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Redox-active ligand promoted multielectron
reactivity at earth-abundant transition metal
complexes

Minzhu Zou "2 and Kate M. Waldie (= *

The introduction of redox-active ligands into transition metal complexes can lead to novel redox behavior
due to the ability of these ligands to serve as electron reservoirs. This feature is especially attractive in
earth-abundant transition metal systems that typically favor one-electron redox processes and radical
reactivity, as opposed to the two-electron redox cycles common with the noble metals. The redox flexi-
bility afforded by redox-active ligands can enable substrate activation and/or bond forming and breaking
processes that would otherwise be inaccessible with traditional redox-innocent ligands. This review dis-
cusses key examples of stoichiometric substrate activation and organic transformations facilitated by
redox-active ligand-promoted multielectron reactivity at earth-abundant metal complexes. We highlight
the electrochemical properties of these systems in relation to their substrate reactivity, where, in many
cases, the complexes exhibit sequential one-electron redox events. Only a few examples have achieved
electrocatalytic reactivity based on two-electron redox features, which underscores the untapped poten-
tial for further development of redox-active ligand systems to expand the capabilities of earth-abundant
metal complexes in electrocatalysis.

1. Introduction

The design of ancillary ligands is a central tenet in organo-
metallic chemistry. By tuning the ligand properties, the reactiv-
ity of molecular transition metal complexes can be directed to
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achieve selective transformations with organic substrates,
toward the development of (electro)catalytic systems. While
our understanding of how the properties of traditional redox-
innocent ligands can be exploited to tune the structural and
electronic properties of the metal center are well established,
such ligands typically serve as redox spectators and do not
directly participate in the redox processes needed for substrate
activation or the catalytic mechanism (Fig. 1a).
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Fig. 1 Classification of (a) redox innocent, (b) redox-active, and (c) redox non-innocent ligands. (d) Possible metal-ligand cooperativity for substrate

activation.

The activity of transition metal catalysts is typically gov-
erned by the redox events occurring at the metal center.
However, over the past two decades, greater attention has been
given to redox-active (or redox non-innocent) ligands (Fig. 1b
and c). The terms “redox non-innocent” and “redox-active”
ligands are both commonly found in the literature. The
concept of ligand non-innocence was originally introduced by
Jorgensen to indicate the oxidation state ambiguity of certain
redox-active metal complexes: “ligands are innocent when they
allow oxidation states of the central atoms to be defined”."
This definition subtly emphasizes that non-innocent behavior
depends on both the metal and the ligand.” In these cases, the
difficulty in assigning the metal and ligand oxidation states is
usually attributed to strong mixing of ligand and metal frontier
orbitals due to their effective energy level matching. On the
other hand, the designation of a redox-active ligand system is
reserved for metal complexes in which the oxidation states can
be established through experimental methods, typically high-
resolution X-ray crystallography and/or various spectroscopic
characterizations.>*

Since redox-active ligands possess multiple accessible redox
states, not only can these ligands tune the electronic pro-
perties (i.e., Lewis acidity/basicity) of the metal, but can also
maintain a more stable oxidation state of the metal center by
accepting and/or releasing electrons at milder potentials, and/
or can facilitate bond-breaking or bond-forming reactions via
ligand-to-substrate or substrate-to-ligand electron transfers
(Fig. 1d).>® van der Vlugt, de Bruin, and their co-workers have
summarized in detail how the coordination of redox-active
ligand(s) to a transition metal center can create an extended
n-conjugated network and provide enough stabilization to
ligand-based radicals generated through single electron trans-
fer, enabling high control over radical-type one-electron (1e™)
reactivity.'®'? Nevertheless, an in-depth understanding of the
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electronic structures in paramagnetic non-innocent species
can be challenging and often requires advanced techniques,
such as electron paramagnetic resonance (EPR) and X-ray
absorption (XAS) spectroscopy. Furthermore, off-cycle radical
reactions may still occur. Thus, the development of new earth-
abundant transition metal complexes that display multielec-
tron reactivity centered at the ligand scaffold or promoted via
metal-ligand multielectron cooperativity is of great signifi-
cance to advance sustainable methodologies for chemical
transformations.

In nature, a wide variety of multielectron processes are pro-
moted with high selectivity and efficiency by metalloenzymes
based on earth-abundant transition metal cations. The reac-
tions occurring in the active site of these enzymes rely on close
cooperation of both the earth-abundant metal center and sur-
rounding organic redox-active cofactors (Fig. 2)."*'* Much
inspiration has been taken from these biological systems in
the context of organometallic chemistry, resulting in numer-
ous investigations into the reactivity of transition metal com-
plexes bearing redox-active ligands.>'>"> However, it should be
stressed that the presence of redox-active ligands does not
guarantee preferential multielectron behavior and radical 1e™
reactivity may still be observed, as is the case for first-row
metalloenzymes that operate by single electron or coupled
electron-proton transfer.

