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ABSTRACT: The application of bimolecular reductive elimination —
8 q . .- . N Sy— A N T — A
to the activation of iron catalysts for alkene—diene cycloaddition is —N_ /o 4 VD Tl N~ N
D 3
described. Key to this approach was the synthesis, characterization, - N [ /\Fe‘---QHs Bimolecular Fe

of a family of pyridine(diimine) iron methyl complexes with diverse s T oot
steric properties and electronic ground states. Both the aryl- RAF
substituted, (MePDI)FeCH3 and (EtPDI)FeCH3 (R]_)DI = 2)6-(2)6- & Redox-activity allows o Incoming L-type ligand o Catalytically active for
. one-electron RE pathway triggers bimolecular RE [2+2] cycloadditions
R,-C¢H;N=CMe),C;H;N), and the alkyl-substituted examples,
(“APDI)FeCH; (“YAPDI = 2,6-(C4H;;N=CMe),CH;N), have
molecular structures significantly distorted from planarity and S = 3/2 ground states. The related N-arylated derivative bearing 2,6-
di-isopropyl aryl substituents, ("PDI)FeCHs, has an idealized planar geometry and exhibits spin crossover behavior from S = 1/2 to
S = 3/2 states. At 23 °C under an N, atmosphere, both (M*PDI)FeCH; and (*PDI)FeCH, underwent reductive elimination of
ethane to form the iron dinitrogen precatalysts, [(V*PDI)Fe(N,)],(4-N,) and [(®*PDI)Fe(N,)],(u-N,), respectively, while
(P"PDI)FeCH; proved inert to C—C bond formation. By contrast, addition of butadiene to all three iron methyl complexes induced
ethane formation and generated the corresponding iron butadiene complexes, (*PDI)Fe(7*-C,Hs) (R = Me, Et, 'Pr), known
precatalysts for the [2+2] cycloaddition of olefins and dienes. Kinetic, crossover experiments, and structural studies were combined
with magnetic measurements and Mossbauer spectroscopy to elucidate the electronic and steric features of the iron complexes that
enable this unusual reductive elimination and precatalyst activation pathway. Transmetalation of methyl groups between iron centers
was fast at ambient temperature and independent of steric environment or spin state, while the intermediate dimer underwent the
sterically controlled rate-determining reaction with either N, or butadiene to access a catalytically active iron compound.

spin-state + CH3CHg

N —
g . - . g . Transmetallation N = RE
electronic structure determination, and ultimately solution stability — R HyC=TFe] . )/\/
R

H INTRODUCTION that the S = 2 spin state of the iron(1I) dihalide is preserved
upon generation of the cationic pyridine(diimine)iron alkyl
active species.”>™'®

Odd-electron, neutral pyridine(diimine) iron alkyl com-

The formation of carbon—carbon bonds promoted by
pyridine(diimine) iron complexes has enabled the synthesis
of a broad scope of molecular architectures ranging from

polymers to small molecules containing cyclobutyl groups.' plexes have also demonstrated C—C bond-forming activity.'”*’
Independent, pioneering studies by Brookhart and Gibson For example, Talsi and co-workers obtained evidence for the
reported that activation of aryl-substituted pyridine(diimine) formation of iron alkyl complexes as intermediates in the
iron dihalide complexes with methylaluminoxane (MAO) polymerization of ethylene.”'” Campora and co-workers
generated active grecatalysts for the polymerization of ethylene reported the oligomerization of ethylene from the neutral
(Scheme lA).z_ Since these discoveries, considerable effort pyridine(diimine) iron methyl complex (iPrPDI)FeCH3 and
has been devoted to establishin§ structure—activity relation- conducted 'H NMR spectroscopic studies to observe
ships through ligand alteration”” as well as establishing the intermediates consistent with an associative coordination—

identity and electronic structure of the propagating species
responsible for C—C bond formation.”

Insights into catalytically relevant intermediates have been
investigated with the goal of improving the activity and
selectivity of polymerization; however, the presence of excess
MAO and the potential paramagnetism of the iron catalysts
have posed challenges.'”™"> While early experimental'® and
theoretical'* proposals suggested low-spin iron(II) alkyl
cations as the propagating species, it is now well-established

insertion mechanism.”' In both cationic and neutral pyridine-
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Scheme 1. Selected Examples of [(PDI)Fe]-Catalyzed C—C
Bond Formation.>%’

A. In Situ Activation of (PDI)Fe: Ethylene Polymerization
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B. Well-Defined Formally Fe(0) [(PDI)Fe]: [2+2] Cycloaddition
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¢ Unique C-C bond-forming catalysis

(diimine) iron complexes, electronic and chemical participa-
tion of the ligand was either directly observed or
implicated.”***

In addition to iron alkyl complexes, five-coordinate
pyridine(diimine) formally iron(0) complexes have been
synthesized and are active for a range of intra->> and
intermolecular’®™** cycloaddition reactions of unactivated
alkene—alkene, alkene—diene, and diene—diene partners
(Scheme 1B). These include formation of unique C—C bond
architectures containing cyclobutyl rings that are inaccessible
by thermal, uncatalyzed pathways. Unlike polymerization
catalysis, the number of suitable pyridine(diimine) compounds
synthetically accessible to initiate C—C bond formation by
cycloaddition has been limited due to the inaccessibility of a
broad range of formally iron(0) precursors.

