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ABSTRACT: Nacnac-based tetradentate chelates, {nacnac-(CH2py)2}
− ({nn(PM)2}

−) and {nacnac-(CH2py)(CHpy)}n

({nn(PM)(PI)}n) have been investigated in iron complexes. Treatment of Fe{N(TMS)2}2(THF) with {nn(PM)2}H afforded
{nn(PM)2}FeN(TMS)2 [1-N(TMS)2], which led to {nn(PM)2}FeCl (1-Cl) from HCl and to {nn(PM)2}FeN3 (1-N3) upon salt
metathesis. Dehydroamination of 1-N(TMS)2 was induced by L (L = PMe3, CO) to afford {nn(PM)(PI)}Fe(PMe3)2 [2-
(PMe3)2] and {nn(PM)(PI)}FeCO (3-CO). Substitution of 2-(PMe3)2 led to {nn(PM)(PI)}Fe(PMe3)CO [2-(PMe3)CO], and
exposure to a vacuum provided {nn(PM)(PI)}Fe(PMe3) (3-PMe3). Metathesis routes to {nn(PM)(PI)}FeL2 (2-L2; L = PMe3,
PMe2Ph) and {nn(PM)(PI)}FeL (3-L; L = PMePh2, PPh3) from [{nn(PM)(PI)}2−]Li2 and FeBr2(THF)2 in the presence of L
proved feasible, and 1e− and 2e− oxidation of 2-(PMe3)2 afforded 2+-(PMe3)2 and 22+-(PMe3)2 salts. Mössbauer spectroscopy,
structural studies, and calculational assessments revealed the dominance of iron(II) in both high-spin (1-X) and low-spin (2-L2
and 3-L) environments, and the redox noninnocence (RNI) of {nn(PM)(PI)}n [2-L2, 3-L, n = 2−; 2+-(PMe3)2, n = 1−; 22+-
(PMe3)2, n = 0]. A discussion regarding the utility of RNI in chemical reactivity is proffered.

1. INTRODUCTION

In recent studies pertaining to first-row complexes containing
the di-2-pyridyl-2-azaallyl (smif) ligand and variants,1−6 various
C−C bond-making reactions have been discovered.3−6 A fully
occupied orbital localized primarily on the azaallyl functionality
is essentially nonbonding (i.e., CNCnb) and can be considered
to have either diradical or ionic character. In concert with this
description, azaallyl fragments display reactivity that can be
construed as radical couplings or bond formation via
complementary nucleophilic/electrophilic paths.
Selected examples of the type of reactivity observed for the

azaallyl precursors are illustrated in Figure 1, where the
ambiguity in the mode of C−C bond formation persists. For
instance, in A, the simple, reversible backbone coupling found
for the dimerization of (smif)FeN(TMS)2 is consistent with
diradical coupling,3,6 but the reaction may also be viewed as a
mutual attack by nucleophilic carbon atoms of each backbone
on the remaining electrophilic carbon atoms. The C−C bond

formation in B appears to be a related radical coupling of two
smif azaallyls that span two iron centers.6 Ferrous centers that
result from the coupling are accompanied by two PI radical
anions, rendering the mechanistic assessment tentative, because
plausible disproportionation paths provide a surfeit of
possibilities. The intriguing formation of three new C−C
bonds that support novel dichromium, dicobalt, and dinickel
bonds in C is also complicated, and while likely to be derived
from azaallyls generated upon deprotonation of the chelate
precursor, both radical and 2e− paths to the new C−C bonds
are conceivable.4

The nature of the C−C bond-forming processes in C, in
which six stereocenters are set,4 showed substantial promise
toward constructing ring systems via either mechanism, radical
or nucleophile/electrophile coupling. The connectivity engen-
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dered by transient azaallyls in combination with pyridine
provides a reservoir for electrons via redox noninnocence
(RNI).7−14 This capability is suspected of aiding in C−C bond
formation by enabling the generation of stable metal(II)
centers; otherwise, the cobalt, nickel, and chromium derivatives
are formally metal(I). Cases in which more than one metal are
involved can be rationalized as reductive couplings, and the
formation of metal−metal-bonded complexes in C are prime
examples.
Because an example of a nacnac ligand coupling at the mid-

carbon of its backbone was known,15 related systems in which
the connectivity of an azaallyl group was embedded in a nacnac
framework15−35,37−51 were sought in order to seek out similar
reactivity. While no C−C coupling was achieved, insights into
RNI were obtained from the ensuing study on iron complexes,
and these are presented.

2. RESULTS
2.1. Ligand Synthesis. A nacnac-based tetradentate

chelate50,51 was synthesized via the condensation of 2,4-
pentanedione with 2-(aminomethyl)pyridine, followed by a
second condensation with 2-(aminomethyl)pyridine that
required the use of [Et3O]BF4. The direct product is the
protonated [{nacnac-(CH2Py)2}H2

+]BF4
− ([{nn(PM)2}H2]

+),
formed in ∼30% yield, as illustrated in Scheme 1. The
protonated nacnac is converted to the neutral tetradentate
chelate ligand {nn(PM)2}H in 83% upon treatment with KH in
tetrahydrofuran (THF).
2.2. {nn(PM)2}FeX Compounds. 2.2.1. Synthesis. As

Scheme 2 illustrates, treatment of {nn(PM)2}H with Fe{N-
(TMS)2}2(THF)

52 in benzene produced 1 equiv of HN-
(TMS)2 and orange-red {nn(PM)2}FeN(TMS)2 [1-N(TMS)2]
in 54% yield upon crystallization from pentane. The compound
exhibited 1H NMR spectroscopic shifts (Table 1) indicative of

a Cs-symmetric paramagnetic molecule, consistent with a
pseudo-square-pyramidal structure. Measurement of the
magnetic susceptibility at 23 °C by the Evans method53

afforded a value of μeff = 5.3 μB, indicative of an S = 2 center
with a significant contribution from spin−orbit coupling
(SOC).54,55

The amide group could be cleaved from the iron with 1 equiv
of HCl to afford HN(TMS)2, and the accompanying yellow
precipitate, presumably {nn(PM)2}FeCl (1-Cl), was sparingly
soluble in common solvents yet could be crystallized from
THF/pentane. An Evans method53 measurement conducted in
THF at 23 °C afforded μeff = 5.3 μB, again indicating an S = 2
center with contributions from SOC.54,55 The paramagnetic
material was assayed by Mössbauer (MB) spectroscopy (vide
infra) and by this criteria appeared cleanly prepared. Further
attempts to derivatize chloride were severely limited by
solubility issues, although treatment of 1-Cl with NaN3 for 4
days in THF afforded a similar orange-yellow material that
manifested a ν(N3) absorption in its IR spectrum of 2062 cm−1,
consistent with substitution of the chloride by azide to form 1-
N3. Thermal and photochemical conversions of the azide to a
nitride were attempted, but thus far no soluble pure material
has been isolated.

