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ABSTRACT: Iron catalysts represent an economically attractive
tool for C—H activations because of their low costs and low
toxicities. Despite an exponential increase of interest in this area,
detailed mechanistic understanding remains at a nascent stage.
Herein, a detailed investigation of the C—H activation mechanism
with [Fe(PMe;),] unraveled an unexpected iron(II) alkoxide
intermediate that was fully characterized and was found to be a
more active catalyst in phenone-assisted C—H activations with
respect to the previously reported mer-iron hydride cyclometallated
counterpart. Mechanistic studies by stoichiometric experimenta-
tion, reaction profiling through electron paramagnetic resonance
(EPR) and in operando NMR spectroscopy, deuterium labeling,
crystallographic analyses, and density functional theory (DFT)
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calculations provided strong evidence for an oxidative addition of the pivalophenone to a low-valent iron intermediate toward the
formation of a transient fac-hydride complex, which very quickly rearranges to an iron alkoxide complex. According to detailed DFT
studies, it is proposed that the isolated iron(II) alkoxide is a highly reactive precatalyst, which can easily access the on-cycle fac-
hydride complex, thereby translating into highly efficient catalysis. These mechanistic insights form the basis for further
developments in iron-catalyzed C—H activation with prospects for stereoselective transformations.
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Bl INTRODUCTION

Transition-metal-catalyzed C—H activation has emerged as a
transformative platform to enable the direct transformation of
otherwise inert C—H bonds.'~'® As a consequence, C—H
activation has experienced explosive growth during the last
decade, with applications to molecular'”'® and natural
product syntheses'” as well as to materials sciences,”””'
medicinal chemistry,””">* and crop protection.”® Thus, a
plethora of C—H activation reactions have been developed,
typically requiring precious”’ and potentially toxic™**’
transition metals, such as palladium,8 rhodium,*® and
ruthenium.”" Recently, the need to transition toward more
sustainable and environmentally benign platforms has
triggered the replacement of precious metals by earth-
abundant, cost-effective, and typically less toxic alternatives.’”
Among the various first row contenders, iron”**™*' stands
out due to its extremely low cost,”’ high natural abundance,**
and lack of significant toxicity."

Despite significant progress in iron-catalyzed C—H
activation, the majority of the thus far developed reactions
continue to rely on highly reactive Grignard reagents in
combination with strong N,N-bidentate directing groups,
reducing the synthetic utility and efficiency of such
catalysts.””**™>* Thus far, only a limited number of
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byproduct-free iron-catalyzed C—H activations that utilize
weak directing groups have been reported, namely
[Fe;(CO),,]-catalyzed alkyne annulation by imines®® and
[Fe(PMe,),]-catalyzed hydroarylation,‘%_5 as well as a
homoallylation of aromatic ketones,” thus clearly high-
lighting the need for further development of this challenging
yet promising field.

At the same time, and despite indisputable advances, the
mechanistic understanding of C—H activations by organo-
metallic iron catalysis is underdeveloped, indeed lagging far
behind the synthetic methodology. Most mechanistic
proposals on the mode of operation of iron-catalyzed C—H
activation reactions are thus far supported by a limited
amount of experimental data. Currently, only a few in-depth
studies have been reported, namely on the arylation,
alkylation, and allylation of aromatic amides with tria-
zole®"**®" and quinoline™ directing groups and on the
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hydroarylation of allenes enabled by weak O-coordination
(Scheme 1).°® In the former studies, the mechanistic

Scheme 1. In-Depth Mechanistically Explored Iron-
Catalyzed C—H Activation Systems: (a) Iron-Catalyzed C—
H Arylation, Alkylation, and Allylation of Aromatic Amides
with Bidentate Directing Groups. (b) Additive-Free
Hydroarylation of Allenes with Weak O-Carbonyl
Chelation
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manifold proposed was supported by the isolation of iron(II)
cyclometallated species combined with MofBbauer spectro-
scopic studies and stoichiometric experiments (Scheme
la).507¢ Subsequently, a low-valent Fe(0)/Fe(Il) manifold
was proposed by Ackermann and co-workers for the
[Fe(PMe,),]-catalyzed hydroarylation of allenes (Scheme
1b).”® The proposed mechanism was based on the isolation
of a cyclometallated iron hydride complex, which was
postulated to be a catalytically active on-cycle species.
Subsequent in-depth kinetic, spectroscopic, and density
functional theory (DFT) investigations provided further
mechanistic support.