Pyridine(diimine) ligands are relatively stralghtforward to
prepare, are sterically and electronically modular,** ™7 and
offer the potential to support a host of electronically and
sterically distinct structures. Despite the availability of ligand
variants, catalytically active iron complexes, more specifically
iron dinitrogen complexes, for unique cycloaddition reactions
remain limited (Scheme 2). By contrast, pyridine(diimine)
iron alkyl complexes are readily synthesized from the
corresponding dihalide precursors. Conversion of these
formally iron(I) derivatives to catalytically active iron(0)
compounds would be transformative in expanding the scope of
the latter and in establishing structure—reactivity relatlonshlps,
especially with respect to the role of the redox-active chelate.”®
Inspiration for these studies derived from the observation that
addition of excess propylene to meso-(""PDI)FeCH,, the
corresponding dinitrogen complex of which is synthetically
inaccessible, resulted in tail-to-tail dimerization, consistent with
formation of a metallocyclopentane that undergoes P-hydride
elimination and C—H reductive elimination.”” In contrast to
more traditional and well-studied two-electron reductive
elimination, the desired transformation is a one-electron
process and likely relies on the redox-active pyridine(diimine)
ligand. Thus, mechanistic insight requires a detailed under-
standing of the electronic and molecular structures of
pyridine(diimine) iron methyl complexes, which is presently
lacking.
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Scheme 2. One-Electron Reductive Elimination as a Method
to Access Iron Cycloaddition Catalysts
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Here we describe the application of bimolecular reductive
elimination from pyridine(diimine) iron methyl complexes to
generate a catalytically active iron complex for [2+2]
cycloaddition. The electronic and molecular structures of the
iron methyl precursors were comprehensively studied, and in
one case, ("PDI)FeCH,, spin-crossover behavior was
observed. For each organometallic complex examined, trans-
metalation of methyl groups was fast at room temperature and
independent of spin state and steric environment. Kinetic
studies established an associative reaction with an incoming
ligand, either N, or butadiene, that is rate determining for
ethane formation.

B RESULTS AND DISCUSSION

Synthesis and Solution Stability of Pyridine(diimine)
Iron Methyl Complexes. The synthesis of ("PDI)FeCH; (R
Pr, Et) derivatives was reported from addition of
methylhthlum to the corresponding pyridine(diimine) iron
dihalides.”® Applying these procedures to the synthesis of
(MePDI)FeCHj resulted in a mixture of the targeted methyl
derivative along with the dinitrogen complex, [(™°PDI)Fe-
(N,)],(#-N,). Modifying the methylation procedure to
dropwise addition of methyllithium to a solution of (M*PDI)-
FeCl, and to a shorter reaction time of 10 min resulted in the
isolation of pure (M*PDI)FeCHj, in 86% yield (Scheme 3A) as
judged by "H NMR and *’Fe Mossbauer spectroscopies. This
synthetic route also minimized formation of byproducts,
including bis(chelate) iron derivatives.”” An analogous
procedure was used to synthesize an example with an N-
alkyl imine substituent, (“’APDI)FeCH; (Scheme 3B).

The observation of [(MPDI)Fe(N,)],(u-N,) at prolonged
reaction times during the synthesis of (M°PDI)FeCH,
motivated a more comprehensive study into the solution

https://doi.org/10.1021/jacs.2c10547
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Scheme 3. Synthesis of (*PDI)FeCH; (R = Me, Et, ‘Pr) and
(“APDI)FeCH,; Complexes

A. Synthesis of (RPDI)FeCH3; Complexes
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stability and geometric and electronic structures of pyridine-
(diimine) iron alkyl complexes. Monitoring 0.8 mM benzene-
dg solutions of ("PDI)FeCH; (R = Et, Me) by 'H NMR
spectroscopy with cobaltocene as an internal paramagnetic
standard sealed in a capillary at 23 °C revealed smooth
conversion of the iron alkyl complex to [(*PDI)Fe(N,)],(u-
N,) with concomitant appearance of a resonance at 0.8 ppm
corresponding to ethane. From these experiments, half-lives of
5 h and 5 days were measured for (MPDI)FeCH, and
(**PDI)FeCHj, respectively (Scheme 4). By contrast, (""PDI)-
FeCH; was previously reported to be stable for weeks in
benzene-dj solution at 23 °C and was confirmed in the present
study.40 The halflife of (YAPDI)FeCH,; was also measured
and was found to be approximately 3 days at room
temperature. Unlike the N-arylated examples that provide
ethane and a single, well-defined iron product, the con-
sumption of (“/APDI)FeCH; was accompanied by formation
of ethane, methane, the bis(chelate) iron complex
(YAPDI),Fe, and free iron.