2.2.2. MB Analysis. Illustrated in Figure 2 are zero-field MB
spectra taken on 1-N(TMS)2 and 1-Cl. The spectra reflect
similar electronic characteristics of the compounds because the
respective isomer shifts of 0.96(1) and 0.99(1) mm/s for 1-
N(TMS)2 and 1-Cl are nearly identical. The values are
appropriate for high-spin ferrous centers,56−58 thereby
corroborating the solution magnetic measurements. The
quadrupole splittings of 2.84(1) mm/s for 1-N(TMS)2 and
3.42(1) mm/s for 1-Cl are quite large and indicative of
substantial asymmetry in the electric field about the

Figure 1. Examples of C−C bond formation (red) derived from the
reactivity of azaallyl precursors.

Scheme 1

Scheme 2
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nucleus.56−58 The N2N′2N″Fe coordination about 1-N(TMS)2
is likely to be somewhat more symmetric than the set of ligands
that provide a N2N′2ClFe core, simply because of the greater
difference between chloride and amide compared to the chelate
nitrogen donors. The five-coordinate, pseudo-square-pyramidal
geometries accorded the amide and chloride, and the open
nature of the nn(PM)2 tetradentate chelate should induce
substantial asymmetry at the core of the complexes.

2.2.3. {nacnac(PM)2}FeN(SiMe3)2 (1-N(TMS)2) Structure.
Although the MB results support the pseudo-square-pyramidal
structures proposed for 1-N(TMS)2 and 1-Cl, the severe
asymmetry reflected in the spectra could be due to solid-state
structures in which the chelate is not planar and not averaged as
in solution. A single-crystal X-ray structure determination of 1-
N(TMS)2 was conducted, selected data collection and
refinement parameters are listed in Table 2, pertinent
interatomic distances and angles are given in Table 3, and
molecular views of the molecule are given in Figure 3. The
actual geometry is difficult to categorize because both highly
distorted square-planar and trigonal-bipyramidal descriptions
are reasonable.
The logical apical site of a square pyramid is that of the

amide, but the angles from its nitrogen to the pyridine, two
nacnac, and remaining pyridine nitrogens are 117.6(10)° ave,
112.5(27)° ave, 126.1(2)° ave, and 98.2(20)° ave, respectively.
It might be tempting to view one nacnac nitrogen and one
pyridine nitrogen as axial constituents of a trigonal bipyramid,
but that angle is far from 180° at 149.3(8)° ave, although the
Npy−Fe−Nnn [116.1(10)° ave], Nnn−Fe−Nam [126.1(2)° ave],
and Nam−Fe−Npy [117.6(10)° ave] angles sum to 359.8°. Bite
angles affiliated with the Nnn−Npy groups are 75.8(13)° ave,
and those of the nacnac entity are 84.5(3)° ave. Using the
Addison criteria,59 τ of 0.58 is found, rendering the molecule
essentially between that of a trigonal-bipyramidal structure and
one construed as square-pyramidal.
The core distances are normal for high-spin iron(II),26 with

long bonds to the pyridines [2.234(7) Å ave and 2.197(5) Å
ave], followed by those to the nacnac at 2.087(12) Å ave and
2.104(5) Å ave. The shortest Fe−N bond is to the amide at
2.016(7) Å ave, and the remaining bond distances in the nacnac
body of the chelate and those pertaining to the 2-pyridylmethyl
arms of the chelate are normal.

2.3. {nn(PM)(PI)}FeLn Compounds. 2.3.1. Syntheses. The
remaining amide on 1-N(TMS)2 was considered a plausible
internal base, and the compound was treated with donors with
the hope of affecting dehydroamination, which can be viewed as
a deprotonation or reductive elimination, as Figure 4 illustrates.
With an excess of PMe3 (∼5 equiv), free HN(TMS)2 was
observed after 24 h at 23 °C in C6D6, and the color of the
reaction became deeper red as resonances consistent with a
new diamagnetic species with Cs symmetry appeared in the 1H
NMR spectrum. Upon scale-up, 2-(PMe3)2 was isolated as
dark-purple crystals in 71% yield. 1H NMR spectra indicated
that ligand desymmetrization had occurred, causing one arm of
the chelate to become unsaturated, as shown in Scheme 3. In
the presence of CO, 2-(PMe3)2 was rapidly converted to
magenta {nn(PM)(PI)}Fe(PMe3)CO [2-(PMe3)CO; ν(CO) =
1912 cm−1] at 23 °C in C6D6, and its 1H NMR spectrum was
similar to that of its predecessor.
As the carbonyl reaction indicated, one phosphine of 2-

(PMe3)2 was labile because its repeated exposure to vacuum
while in C6D6 caused the appearance of a new set of resonances
consistent with a diamagnetic complex containing a singleT
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PMe3. While 3-PMe3 was never generated completely free of 2-
(PMe3)2, it could be routinely prepared as a brown solid in
>90−95% purity via careful removal of PMe3 upon repeated
exposure to vacuum. An alternative preparation via the addition
of 1 equiv of PMe3 to 1-N(TMS)2 also led to a material of
similar purity.
In order to test whether strong σ donors were needed to

initiate the internal deprotonation or dehydroamination event,
1-N(TMS)2 was treated with CO (1 atm) at 23 °C in C6D6 and
the loss of HN(TMS)2 was noted over 18 h. Amine generation
was accompanied by a new diamagnetic complex whose 1H
NMR spectrum was similar to that of 3-PMe3. On the basis of
the observation of diastereotopic methylene hydrogens and an
IR spectrum that revealed a single ν(CO) of 1879 cm−1, the
complex, which was isolated as red crystals in 79% yield from
pentane, was formulated as {nn(PM)(PI)}FeCO (3-CO).
A synthetic variation was used to explore the tendency of

various phosphines to adopt the five-coordinate {nn(PM)-
(PI)}FePR2R′ or six-coordinate {nn(PM)(PI)}Fe(PR2R′)2
structures. The nacnac precursor {nn(PM)2)H was doubly
deprotonated with nBuLi to afford the dianion {nn(PM)-
(PI)}2−Li2, which was treated with FeBr2(THF)2 in the
presence of excess phosphine to yield brown to purple-brown
materials, as shown in Scheme 4. The stronger donors PMe3
and PMe2Ph adopted the diphosphine structure, {nn(PM)-
(PI)}Fe(PR2R′)2 [2-(PR2R′)2; PR2R′ = PMe3, PMe2Ph], while

the better π acceptors favored formation of the monophosphine
derivative, {nn(PM)(PI)}Fe(PR2R′) [3- PR2R′; PR2R′ =
PMePh2, PPh3]. The reactions were initially conducted on
NMR tube scales, but 3-PMe2Ph was scaled up for assessment
by single-crystal X-ray studies.
In order to probe the redox capability of the {nn(PM)(PI)}

ligand, the bis-PMe3 complex {nn(PM)(PI)}Fe(PMe3)2 [2-
(PMe3)2] was oxidized with ferricinium to afford the brown,
crystalline monocation [{nn(PM)(PI)}Fe(PMe3)2]