It is therefore evident that mechanistic understanding for
efficient, byproduct-free iron-catalyzed C—H activations is in
high demand. Thereby, to accelerate the rationalization of
such reactions and facilitate the discovery of new iron-based
reactivity, we have now extended our mechanistic inves-
tigations on the [Fe(PMe;),]-catalyzed hydroarylation of
allenes.’® As a result, an unexpected iron alkoxide complex
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was isolated and fully characterized, further clarifying the
mode of operation of iron-catalyzed hydroarylations. Con-
sequently, a mechanism is now presented with the on-cycle
intermediate being a transient fac-iron hydride complex in
equilibrium with the mer-iron hydride previously proposed.’®
The novel iron(II) cyclometalated alkoxide complex isolated
enabled efficient catalysis by providing direct access to the
catalytic cycle through a fast equilibrium with the fac-iron
hydride complex. Deactivation pathways, along with the
formation of potentially catalytically active off-cycle para-
magnetic species, have been considered, which in combina-
tion with electron paramagnetic resonance (EPR), stoichio-
metric experiments, and detailed DFT studies provide further
insights into the mode of action of low-valent iron-catalyzed
C—H activations.

B RESULTS AND DISCUSSION

Single crystals of the cyclometallated iron hydride complex §
were previously obtained from the reaction between
pivalophenone 1 and [Fe(PMe,;),] (4) in toluene under
partial vacuum to facilitate the removal of the trimethylphos-
phine (Figure 1).>® However, several attempts to isolate a
pure sample of § from toluene in high yield were
unsuccessful. Therefore, the reaction between 1 and iron
hydride 4 was conducted by dissolving the latter in two
equivalents of ketone 1 under solvent-free conditions.
Surprisingly, recrystallization of the obtained dark solid
from pentane resulted in the isolation of turquoise crystals
of the iron(1I) alkoxide complex 6 instead of the expected
iron hydride $, according to an X-ray crystallographic analysis
(Figure 1). Complex 6 exhibits a characteristic singlet
resonance at 3.90 ppm in its '"H NMR spectrum for the
benzoic methine hydrogen. In addition, no hydrogen gas was
detected when the reaction between pivalophenone 1 and
complex 4 was performed in a sealed vial, according to a
headspace chromatographic analysis (Section S22 in the
Supporting Information, SI). Pivalophenone 1 was selected as
the standard substrate to avoid enolization at this point and
because of its characteristic "H NMR spectroscopic fert-butyl
resonance.

The reaction between 1 and 4 in a concentrated benzene
solution (3.7 M in 4) for 14 h followed by extraction with
ether and recrystallization at —20 °C yielded the iron(II)
hydride $ in 52% yield, pointing toward the presence of an
equilibrium between the two C—H activated iron species.
This was further confirmed by studying the kinetic profile of
a solution of iron(II) alkoxide 6 in C¢Dg by 'H NMR
spectroscopy, revealing the formation of 5 accompanied by
the formation of 4 (Figure 2, top), with the latter suggesting
a reversible C—H activation step. Similarly, when hydride §
was dissolved in C¢Dg, formation of alkoxide 6 occurred
(Figure 2, bottom). This equilibrium is established through a
reversible f-hydride elimination reaction in 6, as supported
by DFT calculations (vide infra). In addition, when hydride §
was reacted with [D];-6 in benzene, crossover products were
not observed (compounds A—D in Scheme 2), demonstrating
the purely intramolecular nature of this equilibrium (see also
Section $3.6 in the Supporting Information).

Interestingly, a loss in mass balance was also observed
when either 5 or 6 is dissolved in C4Dy as is evident by the
negative slope of the reaction profile after equilibrium is
established (Figure 2). This is attributed to the continuous
formation of paramagnetic iron species from 5 or 6 in
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Figure 1. Synthesis of iron(II) alkoxides § and 6 and molecular structure of the latter. Thermal ellipsoids are drawn at the 50% probability level.

