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ABSTRACT: Nacnac-based tridentate ligands containing a pyridyl-methyl and a 2,6-dialkyl-phenylamine (i.e., (2,6-R2-C6H3N
C(Me)CHC(Me)NH(CH2py); R = Et, {Et(nn)PM}H; R = iPr, {iPr(nn)PM}H) were synthesized by condensation routes.
Treatment of M{N(TMS)2}THFn (M = Cr, n = 2; M = Fe, Co, n = 1; TMS = trimethylsilane; THF = tetrahydrofuran) with
{iPr(nn)PM}H) afforded {iPr(nn)PM}MN(TMS)2 (1-M

iPr; M = Cr, Fe); {Et(nn)PM}MN(TMS)2 (1-M
Et; M = Fe, Co) was

similarly obtained. {R(nn)PM}FeBr (R = iPr, Et; 2-FeR) were prepared from FeBr2 and {R(nn)PM}Li, and alkylated to generate
{R(nn)PM}FeneoPe (R = iPr, Et; 3-FeR). Carbonylation of 3-FeR provided {iPr(nn)PM}Fe(COneoPe)CO (4-FeiPr), and
carbonylations of 1-FeR (R = Et, iPr) and 1-CriPr induced deamination to afford {R(nn)PI}Fe(CO)2 (R = iPr, 5-FeiPr; Et, 5-FeEt),
where PI is pyridine-imine, and {κ2-N,N-pyrim-pyr}Cr(CO)4 (6-Cr

iPr), in which the aryl-amide side of the nacnac attacked the
incipient PI group. Carbon−carbon bonds were formed at the imine carbon of the {R(nn)PI} ligand. Addition of
[{iPr(nn)PI}2−](K+(THF)x)2 to FeCl3 generated {iPr(nn)CHpy}2Fe2Cl2 (7-Fe

iPr), and TMSN3 induced the deamination of 1-
FeEt, but with disproportionation to provide {[Et(nn)CHpy]2}Fe (8-Fe

Et). Ph2CN2 induced C−C bond formation with 1-FeiPr

via its thermal degradation to ultimately afford {iPr(nn)CHpy}2(FeNCPh2)2 (9-Fe
iPr). The compounds were examined by X-

ray crystallography (1-MiPr, M = Cr, Fe; 1-CoEt; 2-FeiPr; 4-FeiPr; 5-FeiPr; 6-CriPr; 7-FeiPr; 8-FeEt; 9-FeiPr), Mössbauer spectroscopy,
and NMR spectroscopy. Structural parameters assessing redox noninnocence are discussed, as are structural and mechanistic
consequences of the various electronic environments.

1. INTRODUCTION

Ligands that are precursors to or contain the 2-azaallyl
functionality1−6 were examined in the context of carbon−
carbon bond formation, and mixed results were achieved. A
number of compounds containing smif (smif = di-2-pyridyl-2-
azaallyl) and its variants have manifested C−C bond formation
reactivity (Figure 1).3−5 For example, the monomer (smif)-
FeN(TMS)2 (TMS = trimethylsilane) crystallizes out of
solution as the dimer [(smif)FeN(TMS)2]2 (A), which
contains two C−C bonds, and ortho-methylation of smif
renders a diiron complex with a single new C−C bond and

pyridine-imine radical anion components (B).3 In situ
deprotonation of {Me2C(CHNCH2py)}M (M = Cr, Co,
Ni) creates transient azaallyls, which couple to afford three new
C−C bonds about a metal−metal bond (C).5

The carbon−carbon bond formation in each case stems from
a fully occupied, nonbonding orbital on the azaallyl that can be
construed as having singlet diradical or ionic character.3 The
former description can straightforwardly be used to rationalize
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radical coupling processes (i.e., ↑CNC↓), whereas the latter
invokes the possibility of nucleophile/electrophile reactivity
(i.e., +C−N−C−) as an alternative.
Different approaches to azaallyl precursor ligands led to

unexpected results. The tetradentate chelate Me2C(CH2N
CHpy)2 was treated with Ni(COD)2 in anticipation of C−H
bond activation leading to azaallyl species, but the pseudos-
quare planar neutral compound {Me2C(CH2NCHpy)2}Ni
formed instead, and calculations suggested that the species
contained Ni(II) and two pyridine-imine (PI) radical anions.
Attempts to trigger C−C bond formation via reductive and
oxidative procedures led to a remarkable series of complexes,
[{Me2C(CH2NCHpy)2}Ni]

n (F, n = +2, +1, 0, −1, −2), in
which the Ni(II) oxidation state may be construed as being
retained, as all redox activity occurs at the ligand.7 The failure
to observe carbon−carbon bond formation from intermediates
with ligand radical character revealed the likely delocalization
and persistent stability of these particular spins.
When precursors to the azaallyl functionality were

incorporated into a nacnac8−44 framework, the expectation
that related carbon−carbon bonds would form was not realized.
Pseudo 20 e− complexes {nacnac(CH2py)(CHpy)}Fe(PR2R′)2
(D, PR2R′ = PMe3, PMe2Ph) were prepared,6 and the redox
noninnocent ligand was classified as a dianion, that is, 18 e−

{nacnac(CH2py)(CHpy)2−}FeII(PR2R′)2. Removal of one
phosphine to afford the monophosphine derivatives {nacnac-
(CH2py)(CHpy)}FePR2R′ (E, PR2R′ = PMePh2, PPh3) failed
to elicit C−C bond formation, and calculations of the two
different phosphine complexes indicated little radical character.
The redox noninnocence45−52 of the {nacnac(CH2py)-
(CHpy)}n (n = 0, −2) ligand did not support oxidative
processes at iron, despite the promise of being a functional 2 e−

reservoir,6 as in related C−C bond forming processes studied
by Floriani.52

In consideration of the system, it was determined that the
electronic saturation at the metal was hampering the reactivity
of the species; thus, a coordinatively and electronically
unsaturated variant was sought. Described herein is the

application of a nacnac framework with only one imino- or
methyl-pyridine side arm, a ligand that is tridentate yet capable
of being redox noninnocent in its nacnac imino-pyridine
state.53−63 Iron and chromium were the most common metals
used in this initial survey: iron because of the relation to the
prior {nacnac(CH2py)(CHpy)}

n work,6 and chromium due to
its potentially similar ground state for M(II), that is, S = 2, yet
vastly different redox properties.

2. RESULTS
2.1. Ligand Synthesis. Scheme 1 reveals the synthesis of

the two nacnac-based tridentate ligands employed in the study.

The diisopropylaniline derivative, described as {iPr(nn)PM}H,
was prepared according to a literature procedure64 in 41% yield
upon crystallization from hot hexanes, and the diethyl
derivative {Et(nn)PM}H was vacuum-distilled as a viscous
orange oil (54%). In both instances the initial condensation
occurred with acetylacetone and amine, followed by a second
condensation with 2-aminomethylpyridine. Reversal of the

Figure 1. Whereas [(smif)FeN(TMS)2]2 (A), [(o-Me2-smif)FeN(TMS)2]2 (B), and [{Me2C(CHNCHpy)2}M]2 (C, M = Cr, Co, Ni) exhibit C−
C bonds (red) derived from azaallyls, other azaallyl precursors containing nacnac ligands, namely, {nacnac(CH2py)(CHpy)}Fe(PR2R′)2 (D, PR2R′
= PMe3, PMe2Ph) and {nacnac(CH2py)(CHpy)}FePR2R′ (E, PR2R′ = PMePh2, PPh3), and pyridine-imines [{Me2C(CH2NCHpy)2}Ni]

n (F, n =
+2, +1, 0, −1, −2) failed to elicit bond-making chemistry.