+PF6
− [2+-

(PMe3)2] on a small scale, but one that yielded material for
single-crystal X-ray diffraction. Generation of the dark-green
dication [{nn(PM)(PI)}Fe(PMe3)2]

2+(BArF4)
−
2 [2

2+-(PMe3)2]
was accomplished via the addition of 2 equiv of AgBArF4
[BArF4

− = B(3,5-(CF3)2C6H3)4
−]60 to 2-(PMe3)2.

2.3.2. MB Analyses. Additional data probing the iron
oxidation state in the six- and five-coodinate species containing
the {nn(PM)(PI)}n (Fe0, n = 0; FeI, n = 1−; FeII, n = 2−)
ligand was obtained via zero-field MB spectra on 2-(PMe3)2, 2-
(PMe3)CO, 3-PMe3, and 3-CO. The isomer shift of δ =
0.32(1) mm/s for 2-(PMe3)2 is substantially lower than those
of the high-spin ferrous derivatives described in Figure 5 and in
a region typically observed for low-spin FeII.56−58 In addition,
its quadrupole splitting of 0.69(1) mm/s reveals a more
symmetric electric field at the nucleus in comparison to the
previous five-coordinate species, a probable consequence of six-
coordination. Related parameters are observed for 2-(PMe3)-

Figure 2. Zero-field MB spectra of 1-N(TMS)2 (a) and 1-Cl (b) taken at 80 K.

Table 2. Select Crystallographic and Refinement Data for 1-N(TMS)2, 2-(PMe3)2, 3-PMePh2, and 2+-(PMe3)2

1-N(TMS)2 2-(PMe3)2 3-(PMePh2) 2+-(PMe3)2

formula C23H37N5Si2Fe C23H36N4P2Fe C30H31N4PFe C23H36N4F6P3Fe
formula wt 495.61 486.35 534.41 631.32
space group P21/n P21/c C2 P21212
Z 8 4 4 8
a, Å 22.344(4) 10.1579(8) 17.4724(6) 17.6532(14)
b, Å 9.5554(14) 16.4764(12) 10.0996(3) 35.819(3)
c, Å 25.374(4) 15.0780(11) 14.5690(5) 8.8940(7)
α, deg 90 90 90 90
β, deg 98.763(5) 103.175(3) 101.8790(10) 90
γ, deg 90 90 90 90
V, Å3 5354.4(15) 2457.1(3) 2515.85(14) 5623.9(8)
ρcalc, g/cm

3 1.230 1.315 1.411 1.491
μ, mm−1 0.672 0.761 0.690 0.767
temp, K 173(2) 173(2) 193(2) 183(2)
λ, Å 0.71073 0.71073 0.71073 0.71073
R indices [I > 2σ(I)]a,b R1 = 0.0355, wR2 = 0.0840 R1 = 0.0266, wR2 = 0.0685 R1 = 0.0233, wR2 = 0.0580 R1 = 0.0437, wR2 = 0.0956
R indices (all data)a,b R1 = 0.0573, wR2 = 0.0937 R1 = 0.0324, wR2 = 0.0719 R1 = 0.0256, wR2 = 0.0591 R1 = 0.0613, wR2 = 0.1039
GOFc 1.026 1.023 1.006 1.012

aR1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = [∑w(|Fo| − |Fc|)

2/∑wFo
2]1/2. cGOF (all data) = [∑w(|Fo| − |Fc|)

2/(n − p)]1/2, where n = number of
independent reflections and p = number of parameters.
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CO, which has a low isomer shift of δ = 0.08(1) mm/s in a
region fairly common for carbonyl derivatives, and ΔEQ of
0.37(1) mm/s indicative of a fairly symmetric electric field
consistent with six-coordination.
The monophosphine and monocarbonyl derivatives, {nn-

(PM)(PI)}FeL (L = PMe3, 3-PMe3; L = CO, 3-CO), have
isomer shifts of δ 0.17 and δ 0.14 mm/s, respectively, which are
in a rather nebulous region that can be assigned to several
oxidation states but mostly to low-spin species that exhibit
significant covalency. The quadrupole splittings of 3-CO and 3-
PMe3 are 1.13 and 1.62 mm/s, respectively, which presumably
reflect the electronic asymmetry intrinsic to five-coordination in

a low-spin environment. For reference, isomer shifts of around
−0.1 mm/s are observed for Fe(CO)5 and Fe(CO)4PPh3,

61

two complexes with formal Fe0 oxidation states but ones in
which the carbonyl ligands effectively reduce the electron
density at the iron due to their back-bonding properties.
Strong-field ferrous compounds, such as low-spin {κ-
N,N′-neoPeNCH(2-pyridyl)}2FeMe2 (δ = 0.19, ΔEQ =
1.24),62 are also found in this regime, hence the ambiguity in
the assignment of formal oxidation states.63 In contrast to 3-
PMe3, {κ-N,N′-neoHexNCH(2-pyridyl)}2FePMe3,

62,64 which
contains two PI radical anions and is formulated as FeII, has an
isomer shift of δ 0.32 mm/s but a similar ΔEQ of 1.63 mm/s.