The unusual reductive elimination of ethane from the
arylated pyridine(diimine) iron methyl compounds prompted
additional studies to gain insight into the mechanism of the
reaction. The net transformation is unusual in that it results in
a net one-electron reduction of the iron, whereas more
traditional reductive elimination processes are two-electron
reduction processes. Nevertheless, this transformation is
potentially valuable as a means to convert readily prepared
iron alkyl compounds to catalytically active iron precursors.

Solid-State Structures of Pyridine(diimine) Iron
Methyl Complexes. The solid-state structure of ("PDI)-
FeCH; was reported previously and established an idealized
planar molecule.”* The molecular structure of (YAPDI)FeCH,
was determined by X-ray diffraction, and a more distorted
geometry was observed where the N(2)—Fe—C(22) angle is
contracted to147.0(1)° (Figure 1, left). A similar geometry was
observed with (®'PDI)FeCH,, where an N(2)—Fel—C(30)
angle of 156.2(2)° was observed in the structure recorded at
100 K (Figure 1, middle). By contrast, the N(2)—Fe(1)—
C(34) angle for ("PDI)FeCH; is 179.3(1)° at 100 K,
establishing the role of the large aryl substituents in enforcing
planarity (Figure 1, right). Attempts to obtain a single crystal
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Scheme 4. Relative Solution Stabilities of (*PDI)FeCH, and
(“APDI)FeCH,; Complexes under an N, Atmosphere
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of (MPDI)FeCH; by recrystallization from pentane yielded
[(MPDI)Fe(N,)],(4-N,), likely due to facile reductive
elimination of ethane in solution. However, the methyl
group is assumed to also deviate from planarity due to the
reduced steric environment around the metal alkyl. The lack of
structural data for all four compounds in the series motivated
additional spectroscopic, magnetic, and computational studies
to further characterize the ground states of these compounds.

Spectroscopic, Magnetic, and Electronic Structure
Studies. The benzene-d; "H NMR spectra of (M*PDI)FeCH,,
(**PDI)FeCH;, (“’APDI)FeCH,, and ("PDI)FeCH; at 23 °C
exhibit the number of resonances expected for C,, symmetric
molecules. The chemical shift dispersions for (M*PDI)FeCH,
and (®PDI)FeCH; were observed over a 430 ppm range with
the imine methyl groups appearing at —164.3 and —165.9 ppm,
respectively, and the 4-pyridine hydrogens assigned at 265.6
and 263.1 ppm, respectively. The N-alkylated example,
(“’APDI)FeCH,, exhibited similar features with resonances
located over a 475 ppm range with the imine methyl group at
—164.2 ppm and the proton in the 4-position of the pyridine
appearing at 315.4 ppm. By contrast, (*"PDI)FeCH, exhibits a
slightly narrower chemical shift dispersion of 380 ppm with
peaks observed between —163.8 and 216.5 ppm in benzene-dj
at 23 °C. These differences in '"H NMR shifts suggested
possible differences in the electronic structures and molecular
geometries among the series of iron methyl derivatives in
solution.

The magnetic properties of each of the iron methyl
complexes were examined with a combination of solution

https://doi.org/10.1021/jacs.2c10547
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Deviation from Planarity
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Figure 1. Solid-state structures from left to right of (YAPDI)FeCH;, (*PDI)FeCH,, and ("PDI)FeCH; at 30% probability ellipsoids. Hydrogen

atoms are omitted for clarity.
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Figure 2. (A) Temperature dependence of T for (“YAPDI)FeCH, (B) Temperature dependence of ¥T for (""PDI)FeCH;. Experimental data are
represented by open circles; the red line shows the best theoretical fit. The fitting procedure and best-fit parameters are provided in the SI.

and solid-state measurements. Solution and solid state
magnetic moments of 3.8 uB and 3.9 uB were measured for
(MePDI)FeCH; and (“YAPDI)FeCHj, respectively, at 23 °C.
These values are consistent with the benzene-ds magnetic
moment of 4.1 uy, for (¥PDI)FeCHj; at 23 °C.*" These values
are consistent with the spin-only value expected for three
unpaired electrons and support high-spin iron centers. By
contrast, a lower value of 3.5 up was measured for
(""PDI)FeCH, under identical solution-state conditions.'®
The anomalous magnetic moment coupled with the distinct
molecular geometry and 'H NMR shifts prompted a more
thorough investigation of the magnetic properties of the
compound.®®

Measurements of magnetic susceptibility (y) vs temperature
(T) were conducted on solid samples of (“’APDI)FeCH; and
(""PDI)FeCH; using SQUID magnetometry. The SQUID
data for (“YAPDI)FeCH,, presented in Figure 2A, were
collected as a reference for a high-spin iron derivative. As
anticipated, simple paramagnetic behavior was observed with a
plateau in moment at 4.2 g (yT = 2.21 emu-K:mol™"). The
data were successfully modeled using a spin-Hamiltonian for S

5064

= 3/2, with the Lande factor g = 2.18 and the axial zero-field
splitting parameter D = —20.0 cm™.