Scheme 1

Inorganic Chemistry Article

dx.doi.org/10.1021/ic500807y | Inorg. Chem. 2014, 53, 7467−74847468



order invariably led to incorporation of two 2-aminomethylpyr-
idines. The known diisopropyl ligand64 generally afforded good
solubility and excellent crystallinity, but in instances where
steric effects were a concern, the diethyl derivative was an
important alternative.
2.2. {R(nn)PM}MX Compounds. 2.2.1. Syntheses. Treat-

ment of {iPr(nn)PM}H with metal amides M{N(TMS)2}THFn
(M = Cr,65 n = 2; M = Fe;66 THF = tetrahydrofuran)67

afforded the four-coordinate {iPr(nn)PM}MN(TMS)2 (1-M
iPr;

M = Cr, Fe) derivatives as maroon and yellow crystalline
compounds in good to modest yields as Scheme 2 attests. Et
derivatives {Et(nn)PM}MN(TMS)2 (1-M

Et; M = Fe, Co) were
obtained as yellow and green crystalline solids in 55% and 53%
yield, respectively. Evans’ method measurements68 were
conducted on samples of the amides, and the values were
consistent with those of high-spin complexes. 1-CriPr was found
to have the spin-only value of 4.9 μB, while the two iron

compounds had slightly higher values (μeff = 5.3 μB),
presumably due to spin−orbit coupling contributions.69,70

Iron was chosen for further exploration, and the analogous
green bromide complexes {R(nn)PM}FeBr (R = iPr, Et; 2-FeR)
were prepared from ferrous bromide and {R(nn)PM}Li, which
was generated from the free ketamine and LiN(TMS)2.
Bromides 2-FeR were alkylated with neopentyllithium to
provide orange {R(nn)PM}FeneoPe (R = iPr, Et; 3-FeR) in
53% and 40% yield, and both species were high-spin according
to Evans’ method measurements (3-FeiPr, μeff = 5.2; 3-FeEt, μeff
= 5.1), with magnetic moments slightly above the spin-only
value, as is typical for iron.69,70

2.2.2. Mössbauer Spectra of {iPr(nn)PM}FeX (X = N(TMS)2,
1-FeiPr; Br, 2-FeiPr; neoPe, 3-FeiPr). Zero-field Mössbauer
studies71−73 were conducted on {iPr(nn)PM}FeX (X =
N(TMS)2, 1-Fe

iPr; Br, 2-FeiPr; neoPe, 3-FeiPr) at 80 K, and the
spectra are shown in Figure 2. The amide and bromide

Scheme 2

Figure 2. Zero-field Mössbauer spectra (80 K). (a.) {iPr(nn)PM}FeN(TMS)2 (1-Fe
iPr). (b.) {iPr(nn)PM}FeBr (2-FeiPr). (c.) {iPr(nn)PM}FeneoPe

(3-FeiPr).
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derivatives have essentially identical spectra, with isomer shifts
of 0.77 and 0.79 mm/s, respectively, and quadrupole splittings
of 1.02 mm/s. The values are consistent with high-spin ferrous
samples in a modestly asymmetric environment and point

toward pseudotetrahedral rather than pseudosquare planar
coordination. The similarity in spectra strongly suggests that
the field strengths of (TMS)2N

− and Br− are remarkably similar
but significantly different than the neopentyl derivative, whose

Table 2. Selected Interatomic Distances (Å) and Angles (deg)a

1-CriPr 1-FeiPr 1-CoEtb 2-FeiPr

M−N1 2.076(2) 2.029(2) 1.974(2) 2.007(2)
M−N2 2.045(2) 2.036(2) 1.978(2) 2.030(2)
M−N3 2.120(2) 2.201(2) 2.108(2) 2.127(2)
M−N4/Br 2.071(2) 1.967(2) 1.955(2) 2.4146(3)
N1−C6 1.447(2) 1.446(3) 1.435(3) 1.446(2)
N1−C2 1.337(2) 1.333(3) 1.334(3) 1.335(2)
C2−C3 1.399(3) 1.407(4) 1.401(4) 1.403(2)
C3−C4 1.393(3) 1.393(4) 1.401(4) 1.404(3)
C4−N2 1.331(2) 1.313(4) 1.324(3) 1.320(2)
N2−C18/C16 1.464(2) 1.458(4) 1.452(3)b 1.459(2)
C18/C16−C19/C17 1.493(3) 1.495(5) 1.495(4)b 1.511(3)
C19/C17−N3 1.343(2) 1.344(3) 1.354(3)b 1.341(2)
N4−Si(ave) 1.706(7) 1.708(14) 1.708(2)
N1−M−N2 90.07(6) 90.08(9) 93.41(9) 92.19(6)
N1−M−N3 156.06(6) 131.56(8) 125.83(9) 141.39(6)
N1−M−N4/Br 106.15(6) 121.89(8) 117.18(9) 111.22(4)
N2−M−N3 78.49(6) 76.87(9) 79.20(9) 78.02(6)
N2−M−N4/Br 152.25(6) 130.84(9) 122.85(9) 145.73(4)
N3−M−N4/Br 93.06(6) 100.56(8) 111.30(9) 96.16(4)

aData relate to compounds {R(nn)PM}MN(TMS)2 (R = iPr,M = Cr, 1-CriPr; Fe, 1-FeiPr; R = Et, M = Co, 1-CoEt), and {iPr(nn)PM}FeBr (2-FeiPr).
bFor 1-CoEt, the corresponding distances are N2−C16, C16−C17, N3−C17.

Figure 3. Molecular views of {R(nn)PM}MN(TMS)2 (R = iPr, M = Cr, 1-CriPr (a.); Fe, 1-FeiPr (b.); R = Et, M = Co, 1-CoEt (c.)), and
{iPr(nn)PM}FeBr (2-FeiPr (d.)).
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δ = 0.58 mm/s and ΔEQ = 1.20 mm/s represent a higher field
strength and an environment relatively more toward square
planar, yet still within the high-spin Fe(II) range.
2.2.2. Structural Studies of {R(nn)PM}MX (R = iPr, X =

N(TMS)2, M = Cr, Fe, 1-MiPr; R = Et, X = N(TMS)2, M = Co, 1-
CoEt; R = iPr, X = Br, M = Fe, 2-FeiPr). Table 1 provides selected
crystallographic and refinement details for {R(nn)PM}MN-
(TMS)2 (R = iPr,M = Cr, 1-CriPr; Fe, 1-FeiPr; R = Et, M = Co,
1-CoEt) and {iPr(nn)PM}FeBr (2-FeiPr), and Table 2 lists
pertinent metric parameters, while Figure 3 provides molecular
views of the molecules. All the complexes are considerably
distorted from either Td or square planar geometries, with the
constraints of the chelate responsible for supplying most of the
deviations.
For each species, the distances around the ligand are quite

similar, and the charge distribution in the nacnac portion of the
chelate appears to be even, as d(C2−C3) and d(C3−C4) range
from 1.39 to 1.41 Å, and d(N1−C2) and d(N2−C4) range
from 1.31 to 1.34. The longest d(M−N) is from the metal to
the pyridine nitrogen, the likely weakest donor, and the metal−
nitrogen distances within the nacnac are significantly shorter by
0.05−0.12 Å. The bond lengths correspond to periodic
tendencies as the Cr(II) distances are longer than the Fe(II)
species, with the cobalt(II) complex having the shortest.
The most interesting metrics concern the core bond angles.