Table 3. Selected Interatomic Distances (Å) and Angles (deg) for 1-N(TMS)2, 2-(PMe3)2, 3-PMePh2, and 2+-(PMe3)2

1-N(TMS)2 2-(PMe3)2 3-PMePh2 2+-(PMe3)2
a

Fe−N1 2.1939(13), 2.2009(12) 1.9749(11) 1.9746(10) 1.994(4), 2.001(4)
Fe−N2 2.0788(12), 2.0958(11) 1.9487(11) 1.8847(11) 1.939(4), 1.938(4)
Fe−N3 2.1025(12), 2.1078(12) 1.9648(11) 1.9197(11) 1.945(4), 1.942(4)
Fe−N4 2.2388(12), 2.2296(12) 1.9913(11) 1.9379(10) 2.012(4), 2.000(4)
Fe−N5 2.0113(13), 2.0213(12)
Fe−P 2.2629(4), 2.2737(4) 2.1630(3) 2.2713(15), 2.2797(16), 2.2703(15), 2.2806(15)
N1−C1 1.334(2), 1.3366(18) 1.3590(17) 1.3597(16) 1.361(6), 1.357(6)
C1−C2 1.501(2), 1.502(2) 1.4831(19) 1.475(2) 1.458(7), 1.447(7)
C2−N2 1.454(2), 1.4566(17) 1.4346(18) 1.4683(17) 1.400(6), 1.408(7)
N2−C3 1.3268(19), 1.3262(18) 1.3453(17) 1.336(2) 1.331(6), 1.335(6)
C3−C4 1.400(2), 1.401(2) 1.393(2) 1.409(2) 1.389(7), 1.386(7)
C4−C5 1.412(2), 1.404(2) 1.416(2) 1.385(2) 1.397(7), 1.384(7)
C5−N3 1.3093(19), 1.3169(19) 1.3303(17) 1.3591(17) 1.341(6), 1.339(6)
N3−C6 1.4575(19), 1.453(2) 1.3931(17) 1.3705(16) 1.388(6), 1.404(6)
C6−C7 1.503(2), 1.500(2) 1.3810(19) 1.382(2) 1.443(7), 1.447(7)
C7−N4 1.3421(19), 1.3462(18) 1.3972(17) 1.4075(14) 1.361(6), 1.365(6)

N5/P−Fe−N1 99.57(5), 96.81(5) 93.18(3), 87.39(3) 90.35(3) 91.32(12), 88.33(12), 92.47(12), 87.05(12)
N5/P−Fe−N2 126.23(5), 126.02(5) 89.85(4), 91.04(4) 103.00(3) 87.40(13), 90.37(13), 87.73(12), 90.71(12)
N5/P−Fe−N3 110.53(5), 114.40(5) 92.26(3), 87.22(3) 93.32(3) 91.17(12), 89.05(12), 90.94(12), 89.44(12)
N5/P−Fe−N4 118.34(5), 116.93(5) 86.45(3), 92.64(3) 103.39(3) 86.15(11), 96.08(12), 87.03(12), 94.54(12)
P−Fe−P 179.00(2) 177.77(6), 178.42(6)
N1−Fe−N2 77.15(5), 76.60(4) 82.81(4) 83.77(5) 82.78(17), 82.48(16)
N1−Fe−N3 149.89(5), 148.79(5) 173.45(4) 175.72(4) 175.53(17), 174.75(17)
N1−Fe−N4 91.63(5), 92.12(5) 100.91(4) 98.94(4) 102.19(17), 101.91(17)
N2−Fe−N3 84.63(5), 84.27(5) 93.58(4) 93.26(5) 93.62(17), 93.67(17)
N2−Fe−N4 115.40(5), 116.81(5) 174.88(5) 153.45(4) 171.93(16), 173.30(16)
N3−Fe−N4 74.70(5), 74.68(5) 83.05(4) 82.35(5) 81.69(16), 82.24(16)
N1−C1−C2 117.48(14), 117.43(12) 115.54(12) 115.73(10) 115.4(4), 116.1(5)
C1−C2−N2 111.68(13), 111.79(11) 111.28(11) 109.96(10) 113.5(5), 113.1(5)
C2−N2−C3 116.96(13), 117.06(11) 118.71(11) 116.51(11) 118.6(4), 118.6(4)
N2−C3−C4 123.76(13), 123.74(13) 122.65(12) 120.94(12) 122.8(5), 121.8(5)
C3−C4−C5 126.45(14), 126.32(14) 128.44(12) 127.78(14) 128.4(5), 130.1(5)
C4−C5−N3 121.49(14), 121.83(13) 122.62(12) 121.87(12) 122.6(4),121.7(5)
C5−N3−C6 119.98(13), 118.56(13) 121.69(11) 121.06(11) 119.4(4), 119.2(4)
N3−C6−C7 109.45(12), 109.70(12) 116.57(12) 115.06(10) 113.1(4), 112.9(5)
C6−C7−N4 116.51(13), 117.03(13) 116.21(12) 114.16(10) 115.5(4), 115.8(5)

aDisorder is evident because an asymmetric {nn(PM)(PI)} ligand appears symmetric: d(N1−C1) = 1.359(3) Å ave and d(N4−C7) = 1.363(2) Å
ave; d(C1−C2) = 1.453(8) Å ave and d(C6−C7) = 1.445(3) Å ave; d(C2−N2) = 1.404(6) Å ave and d(N3−C6) = 1.396(11) Å ave; d(N2−C3) =
1.333(3) Å ave and d(C5−N3) = 1.340(2); d(C3−C4) = 1.388(2) Å ave and d(C4−C5) = 1.391(9) Å ave.
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Perhaps the closest analogy is to (PDI)Fe(X/L)2 complexes,
whose isomer shifts change from a high-spin range65 to around
0.0 for dicarbonyl derivatives.66

2.3.3. Electron Paramagnetic Resonance (EPR) Spectrum
of 2+-(PMe3)2. While sample degradation proved somewhat
problematic (see the Supporting Information, SI), the rhombic
EPR spectrum in Figure 6 is consistent with its assignment to S
= 1/2 2

+-(PMe3)2. gave for the spectrum is 2.058 (g1 = 2.014, g2
= 2.036, and g3 = 2.125), which may be interpreted as a metal-
localized singly occupied molecular orbital (SOMO) with
substantial ligand character67−69 or a ligand radical with
substantial metal character; i.e., the electron resides in an
orbital of significant covalency. Coupling to two equivalent
phosphorus nuclei is observed for g3, with A3 = 256 MHz, a

large value even for an orbital with considerable phosphorus
character.