solution and is also supported by the presence of para-
magnetic resonances in the "H NMR spectra (Figures S5 and
S10). Therefore, to obtain further insight into the nature of
these species, the reactions presented in Figure 2 were also
monitored by EPR spectroscopy. Indeed, two signals were
observed in the frozen solution EPR spectra of § and 6 over
time: a sharp signal at 3350 G steadily increasing in intensity
and a broad one at 3200 G, initially increasing and
subsequently stabilizing (Sections S$3.2 and S3.5 in the
Supporting Information). The former signal shows g-values in
the range of g, = 2.17, g, = 2.05, g, = 2.00, with the hyperfine
splitting of *'P being a triplet resulting from coupling with 2
nuclei of I = 1/2 (e.g,, two PMe, ligands) with A;, = 26.41
G and the main intensity localized at around g = 2.00. These
findings are in accordance with S = 1/2 compounds with one
or more P-containing ligands with resolved hyperfine
splittings.”*** Two paramagnetic compounds were also
observed in the 'H NMR spectra as broad resonances at
high frequencies (Figures SS and S10). Remarkably, an
induction period was observed for the formation of these
paramagnetic species when solutions of iron hydride 5 were
measured by 'H NMR spectroscopy in contrast to when
alkoxide 6 was employed. This suggests that the paramagnetic
compounds are formed from 6 rather than §, in line with the
coordinative unsaturation and increased reactivity of 6 (vide
infra). Several attempts to obtain single crystals of the
paramagnetic species formed were unsuccessful. Similarly,
LIFDI mass spectroscopy revealed only the presence of § and
6 in solution, while an electrospray ionization high-resolution
mass spectrometry (ESI-HRMS) study of the reaction
provided limited insight into the nature of the paramagnetic
species formed (Section S3.3 in the Supporting Information).
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When solutions of complex 4 and excess arene were
reacted for extended periods of time (>12 h), formation of
bridged iron(II) alkoxide complexes occurred (Figure 3).
Single crystals of these species were isolated, but it was not
possible to obtain analytically pure samples due to the
complexity of the resulting reaction mixture.”” The formation
of the well-defined complexes 7 and 8 as well as the
unidentified paramagnetic complexes are most likely related
to catalyst deactivation pathways in the iron-catalyzed C—H
activations of aryl ketones, which translated into the need for
high iron loadings of up to 15 mol %.°°7® It is noteworthy
that similar observations have been reported by Beck and co-
workers for the reaction between 4 or [Co(PMe,),] with
benzophenone.®

Subsequently, the catalytic efficacy of the new iron alkoxide
6 was compared to the ones of iron(II) hydrides 4 and $. For
this purpose, the iron-catalyzed hydroarylation of allene 2
with ketone 1 was performed using catalysts 4, S, and 6
under otherwise identical reaction conditions.

All three reactions were monitored using in operando 'H
NMR spectroscopy (Figure 4, top). Notably, an extended
induction period was observed in the kinetic profile of the
reaction catalyzed by precatalyst 4.°° Surprisingly, the
cyclometallated iron(II) hydride S also exhibited a significant
induction period, albeit shorter compared to the one
observed with the precatalyst 4. The mere presence of an
induction period excludes it from being on-cycle.””*® In
sharp contrast, when the new iron(Il) alkoxide 6 was
employed, a considerably faster reaction was observed, with a
complete absence of an induction period even when catalysis
was performed at 7 °C (Figures 4 and S29), suggesting that
the C—H activated complex 6 could be an intermediate in
this iron-catalyzed hydroarylation. This is also supported by a
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Figure 2. '"H NMR (400 MHz, C,D, 35 °C) and EPR (CD, 140 K) spectroscopic monitoring of a solution of 6 (97 mM in CgDy, top) and

5 (103 mM in C¢Dg, bottom) at 35 °C over time.

stoichiometric reaction between 2 and 6, where an excep-
tionally high reaction rate was observed (reaction competed
in only 20 min), again with a complete lack of any induction
period (Figure S43). Lastly, similar to complex 4 and in line
with our previous work,”® a kinetic isotope effect of 1.0 was
observed when an equimolar mixture of 6 and [D]s-6 at 10
mol % loading was used to catalyze the reaction between
allene 2 and an equimolar mixture of 1 and [D]s-1 (Figure
S24).