The nacnac bite angle is slightly smaller for 1-CriPr and 1-FeiPr

at ∼90.1° compared to 93.41(9)° and 92.19(6)° for 1-CoEt and
2-FeiPr, respectively. Likewise, the Npy−M−Nnn angles average
78.1(10)°, and the differences in either set are too small to
merit discussion. The opposing Npy−M−Nnn angles are quite
different, and deserve consideration, with that of 1-CriPr

(156.06(6)°) > 2-FeiPr (141.39(6)°) > 1-FeiPr (131.56(8)°) >
1-CoEt (125.83(9)°). This angle correlates with the N2−M−
N4/Br angle, and together they indicate the deviation from
square planar geometry in this system: 1-CriPr (152.25(6)°) <
2-FeiPr (145.73(4)°) < 1-FeiPr (130.84(9)°) < 1-CoEt

(122.85(9)°). The cobalt species manifests the greatest
distortion away from square planar; both ferrous derivatives
are next and are relatively similar, substantiating the claim based
on the Mössbauer spectra regarding like field strengths, and the
chromium complex is the closest to pseudosquare planar. The
remaining angles complement these observations.

2.3. Carbonylations of {R(nn)PM}MX (R = iPr, X =
N(TMS)2, M = Cr, Fe, 1-MiPr; X = neoPe, M = Fe, 3-FeiPr).
2.3.1. Carbonylations. Initial reactivity studies were conducted
on {iPr(nn)PM}FeneoPe (3-FeiPr), but the complex failed to
eliminate neoPeH under various conditions, including hydro-
genation. No olefin reactivity was found, and no sign of olefin
hydrogenation activity was detected. Next, 3-FeiPr was treated
with CO, and a relatively swift conversion to the acyl carbonyl
{iPr(nn)PM}Fe(COneoPe)CO (4-FeiPr) occurred over an 8 h
period at 23 °C (Scheme 3). The infrared spectrum of 4-FeiPr

showed two carbonyl stretching frequencies, one at 1906 cm−1

corresponding to the terminal carbonyl, and one at 1638 cm−1

pertaining to the acyl. Attempts to convert the acyl into a
Fischer-type carbene failed, and hydrogenation attempts to
release aldehyde were also unsuccessful.
Previous work on {PM(nn)PM}FeN(TMS)2 revealed that

the addition of ligands could induce HN(TMS)2 loss,6 thus
{R(nn)PM}FeN(TMS)2 (R = iPr, 1-FeiPr; Et, 1-FeEt) was
exposed to 1 atm CO for 8 h at 60 °C to afford
{R(nn)PI}Fe(CO)2 (R = iPr, 5-FeiPr; Et, 5-FeEt) in good

Scheme 3
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yields, as shown in Scheme 3. The dark blue diamagnetic
complexes each possessed two terminal CO stretches in their
IR spectra (5-FeiPr, 1910, 1971 cm−1; 5-FeEt, 1909, 1960 cm−1),
and 1H NMR signals consistent with an unsaturated nacnac-
imino-pyridine backbone formed from loss of HN(TMS)2.
Expectations were that the corresponding chromium com-
pound {iPr(nn)PM}CrN(TMS)2 (1-Cr

iPr) would undergo the
same HN(TMS)2 loss to provide a tricarbonyl complex. Loss of
amine was noted after 24 h at 23 °C under 1 atm CO, but IR
spectra of the yellow-orange diamagnetic product revealed four
terminal CO bands at 1820, 1851, 1881, and 2001 cm−1 whose
intensities did not vary upon recrystallization. The position of
the “imine” proton in the 1H NMR spectrum at δ 5.36 was
conspicuously distinct from that of 5-FeiPr (δ 7.81) and 5-FeEt

(δ 7.83), rendering the unsaturated ligand backbone ques-
tionable. An X-ray crystallographic structure determination
identified the ligand as a bidentate nitrogen donor, namely, 2-
H,2-pyridyl-3-DIPP-4,6-dimethylpyrimidine, hence the com-
p o u n d i s { κ 2 -N ,N - 2 -H , 2 - p y r i d y l - 3 - D I P P - 4 , 6 -
dimethylpyrimidine}Cr(CO)4, abbreviated as {κ2-N,N-pyrim-
pyr}Cr(CO)4 (6-Cr

iPr).
Scheme 3 shows a plausible path for the formation of {κ2-

N,N-pyrim-pyr}Cr(CO)4 (6-Cr
iPr) via the CO-induced loss of

HN(TMS)2 from 1-CriPr to afford an intermediate {iPr(nn)-
PI}Cr(CO)3 species, which can undergo Nnn migration to the
pyridine-imine. The {iPr(nn)PI} ligand is directly related to the
previously studied {nacnac(CH2py)(CHpy)}

n (n = 0, −1, −2)
tetradentate chelate,6 and it is plausible that it can function as a
12 πe− neutral, 13 e− monoanionic, or 14 e− dianionic species,
but not all may be stable in regard to their respective Cr(0),
Cr(I), or Cr(II) environment. To test the susceptibility of
{iPr(nn)PI}n (n = 0, −1, −2) to cyclization, the dianion was
generated from {iPr(nn)PM}H via double deprotonation by
potassium benzyl. The dianion was found to be stable, but
when subjected to oxidation by ferricinium (i.e. ,
(Cp2Fe)

+PF6
−), cyclization occurred rapidly, indicating the

monoanion, the neutral, or both were unstable with respect to
pyrimidine formation. It is unlikely that {iPr(nn)PI}2− is stable
as a ligand for Cr(CO)n

2+, where carbonyl ligation aids in
effectively increasing the oxidizing capability of the chromium.
2.3.2. Mössbauer Spectra of {iPr(nn)PM}Fe(COneoPe)CO (4-

FeiPr) and {R(nn)PI}Fe(CO)2 (R = iPr, 5-FeiPr; Et, 5-FeEt). From
the standpoint of formal oxidation state, the acyl carbonyl
complex {iPr(nn)PM}Fe(COneoPe)CO (4-FeiPr) is clearly
Fe(II); the nacnac and acyl are both closed-shell anions in a
conventional sense. The Mössbauer spectrum of 4-FeiPr reveals
an isomer shift of δ 0.03(1) mm/s, which is an atypical region
for most ferrous species, but in a region similar to that found
for Fe(CO)5 and Fe(CO)4PPh3 (∼δ 0.10 mm/s)74−77 (Figure

4). Its modest ΔEQ of 0.96(1) mm/s is in line with the
asymmetry found in pseudo square pyramidal complexes. The
isomer shift is below that found (δ 0.14 mm/s) for
{nn(PM)(PI)}FeCO, which has been shown computationally
and via structural metrics to be best considered Fe(II).6 It
appears that the two highly covalent ligands, namely, CO and
neoPeCO, are enough to render the isomer shift quite low
relative to typical octahedral ferrous complexes.78

In line with the acyl complex, the Mössbauer spectrum of
{Et(nn)PI}Fe(CO)2 (5-Fe

Et) is consistent with a high degree
of covalency. The isomer shift of 0.07(1) mm/s for 5-FeEt is
quite low, but in a region that can correspond to Fe(0) or
Fe(II) complexes, depending on the degree of covalency in the
bonding, and again the carbonyl ligands are found to be very
effective at promoting covalency79,80 (Figure 4). The ΔEQ value
of 0.75(1) mm/s for 5-FeEt is fairly low for a five-coordinate
complex and suggests that a relatively symmetric electronic
environment exists for the dicarbonyl.