2.3.4. 2-(PMe3)2 Structure. A single-crystal X-ray structure
determination of 2-(PMe3)2 was conducted, and assorted data
collection and refinement parameters are given in Table 2.
Molecular views are illustrated in Figure 7, and metric
parameters may be found in Table 3. The complex is
pseudooctahedral, with a slight twist (∼9°) of the chelate
providing a subtle C2 distortion away from true C2v symmetry.
It is difficult to discern the −CHN− side from the
−CH2N sides of the chelate based on angles because N1−
Fe−N2 and N3−Fe−N4 are 82.81(4)° and 83.05(4)°,
respectively. The nacnac portion of the chelate has a
93.58(4)° bite angle, and the pyridine nitrogens are somewhat
splayed at an angle of 100.91(4)°. The phosphines reside at
89.6(27)° (P1−Fe−N ave) and 90.4(30)° (P2−Fe−N ave)
with respect to the chelate nitrogens, and their subtle angular
variations appear to be in response to the chelate twist. It is the
distances that determine the sides of the chelate because
d(N3−C10) of 1.393(2) Å is considerably shorter than that of
N2−C6 [1.435(2) Å]. Moreover, d(C10−C11) of 1.381(2) Å
is also shorter than that expected for an C(sp2)−C(sp2) single
bond (1.46 Å)70 and substantially shorter than C5−C6
[1.483(2) Å]. While the nacnac portion of the chelate has
roughly symmetrical bonds, another anomaly is revealed in the
C−Npy distances adjacent to the arms of the chelate. On the
deprotonated side, d(N4−C11) is 1.397(2) Å, which is
elongated in comparison the 2-pyridylmethylene side, where
d(N1−C5) is 1.359(2) Å. While the difference is small, it is
nonetheless indicative of some anionic character introduced
into the imine side of the chelate via RNI.48,49 The core
distances are normal, with the nacnac Fe−N distances of
1.9487(11) Å (N2) and 1.9648(11) Å (N3) somewhat shorter
than those corresponding to the pyridine nitrogens [N1,
1.9749(11) Å; N4, 1.9913(11) Å]. Note that the Fe−N
distances on the deprotonated side are longer than those
attributed to the 2-pyridylmethylene arm. Given the subtle
changes of the chelate PM and PI arms and the lack of any
complementary studies, calculations were employed to
substantiate the claim of RNI and to corroborate the structural
implications.

2.3.5. Calculation of 2-(PMe3)2. Figure 8 displays an
molecular orbital (MO) diagram of 2-(PMe3)2 that reveals
the redox noninnocent behavior of the {nn(PM)(PI)} ligand.
RNI is primarily a consequence of ligand and metal d-orbitals
whose roughly similar energies result in MOs that can be
decidedly mixed in composition.8−14 In the case of typical PIs
or the nacnac-derived orbital herein, the M−L interaction is
quite weak, and bonding and antibonding combinations exist
within a relatively small energy range. Shown in Figure 8 are
bonding and antibonding orbitals derived from dxz and a filled
ligand π orbital that are roughly 50:50 in composition. Taking
account of the percent composition, the lower four filled, d-
based orbitals comprise a “t2g” set pertaining to a d6 FeII metal
center. Note that the highest occupied molecular orbital
(HOMO) in the system is a π*-ligand orbital that has
undergone reduction by the iron to essentially render
{nn(PM)(PI)}n as a dianion (n = 2−). The orbital is well
below the energies of the dz2 and dx2−y2 orbitals (the “eg” set) of
the pseudooctahedral molecule.
In the chemistry of ligated PIs, metric parameters for the

three redox states have been established,71,72 and they are
shown in Figure 9. Adding a nacnac portion to a PI to generate

Figure 3. One of two independent 1-N(TMS)2 molecules in
configurations showing the structural ambiguity between square-
pyramidal (N10 apical) and trigonal-bipyramidal (N7 and N9 axial)
geometries.

Figure 4. Dehydroamination viewed as either a reductive elimination
or deprotonation.

Scheme 3
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the {nn(PM)(PI)}n ligand changes its nature, and all of the PI
parameters do not apply.73 In Figure 8, the chelate is shown to
be {nn(PM)(PI)}2− in 2-(PMe3)2 based on the orbital
occupancies discussed above, but the related d(NnnCim) =
1.393(2) Å (1.38 Å calc), d(Cim−Cpy) = 1.381(2) Å (1.38 Å
calc), and d(Cpy−Npy) = 1.397(2) Å (1.40 Å calc) only partly
correspond to a PI ligand because of increased delocalization
into the nacnac framework.

2.3.6. 2+-(PMe3)2 Structure. In order to further examine the
various redox states of the {nn(PM)(PI)}n ligand, an X-ray
structural study of 2+-(PMe3)2 was undertaken with mixed
results. Table 2 provides selected data collection and
refinement details, and the observed metric parameters are
listed in Table 3. The two independent molecules found in the
asymmetric unit are indistinguishable by eye from the neutral
species in Figure 7 and are not illustrated. Unfortunately,
disorder renders the bond distances of the methylene and imine
sides of {nn(PM)(PI)}n indistinguishable [note that a mixture

Scheme 4

Figure 5. Zero-field MB spectra of 2-(PMe3)2 (a), 3-PMe3 (b), 3-CO (c), and 2-(PMe3)CO (d) taken at 80 K.

Figure 6. EPR spectrum of 2+-(PMe3)2 in frozen dimethyl ether (0.5
mM, 8.954 GHz), revealing coupling to two equivalent 31P nuclei (A3
= 256 MHz).
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of the neutral complex 2-(PMe3)2 and dication 22+-(PMe3)2
cannot formally be ruled out]. The average distances from
Table 3 for d(NnnCim), d(Cim−Cpy), and d(Cpy−Npy) are
1.400(2), 1.449(6), and 1.361(2) Å, respectively. Assuming that
these constitute 1:1 averages of the methylene and imine sides

of the {nn(PM)(PI)}n ligand and using the corresponding
methylene unit distances from the structure of 2-(PMe3)2,
critical π bond distances can be estimated as d(NnnCim) ∼
1.365 Å, d(Cim−Cpy) ∼ 1.415 Å, and d(Cpy−Npy) ∼ 1.363 Å.
These match calculated values of a monoanionic {nn(PM)-

Figure 7. Views of 2-(PMe3)2 showing the entire molecule (a) and the plane of the chelate (b) as numbered in part a with experimental [black, esd’s:
Fe−N (0.0011 Å), Fe−P (0.0004 Å), others (0.002−0.003 Å); see Table 3 for full details] and calculated (red) bond distances.

Figure 8. Truncated MO diagram (energies in eV) of 2-(PMe3)2 showing the ligand π*-localized HOMO and two MOs (red) of mixed
composition: ∼50% Fe and ∼50% {nn(PM)(PI)}. Considering the percent composition of these orbitals, 2-(PMe3)2 is best construed as d6 FeII.

