements
show that in some cases two isomers of the (PNP)FeCl2 complexes are present in solution and conclusively demonstrate that
binding of the PNP ligand is flexible, which may have implications for the reactivity of this important class of compounds.

■ INTRODUCTION

Over the last two decades, pincer ligands have become some of
the most versatile and important ligands for supporting reactive
transition metal complexes.1 In general, their straightforward
and modular syntheses allow for relatively facile tuning of both
the steric and electronic properties of pincer-supported
complexes. Furthermore, the strong binding of these ligands
to a variety of different metals often generates complexes with
extremely high thermal stability. As a result, transition metal
complexes supported by pincer ligands have been utilized for
the activation of small molecules such as CO2

2 and N2
3 and as

catalysts for a variety of processes including alkane dehydrogen-
ation,4 alkane metathesis,4 olefin polymerization,5 and transfer
hydrogenation.6 However, despite the impressive applications
of pincer-supported complexes, the binding of pincer ligands to
transition metals has not been explored to the same extent as
the coordination of simple monodentate and bidentate ligands.
Therefore, fundamental studies on the properties of pincer-
supported transition metal complexes, which could provide
insight for the design of the next generation of reactive species,
are important.
In recent years, PNP-type pincer ligands of the general

formula HN{CH2CH2(PR2)}2 (R = alkyl or aryl) have received
significant attention.7 They have been used both to stabilize
transition metal catalysts and also to prepare complexes in
unusual geometries. For example, Beller and co-workers7ab,ac

have catalytically dehydrogenated methanol to H2 and CO2
using both Fe and Ru complexes supported by a PNP ligand,
whereas Schneider has utilized this ligand to prepare the first
examples of square planar Rh, Ru, and Ir nitrides.7t,w,y In almost
all reported complexes supported by PNP ligands, the ligand
binds in the expected meridional geometry for a pincer ligand.

Nevertheless, there are a handful of examples, particularly in
dimeric complexes, where the PNP ligand binds in a facial
geometry.7d,h,i,u This has led to speculation that these ligands
with alkyl linkers are flexible and that intermediates in reactions
give different products depending on whether the ligand is in a
meridional or facial geometry.7d However, at this stage, there
are no examples of complexes supported by PNP ligands that
have been shown to exist in both meridional or facial
geometries either in solution or the solid state, and this type
of interconversion has been rarely demonstrated for pincer
ligands in general.8 Here, we report the synthesis of a number
of five-coordinate Fe complexes supported by the PNP ligand,
HN{CH2CH2(PR2)}2 (R = iPr (iPrPNP), tBu (tBuPNP), or
cyclohexyl (CyPNP)). Using a variety of techniques, including
X-ray crystallography and Mössbauer and magnetic circular
dichroism (MCD) spectroscopies, we show that these
complexes exist as isomers in which the PNP ligand can be
in a pseudo-meridional or pseudo-facial geometry. Our studies
conclusively demonstrate that these ligands are flexible in
solution, which could be a crucial factor in the reactivity of this
important class of compounds.

■ RESULTS AND DISCUSSION

Using a modification of a procedure described by Milstein and
co-workers9 for the coordination of the pyridine-based pincer
ligand 2,6-C5H3N(CH2P

iPr2)2, ligands iPrPNP, tBuPNP, and
CyPNP were coordinated by heating the free ligand with
anhydrous FeCl2 in THF (eq 1). New pincer-supported
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complexes 1a−c are insoluble in THF and precipitate out of
the reaction mixture as white solids. The reaction proceeded
more slowly as the steric bulk on the phosphine substituent was
increased. The coordination of the iPrPNP ligand required only
2 h to reach completion, whereas the tBuPNP and CyPNP
ligands required longer reaction times. New complexes 1a−c
are paramagnetic, and solution magnetic measurements using
the Evans’ NMR method were consistent with an S = 2 ground
state for each complex. Complexes 1a and 1c were
characterized by X-ray crystallography. Interestingly, two
different solvomorphs of complex 1a were crystallized, as
shown in Figure 1. In one solvomorph, the Fe center is in a
distorted square pyramidal geometry (1aspy) and there is one
acetonitrile molecule in the crystal lattice, whereas in the other
solvomorph, the Fe is in a distorted trigonal bipyramidal
geometry (1atbp). In 1aspy, the iPrPNP ligand is coordinated in
the expected meridional fashion and occupies positions around
the base of the square pyramid, with one of the chloride ligands
occupying the axial position. The P(1)−Fe(1)−P(2) bond
angle is 151.60(4)°. The degree of distortion from square
pyramidal was quantified by calculating the value τ.10 On the
scale of 0 to 1, where 0 denotes idealized square pyramidal
character and 1 denotes idealized trigonal bipyramidal
character, τ is 0.053. In contrast, in 1atbp the iPrPNP ligand
coordinates facially and the P(1)−Fe(1)−P(2) bond angle is
117.96(4)°, whereas the angle between the nitrogen atom of
the iPrPNP ligand, Fe(1) and Cl(2), which occupies one of the
apical positions, is 170.19(8)°. The value of τ is 0.79. Previously
facial coordination of the PNP ligand has been observed mainly