2.3.3. Structural Studies of {iPr(nn)PM}Fe(COneoPe)CO (4-
FeiPr), {iPr(nn)PI}Fe(CO)2 (5-FeiPr), and {κ2-N,N-pyrim-pyr}Cr-
(CO)4 (6-Cr

iPr). Selected data acquisition and refinement details
for the carbonylation products are listed in Table 1, while
metric parameters may be found in the captions of the figures
featuring their respective molecular views. In Figure 5,
{iPr(nn)PM}Fe(COneoPe)CO (4-FeiPr) is found to be a square
pyramid with an apical neoPeCO ligand and basal nacnac(PM)
and carbonyl ligands. With the exception of the Npy−Fe−Nnn
angle of 82.05(5)°, which is essentially mandated by the chelate
bite (see Table 2), the core angles vary between 90.79(6)°
(Cacyl−Fe−CCO) and 101.21(5)° (Nnn−Fe−Cacyl), thus deter-
mining the regular nature of the square pyramid. Even the
trans-basal angles of 162.07(5)° (Nnn−Fe−Npy) and
173.07(5)° (Nnn−Fe−CCO) indicate little distortion.
The bond distances of the nacnac are symmetric, and all the

Fe−N distances are short relative to the previously listed bond
lengths of the high-spin four-coordinate compounds (Table 2).
The acyl is also short at 1.908(2) Å, and the carbonyl exhibits
parameters indicative of strong π backbonding: d(Fe−CCO) =
1.754(2) Å and d(CCO−O) = 1.154(2) Å. All indications point
toward a highly covalent molecule with relatively tight bonds to
all core atoms.
Illustrated in Figure 6 is a molecular view of the iron

dicarbonyl {iPr(nn)PI}Fe(CO)2 (5-FeiPr), whose structure is
also a very regular square pyramid, although with slightly more
distortion than 4-FeiPr. Note that the metric parameters
defining the pyridine-imine arm of the chelate leave the redox
character of the {iPr(nn)PI}n ligand somewhat debatable. In
comparison to the previously studied {nn(PM)(PI)}n tetra-
dentate chelate,6 d(N3−C19) = 1.383(2) Å, d(C18−C19) =

Figure 4. Zero-field Mössbauer spectra (80 K) of (a.) {iPr(nn)PM}Fe(COneoPe)CO (4-FeiPr) and (b.) {Et(nn)PI}Fe(CO)2 (5-Fe
Et).
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1.388(2) Å, d(N2−C18) = 1.355(2) Å, d(N2−C4) = 1.372(2)
Å, d(C3−C4) = 1.367(2) Å, and d(C2−C3) = 1.416(2) Å are
sufficiently ambiguous to render the redox assignment difficult.
The ambiguity in assignment is not helped by either the
Mössbauer studies or the IR spectra, since Fe(0)−Fe(II)
oxidation states can be accommodated by both spectroscopies.
The square pyramid is only slightly distorted toward tbp by a

significant cant of the opposing Nnn−Fe−Npy angle of
146.53(4)°. Aside from the adjacent Nnn−Fe−Npy angle of
80.80(4), the remaining core angles are between 90.73(5)°
(N1−Fe−N2) and 109.50(5)° (N3−Fe−C25), and N2−Fe−
C24 is 171.08(5)°. Including the d(Fe−C) of 1.779(2) and
1.766(2) Å, the bond distances of the core are very similar to
those of the acyl-carbonyl 4-FeiPr, with the chelate distances
∼0.008 Å longer in total.

The chromium tetracarbonyl {κ2-N,N-pyrim-pyr}Cr(CO)4
(6-CriPr) is a pseudo-octahedral species with the bidentate N-
donor chelate occupying cis positions (Figure 7). The CO

ligands opposite the κ2-N,N-donor are significantly shorter
(1.840(2), 1.826(2) Å) than those mutally trans (1.895(2),
1.910(2) Å), thereby revealing the significant trans influence of
the carbonyl ligand and the corresonding d(CO) correlate as
expected, with longer bond lengths attributed to those opposite
the N-donors. The nitrogen of the pyridine half of the chelate is
bound at a slightly shorter distance (2.132(2) Å) than that of
the hydro-pyrimidine (2.139(2) Å), which is clearly sp3-
hybridized at C6, the carbon attached to the pyridine. Within
the pyrimidine, the nitrogen−carbon distances are significantly
different and can be construed as single (d(N1−C2) =
1.353(2) Å) and double (d(N2−C4) = 1.307(2) Å) bonds in
conjugation,81 as are the carbon−carbon distances, which
clearly show C2−C3 as a double bond (1.374(2) Å), and C3−
C4 as a short, conjugated single bond (1.425(2) Å).

2.4. Oxidatively Induced Carbon−Carbon Bond-
Forming Reactions of {R(nn)PI}MX/L. 2.4.1. {iPr(nn)PI}2−

and Ferric Chloride. The preceding carbonylation studies
showed that formation of a pyridine-imine nacnac framework
could be induced by addition of CO, but the resulting π system
did not afford any C−C coupling, despite the potential for such
events at the imine carbon and mid-nacnac carbon. Historically,
FeCl3 has been a reagent used in C−C bond formation;82,83

hence, generation of ferric complexes might be a means to
initiate the desired reactivity.
As Scheme 4 illustrates, treatment of [{iPr(nn)PI}2−]-

(K+(THF)x)2 with FeCl3 in THF afforded a yellow product,
{iPr(nn)CHpy}2Fe2Cl2 (7-FeiPr, 60%), in which a new C−C
bond has been formed via coupling of the imine carbons. Since

Figure 5. Molecular view of {iPr(nn)PM}Fe(COneoPe)CO (4-FeiPr).
Selected interatomic distances (Å) and angles (deg): Fe−N1,
1.938(2); Fe−N2, 1.926(2); Fe−N3, 1.971(2); Fe−C24, 1.908(2);
Fe−C30, 1.754(2); N1−C2, 1.332(2); C2−C3, 1.396(2); C3−C4,
1.385(2); N2−C4, 1.331(2); N2−C18, 1.459(2); C18−C19,
1.486(2); N3−C19, 1.343(2); C24−O2, 1.211(2); C30−O1,
1.154(2); C24−C25, 1.528(2); N1−Fe−N2, 92.16(5); N1−Fe−N3,
162.07(5); N1−Fe−C24, 101.21(5); N1−Fe−C30, 92.82(5); N2−
Fe−N3, 82.05(5); N2−Fe−C24, 92.96(5); N2−Fe−C30, 173.07(5);
N3−Fe−C24, 96.04(5); N3−Fe−C30, 91.77(6); C24−Fe−C30,
90.79(6); Fe−C24−O2, 116.8(2); Fe−C30−O1, 175.2(2).