Figure 9. Valence bond structures for the {nn(PM)(PI)}n ligand showing neutral (n = 0, blue), radical anion (n = 1−, green), and dianion (n = 2−,
red) redox forms and comparison with PIs similarly classified with d(NCim), d(Cim−Cpy), and d(Cpy−Npy) given in angstroms.
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(PI)}− ligand, and the remaining distances and angles of 2+-
(PMe3)2 are very close to those of the neutral complex and may
be scrutinized in Table 3.
2.3.7. Calculation of 2+-(PMe3)2. Figure 10 illustrates the

framework of the [{nn(PM)(PI)}Fe(PMe3)2]
m [m = 0, 2-

(PMe3)2; 1+, 2+-(PMe3)2; 2+, 22+-(PMe3)2] complexes and
calculated bond distances attributed to each chelate linkage.
There is a clear demarcation between the redox states of the
imine side of the chelate, although they are attenuated from the
corresponding bond lengths in the simpler PIs.71,72 The values
for the monocation are also gratifyingly close to those estimated
from the disordered crystal structure, and those of the dication
approach those of PI ligands, because delocalization of charge
in the neutral ligand is no longer a critical factor. A ready
interpretation from the calculated metrics is that FeII is present
in all three derivatives; the redox changes are occurring solely at
the ligand.

In Figure 11, partial MO diagrams of [{nn(PM)(PI)}Fe-
(PMe3)2]

m [m = 0, 2-(PMe3)2; 1+, 2+-(PMe3)2; 2+, 22+-
(PMe3)2] are shown, and while the energies of the orbital
manifolds are significantly different because of the effects of
ionization, the d- and ligand-based orbitals are clearly
correlated. The critical orbitals of 2-(PMe3)2 illustrated in
Figure 8 remain unchanged upon oxidation, and an electron
appears to have been removed from {nn(PM)(PI)}2− to afford
FeII chelated by a monoanionic ligand. The proximity of the
SOMO to d orbitals of the same symmetry provides mixing that
renders its composition mostly ligand-based, but with some
iron character, consistent with the EPR spectrum given in
Figure 6. The MB spectrum of 2+-(PMe3)2 was consistent with
the calculated model, with δ = 0.35(1) mm/s and ΔEQ =
0.52(1) mm/s [Γfwhm = 0.36(1) mm/s] indicative of a relatively
symmetric ferrous center (see the SI).

2.3.8. 22+-(PMe3)2 Calculation. X-ray diffraction experiments
on [{nn(PM)(PI)}Fe(PMe3)2

2+][B(3,5-(CF3)2C6H3)4
−]2 [2-

(PMe3)
2+] failed to elicit a soluble model (see the SI); hence,

calculations were relied upon for geometric and electronic
details. The calculated distances for the PI side of {nn(PM)-
(PI)} in 22+-(PMe3)2 reflect a neutral ligand because the imine
distance of 1.30 Å approaches that of a PI group (1.28 Å), and
d(Cim−Cpy) is nearly a typical sp

2−sp2 C−C single bond at 1.44
Å (Figure 9).70 Figure 10 reveals that the second oxidation
removes an electron from the ligand-localized HOMO,
rendering {nn(PM)(PI)}n neutral (n = 0) and coordinated to
FeII, albeit with roughly the same four fully occupied orbitals,
two of which are of mixed dxz/ligand composition. The core
distances elongate upon sequential oxidations, despite the iron
remaining in the same formal oxidation state for all three
compounds. Contraction of the 3d orbitals occurs to a greater
extent as the electrostatic perturbation by the ligand diminishes
upon undergoing sequential oxidations to the cation and
dication.74 Metal−ligand overlap and covalency are both
attenuated as a consequence, leading to modestly longer
d(Fe−N) and d(Fe−P). The MB spectrum of 22+-(PMe3)2 was
consistent with the calculated model, with δ = 0.33(1) mm/s

Figure 10. MO6/6-311+G(d)-calculated bond distances for [{nn-
(PM)(PI)}nFe(PMe3)2]

m [m = 0, 2-(PMe3)2, red; 1+, 2
+-(PMe3)2,

green; 2+, 22+-(PMe3)2, blue], indicating neutral (n = 0, blue), radical
anion (n = 1−, green), and dianion (n = 2−, red) redox forms of the
{nn(PM)(PI}n ligand.

Figure 11. Partial MO diagrams (energies in eV) for [{nn(PM)(PI)}Fe(PMe3)2]
m [m = 0, 2-(PMe3)2, red; 1+, 2

+-(PMe3)2, green; 2+, 2
2+-(PMe3)2,

blue]. Note the energy-scale differences for each species that reflect the sequential 1e− ionizations to cation and dication. For 2+-(PMe3)2, α and β
1e− orbitals reveal the effects of spin polarization.
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and ΔEQ = 0.25(1) mm/s [Γfwhm = 0.24(1) mm/s] indicative of
a very symmetric low-spin ferrous center (see the SI). In the 1H
NMR spectrum of 22+-(PMe3)2, significant downfield shifts are
noted relative to 2-(PMe3)2, especially for hydrogens attached
to the central nacnac and imine carbons, consistent with a
significant change in the electron density at the ligand, in
support of its neutral state.
2.3.9. {nn(PM)(PI)}Fe(PMePh2) (3-PMePh2) Structure. The

five-coordinate derivatives, {nn(PM)(PI)}FeL (L = CO, 3-CO;
L = PMe3, 3-PMe3; L = PMePh2, 3-PMePh2; L = PPh3, 3-
PPh3), are interesting cases in that 1H NMR spectral shifts of
the lone nacnac and imine protons are shifted downfield from
the corresponding sites of the six-coordinate species by >1 ppm
each. The o-hydrogens on one pyridine are also shifted by ∼1
ppm from the six-coordinate values. Downfield shifts typically
indicate changes in the electron density, perhaps brought about
by the redox state of the {nn(PM)(PI)} ligand, but are also
prone to effects of the coordination environment.
In an effort to understand the changes, an X-ray crystal

structure of a representative 3-L species was sought, and 3-
PMePh2 readily provided brown crystals from THF/pentane.
Data collection and refinement information can be found in
Table 2, while Table 3 lists metric parameters for a comparison
with the previous structures. Monophosphine 3-PMePh2 is
roughly square-pyramidal (τ = 0.37)59 with (N1−N4)−Fe−P
angles of 90.35(3)°, 103.00(3)°, 93.32(3)°, and 103.39(3)°,
respectively, that reflect a twist in the chelate framework, as
illustrated in Figure 12. The nacnac bite angle is 93.26(5)°, and

the pyridylmethyl bite of 83.77(5)° is slightly greater than that
of PI [82.35(5)°] as expected. The opening (N1−Fe−N4)
between the pyridines is 98.94(4)°, which is partly a
consequence of the chelate twist and partly due to the <90°
bite angles of the PM and PI arms. The d[Fe−(N1−N4)]
distances are 1.9746(10), 1.8847(11), 1.9197(11), and
1.9379(10) Å, and the latter three are roughly 0.05 Å shorter
than the corresponding distances in 2-(PMe3)2, presumably a
testament to the lower coordination number and lesser
repulsive interactions about the metal.
The critical bond distances that comprise the imine arm of

the ligand are d(Nim−Cim) = 1.371(2) Å, d(Cim−Cpy) =
1.382(2) Å, and d(Cpy−Npy) = 1.408(2) Å, which are very
similar to those of the diphosphine 2-(PMe3)2. From the bond
criteria illustrated in Figure 10, the {nn(PM)(PI)}n ligand
appears to be a dianion, and the complex should be considered
as an FeII, 16e− species.64,66 The upfield chemical shifts do not
appear to be a consequence of the formal redox state of the
{nn(PM)(PI)}2− ligand but perhaps reflect the general decrease

in the electron density upon a change from the six-coordinate,
FeII, 18e− species to the five-coordinate, FeII, 16e− complex.