This frontier article discusses key examples from the litera-
ture on the application of redox-active ligands to achieve multi-
electron reactivity at earth-abundant transition metal com-
plexes where the electrons are supplied by either the redox-
active ligand(s) or by both the ligand and metal center. We
largely focus our discussion on first-row systems, and highlight
examples of stoichiometric and catalytic reactions for multi-
electron substrate activation facilitated by redox-active ligand(s).
When available, the electrochemical properties of each system

This journal is © the Partner Organisations 2024
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Fig. 2 Select metalloenzyme active sites with redox-active organic cofactors.**

are noted to encourage greater consideration of the relevant
redox potentials of the metal complex and substrate on
activity, toward the rational design of redox-active ligand
systems for organic transformations.

2. Ligand-promoted stoichiometric
reactivity

2.1. Multielectron reactivity at early transition metal
complexes

Two-electron processes are ubiquitous in homogenous cataly-
sis mediated by transition metal complexes. For example, oxi-
dative addition and its microscopic reverse, reductive elimin-
ation, are representative elementary steps for substrate acti-
vation and bond formation reactions. This reactivity has been
well-studied for palladium catalysts, where these key steps are
achieved through the two-electron Pd*™ redox cycle (Fig. 3).*°
Beyond palladium, tremendous progress has been made in
this area with early transition metal complexes. Seminal
studies by Heyduk and co-workers focused on halogen oxi-
dative addition at Zr'¥ and Ti" complexes bearing dianionic
amidophenolate (ap>~) or o-phenylenediamide (opda®~) redox-
active ligand(s)."”">° Since these early transition metal com-
plexes contain formal d° metal centers, the metal oxidation
state cannot be increased further and the ap®>~ or opda®~
ligand(s) must supply the necessary redox equivalents required

R1
Oxidative "/
iti L,Pd
Addition TN Transmetallation
R1—X R2—M
o/l
L,pd® Pd"" Cycle M—X
Reductive /R1
Elimination In
L,Pd
\ 2
R1_R2 R
Fig. 3 General catalytic cycle for Pd-catalyzed cross-coupling
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for the overall 2e” transformation. However, the authors
suggest this process may be viewed as a molecular oxidative
addition due to the strong ¢ and n donation from the electron-
rich ap®” ligands to the metal."” For example, [Zr(ap),(THF),]
reacted rapidly with 1 equiv. PhICl, to afford the oxidative
addition product [ZrCl,(isq'™),], where 1e™ oxidation of both
ap®~ ligands to the imino-semiquinonate (isq"~) form has
occurred (Scheme 1a).'® Other halogen-based oxidants (e.g.,
Br,, XeF,, PCL,Ph;, PBr,Ph;, and CICPh;) also reacted with
[Zr(ap),L,] in a similar fashion, affording the singlet diradical
product [ZrX,(isq"™),] (X = F, Cl, Br). Notably, [Zr"VF,(isq ),]
was also obtained by reaction of [Zr(ap).(py).] (py = pyridine)
with 2 equiv. ferrocenium hexafluorophosphate [Cp,Fe][PFs],
where the only fluoride source was the hexafluorophosphate
anion. Similarly, [(N,0,™Ti'VL,] (L = THF or py) also reacted
with 1 equiv. PhICl, to afford oxidative addition products
(Scheme 1b).>° Depending on the axial ligands in the parent
complex, a six- or seven-coordinate Ti'VCl, was generated with
an oxidized [N,0,]*>~ redox-active ligand backbone.

In complementary reactivity studies, carbon-carbon bond
formation via reductive elimination from the Zr" and Ti"V
complexes has also been reported.”>> When the dianionic
complexes [ZrR,(ap),]*~ (R = Ph, p-tolyl, or Me) were treated
with 2 equiv. [Cp,Fe][PFq] in THF, the homocoupling product
(R-R) was obtained (Scheme 2a).>* The proposed pathway for
this reaction involves an initial oxidation of both redox-active
ap®~ ligands by the decamethylferrocenium oxidant, from
which reductive elimination is accessible. The putative Zr" dir-
adical intermediate was detected by low-temperature UV-vis
studies, supporting the proposed mechanism. In another
example, treatment of a Ti" bis-phenylacetylide complex with
1 equiv. PhICl, afforded 1,4-diphenylbutadiyne and the corres-
ponding Ti"VCl, complex (Scheme 2b), where the latter was
reported to undergo ligand-centered quasi-reversible 1e™ oxi-
dations at E;,, = —0.52 V and —0.19 V vs. Fc'’® in THF with 0.1
M ["BuyN][PF¢] (Scheme 3).>*> Two possible intermediates were
suggested with respect to the fluxionality of the amine arms,
depending on whether the C-C bond formation via reductive
elimination occurred before or after chloride coordination to
the titanium center.