in dimeric species,7d,h,i,u although the reported structure of
(iPrPNP)CoCl2 is quite similar to that of 1atbp.7h The Fe(1)−
N(1) bond distance is significantly elongated in 1atbp (2.372(4)
Å) compared to that in 1aspy (2.260(4) Å), whereas the Fe−P
bond lengths are elongated in 1aspy (2.5506(11) and
2.5853(11) Å) compared to those in 1atbp (2.4976(9) and
2.4857(9) Å). In both cases, this is probably related to the
trans-influence. In 1atbp, the central nitrogen atom of the iPrPNP
ligand is directly opposite a chloride ligand, whereas in 1aspy, it
is not directly opposite any ligand. However, in 1aspy, the two
phosphorus atoms are trans to each other, whereas in 1atbp,
they are not trans to any ligand.
In general, for simple five-coordinate (5C) transition metal

compounds the potential energy surface is quite flat, and the
energy difference between trigonal bipyramidal and square
pyramidal geometries can be small.11 For example, both
trigonal bipyramidal and square pyramidal isomers of the
simple coordination compound, Ni(CN)5

3−, are observed in
the same unit cell.12 In contrast, for pincer complexes this type
of behavior has been rarely observed. The structures of 1aspy

and 1atbp are the first examples of the same complex
crystallizing with the PNP ligand in both meridional and facial
geometries, and they are one of only three examples with any
kind of pincer ligand.8 In the solid state, a potential cause for
the observation of both isomers could be related to hydrogen
bonding, as opposed to similarities in energy between the
square pyramidal and trigonal bipyramidal conformations. In
1aspy, there is a weak hydrogen-bonding interaction between
the acetonitrile molecule of crystallization and one of the
chloride ligands, whereas in both structures there is hydrogen
bonding between the N−H group of the ligand and one of the
chloride ligands (see the Supporting Information for more
details). However, DFT calculations13 in the gas phase (where
there are no hydrogen bonding or packing effects) at the m06l
level located two minimum energy structures, which gave
reasonably good agreement with 1aspy and 1atbp without the use
of any constraints or the incorporation of acetonitrile. The

Figure 1. (A ) ORTEP of 1aspy (selected hydrogen atoms and solvent of crystallization have been omitted for clarity). Selected bond lengths
(angstroms) and angles (deg) are as follows: Fe(1)−Cl(1) 2.3678(10), Fe(1)−Cl(2) 2.3033(11), Fe(1)−N(1) 2.255(3), Fe(1)−P(1) 2.5506(11),
Fe(1)−P(2) 2.5853(11), P(1)−Fe(1)−P(2) 151.60(4), P(1)−Fe(1)−Cl(1) 99.08(4), P(1)−Fe(1)−Cl(2) 96.56(4), P(1)−Fe(1)−N(1) 78.12(8),
P(2)−Fe(1)−Cl(1) 99.77(4), P(2)−Fe(1)−Cl(2) 95.87(4), P(2)−Fe(1)−N(1) 77.93(8), Cl(1)−Fe(1)−Cl(2) 111.92(4), N(1)−Fe(1)−Cl(1)
99.66(8), N(1)−Fe(1)−Cl(2) 148.42(8). (B) ORTEP of 1atbp (selected hydrogen atoms have been omitted for clarity). Selected bond lengths
(angstroms) and angles (deg) are as follows: Fe(1)−Cl(1) 2.3390(8), Fe(1)−Cl(2) 2.3338(9), Fe(1)−N(1) 2.373(2), Fe(1)−P(1) 2.4976(9),
Fe(1)−P(2) 2.4857(9), P(1)−Fe(1)−P(2) 118.03(3), P(1)−Fe(1)−Cl(1) 122.98(3), P(1)−Fe(1)−Cl(2) 94.78(3), P(2)−Fe(1)−N(1) 76.83(7),
P(2)−Fe(1)−Cl(1) 109.49(3), P(2)−Fe(1)−Cl(2) 102.17(3), P(2)−Fe(1)−N(1) 77.82(7), Cl(1)−Fe(1)−Cl(2) 104.52(3), N(1)−Fe(1)−Cl(1)
84.58(6), N(1)−Fe(1)−Cl(2) 170.15(7).
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calculated structure of 1aspy is 0.73 kJ mol−1 lower in energy
than that of the calculated structure of 1atbp, and similar results
were obtained with the uB3LYP functional. This suggests that
although packing effects (see Supporting Information for more
details) in the solid state could be responsible for the
observation of both isomers using X-ray crystallography, the
energy difference between the trigonal bipyramidal and square
pyramidal forms of 1a is small and both isomers might be
present in solution. This is explored further using MCD
spectroscopy (vide inf ra).
The crystal structure of 1c is essentially isostructural with