The data for (*"PDI)FeCH, were collected over a similar
temperature range, and a plot of T as a function of
temperature is presented in Figure 2B. The dependence is
most consistent with spin-crossover behavior between S = 1/2
and S = 3/2 states, which result from antiferromagnetic (AFM)
coupling between the spins on the Fe(II) center and the
ligand-based radical (vide infra). In addition, a contribution of
temperature-independent paramagnetism (yrpp) is also evident
in the middle of the temperature range studied, and AFM
intermolecular interactions (z]) influence the yT values below
50 K.

The magnetic behavior of (PDI)FeCH; was modeled
using a common thermodynamic approach to a system that
undergoes temperature-induced crossover between two states
(see Supporting Information for details).”” The calculated
value of magnetic susceptibility (y..) is expressed as a
combination of y values for S = 3/2 and § = 1/2 states, with
the contribution from the higher-entropy S 3/2 state
becoming more pronounced with increasing temperature. The

https://doi.org/10.1021/jacs.2c10547
J. Am. Chem. Soc. 2023, 145, 5061-5073
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Figure 3. Solid-state, zero-field ’Fe Mossbauer spectra of (A) (M*PDI)FeCH;, (B) (“’APDI)FeCHs;, (C) (*PDI)FeCH,, and (D) (**PDI)FeCH,
at 80 K. Open circles represent experimentally obtained data. Blue lines correspond to the fit of the data to the quadrupole doublets.

best fit to the experimental data gave the average spin
crossover temperature, T, = 458(23) K, yrp = 1.68(1) X
1072 emu'mol ™}, and zJ = —19(1) cm™". The low accuracy of
the T, value is explained by the lack of sufficient data in the
higher-temperature region. Also noteworthy is the rather large
negative value of zJ, suggesting substantial AFM interactions
between the molecules in the solid state. This effect likely
stems from the redox activity of the ligand, which leads to
delocalization of the spin density closer to the periphery of the
molecule, but it is also possible that the value of zJ incorporates
spin—orbit coupling effects for the S = 1/2 state.

Zero-field "Fe Mossbauer spectroscopic data were collected
on all four pyridine(diimine) iron methyl compounds. Spectra
of (MPDI)FeCH,, (“?APDI)FeCH,;, (**PDI)FeCH,;, and
(""PDI)FeCH;, recorded at 80 K, are presented in Figure 3.
The experimentally determined spectroscopic parameters
along with related reference compounds are presented in
Table 1. Isomer shifts of 0.53, 0.55, and 0.49 mm/s were

Table 1. Selected Experimental Zero-Field >’Fe Mossbauer
Parameters for ("PDI)FeCH; Complexes and Assignment
of Spectroscopic Oxidation States

[Fe] 6 (mm/s) |AEgl (mm/s) Ox. State
(MePDI)FeCH," 0.53 142 Fe(I), Stoum = 3/2
(“’APDI)FeCH, 0.55 1.38 Fe(II) Stowm = 3/2
(®*PDI)FeCH," 0.49 1.56 Fe(Il), Stow = 3/2
(™*PDI)FeCH," 0.31 3.99 SCO
(®*PDI)FeCH,CMe,” 0.56 1.13 Fe(II), Srow = 3/2
("*PDI)FeCH,CMe," 0.57 116 Fe(Il), Srow = 3/2
(™"PDI)FeCH,SiMe," 0.54 1.54 Fe(II), Stow = 3/2

“Measurements on solid-state samples were performed at 80 K. “Data
were obtained from ref 15.

measured for (M*PDI)FeCH,, (“YAPDI)FeCH,, and (®PDI)-
FeCH,, respectively, and are similar to those previously
reported for (¥PDI)FeCH,CMe;, (""PDI)FeCH,CMe,, and
(P"PDI)FeCH,SiMe,."” In contrast to (P"PDI)FeCH,, the
solid-state structure of (*PDI)FeCH,CMe; is distorted where
the alkyl ligand is lifted by 142.24(14)° from the idealized
iron—chelate plane.'> These comparisons suggest that
(MPDI)FeCH, also exhibits distortions from the planar
geometry. By contrast, the zero-field, *’"Fe Mossbauer spectrum
of (*"PDI)FeCHj exhibits a lower isomer shift of 0.31 mm/s at
80 K, further corroborating a difference in electronic structure
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between the iron methyl variants. Likewise, this compound
exhibits a larger quadrupole splitting of 3.99 mm/s, consistent
with a planar geometry at iron.*> Because crystals suitable for
X-ray diffraction were not obtained for (M°PDI)FeCH,,
Mossbauer parameters were calculated for both square-planar
and lifted geometries. The parameters obtained for the
distorted geometries were comparable to the experimentally
determined value, within error limits, while the planar
geometry of (M*PDI)FeCHj resulted in an uncharacteristically
high quadrupole splitting of 2.19 mm/s, further supporting the
distorted geometry of the complexes with less hindered
substituents in the 2,6-aryl groups.