According to the experimental data presented so far,
complex 6 is the strongest candidate for the role of the
catalytically active intermediate in iron-catalyzed C—H
activations by weak O-carbonyl chelation. However, when
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pure 6 is dissolved in benzene, formation of 4 and § is
accompanied by two unidentified paramagnetic species which
could be catalytically competent. To test this, the catalytic
reaction was repeated with 6, as described in Figure 4 and
was this time monitored by EPR spectroscopy. The
paramagnetic species observed in the equilibrium experiments
(Figure 2) are also observed during catalysis. However, their
increase in concentration at 60 min succeeds -catalysis,
suggesting that they are more likely to be related to catalyst
deactivation processes. To further rule out such paramagnetic
products from being catalytically active, the catalytic reaction
was repeated at 25 °C, being activated with a fresh solution
of 6 in C¢Dg. This resulted in a more detailed profile, where

https://doi.org/10.1021/acscatal.2c00772
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the change of the concentration of 6 can be monitored
throughout catalysis, followed by subsequent formation of §
toward the end of the catalytic activity (Figure S).
Subsequently, the reaction was repeated using the same
solution of 6 after it was incubated at 35 °C for 500 min
under otherwise identical conditions (Figure S, red stars).
Judging from the reduced catalytic activity of the incubated
(and therefore enriched in paramagnetic species) solution of
6, it can be concluded that the paramagnetic species formed
are not catalytically active.

Upon closer inspection of the nascent stages of catalysis in
Figure 5, it becomes apparent that a high concentration of 6
in solution is accompanied by high catalytic activity, while the
concentration of § increases toward the end of the catalytic
activity, further demonstrating the catalytic superiority of 6
against 5. A similar situation is observed when complex § is
used to initiate catalysis, where during the induction period,
an increased concentration of S is observed, with 6 being
essentially absent (Figure S22). As the concentration of 6
increases, so does the production of 3.

The high catalytic performance as well as reactivity
observed for ferracycle 6 stems from the lability of the
trimethylphosphine ligands, which leads to the formation of
coordinatively unsaturated intermediates suitable for binding
the olefinic substrate.”” Alternatively, the coordinative
unsaturation of metallacycle 6 could facilitate its conversion
to an even more active species that mediates catalysis. The
intimate relationship between phosphine lability and catalytic
activity can be further demonstrated from the reaction
between S or 6 with the bidentate equivalent of PMe;,
namely 1,2-bis(dimethylphosphino)ethane (dmpe), toward
formation of alkoxide 9 (Figure 6). Hence, complex 9,
despite being an iron(Il) alkoxide similar to 6, was found to
be inert toward allene 2, with no reaction observed according
to an '"H NMR spectroscopic analysis of an equimolar
solution of 2 and 9 in C¢Dy. A similar effect has also recently
been reported, where the use of strongly chelating
diphosphine ligands leads to reduced reaction rates in iron-
catalyzed C—H allylations.”’ This striking difference between
iron(II) alkoxides 6 and 9 is attributed to the increased
coordination strength of dmpe in the latter complex.
Likewise, these findings emphasize the importance of
choosing the appropriate phosphine for the development of

H
Q | A
Ph)J\tB + Me3P—/F|e—PMe2
-Bu
Me;P PMes,

7 (CCDC: 2084595)

Pentane
24 °C

8 (CCDC: 2084596)

Figure 3. Isolation and molecular structures of complexes 7 and 8. Thermal ellipsoids are drawn at the 50% probability level, and H atoms are

omitted for clarity.
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Figure 5. '"H NMR (400 MHz, C(Dy, 25 °C) spectroscopic monitoring of the reaction between pivalophenone 1 (black rhombe) and allene 2
(purple cross) catalyzed by either a fresh solution of 6 (navy square) at 10 mol % to form 3 (green stars) with subsequent generation of § (red

triangle) or by a solution of 6, which was kept at 35 °C for S00 min at 10 mol % to form 3 (red stars) at a reduced rate (see also Figures S25—
S28).
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Figure 6. Synthesis of iron(1I) alkoxide 9 and reaction with allene 2.
Note that 9 was isolated as a mixture of stereoisomers with the
major isomer (90%) presented here.

iron—catalﬁyzed C—H activations by weak -chelation-assis-
tance.”™ In this context, it is noteworthy that C—H
activation with N-heterocyclic carbene (NHC) ligands is
viable,” including an enantioselective transformation by low-
valent iron catalysis.*”