More recently, Roberts and co-workers reported catalytic
alkyl-alkyl cross coupling reactions mediated by early tran-
sition metal complexes with a tris(amido) redox-active
ligand.**®® For example, the addition of (1-bromoethyl)
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Scheme 2 Representative carbon—carbon bond formation via reductive elimination at (a) Zr'"Y amindophenolate, and (b) Ti'"V phenylenediamide
complexes.?+22

benzene (PhMeCH-Br) to a mixture of [(NNN)Sc"(THF);] and involving an organic alkyl radical (ArMeCH"), partnered with
benzylzinc bromide (BnZnBr) resulted in a mixture of the the ligand-centered radical intermediate [(NNN’)Sc'"Br
alkyl-alkyl cross-coupling (PhMeCH-Bn) and homocoupling (THF),]  in the solvent cage (Fig. 4).>> The presence of an alkyl
[(PhMeCH),] products. Formation of the homocoupling side radical was supported by radical trapping studies with TEMPO,
product could be minimized by using catalytic amounts of the as well as by the racemization of the stereocenter in the cross-
Sc complex. A radical coupling mechanism was proposed coupled product. Unlike classic palladium-catalyzed cross-
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coupling reactions, f-hydride elimination was not observed in
this system as the organic alkyl radical is never bound to the
metal. Moreover, the substrate scope for alkyl-alkyl cross coup-
ling extended to include coupling partners with functional
groups (e.g., Br, CF;) that are incompatible with late-transition-
metal catalysis. In previous work by Heyduk and co-workers, a
series of tantalum complexes featuring the tris(amido) ligand
were prepared in which the electronic properties of the ligand
phenylene backbone and amide donors were systematically
varied.”” While derivatization on the ligand backbone signifi-
cantly affected the ligand-centered redox potentials, enabling
redox tuning over more than 270 mV, changes to the amido
substituents had little impact on the electronic profile of the
complex.

B B

Sondir
Co'"
Bu Q Bu

25 °C

colll

[CO(”|)(A’aP)(AriSQ")]

[CI'] =NCS, CCl,

[CO(”l)(Cl)(A'iSQ")z]

2.2 Multielectron reactivity at late transition metal complexes

Compared to the early transition metals, first-row late tran-
sition metals typically favor lower oxidation states and thus
have a non-zero d electron count. Traditionally, these first-row
transition metal complexes undergo sequential 1e” processes
due to metal-centered redox events. However, the introduction
of redox active ligands into these complexes can introduce
additional redox events at various potentials, and in select
cases, can facilitate multielectron reactivity with organic sub-
strates. For example, the aminophenol-derived ligand architec-
ture has been applied to achieve novel 2e™ reactivity at copper
and cobalt complexes.*®**° In 2010, the Soper group reported
square planar, intermediate spin (S = 1) Co™ complexes
[Co™(*"ap),]” (Ar = phenyl or 2,6-diisopropylphenyl) bearing
two amidophenolate redox-active ligands.?® The phenyl deriva-
tive was shown to undergo two quasi-reversible ligand-based
1e” oxidations to the neutral [Co™(*"ap)(*"isq"")] and monoca-
tionic [Co™(*isq™™),]" species at —0.77 V and —0.35 V vs. Fc"’°,
respectively, in MeCN. The neutral complex [Co™(*"ap)
(*isq"7)] was isolated and characterized as an § = 1/2 ground
state. Treatment of [Co™(*ap)(*"isq'”)] with 1 equiv. [CI]
radical donor, such as CCl, or N-chlorosuccinimide (NCS), in
THF resulted in a quick color change to blue-green. The
product was identified as square pyramidal [Co™(CI)(*"isq"7),]
through UV-vis studies (Scheme 4). Interestingly, the same
Co™-Cl complex was also obtained by the reaction of
[Co™(*"ap)(*"isq'™)] with 1 equiv. electrophilic [CI'] source
(c1'] = 2,3,4,5,6,6-hexachloro-2,4-cyclohexadien-1-one)  in
MeCN, which was proposed to proceed via a net 2e” redox
process promoted entirely by the redox-active ligands.

In a related study, Soper and co-workers showed that
[Co™("Pap),]” reacts with electrophilic alkyl reagents (R-X) to
form a Co™-R bond (Fig. 5),*° resembling their previous work

Bu IAr 1°
Bu [CI+ O., N Bu
colll
I;f o Il T
25°C, N, o Bu
[Co(lIl)(*"ap),]~
el o
[cry=

cl cl

Cl

Scheme 4 Cobalt(i)—C bond formation promoted by one or two amidophenolate ligands.?®
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with the ClI" reagent. The solid-state structures of square pyra-
midal complexes [Co™(CH,CI)(*"isq™),] and [Co™(Et)
(Phisq"7),] revealed contracted C-O and C-N bond distances,
consistent with the ["Pisq]"~ ligand backbone. This reactivity
was explored with various alkyl halides (and MeOTY), in which
the reaction rate followed the order of OTf™ % I" > Br~ > Cl".
The Co™-R bond formation was also highly sensitive to steric
hinderance at the cobalt center, and no addition reaction was
observed over weeks with iodobenzene or vinyl bromide, both
bearing a sp>-hybridized carbon center. Based on the above-
mentioned results, an Sx2 mechanism was proposed for the
oxidative addition of organohalide to the cobalt center, where
the two electrons required for bond formation originated from
the two amidophenolate redox-active ligands.