Summary of X-ray Emission Spectroscopy. The
structural and electronic variations associated with the
temperature change were further examined with Fe KB X-ray
emission spectroscopy (XES), which probes relaxation of a 3p
electron to a 1s hole following excitation of the 1s electron. Kf
XES has previously shown sensitivity toward spin state and
ligand oxidation state,*~** including in PDI iron complexes,*’
but has not been widely applied for SCO systems.”*™>" In
particular, the main line (~7060 eV for Fe) is highly sensitive
toward spin state’’ and shifted by 0.4 eV to higher energy in
(""PDI)Fe(biphenyl)** with a concomitant change in mag-
netic moment from 0.4 to 0.6 yp. Because XES is a molecular
technique, a change in the energy of the Kf’ detects a change
in local Fe spin state, while being insensitive to long-range
magnetic effects as is the case for SQUID. The reversible
variable-temperature K3 XES of (""PDI)FeCH; was collected
at 100 and 298 K (Figure 4), and complete spectroscopic
details and fits are reported in the Supporting Information. The
Kf, ; maximum is shifted 0.8 eV higher in energy for the room-
temperature sample (7060.06(2) eV) than for the sample at
100 K (7059.23(0) eV), supporting a higher spin state at room
temperature. These observations support that the spin state
change is a molecular event and are in agreement with the
SQUID and Mossbauer spectroscopic studies. The data
support an S = 1/2 state for (""PDI)FeCH; below 100 K
and a higher (S = 3/2) spin state that is populated at higher
temperatures. Additionally, this study demonstrates the eflicacy
of using Kf XES for probing spin-state changes in spin-
crossover compounds.

Computational Studies. Density functional theory
(DFT) calculations were performed using the B3LYP func-
tional to gain insight into the electronic structure of this series
of pyridine(diimine) iron methyl compounds. Only the most
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Figure 4. Fe K XES mainlines of (*"PDI)FeCH, at 100 and 298 K.

salient outputs are described here; complete computational
studies and details are reported in the Supporting Information.
The electronic structure description accounting for the limits
of the spin crossover behavior for (*"PDI)FeCHj is reported in
Figure S. All calculations were performed using the full
molecule to account for the steric effects of the isopropyl aryl
groups.

The S = 1/2 form of the compound with the idealized planar
geometry is best described as intermediate spin ferrous (Sg, =
1) engaged in antiferromagnetic coupling with a pyridine-
(diimine) radical anion. Lifting of the methyl group from the
idealized metal-chelate plane is accompanied by a change in
electronic structure. While the pyridine(diimine) ligand
maintains its radical anion form, the ferrous ion changes
from intermediate (Sg, = 1) to high spin (Sg. = 2), accounting
for the overall S = 3/2 state. These electronic structure
descriptions are as expected from the observed geometries
(e.g, planar complexes are intermediate-spin ferrous while
distorted are high spin) and spectroscopic parameters and are
consistent with the results of magnetic measurements on the
solid-state sample.

Mechanistic Studies. With detailed electronic structure
descriptions of both planar and lifted pyridine(diimine) iron
methyl compounds in hand, we proceeded to investigate the
mechanism of the unusual reductive elimination with the goal
of understanding a new mode of catalyst activation. Two
limiting mechanisms were considered: (i) radical homolysis of
the iron alkyl bond and (ii) bimolecular reductive elimination
involving a bridged intermediate (Scheme S).

The experimental rate law was determined by measuring the
disappearance of the paramagnetic 'H NMR resonances of
(**PDI)FeCHj as a function of time in benzene-dy at 23 °C in
the presence of excess N,. The ethyl-substituted variant was
selected due to the convenience of the time course of the
reaction, and concentrations were determined relative to a
cobaltocene standard contained in a capillary.”” The data were
best fit using a second-order dependence on the starting iron
methyl complex, and this behavior was reproduced with both 1
and 4 atm of dinitrogen (Figure 6). The observed steric effect
is consistent with a bimolecular process whereby iron
complexes with smaller 2,6-aryl substituents underwent more
rapid ethane formation. The proposed bimetallic intermediate
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Figure S. Top: Overview of computational solutions examined for the
electronic structures of (*"PDI)FeCH,. Middle: Qualitative molecular
orbital diagram of (""PDI)FeCH; (left) BS(2,1) calculation depicting
localized orbitals using the B3LYP functional and (right) BS(4,1)
calculation depicting localized orbitals using the B3LYP functional.
Bottom: Spin density plot obtained from a Mulliken population
analysis (left) for BS(2,1) (red: +2.26, yellow: —1.25) and (right) for
BS(4,1) (red: +3.90, yellow: —0.98).