that of 1aspy (Figure 2). The tBuPNP ligand is coordinated in a

meridional fashion (the P(1)−Fe(1)−P(2) angle is
150.33(4)°), and the Fe center is in a distorted square
pyramidal geometry (the value of τ is 0.033). A structural
overlay of 1aspy and 1c reveals that the extra methyl groups
present on tBuPNP compared with iPrPNP occupy space above
the open coordination site of 1c.13 This pushes Cl(2) away
from the open site, and the Cl(1)−Fe(1)−Cl(2) bond angle is
more acute in 1c (106.95(4)°) compared with that in 1aspy

(111.97(5)°).
57Fe Mössbauer spectroscopy was performed to investigate

the electronic structures of as-isolated powder samples of 1a−c
in the solid state (Figure 3). In all cases, the samples were not
exposed to acetonitrile. The 80 K Mössbauer spectrum of 1a
(Figure 3A) is well-fit to a single Fe species, with δ = 0.86 mm/
s and ΔEQ = 2.89 mm/s. For 1b (Figure 3B), the best fit to the
80 K Mössbauer data comprises a single major component,
with δ = 0.86 mm/s and ΔEQ = 2.98 mm/s (∼97% of all Fe,
red component). A minor species, which has parameters in the
expected range for a potential Fe(III) impurity, is also present
(δ = 0.46 mm/s, ΔEQ = 0.69 mm/s, ∼ 3% of all Fe, blue
component). The 80 K Mössbauer spectrum of 1c (Figure 3C)
is well-fit to a single Fe species, with δ = 0.99 mm/s and ΔEQ =
2.69 mm/s. The observed isomer shifts for the three
(PNP)FeCl2 complexes all fall in the range of 0.85−1.0
mm/s, consistent with the presence of high-spin, S = 2 Fe(II)
species.14 By comparison, the high-spin S = 2 distorted square
pyramidal (PNPyP)FeCl2 complex (PNPyP = 2,6-C5H3N-
(CH2P

iPr2)2, where a pyridine forms the central part of the
pincer ligand) has Mössbauer parameters of δ = 0.80 mm/s and
ΔEQ = 2.56 mm/s.14c It is notable that although the Mössbauer

parameters of 1a and 1b are very similar, 1c exhibits a higher
isomer shift (0.99 vs 0.86 mm/s; error in δ is ±0.02 mm/s) as
well as a smaller quadrupole splitting (2.69 vs 2.89 mm/s; error
in ΔEQ ± 0.04 mm/s). These differences are further
demonstrated by a direct overlay comparison of the spectra
of 1a and 1c (see Supporting Information, Figure S1). This
variation suggests the possible presence of a different structural
distortion for 1c in the solid-state powder, which is more
rigorously determined by direct evaluation of the observed
differences in the d−d transitions of the powders in NIR MCD
spectroscopy (vide inf ra). Lastly, no contributions of minor
species corresponding to a second iron(II) 5C species are
observed in the solid-state spectra. Consistent with this, there is
also no evidence of a second species from the d−d transitions
observed of the same solid samples in NIR MCD (vide inf ra). If
present, such a minor species is below our detectable limit and
would represent approximately <1−2% of all iron present.
Near-infrared (NIR) MCD studies were performed on the