2.3.10. {nn(PM)(PI)}FeL) (L = PMePh2, 3-PMePh2; CO, 3-
CO) Calculations. Calculations of 3-PMePh2 afforded the
truncated MO diagram given in Figure 13, which is quite
similar to that of 2-(PMe3)2. Eight electrons are dispersed into
the lowest four orbitals, two that are relatively pure dxy and dxz
orbitals and two that are composed of dyz and a ligand. An
additional two electrons populate the HOMO that has a
modest (∼20%) dz2 σ* component but is ∼80% ligand-based
mostly in PI. As a consequence, the compound is best
construed as FeII, d6, and 16e−. The remainder of dz2 is in a
high-energy σ* orbital close to dx2−y2, which is the main σ*
orbital in relation to the chelate nitrogens, and both are
significantly above the HOMO. The HOMO shows an
apparently weak dz2/{PI(π) + nn(π)} overlap that is often
treated by broken-symmetry density functional theory,75,76 but
in this case, a higher-energy solution was obtained by this
method.
Recall that 3-CO has a lower CO stretching frequency (1879

cm−1) than the one corresponding to six-coordinate 2-
(PMe3)CO (1912 cm−1). The higher-coordinate ferrous species
might be expected to produce the lower CO stretching
frequency because of an increase in the electron density.
Additional calculations were performed on 3-CO and 2-
(PMe3)CO, and the trans influence of PMe3 is the most
probable cause of the higher stretching frequency for the latter.
The {nn(PM)(PI)} ligand was calculated to possess roughly
the same metrics, but d(Fe−C) on 2-(PMe3)CO is 0.08 Å
longer [and d(C−O) is 0.01 shorter] than that of 3-CO. In
addition d(Fe−N) increased by ∼0.04 Å (ave) for the six-
coordinate species, presumably because of an increase in the
coordination number. Because the Fe−C distance is longer on
2-(PMe3)CO, the critical overlap for back-bonding is
diminished. Figure 14 illustrates the HOMO−1 orbitals for 2-
(PMe3)CO and 3-CO, and greater Fe−C π overlap for the
latter is readily seen. The orbital orderings and populations for
the carbonyl complexes are similar to those of 2-(PMe3)2
(Figure 8) and 3-PMePh2 (Figure 13).

3. DISCUSSION
3.1. RNI of {nn(PM)(PI)}FeLn. Calculational support for

RNI5−15,48,49,64,66,71−73,75−88 of the {nn(PM)(PI)}n ligand
parallels the experimental data and provides critical geometric
parameters for n = 0 and 1−, for which there is limited
structural information. To further substantiate the dianionic
character of the {nn(PM)(PI)}2− ligand in {nn(PM)(PI)}-
FeLL′ (2-L,L′) and {nn(PM)(PI)}FeL (3-L) and its likely
monoanionic character in 2+-(PMe3)2, corresponding hypo-
thetical Mg2+ and Li+ derivatives were calculated at the same
MO6/6-311+G(d) level of theory as the iron complexes.
Metrics of hypothetical [{nn(PM)(PI)}−]Li and [{nn(PM)-
(PI)}2−]Mg species corroborate the distances in Figure 10, the
experimental ligand dianion distances of 2-(PMe3)2, and the
estimated monoanion ligand bond lengths in 2+-(PMe3)2.
A significant ambiguity persists in the monocation because

the EPR spectrum in Figure 6 can be interpreted as
corresponding to an electron in either a ligand- or metal-
based SOMO. Figure 15 illustrates the highest occupied α-
orbital electron, i.e., the SOMO (−7.1 eV in Figure 11), and
shows that it is clearly ligand-based, with a spin density
indicative of approximately 5% iron character. The deviation of
gave from a typical organic radical value of 2.00 can be attributed

Figure 12. Molecular views of 3-PMePh2 parallel to the P1−Fe bond
(a) and perpendicular to it (b), with the latter showing the twisted
nature of the {nn(PM)(PI)} chelate.
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to the modest metal component, provided it is a dπ type as
illustrated, but the large 256 MHz coupling to two equivalent
phosphorus nuclei is incommensurate with the π-type orbital
illustrated, at least on the basis of a Fermi contact criterion. As a
consequence, either the calculations are in error regarding the
SOMO composition or the coupling derives from spin
polarization, with few other contributions.89−91 It is conceivable
that an electron in the extended, semicircular π system may be
greatly affected by adjacent nuclei residing above and below the
ligand plane.

3.2. Reactivity of {nn(PM)(PI)}FeLn. 3.2.1. Attempts at
Oxidative Addition. Little has been reported about trans-
formations of {nn(PM)(PI)}FeLn for good reason; there is a
lack of substantive, clean reactivity. Attempts to withdraw the
electrons from the {nn(PM)(PI)}2− ligand in 2-(PMe3)2 with
oxidants such as I2, Br2, or MeI led to degradation, as did efforts
to effect NR or CR2 transfer from RN3 or RR′CHN2 [RR′C =
Ph2C, (TMS)HC, etc.]. Similar negative results were obtained
for 3-PMe3, although treatment of 3-CO with MeI afforded an
insoluble yellow product that exhibited a ν(CO) of 1942 cm−1.
While the formation of [{nn(PM)(PI)}Fe(Me)CO]I [4-
(Me)CO] seemed plausible, failure to generate a soluble
species via counterion exchange, and the absence of a related
product from longer-chain RI, rendered its formulation
tentative at best.