The authors reported that the Co™-Et diradical complex is
relatively inert to p-hydride elimination; however, this complex
was shown to exhibit further reactivity with phenyl- or hexyl-
zinc bromide to give ethylbenzene and n-octane, respectively,
in 5-15% yield. This result demonstrated a remarkable oxi-
dative addition and reductive elimination mediated by a 2e”
redox cycle at the cobalt center. Although the precise mecha-
nism of reductive elimination remains unclear and the reac-
tion conditions have yet to be optimized, these stoichiometric
studies revealed key insights into the use of redox-active
ligands to promote carbon-carbon bond formation at a first-
row late transition metal center.

Beyond electrophilic alkyl addition at the first-row tran-
sition metals, [M]-CF; bond formation has also been achieved.
The diradical Cu™ complex [Cu”(*Pisq™),], originally reported
by Wieghardt and co-workers in 2001,> was found to undergo
ligand-based reversible 1e” oxidations at E;, = —0.26 V and
0.37 V vs. Fc'® in CH,Cl, with 0.1 M ["Bu,N][PFs]. Later,
Desage-El Murr, Fensterbank, and co-workers®" discovered that
[Cu"(*Misq 7),] reacts with Umemoto’s reagent ([DBT-CF;]",
Ep. = —0.75 V vs. Fc"® in MeCN)* to yield the first example of

5800 | /norg. Chem. Front., 2024, 11, 5795-5809

©/Zn8r

—R and carbon-carbon bond formation reactions promoted by the amidophenolate redox-active ligands.30

a Cu"'-CF; complex (Scheme 5). The incorporation of the CF;
group in the product was confirmed by ESI mass spectrometry.
The UV-vis, EPR, and cyclic voltammetry (CV) studies of the
paramagnetic Cu"~CF; complex displayed similar features as
the Cu"-Br, analogue reported by Chaudhuri and co-workers,
in which both ligands are in the neutral iminobenzoquinone
form (*"bq).?® Further investigations into the stability and reac-
tivity of [Cu"(CF;)(*"bq),] revealed an intramolecular CF;~
group transfer to the electrophilic sites on the ligand backbone.
Nucleophilic trifluoromethylation of external electrophilic sub-
strates was unsuccessful, likely due to the inability to access
ligand exchange at the copper center. Despite a limited sub-
strate scope, the formal umpolung of the electrophilic CF;"
source to a nucleophilic CF;~ anion was demonstrated. The
mechanism of Cu-CF; bond formation was not discussed;
however, in their following study, single electron transfer (SET)
was proposed between the CF;" reagent and the redox-active
ligand in [Cu"(""isq™),] to generate a CF," radical, which could
be trapped by TEMPO or other organic substrates (e.g., hetero-
aromatics, silyl enol ethers, and alkynes) in CH,Cl, or N-methyl-
2-pyrrolidone (NMP) (Fig. 6).>* This catalytic protocol of radical
trifluoromethylation circumvents changes in the oxidation state
of the copper center, thus limiting uncontrolled radical reactiv-
ities. It is worth mentioning that [Cu"(CF;)(*"bq),] is inactive
for radical trifluoromethylation, meaning this is a non-pro-
ductive species for trifluoromethyl transfer protocols.

We recently reported a family of [CpCo(Ropda)] complexes
(Cp = cyclopentadienyl) that exhibit a reversible 2e™ oxidation
feature by CV.** The redox potential for the isopropyl derivative
[CpCo(*"opda)] was observed at E;,, = —0.17 vs. F¢"° in aceto-
nitrile: by varying the electronic properties of the ligand substi-
tuents, this potential could be tuned by over 0.5 V. Structural
and spectroscopic characterization of the 2e” oxidation
product, obtained by treatment of the neutral species with
2 equiv. chemical oxidant, established this species as

This journal is © the Partner Organisations 2024
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Fig. 6 Proposed mechanism for radical trifluoromethylation with [Cu"(Phisq ),].>

[CpCo™(*bqdi)(MeCN)]** with the neutral benzoquinonedii-
mime (bqdi) ligand (Scheme 6). DFT computational studies
were used to probe the pathway for 2e™ oxidation: initial loss
of 1e” from [CpCo(Ropda)] occurs with redox-induced electron

This journal is © the Partner Organisations 2024

transfer to form a Co™ intermediate, where the decrease in
delocalization in the Co-ligand metallocycle enables aceto-
nitrile coordination and promotes the loss of the second 1e™

at a more negative potential. This family is one of only a
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handful of examples exhibiting a two-electron redox feature at
first-row metals.’?**® Such multielectron behavior may be
advantageous for developing electrocatalysts that operate at
minimal overpotential (vide infra).