solid-state powder samples used for Mössbauer spectroscopy in
order to probe the electronic and geometric structures of 1a−c
further (Figure 4). The 5 K, 7 T NIR MCD spectrum of a mull
of 1a (Figure 4A) exhibits two ligand-field (LF) transitions at
<5000 and 10 560 cm−1. A very similar set of LF transitions are
also observed in the 5 K, 7 T NIR MCD spectrum of a mull of
1b (bands at <5000 and 10 770 cm−1). In contrast, the 5 K, 7 T
NIR MCD spectrum of 1c exhibits only a single LF transition
at 9260 cm−1. Importantly, the energies of the observed LF
transitions can be directly related to the coordination number
and geometry of the Fe(II) complexes.15 For a S = 2 Fe(II) 5C
complex, the LF splittings have been previously quantified

Figure 2. ORTEP of 1c (selected hydrogen atoms have been omitted
for clarity). Selected bond lengths (angstroms) and angles (deg) are as
follows: Fe(1)−Cl(1) 2.3334(14), Fe(1)−Cl(2) 2.3385(11), Fe(1)−
N(1) 2.221(3), Fe(1)−P(1) 2.6144(15), Fe(1)−P(2) 2.6111(14),
P(1)−Fe(1)−P(2) 150.33(4), P(1)−Fe(1)−Cl(1) 100.75(5), P(1)−
Fe(1)−Cl(2) 97.81(4), P(1)−Fe(1)−N(1) 78.15(10), P(2)−Fe(1)−
Cl(1) 100.02(5), P(2)−Fe(1)−Cl(2) 96.13(4), P(2)−Fe(1)−N(1)
77.35(10), Cl(1)−Fe(1)−Cl(2) 106.95(4), N(1)−Fe(1)−Cl(1)
100.70(11), N(1)−Fe(1)−Cl(2) 152.30(11).

Figure 3. 57Fe Mössbauer (80 K) data (black dots) and fit (black
lines) of solid powders of (A) (iPrPNP)FeCl2 (1a), (B) (

CyPNP)FeCl2
(1b), and (C) (tBuPNP)FeCl2 (1c). For 1b, both major and minor
components are present in the best fit, as described in the text.
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using both LF theory calculations and MCD measurements of
well-defined coordination complexes with nitrogen and oxygen
ligands. In distorted square pyramidal 5C Fe(II) (S = 2)
complexes, the 5E state splits by ∼5000 cm−1, resulting in two
LF transitions at >10 000 cm−1 and ∼5000 cm−1.15c−e By
comparison, distortion to a trigonal bipyramidal 5C structure
leads to a smaller LF with transitions at <10 000 and <5000
cm−1.15c−e Importantly, the MCD model studies of 5C iron(II)
complexes also demonstrated that changes in bond lengths
and/or distortions of square pyramidal structures can result in
significant changes in the highest energy LF transition via
stabilization/destabilization of dx2−y2.

15c For example, changes
in the strength of axial M−L bonding (via substitution of Cl for
Br) shifts iron out of the xy plane and stabilizes x2−y2, resulting
in an increase in highest energy LF transitions by ∼800 cm−1

for [Fe(TMC)Cl]+ versus Fe(TMC)Br]+ (TMC = 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane). Furthermore,

these studies demonstrated the sensitivity of x2−y2 to changes
in the equatorial plane because of differences in LF strength,
where differences of up to 1800 cm−1 were observed for Fe−O
ligation in the equatorial plane by changing the bidentate
oxygen donor across OAc, OBz, and acac. Differences in LF
strength can also occur because of changes in M−L bond
distances. This LF analysis of geometries and structural
distortions based on NIR MCD measurements has been
successfully applied previously to several iron(II) 5C species,
including very low symmetry sites in nonheme iron metal-
loenzymes.15d,e