Figure 6. Molecular view of {iPr(nn)PI}Fe(CO)2 (5-Fe
iPr). Selected

interatomic distances (Å) and angles (deg): Fe−N1, 1.962(2); Fe−
N2, 1.944(2); Fe−N3, 1.952(2); Fe−C24, 1.779(2); Fe−C25,
1.766(2); N1−C2, 1.321(2); C2−C3, 1.416(2); C3−C4, 1.367(2);
N2−C4, 1.372(2); N2−C18, 1.355(2); C18−C19, 1.388(2); N3−
C19, 1.383(2); C24−O2, 1.149(2); C25−O1, 1.151(2); N1−Fe−N2,
90.73(4); N1−Fe−N3, 146.53(4); N1−Fe−C24, 93.43(5); N1−Fe−
C25, 103.48(5); N2−Fe−N3, 80.80(4); N2−Fe−C24, 171.08(5);
N2−Fe−C25, 95.33(5); N3−Fe−C24, 91.43(5); N3−Fe−C25,
109.50(5); C24−Fe−C25, 91.37(6); Fe−C24−O2, 174.8(2); Fe−
C25−O1, 178.7(2).

Figure 7. Molecular view of {κ2-N,N-pyrim-pyr}Cr(CO)4 (6-CriPr).
Selected interatomic distances (Å) and angles (deg): Cr−N2,
2.139(2); Cr−N3, 2.132(2); Cr−C24, 1.895(2); Cr−C25, 1.840(2);
Cr−C26, 1.910(2); Cr−C27, 1.826(2); N1−C6, 1.498(2); N1−C2,
1.353(2); C2−C3, 1.374(2); C3−C4, 1.425(2); N2−C4, 1.307(2);
N2−C6, 1.463(2); C6−C7, 1.508(2); N3−C7, 1.344(2); N3−C8,
1.350(2); C24−O1, 1.149(2), C25−O2, 1.157(2); C26−O3,
1.141(2); C27−O4, 1.169(2); N2−Cr−N3, 75.91(4); N2−Cr−C24,
91.10(5); N2−Cr−C25, 169.96(5); N2−Cr−C26, 94.28(5); N2−Cr−
C27, 103.62(5); N3−Cr−C24, 100.59(5); N3−Cr−C25, 94.19(5);
N3−Cr−C26, 90.23(5); N3−Cr−C27, 174.97(5); C24−Cr−C25,
89.09(6); C24−Cr−C26, 168.82(6); C24−Cr−C27, 84.41(6); C25−
Cr−C26, 87.31(6); C25−Cr−C27, 86.39(6); C26−Cr−C27,
84.80(6); C7−C6−N1, 112.39(9); C7−C6−N2, 110.07(9); C6−
N1−C2, 113.16(9); N1−C2−C3, 118.70(10); C2−C3−C4,
117.57(11); C3−C4−N2, 121.43(9); C4−N2−C6, 111.76(10);
N1−C6−N2, 111.18(9).
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7-FeiPr is paramagetic and composed of two S = 2 centers (μeff
(Evans) = 6.4 μB), the

1H NMR spectrum of the crude reaction
mixture was of limited utility in identifying potential isomers.
The C2 structure of 7-FeiPr was obtained via X-ray crystallo-
graphic studies, and is likely to be the main component, but the
related Ci structure cannot be ruled out as a minor product.
Formation of complex 7-FeiPr can be rationalized as a simple
coupling of the Fe(II) form of the corresponding monomeric
chloride, which can be viewed as having radical character at the
imine carbon, as Scheme 4 illustrates.
2.4.2. {Et(nn)PM}FeN(TMS)2 (1-Fe

Et) and TMSN3. Exposure
of {Et(nn)PM}FeN(TMS)2 (1-FeEt) to TMSN3 had two
potentially positive outcomes: the synthesis of an imido
derivative or the oxidative triggering of C−C bond formation.
As Scheme 5 indicates, the latter was found upon heating the
reagents for 3 d at 110 °C in THF, but the coupling occurred
with disproportionation, yielding the green, tetradentate chelate
complex {[Et(nn)CHpy]2}Fe (8-FeEt) in 33% yield. The
solution magnetic moment of 8-FeEt is 5.6 μB, consistent with
an S = 2 core with a large spin−orbit contribution.
Only the nacnac components of the coupled PI ligand are

bound, leading to two dangling pyridine substituents. No
intermediates were detected, nor was the fate of the remaining
iron or TMSN3 determined. It is conceivable that the azide can
be acting as a simple donor to trigger the loss of HN(TMS)2
and form the unsaturated ligand complex {Et(nn)-
PI}2−FeII(N3TMS), from which coupling and disproportiona-
tion ensue. It is also plausible that nitrene transfer does occur,
but this ligand could still induce radical character at the
pyridine-imine carbon, leading to C−C coupling. Precedent for
this possibility comes from Chirik et al.,84 who have noted that
(PDI)FeNAr (Ar = bulky aryl) species are best understood
as S = 3/2 ferric complexes ligated by an imide and the PDI
radical anion.
2.4.3. {iPr(nn)PM}FeN(TMS)2 (1-Fe

iPr)) + Ph2CN2. Similar to
the preceding section, {iPr(nn)PM}FeN(TMS)2 (1-Fe

iPr)) was
treated with Ph2CN2 to either induce C−C bond formation or
transfer diphenylcarbene, and again the former was discovered,
albeit via a pathway that was not anticipated. As Scheme 6
reveals, the addition of diphenyldiazomethane to 1-FeiPr

afforded a dimer derived from imine carbon−carbon coupling,
but a diphenylimino ligand was found attached to each iron
center to give {iPr(nn)CHpy}2(FeNCPh2)2 (9-FeiPr). The
reaction conditions90 °C in benzene for 24 hsuggested a
mechanism involving the thermal degradation of Ph2CN2,
which is known to generate dinitrogen and Ph2CN−N
CPh2.

85 Once the diimine is produced, it can oxidize the Fe(II)
center of 1-FeiPr to induce HN(TMS)2 elimination, affording a
monomeric {iPr(nn)PI}FeNCPh2 that has the same spate of
{iPr(nn)PI}n redox possibilities that were attributed to the
precursor to 7-FeiPr. The ferrous precursor has radical character
at the imine carbon, and coupling at this position provides the
product.
2.4.4. Structural Studies of {iPr(nn)CHpy}2Fe2Cl2 (7-FeiPr),

{[Et(nn)CHpy]2}Fe (8-FeEt), and {iPr(nn)CHpy}2(FeNCPh2)2
(9-FeiPr). Since the products containing new C−C bonds were
paramagnetic, their structures were elucidated via single-crystal
X-ray crystallography. Data collection and refinement param-
eters are listed in Table 1, while interatomic distances and
angles are given in the captions below each molecular view.
As previously stated, the structure of {iPr(nn)CHpy}2Fe2Cl2

(7-FeiPr) reveals C2 symmetry, although crystallographically the
two units of the dimer are distinct, as the metrics given in

Figure 8 show. The nacnac portions of the coupled ligand are
symmetric, but the unique C−C bond has a rather long

1.581(2) Å distance, a feature previously observed in related
systems.3 Each iron(II) has a coordination geometry and bond
distances similar to the core of {iPr(nn)PM}FeBr (2-FeiPr),
although there is plenty of variation within the angles of each
unit. While the nacnac (91.93(6)°, 92.71(6)°) and Npy−Fe−
Nnn (78.46(6)°, 78.39(6)°) bite angles are quite similar, as are
the Npy−Fe−Cl angles (95.94(5)°, 96.32(4)°), the Nnn−Fe−Cl
angles (114.76(5)°, 120.07(5)°; 138.04(4)°, 129.92(4)°) show
considerable variation, as do the remaining Nnn−Fe−Npy angles
(141.40(6)° and 136.99(6)°). Clearly the relatively weak fields
in the pseudotetrahedral halves of 7-FeiPr are subject to
external, that is, packing, as well as internal electronic forces.
The diirion distance of 6.003(2) Å is not expected to support
significant antiferromagnetic coupling,3 but the μeff of 6.4 μB,
which is less than the expected 6.9 μB, may reflect some
nominal interaction in solution as the average d(Fe···Fe) may
be shorter.
Figure 9 illustrates the mononuclear {[Et(nn)CHpy]2}Fe (8-