The crucial question is related to the mechanism by which
iron(Il) alkoxide 6 is formed upon reaction of arene 1 with
iron(II) tetraphosphine complex 4. Typically, such trans-
formations were proposed to proceed via an oxidative
addition to a low-valent iron complex.s6_59’66’71’72 However,
for the oxidative addition pathway to be viable, two
requirements need to be met. First, the formation of a low-
valent iron species, and second, the formation of a hydride
complex prior to the formation of alkoxide 6 (Scheme 3).
According to previous reports and NMR spectroscopic
analyses, complex 4 is in fact an iron(II) hydride in solution
without any trace of [Fe(PMes),] being observed in any
spectroscopic data reported so far.”> Additionally, hydride
complex 4 was found to be a rather weak acid considering its
high pK,"™™ value of 55.8 with a pK,"™ of 20 for the
conjugate acid of [Fe(PMe;),].”* It has therefore been
previously proposed that the iron(0) [Fe(PMe;),] form exists
in undetectable trace amounts in equilibrium with the
iron(II) form (complex 4) and therefore oxidative addition
becomes possible.”*">7%%717275 T further probe the

hypothesis that complex 4 can obtain an iron(0) form, a
reaction of the latter with a strongly coordinating dmpe
ligand was performed. Indeed, addition of two equivalents of
dmpe in a solution of 4 resulted in the formation of the
previously reported iron(0) complex [Fe(PMe,)(dmpe),]
(10) (Supporting Information; Section S2.4).”° Hence, a low-
valent iron species is accessible from the iron(II) hydride
complex 4, which is in line with the working hypothesis
presented in Scheme 3.

The second requirement for an oxidative addition
mechanism to be operative is that an iron hydride complex
must form before the generation of 6. Subsequent
nucleophilic attack of the hydride to the carbonyl in the
hydride complex formed should generate 6. To probe this
hypothesis, the reaction between arene 1 and precatalyst 4
was monitored by "H and *'P NMR spectroscopy (Figure 7).
Immediate formation of complex 6 was observed while the
concentration of iron hydride § started rising only after a
significant amount of iron alkoxide 6 had formed, resulting in
an induction period. Therefore, complex 6 forms prior to
complex §, excluding the latter from being the on-cycle
hydride complex of interest. It must be noted that no
significant amounts of other iron-containing species are
generated during this reaction according to the good mass
balance observed (Figure 7, gray crosses). Subsequently, the
same reaction between 1 and 4 was monitored by *'P NMR
spectroscopy, this time replacing 1 with [D]s-1 under
otherwise identical conditions (Figure 7, bottom). No kinetic
isotope effect was observed for the consumption of
pivalophenone 1 (ky/kp = 1.0) in support of a facile
oxidative addition step and a slow phosphine abstraction in
line with our previously reported results.”® As expected, an
equilibrium isotope effect is also observed, with the [D];-5/
[D]s-6 equilibrium being significantly shifted toward [D];-
6.”” Most importantly, a weak kinetic isotope effect for the
formation of 6 (ky/kp = 1.3) was found, suggesting that an
iron-hydrogen bond cleavage occurs prior to its formation.

Thus far, it has been demonstrated that precatalyst 4 is an
iron hydride complex and that its reaction with 1 produces
an iron alkoxide complex 6 from an iron hydride complex
that cannot be S. At the same time, insertion of ketone 1 into
iron hydrides is a well-established reaction and several iron-
catalyzed ketone hydrogenations have been reported to
operate via a carbonyl insertion to a metal hydride, followed
by the formation of an iron alkoxide intermediate.”*™**

Scheme 3. Hypothesized Mechanism for the C—H Activation of Aromatic Ketones Mediated by 4 via Oxidative Addition

H Ph
I A t-Bums’
MezP—Fe—PMe,~==— [Fe(PMej3),] ., \\\ PMe;
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Figure 7. "H NMR (400 MHz, C(Dy, 25 °C, top) spectroscopic monitoring of the reaction between arene 1 (1000 mM) and precatalyst 4 (500
mM) to form § and 6. >'P NMR (126 MHz, CsDs, 25 °C, bottom) spectroscopic monitoring of two independent reactions between precatalyst
4 (500 mM) and phenone 1 or [D]s-1 (1000 mM) to form S and 6 or [D]s-S and [D];-6, respectively, with the overlayed plots presented here

(Figures S30—S38).

Therefore, to differentiate between an oxidative addition
pathway and a nucleophilic attack of the hydride to the
carbonyl manifold, complex [D]s-6 was synthesized by
reacting labeled [D]s-1 with precatalyst 4 (Scheme 4).
According to the detailed '"H and *H NMR spectroscopic
analyses (Section S5.4 in the Supporting Information),
quantitative deuteration of the f-alkoxy carbon was observed,
which advocates against the nucleophilic attack of the hydride
to the carbonyl scenario.