Although direct measurements of LF transition energies in
5C, high-spin S = 2 Fe complexes supported by PNP ligands
have not been reported, the combination of equal numbers of
stronger field phosphine ligands and weaker field chloride
ligands would be anticipated to result in LF energies for the
(PNP)FeCl2 complexes of comparable magnitude to those
previously reported for the N/O-ligated complexes (as is
observed from MCD in Figure 4). Thus, within a series of
related (PNP)FeCl2 complexes, the extent of distortion toward
a square pyramidal versus a trigonal bipyramidal structure can
be evaluated using the observed LF energies. The observed LF
transitions for 1a (Figure 4A, blue) at 10 560 cm−1 and a low
energy tail at <5000 cm−1 are consistent with (iPrPNP)FeCl2
(1a) being a single 5C, high-spin Fe(II) species with a
geometric perturbation toward a distorted square pyramidal
structure, one of the structures observed by crystallography.
There is no evidence for a second iron species such as the
distorted TBP structure, which was also characterized by
crystallography, presumably because of the different conditions
used for the growth of single crystals compared to precipitation
of a powder. Although no crystal structure was obtained for
(CyPNP)FeCl2 (1b), the LF transitions observed in the solid
state for this complex (Figure 4B, green) are nearly identical to
those of 1a and are also consistent with a single 5C, high-spin
Fe(II) species with a distorted square pyramidal structure. In
contrast to complexes 1a and 1b, (tBuPNP)FeCl2 (1c, Figure
4C, red) contains only a single observable LF transition at
lower energy (9260 cm−1), consistent with a different structural
distortion of this 5C Fe(II) complex in the solid-state powder.
Although the observed lower energy LF transition might
suggest distortion to a TBP geometry, variable-temperature
variable-field MCD indicates that 1c has a +ZFS S = 2 ground-
state (see Supporting Information, Figure S2A), which is not
consistent with a TBP ground state that requires a −ZFS
ground state15a (by contrast, the saturation magnetization data
for 1a and 1b are highly similar, see Supporting Information,
Figure S2B). Thus, 1c is best described as a 5C complex
distorted away from SP geometry. The significant differences in
the LF energy for the highest energy transitions (∼1300 cm−1

lower in energy for 1c) can be evaluated in terms of structural
distortions that lower the energy of x2−y2. The presence of the
sterically bulky tBu substituents on the PNP ligand could lead
to increased Fe−P bond lengths in the xy plane (as observed in
the SP crystal structure of 1c) and would serve to stabilize x2−
y2. Alternatively, movement of the phosphorus ligands out of
the xy plane would also stabilize x2−y2, where this structural
distortion would represent a more significant distortion away
from SP and could also result from the increased steric bulk of
the tBu substituents. Both distortions are likely present in 1c in
the solid powder in order to generate the large observed
reduction in energy of x2−y2 determined by NIR MCD.

Figure 4. NIR MCD spectra (5 K, 7 T) of (PNP)FeCl2 complexes.
(A) NIR MCD of solid-state mulls of (iPrPNP)FeCl2 (1a),
(CyPNP)FeCl2 (1b), and (tBuPNP)FeCl2 (1c). (B−D) Comparison
of solid-state mull and frozen solution glasses (1:1 DCM-d2/toluene-
d8) NIR MCD spectra of (B) (iPrPNP)FeCl2 (1a), (C) (

CyPNP)FeCl2
(1b), and (D) (tBuPNP)FeCl2 (1c). See the Supporting Information
for peak fits to the individual components present in the observed
mixtures in solution.
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Although the X-ray data and NIR MCD spectra define the
LF energies and hence the structures and distortions present in
solid-state crystals and powders of the Fe complexes,
respectively, these studies provide no information about the
speciation in solution, which is almost certainly more important
for reactivity. In order to understand the structures of 1a−c in
solution, analogous NIR MCD studies were performed on
frozen solution samples (in 1:1 DCM-d2/toluene-d8). For
(iPrPNP)FeCl2 (1a, Figure 4B, red), the solution NIR MCD
spectrum indicates the presence of LF bands at <5000, 10 900,
and 12 580 cm−1 (see Supporting Information Figure S3 for
peak fit analysis). The presence of the weak transition at 12 580
cm−1 is further demonstrated by variable-field MCD experi-
ments (see Supporting Information, Figure S4). Because LF
theory dictates that a single Fe(II) (S = 2) complex can exhibit
only two LF transitions, the presence of three LF bands
indicates the presence of two distinct structural distortions in
solution. On the basis of the energies of the two highest energy
LF transitions, both species are consistent with distortion
toward square pyramidal 5C species. Interestingly, the energies
of these transitions (10 900 and 12 580 cm−1) are both
increased compared to those in the solid-state powder,
consistent with an increased LF because of stronger Fe−L
bonding interactions in solution and/or distortions of the
complex to destabilize x2−y2 (for example, a more planar
equatorial plane). Overall, these results suggest that the iPrPNP
ligand is able to stabilize two different distorted 5C structures
of 1a in solution, although unlike the solid-state results, where
both pseudo-square pyramidal and pseudo-trigonal bipyramidal
isomers are observed, it appears that only more square
pyramidal species are present in solution. In contrast, the
solution NIR MCD spectrum of 1b (Figure 4C, red) contains
only two LF transitions (at <5000 and 10 770 cm−1), identical
to the energies observed for 1b in the solid-state mull,
indicating the presence of a single distorted square pyramidal
species that is unchanged between the solution and solid states.
Notably, the solution MCD spectrum of 1c (Figure 4D, red)
shows a dramatic change relative to the mull spectrum (Figure
4D, blue), with the presence of three distinct LF transitions
indicating the presence of at least two different Fe species in
solution (see Supporting Information Figure S3 for peak fit
analysis). Two high-energy transitions at 9980 and 11 140 cm−1