FeEt) complex containing two Et(nn)CHpy units coupled and
chelating a single Fe(II) center. The compound has C2
symmetry, with the rotation axis containing the midpoint of
the new C−C bond and the iron, although the two halves of the
molecule are crystallographically different. The nacnac ligands
are coordinated (d(Fe−N) = 2.045(12) Å ave), and the
pyridines dangle off opposing sides of the unique 1.533(7) Å
C−C bond. While the nacnac bite angles (89.9(4)° ave) and
remaining Nnn−Fe−N′nn angles (141.2(4)°) are essentially
identical, the coupling of the original ligands causes a splay in
the complex such that the N1−Fe−N2 angle is 118.4(2)°,
substantially wider than that of N3−Fe−N4 (81.2(2)°). The
remaining distances are consistent with symmetric bonding
within the nacnac halves.

Figure 8. Molecular view of {iPr(nn)CHpy}2Fe2Cl2 (7-Fe
iPr). Selected

interatomic distances (Å) and angles (deg): Fe1−N1, 1.999(2); Fe1−
N2, 2.026(2); Fe1−N3, 2.156(2); Fe1−Cl1, 2.248(2); Fe2−N4,
1.984(2); Fe2−N5, 2.025(2); Fe2−N6, 2.133(2); Fe2−Cl2, 2.263(2);
N1−C2, 1.342(2); C2−C3, 1.397(3); C3−C4, 1.403(2); N2−C4,
1.328(2); N2−C23, 1.454(2); C22−C23, 1.517(2); N3−C22,
1.353(2); N4−C27, 1.346(2); C26−C27, 1.400(2); C25−C26,
1.410(2); N5−C25, 1.319(2); N5−C46, 1.461(2); C45−C46,
1.521(2); N6−C45, 1.353(3); C23−C46, 1.581(2); N1−Fe1−N2,
91.93(6); N1−Fe1−N3, 141.40(6); N1−Fe1−Cl1, 114.76(5); N2−
Fe1−N3, 78.46(6); N2−Fe1−Cl1, 138.04(4); N3−Fe1−Cl1,
95.94(5); N4−Fe2−N5, 92.71(6); N4−Fe2−N6, 136.99(6); N4−
Fe2−Cl2, 120.07(5); N5−Fe2−N6, 78.39(6); N5−Fe2−Cl2,
129.92(4); N6−Fe2−Cl2, 96.32(4).

Inorganic Chemistry Article

dx.doi.org/10.1021/ic500807y | Inorg. Chem. 2014, 53, 7467−74847476



Figure 10 depicts {iPr(nn)CHpy}2(FeNCPh2)2 (9-Fe
iPr),

which exhibits Ci symmetryboth molecular and crystallo-

graphicwith its inversion center at the midpoint of the new
C−C bond. Metric parameters listed in the caption of Figure 9
are comparable to those of 1-FeiPr, except that the Fe−Nnn
distances are somewhat shorter at 1.983(2) and 2.011(2) Å.
The d(C−C) of the unique C−C bond is rather long at
1.581(4),3 but the remaining distances within the ligand
framework are normal. The similarity in core angles between 1-
FeiPr and 9-FeiPr suggest that the disilyl amide and imino ligands
have roughly the same perturbation on the system. As in
{iPr(nn)CHpy}2Fe2Cl2 (7-Fe

iPr), the μeff of 6.5 μB may indicate
some modest antiferromagnetic coupling in solution, but the

d(Fe···Fe) of 6.043 Å is quite long to facilitate a significant
interaction in the solid state.

3. DISCUSSION
3.1. Structures of {R(nn)PM}MN(TMS)2 (R = iPr, M = Cr

(1-CriPr), Fe (1-FeiPr); R = Et, M = Co (1-CoEt)). The metrical
parameters regarding {R(nn)PM}MN(TMS)2 (R = iPr, M = Cr
(1-CriPr), Fe (1-FeiPr); R = Et, M = Co (1-CoEt)) clearly show
that the deviation away from pseudosquare planar toward
tetrahedral occurs for 1-CoEt > 1-FeiPr > 1-CriPr. These systems
employ relatively weak field ligands; hence, the major factor
keeping the coordination geometries near that of square planar
is the {R(nn)PM} chelate, which has bite angles of 78° and
90−92° that contribute significantly toward enforcing a plane
about the metal. The remaining bis(trimethylsilylamide) ligand
is the major influence that changes the coordination geometry,
and hence the actual metrics are not easily traditionally
described.
Neglecting π effects, angular overlap methods (AOMs)70

were employed to determine the relative stabilities for each
compound, and stabilization energies were calculated for d4−d7
for each structure and compiled in Figure 11. The usual
assumptions were made in the calculations, that is, the radial
components pertaining to each structure were considered the
same. As expected from standard structure preferences, the
pseudosquare planar structure of 1-CriPr is preferred for Cr(II)
d4 by 0.72 eσ over the more distorted structure of 1-Fe

iPr and by
0.79 eσ over the most distorted structure, that of 1-Co

Et. For the
d6 and d7 configurations, there is really little substantial
structural preference for any of the three, with the Fe(II)
structure being slightly less likely. As a consequence, the
distortion away from the pseudosquare planar geometry by 1-
FeiPr is likely due to slightly improved steric factors and a very
small compression of the bond distances, that is, a small change
in the radial function. The lowest-energy geometry for 1-FeiPr is
actually the cobalt structure, but in this case it is likely that the
isopropyl substituents hamper its formation. The cobalt
compound 1-CoEt has ethyl substituents on the aryl ring, and
its bond distances are notably shorter, a situation favoring
greater radial overlap. Here the Et (vs iPr) steric factor may
allow a greater compression of the Co−N bonds, thereby
lowering the energy of this configuration, in concert with
expected periodic trends.

3.2. Carbonylation Reactions. 3.2.1. Carbonylation of
{iPr(nn)PM}FeneoPe (3-FeiPr). Synthesis of {iPr(nn)PM}FeneoPe
(3-FeiPr) was expected to lead to other derivatives via
hydrogenation or exposure to olefins, etc. Clean reactivity
was not observed with these substrates, suggesting the desired
1,3-RH elimination of neoPeH, alternatively considered a
deprotonation as in cases described by Milstein, de Bruin,
and others,6,86−88 could not be affected through their addition.
Precedent for CO-induced 1,3-elimination existed for {nn-
(PM)2}FeN(TMS)2 in its conversion to {nn(PM)(PI)}FeCO,6

but for 3-FeiPr, carbonylation led to acyl-carbonyl formation. In
the former five-coordinate system,6 the CO cannot bind, then
insert, since it has to occupy a site trans to the N(TMS)2 group,
and CO insertion into the amide has not been observed. In
Scheme 7, the binding of CO generates intermediate
{iPr(nn)PM}FeneoPe(CO), and two options are apparent.
The addition of another carbonyl and insertion to form
{iPr(nn)PM}Fe(COneoPe)CO (4-FeiPr) trumps 1,3-neoPeH
elimination to produce {iPr(nn)PI}Fe(CO)2 (5-FeiPr). It is
conceivable that the geometry of {iPr(nn)PM}FeneoPe(CO)

Figure 9. Molecular view of {[Et(nn)CHpy]2}Fe (8-FeEt). Selected
interatomic distances (Å) and angles (deg): Fe−N1, 2.038(7); Fe−
N2, 2.037(7); Fe−N3, 2.042(8); Fe−N4, 2.063(7); N1−C4,
1.339(11); C3−C4, 1.408(13); C2−C3, 1.379(10); N4−C2,
1.316(9); N4−C37, 1.482(11); C31−C37, 1.533(7); N3−C31,
1.466(11); N3−C17, 1.303(10); C17−C18, 1.429(11); C18−C19,
1.381(11); N2−C19, 1.348(10); N1−Fe−N2, 118.4(2); N1−Fe−N3,
141.5(3); N1−Fe−N4, 90.2(3); N2−Fe−N3, 89.6(3); N2−Fe−N4,
140.9(3); N3−Fe−N4, 81.2(2).