In a following report, we applied this 2e~ oxidation behavior
to achieve reactivity with electrophilic reagents.*® The [CpCo
(**opda)] was shown to react with Umemoto’s reagent ([DBT-
CF;]" and NFSI (N-fluorobenzenesulfonimide)) as electrophilic
CF;" and F' sources, respectively, resulting in formation of a
new Co-X bond in [CpCo™(*'bqdi)(X)]" (X = CF;, F) via ligand-
to-substrate two-electron transfer (Scheme 6). The Co'™-CF;
complex can also be accessed using other electrophilic CF;
sources, which yielded a clear correlation between the redox
potential of the cobalt complex and the electrophile reagent
(Fig. 7). Moving forward, redox potentials may prove to be a
useful guide for selection of other appropriate substrates and
reaction partners. We further showed that [CpCo™(*"bqdi)(F)]"
can deliver nucleophilic fluoride to the trityl cation by formal

[ 1 CF;* CDsCN ) ]
reagent
cL QL0
+ + é
CF;* Reagent S s \
(';Fa oTF 5F3 oTF ¢, OTF
[DBT-CF]* [Thi-CF,]* [Ph,S—CF3]*
E; o(CF3") (vs. Fc*'0) -0.65V -0.85V -1.07V
AE (V) 0.48V 0.68V 0.90V
Conversion 285% <5 min 24 h 7d
Fig. 7 Reactivity of [CpCo(™opda)]l (1) with CFs* reagents. 2 =

[CPCo"(P"bqdi)(CF3)]*. Reproduced with permission from ref. 49.

Copyright 2023 Royal Society of Chemistry.
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—X bond formation (X = CF3 or F) promoted by the phenylenediamide redox-active ligand.*°

umpolung of the original F* source. In contrast, the Co"™-CF;
bond in [CpCo™(*bqdi)(CF;)]" is robust and does not act as a
CF;~ source. Instead, trapping experiments in the presence of
TEMPO or 3-methyl-1H-indole suggested a SET mechanism
between Umemoto’s reagent and the cobalt complex, similar
to the behavior of [Cu("Pisq™™),] in Fig. 6.3

Other redox-active ligand frameworks have also been
explored for promoting metal-carbon bond formation. In
2018, Hisaeda and co-workers® described a Co" porphycene
(Pc) complex that undergoes two reversible reduction processes
at Eyp = —0.93 and —1.25 V vs. Ag/AgCl in THF with 0.1 M
["BusN][PF] (Scheme 7a). Electrolysis of Co"Pc at —1.20 V vs.
Ag/AgCl resulted in reduction of the Pc ligand to the radical
anion form (Pc’”), confirmed by their and previously
reported UV-vis spectroelectrochemistry results. The EPR
spectrum for the 1e™ reduced species in THF at room temp-
erature was also consistent with a ligand-centered radical
that is delocalized throughout the porphycene skeleton. In
contrast, the cyclic voltammogram of Co"Pc in CH,CI, under
N, showed a chemically irreversible reduction feature, indi-
cating that a chemical reaction occurs after 1e” reduction.
Combining NMR, UV-vis, and mass spectra analysis, the
reduction product in CH,Cl, was confirmed as the Co™
complex, CH,Cl-Co™Pc (Scheme 7b), thus resembling the
reactivity of [Co™(*Pap),]” with CH,Cl, reported by Soper and
co-workers in 2010.?° However, in this case, the two electrons
required for cobalt-carbon bond formation are provided by
both the Pc ligand and the cobalt center. Similarly, Co™-
CH; bond formation was observed with CH;I under reductive
conditions in DMF, where the "H NMR signal of the axial
methyl group was found at —5.0 ppm. Based on radical-trap-
ping studies with a-phenyl-N-tert-butylnitrone (PBN) and DFT
calculations, the Co™-R bond forming reaction likely pro-
ceeds via an Sy2 mechanism.