are present, both of which are higher in energy than the
transition observed in the mull at 9260 cm−1. An additional LF
band is also present in solution at 6770 cm−1. The dramatic
changes in the LF transition energies of 1c in solution indicate
significant structural perturbations of 1c, reflecting the flexibility
of this PNP complex. The Fe(II) species present in solution are
best described as a distorted square pyramidal complex (11 140
cm−1 band) as well as a species (9890 cm−1 band) with a
reduced LF energy, which is likely due to the potential
distortions previously discussed for 1c in the solid state (vide
supra). Importantly, the NIR MCD data for 1c demonstrates
the significant structural changes that are possible in Fe(II)
complexes supported by PNP ligands between solid state and
solution environments and indicates that the PNP ligand in 1c
does not bind in the rigid fashion often invoked for pincer-
supported complexes.

■ CONCLUSIONS
We have demonstrated that PNP-type pincer ligands are
flexible both in solution and the solid state, providing further
support for the hypothesis that the use of alkyl linkers in pincer

ligands generates systems that are not rigid. We believe that
there is a link between the flexibility of the ligand and the
substituents on the ligand, although how these properties are
related remains to be established. Future work will also aim to
determine if there is a correlation between flexibility and
reactivity.

■ EXPERIMENTAL SECTION
General Methods. Experiments were performed under a

dinitrogen or argon atmosphere in an M-Braun drybox or using
standard Schlenk techniques unless otherwise noted. Under standard
glovebox conditions, purging was not performed between uses of
pentane, diethyl ether, benzene, toluene, and THF; thus when any of
these solvents were used, traces of all of these solvents were in the
atmosphere. Moisture- and air-sensitive liquids were transferred by
stainless steel cannula on a Schlenk line or in a drybox. The solvents
for air- and moisture-sensitive reactions were dried by passage through
a column of activated alumina followed by storage under dinitrogen or
argon. All commercial chemicals were used as received except where
noted. iPrPNP,7c CyPNP,16 and tBuPNP7m were prepared using literature
procedures. Anhydrous FeCl2 was purchased from Aldrich and used as
received. IR spectra were measured using a diamond smart orbit ATR
on a Nicolet 6700 FT-IR instrument. Solution magnetic susceptibilities
were determined by 1H NMR spectroscopy using the Evans’
method.17 Robertson Microlit Laboratories, Inc. performed the
elemental analyses (inert atmosphere).

Experimental Procedures and Characterizing Data for New
Compounds. (iPrPNP)FeCl2 (1a). To a suspension of 206 mg of
anhydrous FeCl2 (1 equiv, 1.6 mmol) in 7 mL of THF was added 500
mg of bis(diisopropylphosphinoethyl)amine (1 equiv, 1.6 mmol) at 25
°C. The solution was heated at reflux for 2 h, during which time 1a
precipitated as a white crystalline powder. The solution was allowed to
cool to room temperature, and the solid was isolated by filtration.
Crystals suitable for X-ray diffraction were grown from a saturated
ACN solution at −30 °C or a saturated THF solution at −30 °C.
Yield: 0.670g (1.5 mmol, 93%).