Figure 10. Molecular view of {iPr(nn)CHpy}2(FeNCPh2)2 (9-
FeiPr). Selected interatomic distances (Å) and angles (deg): Fe−N1,
1.983(2); Fe−N2, 2.011(2); Fe−N3, 2.200(2); Fe−N4, 1.905(2);
N1−C2, 1.341(3); C2−C3, 1.391(3); C3−C4, 1.405(3); N2−C4,
1.323(3); N2−C6, 1.454(3); C6−C7, 1.509(3); N3−C7, 1.352(3);
N4−C24, 1.260(3); C6−C6′, 1.581(4); N1−Fe−N2, 92.81(7); N1−
Fe−N3, 133.26(7); N1−Fe−N4, 122.08(7); N2−N3, 77.95(7); N2−
Fe−N4, 120.84(7); N3−Fe−N4, 101.09(7); Fe−N4−C24,
140.44(17).
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Figure 11. d-Orbital splitting diagrams for {R(nn)PM}MN(TMS)2 (R = iPr, M = Cr (1-CriPr), Fe (1-FeiPr); R = Et, M = Co (1-CoEt)) derived from
the angular overlap method. For each compound there are −8 eσ of stabilization due to full occupation of ligand orbitals.

Scheme 7
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affects the course of reactivity, since a basal neoPe group cannot
reach the PM arm of the chelate to deprotonate it, yet a
migratory insertion is feasible.
3.2.2. Formation and Structural Parameters of {iPr(nn)-

PI}Fe(CO)2 (5-Fe
iPr). Unlike the neoPe-derivative, {iPr(nn)PM}-

FeN(TMS)2 (1-FeiPr), like its {nn(PM)2}FeN(TMS)2 prede-
cessor,6 undergoes 1,3-HN(TMS)2 elimination86,87 in the
presence of CO to afford {iPr(nn)PI}Fe(CO)2 (5-FeiPr).
Insertion of CO into the amide is less likely to be an alternative
route; hence, elimination occurs to produce the dicarbonyl. It is
also plausible that the lone pair on the amide has a favorable
orientation for deprotonation of the chelate PM arm, in
contrast to a neoPe group, thereby utilizing a lower barrier for
1,3-elimination.
Figure 12 illustrates the chelate bond distances of {iPr(nn)-

PI}Fe(CO)2 (5-Fe
iPr) in comparison to the previously studied

pyridine-imine (PI) bidentate chelate7,53,54 and the tetradentate
chelate, {nn(PM)(PI)}n (n = 0, −1, −2).6 The PI metrics for
various redox states of the ligand are well-established, and while
there are limited examples of complexes containing the
{nn(PM)(PI)}n ligand, there is decent correspondence
between experiment and theory; hence, the numbers are likely
to be sufficiently viable. Note that comparative distances for 5-
FeiPr are ambiguous enough to render the redox assignment
difficult. The PI arm has values close to n = −2 for the
tetradentate, but as the tridentate chelate is traversed, the bond
lengths tend toward n = −1, and eventually the final d(NC) =
1.32 Å is nearly that expected of the neutral ligand. A case can
certainly be made for a { iPr(nn)PI}− radical anion
antiferromagnetically coupled to a low-spin Fe(I) center, or a
dianion, {iPr(nn)PI}2−, bound to a low spin Fe(II) species.
Since the chelate in 4-FeiPr is monoanionic, it is tempting to
assign a −1 redox state to the {iPr(nn)PI}− ligand in 5-FeiPr.
Alternatively, the ferrous state of 4-FeiPr suggests that the
similar metrics of 5-FeiPr also may be indicative of Fe(II).
3.2.3. Calculation of {iPr(nn)PI}Fe(CO)2 (5-Fe

iPr). Figure 13
shows the calculated geometry of {iPr(nn)PI}Fe(CO)2 (5-
FeiPr), including chelate bond distances that are each within
0.02 Å of the crystallographic bond lengths listed in Figure 6.
According to the metrics in Figure 12, the tridentate chelate
{iPr(nn)PI}2− is best considered a dianionic ligand, albeit with
some subtle differences as outlined above. Furthermore, the
metrics of 5-FeiPr are close to those of hypothetical {iPr(nn)-
PI}Mg, which can be considered a prototypical dianion
chelated to Mg2+. Although the CO stretching frequencies of
the dicarbonyls (5-FeiPr, 1910, 1971 cm−1; 5-FeEt, 1909, 1960

cm−1) are somewhat low for Fe(II), the {R(nn)PI}2− chelate is
not a competitive π-acid ligand, and the d6 configuration
effectively backbonds into the π* orbitals of the two carbonyls.
The orbitals that comprise the ligand field and those related

to the tridentate chelate are not so easily discerned in
{iPr(nn)PI}Fe(CO)2 (5-Fe

iPr), as Figure 14 illustrates. Because
of the low symmetry and the similar relative energies of the d,
ligand−πb, and ligand−π* orbitals, it is difficult to designate the
major components. Assigning a particular d orbital to a
depiction is challenging, and identification of a classical “ligand
field” is not possible as the d orbitalsin particular the σ*
orbitals (i.e., dx2−y2 and dz2)are so mixed that they are spread
over several molecular orbitals.
Figure 14 shows 12 e− occupying six orbitals of mixed

composition at relatively low energies, three of which can be
roughly assigned as the dxy (−7.22 eV), dxz (−7.42 eV), and dyz
(−6.18 eV) orbitals. While the remaining three in this region of
energy definitely have major aryl πb components, there is no
denying significant d orbital character in each. The dominant
depiction in the figure is of the highest occupied molecular
orbital (HOMO), which is an orbital that is essentially pyridine-
imine π*, with a small component of dz2 (∼20%). Occupation
of this orbital leads to the conclusion that the tridentate ligand
is a dianion, as the metric parameters implied. The remaining
unoccupied orbitals testify to the dispersed d character in the σ
antibonding orbitals.

Figure 12. Bond distances for pyridine-imine (PI)n and {nn(PM)(PI)}n, determined from structural and calculational data (neutral (n = 0, blue),
radical anion (n = −1, green), and dianion (n = −2, red), and bond distances of {iPr(nn)PI}Fe(CO)2 (5-Fe

iPr).