Based on our experimental evidence, we hypothesized
whether the C—H activation of pivalophenone 1 by
precatalyst 4 is initiated by a reductive elimination in the
iron(II) complex 4 (I-1 in Figure 8) to give the iron(0)
complex [Fe(PMe;),] (I-2). Substitution of a PMe; by
pivalophenone 1 followed by oxidative addition could lead to
a transient fac-hydride complex I-S. Complex I-§ would
immediately react—and therefore cannot be observed
spectroscopically or isolated—by nucleophilic attack of the
hydride to the carbonyl, converting the weakly directing L-

4954

type carbonyl to a strongly coordinating X-type alkoxide
group to form the isolated complex 6 (I-6 in Figure 8).
Indeed, the DFT calculated '"H NMR chemical shift for I-5 of
—7.6 ppm could not be observed in any of the recorded 'H
NMR spectra even when the catalytic reaction was performed
at —7 °C (vide supra). At the same time, but with a slower
rate, complex I-5 could isomerize to its mer isomer S (I-7 in
Figure 8).

At this point, two possibilities are envisioned for complex 6
in terms of its role in catalysis. It could either be an on-cycle
intermediate resulting from a nucleophilic attack of the
hydride to the carbonyl in I-5, or it could be off-cycle but in
fast equilibrium with I-5, which then facilitates catalysis. To
assess which is the most likely scenario, DFT calculations
were carried out for the two main possible catalytic pathways
at the TPSS-D4/def2-TZVP+SMD (Benzene)//TPSS-
D3(BJ)/def2-SVP level of theory (Figure 8, and SI Section
§7),%7"" which was previously found to be optimal,>®
particularly for describing the spin states of the isolated

https://doi.org/10.1021/acscatal.2c00772
ACS Catal. 2022, 12, 4947—-4960


https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c00772/suppl_file/cs2c00772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c00772/suppl_file/cs2c00772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c00772/suppl_file/cs2c00772_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00772?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00772?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00772?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c00772/suppl_file/cs2c00772_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00772?fig=fig7&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c00772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Scheme 4. Synthesis of [D];-6 and Differentiation between Oxidative Addition and Nucleophilic Attack of the Hydride to

the Carbonyl
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diamagnetic complexes S5 and 6. Due to the electronic nature
of the metal center, low-spin (singlet), high-spin (quintet),
and intermediate-spin (triplet) complexes were considered in
this study. The computational studies commenced from the
iron hydride complex I-1, which undergoes reductive
elimination to give the iron(0) complex I-2 by spin-crossover
with a barrier of 16.2 kcal mol™". Coordination of the ketone
1 followed by phosphine ligand dissociation leads to I-4 on a
singlet surface. Alternative mechanisms between complex I-1
and I-§ were also probed but were found energetically
disfavored (Figures S49 and $50). Subsequently, C—H
activation proceeds wvia a Dbarrierless oxidative addition
pathway, forming the thermodynamically more stable fac-
iron(1I) hydride complex I-S, which can be converted either
to the iron(II) alkoxide species I-6 or isomerize to its mer-
hydride isomer I-7. The three species I-5, I-6, and I-7 are in
equilibrium, considering that they are energetically compara-
ble within a difference of 3.1 kcal mol™ on a singlet surface,
which is in line with the experimental results presented in
Figure 2. The formation of the iron(II) alkoxide I-6 was
kinetically most favorable, with a computed barrier of 15.0
kcal mol™". Therefore, the isomerization pathway is less
favorable by 6.6 kcal mol™!, which is in line with the
experimentally observed formation of intermediate 6 prior to
S. In the case where catalysis is mediated by 6 (Figure 8,
alkoxide-catalyzed mechanism), decoordination of PMe, from
iron(II) alkoxide I-6 proved to be rate-determining, yielding a
more endergonic complex I-8 (by 17 kcal mol™), which
undergoes isomerization through spin-crossover with a barrier
of 10.3 kcal mol™" to form complex I-9 in a triplet state. After
coordination of the allene (I-10), migratory insertion takes
place by what can be considered a three-state reactivity,
through a more favorable singlet surface (TS(10—11)) with a
barrier of 7.9 kcal mol™ to generate complex I-11 in a