was not observed spectroscopically; however, an analogous
intermediate was proposed for the isoelectronic cobalt methyl
cation, 15-electron [("PDI)CoCH,][BArF,], which also
underwent bimolecular reductive elimination of ethane.”* In
addition, Peters and co-workers proposed bimolecular
reductive elimination of dihydrogen from iron thiolate
compounds, forming bridging iron dinitrogen complexes.”
The influence of N, on the rate of the reaction was also
determined by monitoring the reaction time course by 'H
NMR spectroscopy. Reaction vessels containing 1 and 4 atm of
dinitrogen were monitored over the course of 15 days. A
positive, non-zero-order dependence on N, (Figure 6A) was
observed, consistent with interception of the bimetallic
intermediate with dinitrogen in the rate-determining step.
Solubility constants were used to determine the concentrations
of N, in benzene assuming an ideal solution that obeys Henry’s
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Scheme 5. Mechanistic Possibilities Considered for Ethane
Reductive Elimination from (*PDI)FeCH; Complexes
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law.*® Based on these approximations, the initial rate data
established a first-order dependence on N, (Figure 6C).

To further assess the role of N, in the rate-determining step
of the bimolecular reductive elimination, the stability of
(*PDI)FeCH; in the absence of dinitrogen was investigated.
Monitoring a benzene-dg solution of (*PDI)FeCHj at 23 °C
under vacuum revealed formation of ethane. However, the rate
of disappearance of ("PDI)FeCH; was significantly dimin-
ished under vacuum, as indicated by its persistence in solution
for an excess of 6 weeks. These data implicate dinitrogen as a
coordinating ligand in the bimolecular reductive elimination of
ethane. Additionally, hydrogen isotope exchange (HIE) was
observed in the 4- and 3,5-positions of the pyridine, as well as
the aryl group substituents (see Supporting Information).
Activation of the benzene-dg solvent and reductive elimination
of ethane in the absence of other L-type ligands is proposed to
result in HIE. The observed H/D exchange has been
prev10uslzr gorted for iron complexes bearing PDI
ligands.” ">

To provide additional evidence for bimolecular reductive
elimination and to further elucidate the mechanism, crossover
experiments were conducted. These studies were also designed
to inform on the relative rate of formation of the putative
bimetallic intermediate and if this forms reversibly and faster
than ethane. The deuterated isotopologues, ("PDI)FeCD; (R
= Me, Et), were independently prepared by adapting the
standard synthetic procedure with methyllilithium-d;. Mon-
itoring a benzene-dy solution containing an equimolar mixture
of (M*PDI)FeCH, and (®PDI)FeCD; by 'H NMR spectros-
copy revealed the presence of two additional iron methyl
compounds within 5 min as evidenced by the observation of
four resolved 4-pyridine resonances (Scheme 6A). These
resonances are consistent with the following isotopologues:
(MePDI)FeCH,;, (M*PDI)FeCD;, (**PDI)FeCH;, and (®PDI)-
FeCD; (Scheme 6B). The formation and identification of
(MePDI)FeCD; was confirmed by independent synthesis.
Continued reaction monitoring over the course of 24 h
established generation of ethane-d, and ethane-d;, indicating
that rapid iron methyl group exchange occurs significantly
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Figure 6. Top: Experimentally determined rate law for the
bimolecular reductive elimination of ethane. (A) Plot of [(*PDI)-
FeCHj;] vs time at varied concentrations of dinitrogen at ambient
temperature. (B) Plot of [(**PDI)FeCH,]™" vs time at 1 and 4 atm of
dinitrogen. (C) Plot of In[N,] vs time at 4 atm of dinitrogen.

faster than the rate of the bimolecular reductive elimination of
ethane (Scheme 6C). Thus, formation of the bimetallic
intermediate is fast and reversible and accounts for the
exchange of the methyl groups. The reaction was repeated
under vacuum, and methyl group exchange was still observed
within S min, establishing that dinitrogen is not necessary for
the formation of the proposed bimetallic intermediate. Analysis
of the volatiles of the reductive elimination reaction conducted
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Scheme 6. Methyl Group Exchange Monitored by Isotopic Labeling Studies
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Scheme 7. Transmetalation Monitored by Isotopic Labeling Studies
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under dinitrogen by '"H NMR spectroscopy was consistent
with a statistical mixture of ethane-d,, ethane-d, and ethane-d;
(Scheme 6C).