This journal is © the Partner Organisations 2024
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The Chirik group has demonstrated the reactivity of iron
complexes featuring a bis(imino)pyridine (PDI) redox-active
ligand for two-electron oxidative addition®" and catalytic cycli-
zation reactions,”>* achieved via metal-ligand cooperativity.
In their 2013 report,>* the isolation of catalytically relevant
iron metallacycles was explored. The oxidative addition of
enyne or diyne substrates to [(*"PDI)Fe"(N,)] yielded a metallo-
cycle complex formulated as an intermediate-spin Fe'™ with
antiferromagnetic coupling to the PDI'~ radical anion (overall
S = 1), based on magnetic susceptibility measurements and
>’Fe Mossbauer spectroscopy. Subsequent H, hydrogenation
and reductive elimination led to release of the cyclized product
and regeneration of the starting Fe'' catalyst (Fig. 8). This
study revised their previously proposed mechanism for iron-
catalyzed cycloaddition in which the PDI ligand was thought

N T E
E /_/
4
Reductive Oxidative
Elimination Addition

Fig. 8 Proposed catalytic cycle for the hydrogenative cyclization of
enynes by redox-active bis(imino)pyridine iron complexes.>*

This journal is © the Partner Organisations 2024

to serve as the electron reservoir to maintain the Fe" oxidation
state.>>> While electrochemical characterization data for
[(*"PDI)Fe(N,)] is unavailable, electrochemical studies for
4-substituted PDI ligands and related iron dicarbonyl com-
plexes [(4-R-F"PDI)Fe(CO),] (R = H, CF;, ‘Bu, Bn, NMe,) have
been reported.”®”” For the iron dicarbonyl complex [(4-
H-""PDI)Fe(CO),], reversible 1e~ oxidation and 1e~ reduction
waves are observed at —0.49 V and —2.46 V vs. Fc"°, respect-

ively, in THF with 0.1 M ["BuyN][PF].>°

3. Electrocatalytic multielectron
reactions

The abovementioned proof-of-principle studies demonstrating
[M]-R and C-C bond formation at first-row transition metals
laid the foundation for the development of electrocatalytic
transformations promoted by redox-active ligand(s).>®* In
2014, Sarkar and co-workers reported a (pseudo)tetrahedral
Co" diradical complex [Co™(M**L’"),] (Mes = mesityl), in which
two semi-benzoquinonediimine radicals are strongly antiferro-
magnetically coupled to the central Co" ion, yielding an § = 1/
2 ground state (confirmed by magnetic susceptibility measure-
ments and EPR studies).”® This complex [Co"(M°L'7),] dis-
played two reversible 1le™ reductions at E;, = -1.23 V and
—2.10 V vs. F¢'’® in THF with 0.1 M ["Bu,N][PF]. In contrast,
CV studies in CH,Cl, exhibited a significant current increase
near the second reduction potential, indicating an electro-
catalytic reaction mediated by the doubly reduced species
[Co"(M*L*7),]*". In particular, the authors proposed that
[Co"(M*L?7),]>", generated at the working electrode surface,
reacts with the CH,Cl, solvent via C-Cl bond activation.
Inspired by this result, the authors attempted catalytic C-C
bond formation using [Co"(M*L'"),] as the pre-catalyst.
Indeed, using a benzyl halide as a substrate, electrocatalytic
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current (i.,) was observed in THF at —2.10 V. At 100 mV s™*

scan rate, the observed rate constant using benzyl bromide or
benzyl chloride was estimated to be 10 and 2.8 s, respect-
ively. The slower reaction rate with benzyl chloride suggests
that C-X cleavage may be the rate determining step. The ESI
mass spectrum recorded for the mixture of in situ generated
[Co"(™*L*>),]” and benzyl chloride showed [Co"(Bn)
(M*°L"7),] as the main product, while dibenzyl was isolated as
the exclusive organic product in this reaction mixture. Taken
together, an electrocatalytic mechanism was proposed (Fig. 9):
electrochemical reduction of [Co"(™**L"7),] by two electrons
generates [Co"(*°L>7),]>~, which activates the benzyl halide to
yield the Co"-Bn intermediate, followed by homocoupling of
Co"-Bn with a second equivalent of Co"-Bn to yield the diben-
zyl product with concomitant formation of [Co™(L*7)(L"7)]™.
This 1e” reduced intermediate can be further reduced at the
working electrode to regenerate the active dianionic form for
benzyl halide activation and subsequent bond formation.

The above study is an elegant example of electrocatalysis at
the first-row transition metal facilitated by redox-active
ligands. However, we note that this cobalt electrocatalyst, as
well as most of the stoichiometric systems discussed in
Sections 2.1 and 2.1 (all except [CpCo(fopda)]), operate by two
sequential 1e~ redox processes, and thus the two-electron reac-
tivity only occurs after the second electron transfer at the E,
potential to generate the active species (Fig. 10a). Sequential,
well-separated 1e” redox events (often referred to as normal
ordering of potentials) are typically observed due to electro-
static repulsion.®® For electrochemical or electrocatalytic reac-
tions mediated by molecular metal complexes, overpotential is
defined as the difference between the standard thermo-
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(a) Stepwise 1e~ Processes

+1e” +1e”

[AI"* (Al (A"

-1e

(b) Overall 2e~ Process

+ 2e”
[B]™? — [B]"

- 2e”

Y

Potential (vs. Fc*/)

Fig. 10 (a) Normal ordering of redox potentials. (b) Potential inversion.

dynamic potential for the reaction and the potential at which
the electrocatalyst operates.®’ Thus, if the potential difference
(AE = E, — E,) between the first and second redox events at the
metal complex is decreased, the overpotential for a two-elec-
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tron transformation will also be lowered. In an ideal case, the
overpotential will be minimized when the potential difference
(AE) is zero or even a negative (for oxidations) or positive (for
reductions) value. This situation is known as potential inver-
sion: the second electron transfer is as favorable or easier than
the first electron transfer, leading to an overall two-electron
redox process (Fig. 10b).