4955

quintet surface. The iron(II) complex I-11 leads to the
formation of iron(II) hydride complex I-12 by p-H
elimination with a barrier of 15 kcal mol™. Subsequently,
I-12 undergoes facile reductive elimination to form the final
product, which is O-coordinated to the metal center by an
agostic interaction in complex I-13. Similar results were
obtained when the calculations were performed in tetrahy-
drofuran (THF) instead of benzene as the solvent (Figure
SS1). An alternative pathway involving a concerted oxidative
addition/hydrometallation was also considered (Figures 8 and
S52 for a dissociative mechanism). However, the dominant
pathway was found to be the one presented in Figure 9, for
which catalysis is initiated by the cis-iron hydride I-S. Thus,
after dissociation of a phosphine, I-5 generates I-6°, which
incorporates the allene 2 to form I-7°. Since ligand
rearrangement at 1-6® was found to be less favorable (Figure
S53), a facile migratory insertion of the allene to the hydride
in I-7°, followed by rearrangement of the ligands, results in
metal intermediate I-9°. Finally, rate-determining reductive
elimination yields the desired product 3 and regenerates the
catalyst.

Taking the above together, the catalytic cycle presented in
Scheme 5 is proposed. The cycle commences by a reductive
elimination in complex 4 to establish an equilibrium with the
iron(0) complex I-2. Coordination of 1 follows to form I-3,
which facilitates phosphine decoordination, leading to I-4.
Reversible facile C—H activation via oxidative addition leads
to the bifurcation point in the cycle, the fac-iron hydride I-§,
which can either isomerize to form the previously isolated
mer-iron hydride isomer § or undergo nucleophilic attack of
the hydride to the carbonyl toward the formation of 6. Both
S and 6 can potentially transform to catalytically inactive
complexes accompanied by cessation of the catalytic activity.
Phosphine decoordination from fac-iron hydride I-5 followed

https://doi.org/10.1021/acscatal.2c00772
ACS Catal. 2022, 12, 4947—-4960


https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c00772/suppl_file/cs2c00772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c00772/suppl_file/cs2c00772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c00772/suppl_file/cs2c00772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c00772/suppl_file/cs2c00772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c00772/suppl_file/cs2c00772_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c00772/suppl_file/cs2c00772_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00772?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c00772?fig=sch4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c00772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article
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Figure 8. Alternative pathways. Computed relative Gibbs free energies (AGsps,s) in kcal mol™" at the TPSS-D4/def2-TZVP+SMD (Benzene)//
TPSS-D3(BJ)/def2-SVP level of theory. Energy values are given with respect to I-1. In the computed transition state structures, nonrelevant

hydrogen atoms were omitted for clarity.

by allene coordination can lead to intermediate I-7®, which
then undergoes migratory insertion and reductive elimination
to yield I-10%. The proposed mechanism is not only in line
with the experimental results presented in Figure 7 and
Scheme 4, where formation of 6 precedes that of § and full
deuteration at the benzylic carbon position was observed in
[D]s-6 but also with the previously observed reduced
catalytic activity upon addition of PMe, during catalysis.>®
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B CONCLUSIONS

In summary, we have performed detailed mechanistic studies
on [Fe(PMe,),]-catalyzed C—H activations, where an
unanticipated five-coordinated iron(Il) alkoxide complex
was isolated and fully characterized. Subsequent experimenta-
tion revealed a mechanistically intricate system involving
several equilibria in which the isolated alkoxide complex
reversibly converts to a mer-hydride through its fac
counterpart. At the same time, both complexes slowly
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Scheme S. Proposed Mechanism for the C—H Activation of Aromatic Ketones Mediated by 4
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decompose toward the formation of paramagnetic species,
which were excluded from being catalytically active. Similarly,
while the mer-hydride was unequivocally excluded from being
on-cycle, isolation of the fac-hydride, being a transient
intermediate, was not possible. Therefore, to distinguish
between two possible mechanistic scenarios where the
alkoxide is either an on-cycle species or an off-cycle resting
state in fast equilibrium with the fac-hydride iron complex,
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detailed DFT calculations were performed. According to
these computational studies, both pathways are plausible,
with the latter pathway being computationally favored. We
believe that the identification of novel cyclometallated iron
alkoxide complexes in Grignard-free iron-catalyzed C—H
activations should prove instrumental for further develop-
ments in this emerging area, for instance, toward stereo-
selective low-valent iron-catalyzed C—H activations.
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