To better understand why (""PDI)FeCH, was stable in

solution, while the less hindered variants were not, the
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deuterated isotopologue ('PDI)FeCD; was mixed with
(4-'Bu-"PDI)FeCH,. Characterization of (4-"Bu-"*PDI)-
FeCHj; revealed a planar geometry and electronic structure
comparable to those of (""PDI)FeCHj;. Upon dissolving a 2:1
mixture of (4-'Bu-""PDI)FeCH; to (""PDI)FeCD; in benzene-
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dg, '"H NMR spectroscopy revealed the presence of four
isotopologues (Scheme 7A). Because the distinct, isotopically
sensitive NMR resonances correspond to the 4-pyridine
position, two isotopologues of (""PDI)FeCH; were observed.
Evidence for the two isotopologues of (4-Bu-*"PDI)FeCH,
was obtained from the formation of two overlapping peaks
corresponding to the protons of the imine backbone. The
presence of these isotopologues was confirmed by the
independent synthesis of (4-Bu-""PDI)FeCH;. This finding
established that the increased steric environment of the aryl
substituents of (*'PDI)FeCH; did not prohibit or even
detectably slow dimerization but it did influence the overall
rate of reductive elimination. These findings established that
transmetalation of aryl PDI iron methyl complexes is
independent of ligand sterics.

To probe if the N-alkylated pyridine(diimine) iron methyl
complex undergoes transmetalation, methyl group exchange
was examined through a crossover experiment between
(“’APDI)FeCH; and ("*PDI)FeCD; (Scheme 7B). An
equimolar solution of (“YAPDI)FeCH; and (**PDI)FeCD;
in benzene-ds was monitored by "H NMR spectroscopy. Two
isotopologues of (""PDI)FeCH; were observed within
minutes, establishing fast transmetalation. After 1 h, the
formation of the bis(chelate) iron complex among other
products was observed, indicating that decomposition of
(YAPDI)FeCH, was faster than reductive elimination.

To determine if the iron product following ethane reductive
elimination from arylated pyridine(diimine) iron methyl
complexes could be trapped with more catalytically relevant
molecules, reactions with butadiene were examined. Addition
of excess butadiene to a benzene-d solution of (M*PDI)FeCH,
produced an immediate color change from green to red upon
warming to ambient temperature. Analysis by 'H NMR
spectroscopy revealed >98% conversion of the iron methyl
complex to the corresponding iron butadiene compound
(Scheme 8). By comparison, the reaction of ("PDI)FeCH,
with excess butadiene in benzene-d, was slower; >98%
conversion to (*"PDI)Fe(*-C,H,) occurred within six hours.

Scheme 8. Reactivity of (PDI)FeCH; Complexes with
Butadiene

—
Y N y— A D Nny—Ar
—N__/ P NG S
R 200 ANF ~ " 0.5 CHyCH,

R N CHs _ R N

(.

R = Me; >98%; <5 min
R=Et; >98%; 3 h
R ='Pr; >98%; 6 h

To compare the preferred pathways of reductive elimination
of iron methyl complexes in the presence of dinitrogen versus
butadiene, kinetic studies were conducted for the conversion of
(P"PDI)FeCH, to (*"PDI)Fe(5*-C,H;) (Figure 7). A second-
order dependence on (*'PDI)FeCH, was determined in the
same manner as described for (*PDI)FeCH;. The disappear-
ance of butadiene was measured with respect to mesitylene as a
diamagnetic internal standard, and the data were best fit to a
first-order dependence in butadiene, indicating that the rate
law was consistent with different L-type ligands. The increased
rate of reductive elimination observed with butadiene versus
N, is likely a result of the greater nucleophilicity of the former
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Figure 7. (A) Time course of conversion of (**PDI)FeCH; to
(PPDI)Fe(i*-C,Hy). (B) Plot of 1/[(""PDI)FeCH,] at 40 equiv of
butadiene. (C) Plot of In[butadiene] over time with 1 equiv of
butadiene.

where butadiene is the more potent ligand and hence more
effective in converting even low concentrations of the dimeric
intermediate into formally iron(0) products.

Applications of Iron Methyl Complexes in [2+2]
Cycloaddition Catalysis. With a generalized mechanism in
hand, the pyridine(diimine) iron methyl complexes were
applied to catalytic cycloaddition reactions. Catalytic con-
ditions were adopted from previous reports of iron-catalyzed
[242] cycloaddition reactions.””*! Specifically, the [2+2]
cycloaddition of ethylene and butadiene using (M*PDI)FeCH,
as the precatalyst was examined. Butadiene and ethylene were
added sequentially to a benzene-d4 solution containing S mol
% (MPDI)FeCH; (Scheme 9A). Immediate formation of
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Scheme 9. (A and B) [2+2]-Cycloaddition Reactions from Precatalyst (M*PDI)FeCH;; (C) Accessing Intermediates from
(MePDI)FeCH, as a Precatalyst
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Figure 8. Neutral and cationic pyridine(diimine) metal-methyl complexes examined for reductive elimination of ethane.