The ordering of potentials can be affected by several
factors, including coupled proton transfer, structural reorgan-
ization (e.g., ligand binding/release), and ion solvation ener-
gies that approximately depend on the square of the charge
number.®*®> Nevertheless, as mentioned above, only a limited
number of first-row transition metal complexes have been
shown to exhibit overall two-electron redox cycles in a single
CV feature.>**™*® Among them, only one example has shown
multielectron reactivity for electrocatalysis (CO, reduction).*?

From the CO, reduction literature, we highlight select
examples in which the overpotential for electrocatalytic CO,
reduction is decreased due to the presence of a redox-active
ligand that causes the second redox potential (E,) of the metal
complex to shift to a more positive value. In 2020, the Chang
group®® reported an iron polypyridyl complex, [Fe'(ppy®)
(MeCN)J**, that exhibited two closely spaced 1e” reductions,
centered at —1.43 V vs. Fc'’® in MeCN (Fig. 11), both of which
were assigned as ligand-centered events. Two-electron
reduction with decamethylcobaltocene (Cp*,Co) in THF
afforded a neutral diamagnetic complex. Experimental and
DFT computational characterization of this species led to its
formulation as [Fe"(ppy”)*"]° with an open-shell singlet
ground state where an intermediate-spin iron(u) center (Sg. =
1) is antiferromagnetically coupled to a doubly-reduced poly-
pyridyl (Sppy = 1) ligand. The strong metal-ligand exchange
coupling shifts the second reduction of the polypyridyl ligand
to a more positive potential relative to the zine(n)*® and cobalt
(n)® analogues by 640 mV and 770 mV, respectively. The
authors also showed that [Fe"(ppy®)(MeCN)]** is highly selec-
tive for CO, reduction. With phenol (3.5 M) as a proton source,
two electrocatalytic waves were observed at ca. —1.50 and —2.0
V vs. Fc°, the former being near the polypyridyl reduction

Lo-2

Fe2+

[Fel*

Current/A

M =Fe, Co, Zn

T T T T T T 17T

T T T
1.0 0.5 00 -05 -0 -15 -20 -25
Potential / V vs Fc*°

Fig. 11 Cyclic voltammograms of Fe" and Co'" polypyridyl complexes.
Reproduced with permission from ref. 64. Copyright 2022 American
Chemical Society.
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potential. The appearance of a second catalytic wave was attrib-
uted to a change in the electrocatalytic mechanism, according
to their follow-up studies.®® The faradaic efficiency for CO pro-
duction (FEco) reached 94% at —1.46 V vs. Fc’°, with a turn-
over frequency (TOF) of 75 000 s* and overpotential (1) of only
190 mV. This result marked a substantial decrease in the ener-
getic requirements for CO, reduction compared to previously
reported molecular catalysts.

More recently, Zhang and co-workers examined the electro-
catalytic CO, reduction reaction at a series of Co" tetraphenyl-
porphyrin complexes in which different numbers of redox-
active nitro groups (NO,) were incorporated into the ligand
backbone.®® The parent complex [TPPCo"] displayed two
reversible reductions at E;,, = —1.28 V and —2.41 V vs. Fc'° in
DMF with 0.1 M ["Bu,N][PF¢], for which the first reduction was
assigned as cobalt-based.’” The Co"/Co" couple in the nitro-
substituted complexes was shifted slightly to more positive
potentials by 40-130 mV due to the electron-withdrawing
effect of the nitro group(s). A second reversible reduction for
all nitro-substituted complexes was observed at E;;, = —1.59 V
vs. Fc°. This redox feature was replicated at the [BNPPZn"]
analogue and is thus assigned as a ligand-based process.
Interestingly, differential pulse voltammetry (DPV) revealed
that the n,/n, ratio (number of electrons being transferred in
the second/first reduction) are associated with the number of
nitro groups on the porphyrin ligand (Fig. 12). All complexes
in this series were shown to be active electrocatalysts for CO,
reduction, with onset potentials observed at —1.50 V for all
nitro-substituted complexes and at —2.32 V for the parent
[TPPCo"]. Thus, by introducing the redox-active nitro groups,
the overpotential (5) for catalytic CO,-to-CO conversion was
lowered to merely 270 mV (compared to = ca. 1090 mV for
[TPPCo]). The foot-of-the-wave analysis (FOWA) of the catalytic
wave yielded the maximum TOF value of 4.9 x 10* s~ for
[TNPPCo"] bearing four nitro substituents.