Anal. Found (Calcd) for C16H37Cl2FeNP2: C, 44.50 (44.47); H,
8.81 (8.63); N, 3.44 (3.24). Magnetic susceptibility (CD2Cl2): 5.54μB.
IR (cm−1): 3240, 2951, 2932, 2867, 1462, 1421, 1407, 1390, 1370,
1301, 1240, 1220, 1183, 1159, 1092, 1045, 929, 897, 821, 764, 692,
667, 640, 615, 549.

(CyPNP)FeCl2 (1b). To a solution of 740 mg of bis-
(dicyclohexylphosphinoethyl)amine (1 equiv, 1.5 mmol) in 15 mL
of THF was added 200 mg of anhydrous FeCl2 (1 equiv, 1.5 mmol) at
25 °C. The solution was heated at reflux for 4 h, during which time 1b
precipitated as a white crystalline powder. The solution was allowed to
cool to room temperature, and 1b was then isolated by filtration. Yield:
350 mg (0.5 mmol, 33%).

Anal. Found (Calcd): C, 56.14 (56.77); H, 8.61 (9.02); N, 2.26
(2.36). Magnetic susceptibility (CD2Cl2): 5.27μB. IR (cm−1): 3242,
2922, 2850, 1445, 1098, 1000, 884, 855, 800, 739, 672, 562, 511.

( t BuPNP)FeCl2 (1c ) . To a solut ion of 1 g of bis -
(ditertbutylphosphinoethyl)amine (1 equiv, 3.06 mmol) in 6 mL of
THF was added 386 mg (1 equiv, 3.06 mmol) of anhydrous FeCl2 at
25 °C. The solution was heated at reflux for 16 h, during which time
1c precipitated as a white crystalline powder. The solution was allowed
to cool to room temperature, and the solid was then isolated by
filtration. Crystals suitable for X-ray diffraction were grown from a
saturated ACN/THF solution at −30 °C. Yield: 1.00 g (2 mmol,
74%).

Anal. Found (Calcd) for C20H45Cl2FeNP2: C, 49.14 (49.20); H,
9.47 (9.29); N, 2.88 (2.87). Magnetic susceptibility (CD2Cl2): 5.34μB.
IR (cm−1): 3216, 2937, 2863, 1479, 1467, 1389, 1369, 1176, 1129,
1076, 1054, 1020, 971, 933, 826, 813, 769, 690, 601, 577, 506.

X-ray Crystallography. Crystal samples were mounted in MiTeGen
polyimide loops with immersion oil. Low-temperature diffraction data
(ω scans) were collected on either a Rigaku SCXMini diffractometer
with a Rigaku CCD detector using filtered Mo Kα radiation (λ =
0.71073 Å) for 1aspy and 1atbp or a Rigaku MicroMax-007HF
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diffractometer coupled to a Saturn994+ CCD detector with Cu Kα
radiation (λ = 1.54178 Å) for 1c. All structures were solved by direct
methods using SHELXS18 and refined against F2 on all data by full-
matrix least-squares with SHELXL-9719 using established refinement
techniques.20 All hydrogen atoms were included into the model at
geometrically calculated positions and refined using a riding model.
The isotropic displacement parameters of all hydrogen atoms were
fixed to 1.2 times the U value of the atoms to which they are linked
(1.5 times for methyl groups).

57Fe Mössbauer Spectroscopy. All solid samples for 57Fe
Mössbauer spectroscopy were run on nonenriched samples of the
as-isolated samples. 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 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 (SeeCo). The errors for the Mössbauer parameters for the
multicomponent fits are as follows: δ (±0.02 mm/s), ΔEQ (±0.04
mm/s), and percent contribution (±3%).
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 measurements of solid powders were performed
on mulls prepared with fluorolube. Solution MCD samples were
prepared in 1:1 (v/v) DCM-d2/toluene-d8 (to form low-temperature
optical glasses) in copper cells fitted with quartz disks and a 3 mm
gasket. All solution measurements were performed on ∼3 mM
solutions of the corresponding (PNP)FeCl2 complex. Low-temper-
ature near-infrared (NIR) MCD data were collected with a Jasco J-730
spectropolarimeter and a liquid nitrogen-cooled InSb detector. The
MCD instrument utilizes a modified sample compartment incorporat-
ing focusing optics and an Oxford Instruments SM4000-7T super-
conducting 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. All MCD spectra were
baseline-corrected against zero-field scans.
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