Scheme 10. Neutral and Cationic Pyridine(diimine) Metal-Methyl Complexes Examined for Reductive Elimination of Ethane

N Transmetalation Bimolecular Reductive Elimination
/A \N/Ar fast \N/Af slow M N \N/Ar
. /N\Fe‘/"CH3 \Fe/CH 2.0 equiv. ligand (Lp) —N_ /
0.5 3 Fe
R N - < R N7 hlo=ire R SN | > + 0.5 CH3CH;,
CgDg CeDs L
Independent of spin-stat T Controlled by ligand sterics
R .
R L Generalized rate law R
R =Me, Et, iPr t KIFeT2ILT"
rate = e . .
# Incoming L-type ligand [Fe L] @ Catalytically active for
& Redox-active triggers bimolecular Rate Rjarge < Rate Rgma [2+2] cycloaddition
@ Spin crossover when R = iPr reductive elimination reactions
@ 1 electron reductive
& New precatalyst platform elimination product

(MePDI)Fe(1*-C4H4) was observed by "H NMR spectroscopy. After 6 h, (MPDI)Fe(#*-C,H,) was observed as well as free

The reaction was stirred for 16 h, at which time full conversion butadiene and ethylene arising from retro-[2+2] cyclization.
of ethylene and butadiene to vinylcyclobutane was observed, These results are consistent with those obtained in the reaction
results that are consistent with those of the analogous using [(MPDI)Fe(N,)],(u-N,), indicating fast initiation from
pyridine(diimine) iron dinitrogen precatalyst. The homodime- the iron methyl complexes. This work provides an alternative
rization of butadiene was also examined from (M*PDI)FeCH,, route to pyridine(diimine) iron precatalysts that are substrate
resulting in the synthesis of oligomers of (1,n'-divinyl)- activated, negating the need for activators or contaminants
oligocyclobutane in 43% yield (Scheme 9B). resulting from such activators. Notably, work by Thomas and
With evidence of catalysis from the in situ activated co-workers provides a method for in situ activation of activated
(*PDI)FeCH, complex, the formation of reactive intermedi- alkenes for [2+2] cycloaddition catalysis with sodium tert-
ates was explored through retro-[2+2] cycloaddition of butoxide,”® while this work provides access to the in situ

vinylcyclobutane (Scheme 9C). The metallacyclic intermediate activated [2+2] cycloaddition of unactivated substrates.
has been previously characterized, and '"H NMR spectroscopy Requirements for Bimolecular Reductive Elimination
is useful for its detection during the course of the reaction.” of Ethane. The requirements of reductive elimination were
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further explored to inform future precatalyst design and
establish the generality of the transformation. Because
pyridine(diimine) iron complexes have complex electronic
structures involving ligand participation, understanding the
influence of overall oxidation and spin state for the bimolecular
reductive elimination of ethane was examined by observing the
stability of the reported iron methyl complex [(*"PDI)-
FeCH;][BPh,]."”” The solution stability of the complex was
monitored for 24 h, and no reductive elimination was
observed. In contrast, the previously reported, related cationic
cobalt methyl complex, [(*"PDI)CoCH;][BAr",], isoelec-
tronic with the neutral iron methyl complexes, underwent
reductive elimination of ethane upon addition of diethyl ether,
which was proposed through a bimetallic pathway.’* The
planar, S = 1/2 cobalt cation provided additional evidence that
non-zero spin state is not likely a necessary requirement for
bimolecular reductive elimination. Fitting with the observed
trend, the neutral, diamagnetic pyridine(diimine) cobalt
methyl complex ("PDI)CoCHj did not undergo the reductive
elimination of ethane, indicating that the electron count of the
metal complex was relevant to determining reactivity (Figure
8).

Scheme 10 presents a summary of the mechanistic findings
in this work. For all neutral pyridine(diimine) iron methyl
complexes studied, transmetalation was fast at ambient
temperature, independent of imine substituent, molecular
geometry, or spin state. Reductive elimination of ethane is
preferred with aryl-substituted ligands with relatively small
substituents, as these facilitate formation of the bimetallic
intermediate as well as productive cleavage with an incoming
ligand. The more nucleophilic the ligand, the higher the rate of
ethane formation. These steric and
requirements are preserved with isoelectronic, cationic cobalt
methyl complexes upon addition of diethyl ether. Notably,
oxidation or reduction from this preferred oxidation state
inhibits the overall reaction.

electronic structure

B CONCLUSIONS

A facile method for synthesizing iron alkyl complexes and
subsequently accessing formally iron(0) complexes by
bimolecular reductive elimination of ethane was developed.
Detailed molecular and electronic structure studies were
conducted on a series of iron methyl derivatives, and the
role of the redox-active pyridine(diimine) ligand was
elucidated. Geometries vary from idealized planar in the case
with the largest 2,6-aryl substituents to highly distorted and
high spin with the smallest substituents. Substituent effects on
the iron complexes, the experimentally determined rate law,
and isotopic labeling studies support a pathway involving
formation of a diiron intermediate with bridging methyl groups
ultimately resulting in loss of ethane. The overall electron
count of the metal complex was the most important criterion
for bimolecular reductive elimination rather than the spin-state
or ground-state molecular geometry. This understanding of a
fundamental organometallic transformation allowed access to
iron butadiene or dinitrogen-containing precatalysts that are
active for C—C bond-forming reactions and provides a
framework for synthesizing other complexes capable of
undergoing bimolecular reductive elimination to access
catalytically active complexes.
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