In another case, the introduction of bulky mesityl groups
on the bipyridine ligand in [Mn(***bpy)(CO);Br] (M**bpy = 6,6"-
dimesityl-2,2"-bipyridine) was shown to have a significant
effect on the electrochemical reduction behavior, preventing
dimerization after bromide dissociation.*® The parent complex
[Mn(bpy)(CO);Br] exhibited two irreversible 1e~ reduction
waves separated by ca. 300 mV, while [Mn(™**bpy)(CO);Br]
undergoes a reversible 2e” reduction at E;/, = —1.55 V vs. Fc''°
in MeCN to yield the anionic complex [Mn(***bpy)(CO);] .
This anion was synthesized independently via reduction with
potassium graphite (KCg) in THF - its crystal structure and
DFT calculations indicated significant electron density is
present on the bpy ligand. The authors showed clear evidence
for the binding and activation of CO, by [Mn(™**bpy)(CO);],
generating a Mn(1)-CO,H intermediate; however, electro-
catalytic current enhancement was not observed until another
1e” reduction of the Mn(1)-CO,H complex at ca. —2.0 V vs. Fc*°.
Consequently, despite the ability of [Mn(***bpy)(CO);Br] to
achieve two-electron behavior in a single redox feature, the
overpotential for CO, reduction was found to be comparable to
the parent system. This example highlights an issue that may
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arise when attempting to decrease the catalytic overpotential
by potential inversion without knowledge or consideration of
the reactivity of the resulting species - if the multielectron
redox feature does not generate an active species to initiate
electrocatalytic turnover, the potential inversion may not
benefit electrocatalytic performance and additional consider-
ations must be accounted for to optimize reactivity. Thus, it is
critical to balance all aspects of the catalytic system when con-
sidering electrocatalyst design toward the development of
systems that operate via multielectron reactions near the
thermodynamic potential.

4. Conclusions and outlook

This article provides an overview of recent developments in
the field of multielectron reactivity facilitated by redox-
active ligand(s) at earth-abundant transition metal com-
plexes. Through these various examples, we highlight how
redox-active ligand scaffolds can serve as efficient electron
reservoirs to maintain the metal oxidation state and to acti-
vate substrates through ligand-based oxidation or reduction
processes. The redox flexibility of these ligands has
emerged as a valuable strategy for modulating the behavior
of first-row transition metal centers to access novel stoi-
chiometric, and in some instances, electrocatalytic multi-
electron reactivity with organic substrates. While the pro-
gress in this field is exciting, the potential of redox-active
ligands for multielectron transformations may yet to be
fully realized.

Throughout this review, we noted the relevant redox poten-
tials for each system, where available. These examples largely
focused on select ligand structures rather than a systematic
exploration of ligand substituent effects. While the influence
of ligand electronic properties on the electrochemical behavior
of transition metal complexes has been thoroughly estab-

5806 | /norg. Chem. Front., 2024, 11, 5795-5809

lished, limited work has been done to demonstrate how the
redox potentials of the metal complex affect the favorability,
rate, selectivity, and/or mechanism for multielectron reactions
with organic substrates. Further investigations in this area are
warranted to establish structure-activity relationships with a
variety of redox-active ligand scaffolds and metal centers, and
to push the boundaries of inductive ligand alterations to
better understand the interplay between metal and ligand pro-
perties for multielectron reactivity. This knowledge will be
invaluable as the field moves toward rational redox-active
ligand design for targeted synthetic applications.

The prospect of accessing multielectron behavior at a single
redox feature with earth-abundant metal complexes is of great
interest for electrocatalytic applications. Achieving two elec-
tron transfers in a single redox feature, as observed by CV or
other electrochemical technique, eliminates the need for
additional applied potential to reach the second oxidation
state, which in principle would minimize the overpotential
required for electrocatalytic substrate conversion. To date, this
strategy has only been successfully demonstrated in a few
reports. A key challenge with this approach is that the two-elec-
tron redox process may not directly generate an intermediate
active for electrocatalysis, as observed with [Mn(™*bpy)
(CO);Br] for CO, reduction. Further work is needed to better
understand how to strategically design redox-active ligand
complexes that minimize electrocatalytic overpotentials while
maintaining the necessary properties at the metal for substrate
reactivity. Furthermore, as highlighted in this review, most
earth-abundant metal complexes showing multielectron sub-
strate reactivity display sequential 1le~ electrochemical pro-
cesses rather than 2e™ redox features. As more first-row metal
complexes exhibiting 2e™ behavior are developed, greater atten-
tion should be paid to understanding how to effectively exploit
this reactivity for electrocatalysis. Advancements in this area
will further broader the opportunities for redox-active ligands
in sustainable catalysis.
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