Figure 13. Calculated structure of {iPr(nn)PI}Fe(CO)2 (5-FeiPr)
showing pertinent bond lengths most consistent with a dianionic
{iPr(nn)PI}2− ligand.
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3.2.4. Carbonylation of {iPr(nn)PM}CrN(TMS)2 (1-Cr
iPr). As

Scheme 3 protrays, carbonylation of {iPr(nn)PM}CrN(TMS)2
(1-CriPr) did not produce an analogue to {iPr(nn)PI}Fe(CO)2
(5-FeiPr) via deamination. Instead, migration of the aryl-
nitrogen arm of the nacnac to the imine carbon ensued to
afford a pyrimidine-pyridine ligand bound to a chromium
tetracarbonyl, {κ2-N,N-pyrim-pyr}Cr(CO)4 (6-Cr

iPr). It is likely
that the {iPr(nn)PI}n ligand on putative intermediate {iPr(nn)-
PI}Cr(CO)3 is neutral (n = 0), since an anion (13 e−) or
dianion (14 e−) would be less susceptible to nucleophilic attack
at the imine carbon. Withdrawal of electron density upon
carbonylation may render the chromium center “oxidized” via π
backbonding and therefore incapable of reducing the ligand.
Cyclization then occurs just as in the free organic species
generated via oxidation of the dianion.
3.2.5. Calculation of Putative {iPr(nn)PI}Cr(CO)3. A likely

precursor to {κ2-N,N-pyrim-pyr}Cr(CO)4 (6-CriPr) in the
deamination of {iPr(nn)PM}CrN(TMS)2 (1-CriPr) is the
tricarbonyl complex {iPr(nn)PI}Cr(CO)3. Figure 15 reveals
the chelate bond distances in the calculated precursor, and the
metrical parameters are clearly those of a neutral ligand,
especially when compared to the structures of {iPr(nn)PI}Li
and {iPr(nn)PI}Mg computed at the same level of theory. The
calculations thus buttress the argument that the 12 e− neutral
ligand, just like its unbound form, is unstable and susceptible to
cyclization. Furthermore, the ligand field of {iPr(nn)PI}Cr-
(CO)3 contains a “t2g” set of filled orbitals (HOMO, HOMO−
1, HOMO−2) that manifest backbonding to the carbonyls. No
filled ligand π* orbitals are observed in the same region of
energy, and hence the neutral description of the {iPr(nn)PI}
ligand appears apt.
3.3. Carbon−Carbon Bond-Forming Reactions.

3.3.1. Oxidative Coupling of {iPr(nn)PI}2− Induced by Ferric

Chloride. Ferric species have a history of oxidative coupling
chemistry,82,83 and formation of {iPr(nn)CH(py)}2Fe2Cl2 (7-
FeiPr) from [{iPr(nn)PI}2−](K+(THF)x)2 and FeCl3 affords a
classic look at this process. As Scheme 4 alludes, the formation
of the desired [{iPr(nn)PI}2−]FeCl monomer should induce a
formal 1 e− reduction to Fe(II), which generates radical
character at the imine, leading to simple C−C bond formation.
The process is reminiscent of how transition metals, especially
iron(III), are thought to oxidize phenol or phenoxide.89,90,91

Formation of (PhO)FeIIIX2 leads to (PhO·)FeIIX2, and
coupling adjacent to the phenoxide bond, or para to the
phenoxide, occurs in like fashion, followed by proton transfer to
regenerate the phenol.

Figure 14. Truncated molecular orbital diagram of {iPr(nn)PI}Fe(CO)2 (5-Fe
iPr) showing highly admixed d/ligand orbitals. The enlarged orbital is

that of the HOMO, which is largely (∼80%) ligand-based, consistent with a dianionic {iPr(nn)PI}2− ligand. Higher orbitals show little d character, as
the σ* contributions of dx2−y2 and the remainder of dz2 are spread over several orbitals in this low-symmetry environment, making it difficult to even
identify the ligand field.

Figure 15. Calculated structure of putative {iPr(nn)PI}Cr(CO)3
showing pertinent bond lengths most consistent with a neutral
{iPr(nn)PI} ligand.
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3.3.2. Oxidation of {iPr(nn)PM}FeN(TMS)2 (1-FeiPr)) by
Ph2CN · Radical . The generat ion of { iPr(nn)-
CHpy}2(FeNCPh2)2 (9-FeiPr) has a plausible mechanism
in common with that of 7-FeiPr, as is illustrated in Scheme 6.
No formation of the dimer was indicated unless the reaction
was carried out at temperatures known to decompose Ph2CN2
to dinitrogen and 1/2 Ph2CN−NCPh2.

85 The subsequent
oxidation of precursor {iPr(nn)PM}FeN(TMS)2 (1-Fe

iPr)) by
Ph2CN· radical is likely to induce deamination, but the
resulting [{iPr(nn)PM}2−]Fe−NCPh2 is still Fe(III), just as
[{iPr(nn)PI}2−]FeCl was similarly viewed above. As postulated
for 7-FeiPr, a formal 1 e− reduction to Fe(II) enables carbon−
carbon coupling at the imine carbon, leading to the dimer 9-
FeiPr.
3.3.3. Carbon−Carbon Bond Formation and Dispropor-

tionation: {[Et(nn)CHpy]2}Fe (8-FeEt). Scheme 5 illustrates a
reasonable path toward {[Et(nn)CHpy]2}Fe (8-Fe

Et) involving
the degradation of TMSN3, which can serve as a simple donor
to trigger deamination of {Et(nn)PM}FeN(TMS)2 (1-FeEt)
and as an oxidant via nitrene transfer. An intermediate such as
[{Et(nn)PI}n]FeNTMS can be Fe(II) if n = 0, Fe(III) if n =
−1, or Fe(IV) if n = −2 (not shown). Precedent from Chirik’s
work84 suggests that the ferric state can also lead to radical
character at the imine carbon and to formation of the new C−C
bond via coupling. The direct product of that coupling would
be [{Et(nn)CHpy}2](FeNTMS)2, and the iron centers
would still be Fe(III). All prior examples involving the
nacnac-based chelates suggest that this is an intrinsically
unstable redox environment, perhaps prompting the dispro-
portionation to afford the stable Fe(II) product {[Et(nn)-
CHpy]2}Fe (8-Fe

Et) and some unknown complementary iron/
nitrene byproduct(s).

4. CONCLUSIONS

On the basis of previous efforts pertaining to tetradentate
chelates {Me2C(CH2NCHpy)2}

n (n = 0, −1, −2, −3, −4),7
{nacnac(CH2py)2}

−, and {nacnac(CH2py)(CHpy)}
n,6 a switch

to tridentate chelates was considered to increase the possibility
of metal-centered reactivity, or C−X or C−C bond-forming
processes at the coordinated ligand. Replacement of the PI (or
PM) arm of the aforementioned nacnac-based ligands led to the
synthesis and application of {R(nn)PM}− and {R(nn)PI}n (n =
0, −2), where R is a 2,6-di-R-substituted phenyl residue. As a
consequence, reactivity at the ligand was enhanced, leading to
several C−C and one C−N bond-forming process. In every
case, the reactivity appears to stem from an oxidized (4n) or
monoreduced ligand rather than one with a stable 4n + 2 π-
electron configuration,92 as was previously postulated.6 It is
proposed that the ability to transiently stabilize 4n π-electron
configurations is critical to the application of redox non-
innocence to productive chemical reactivity, either in catalysis
or in stoichiometric transformations.

5. EXPERIMENTAL SECTION
Since the Figures and Schemes provide reasonable experimental
details, the full experimental methods were deposited as Supporting
Information.
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