3.2.2. Rationale for Degradative Reactivity. In the above
attempts to extract electrons from the {nn(PM)(PI)}2− ligand,
thereby expanding the oxidative capability of the iron centers,
degradation was observed. It must be noted that the only
{nn(PM)(PI)}n (n = 0) ligated species reported is the dication
22+-(PMe3)2, whose relative insolubility and electronic
saturation via its 18e− configuration are probably key to its
apparent stability. It is plausible that the instability of the
neutral {nn(PM)(PI)}0 ligand prevents these systems from
utilizing the redox noninnocent character in situations of

Figure 13. Truncated MO diagram of 3-PMePh2 showing the frontier orbitals, many with mixed composition. For the latter, the major component is
given in red. 3-PMePh2 is best considered d6 FeII.

Figure 14. Comparison of the principle π-back-bonding orbitals of 2-
(PMe3)CO [a; ν(CO) = 1912 cm−1] and 3-CO [b; ν(CO) = 1879
cm−1].

Figure 15. Calculated [M06/6-311+G(d)] highest-energy α-orbital
(SOMO) for the optimized doublet geometry corresponding to 2+-
(PMe3)2.
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chemical reactivity. Furthermore, no radical coupling reactions
were identified in the oxidation attempts, and any such
compounds are likely to have limited solubility and may be
part of the solid degradation products. It has been noted in a
related nickel system72 that delocalization of the electron
density can severely attenuate radical reactivity.
3.3. How Does RNI Support Chemical Reactivity?

Ligand RNI is a phenomenon that can extend capabilities of
metals that are less likely to manifest multioxidation state
chemistry.5−15 As a consequence, the most interesting
applications of redox-active ligands thus far are in the first
row of the transition elements, where common oxidation states
are more limited than those in the second or third row,77−82

and in early-transition-metal chemistry, where high oxidation
states dominate.83−88

Scheme 5 illustrates two recent examples of how RNI
appears to enable chemistry that may not be possible with more
conventional examples. Heyduk et al. have placed RNI
triamides about ZrIV and TaV such that they can reduce the
metal center, thereby allowing the formation of MNR (Y)
via oxidation of the ligand.83,84 In its reduced state, the ligand
has an 18e− π system whereby the two rings are coupled by an
amide lone pair. In its oxidized state, the ligand is intrinsically
unstable as a 4n π system (16e−),92 but because it is chelated to
a d0 metal center, it is stabilized with respect to metal redox
chemistry. Transfer of the MNR group can occur
subsequently to regenerate the ligand in its 4n + 2 (18e−)92

state.
Another recent set of examples provided by Chirik et al.

showcase the 2,6-pyridinediimine (PDI) ligand, one of which is
illustrated in Scheme 5.77−81 In these cases, the RNI capability
of PDI operates in the reverse of the prior example. The 10e− π
system of the neutral (i.e., oxidized) ligand is reduced to the
12e− diradical dianion in stabilizing the iron as FeII, but the
stability of the former abets a formal oxidative addition at the
metal center that enables a catalytic ene−yne coupling. While
the ligand redox processes cannot be proven in this case, there is
ample physical characterization of the complexes that is
consistent with the RNI capability of PDI. Note that the
“unstable” 4n-reduced92 PDI2− ligand is stabilized through the
electrostatics of binding to the ferrous center.

It is likely that the ligand reported herein, {nn(PM)(PI)}n,
while exhibiting RNI, is not capable of operating in the correct
sense to aid in simple oxidative processes in the first row. In
simplest terms, the 14e− dianion form is too stable as a 4n + 2
species electrostatically stabilized by the ferrous center, and its
oxidized/neutral form is too unstable as a 4n π system adjacent
to a reductant, i.e., Fe0. Consider the hypothetical oxidative
addition of X2 to {nn(PM)(PI)}FeL to form {nn(PM)(PI)}-
FeX2 and L. Here it must be the situation that the ferrous
center is incapable of stabilizing the oxidized {nn(PM)(PI)}0

ligand to the extent necessary for productive chemistry. Facile
ligand degradation may occur at the ferrous center or
{nn(PM)(PI)}0 may even be able to access FeIII under reaction
conditions, thereby promoting other destructive pathways.
There is some evidence that related ligand capabilities can lead
to C−C bond formation, and this will be explored in due
course.
Why does {nn(PM)(PI)}n fail for first-row chemistry while

the amide−dianilide utilized by Heyduk is successful for early-
transition-metal second- and third-row transformations? Both
incur the same 4n + 2 → 4n changes92 in setting up the metal
center for oxidative processes. Both are most stable in their
reduced state and electrostatically stabilized by the charged
metal center to which they are bound, while their oxidized
states are intrinsically unstable when they are bound to reduced
metal centers. The difference is in the oxidation process itself.
The capture of a nitrene by the early-transition-metal centers
ensures that the metal center, a d0 TaV or ZrIV, has roughly the
same ligand set in terms of nitrogen donors: two nitrogen lone-
pair donors and an amide from the oxidized chelate and an
imido group versus the initial triamide. In the case of
{nn(PM)(PI)}n, the formation of an FeNR group (or
FeX2, etc.) at a d

6 metal center cannot adequately compensate
for the loss of the dianionic chelate, and the possibility of
accessing FeIII renders oxidative processes at {nn(PM)(PI)}-
FeL highly problematic.

4. CONCLUSIONS
A nacnac ligand has been successfully implemented as a
component of a tetradentate chelate in the form of {nn-
(PM)2}FeX (1-X; X = N(TMS)2, Cl, N3) and as part of a redox

Scheme 5
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noninnocent ligand in {nn(PM)(PI)}FeL (3-L; L = CO, PMe3,
PMePh2, PPh3) and {nn(PM)(PI)}FeLL′ [2-L,L′; L,L′ =
PMe3, PMe2Ph, and PMe3(CO)]. In 2-L,L′ and 3-L, {nn-
(PM)(PI)}2− is a dianionic ligand that effectively stabilizes FeII

and provides a strong-field environment that renders the
compounds diamagnetic. Calculational studies indicate a strong
degree of covalency to these species and support the structural
and spectroscopic observations that successive 1e− oxidations
of 2-(PMe3)2 occur at the ligand. While the lack of
consequential reactivity to 2-L,L′ and 3-L was disappointing,
analysis of the results has permitted an initial, fundamental view
of what is necessary for RNI to play a role in catalysis, in
particular the role of earth-abundant first-row transition metals
as precious metal surrogates.

5. EXPERIMENTAL SECTION
5.1. General Considerations. The full experimental details have

been deposited as SI, so that the actual spectra may be presented for
complexes in which elemental analyses varied outside of the generally
accepted ranges.
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Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09,
revision A.1; Gaussian, Inc.: Wallingford, CT, 2009.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic5001123 | Inorg. Chem. 2014, 53, 4459−44744474


