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New Avenues for Ligand-Mediated processes —
Expanding Metal Reactivity by the use of Redox-
Active Catechol, o-Aminophenol and o-

Phenylenediamine Ligands

Daniél L. J. Broere, Raoul Plessius, Jarl lvar van der Vlugt*

Abstract

Redox-active ligands have evolved from being considered spectroscopic curiosities — creating
ambiguity about formal oxidation states in metal complexes — to versatile and useful tools to expand
on the reactivity of (transition) metals or to even go beyond what is generally perceived possible. This
review focusses on metal complexes containing either catechol, o-aminophenol or o-
phenylenediamine type ligands. These ligands have opened up a new area of chemistry for metals
across the periodic table. The portfolio of ligand-based reactivity invoked by these redox-active
entities will be discussed. This ranges from facilitating oxidative additions upon d° metals or cross
coupling reactions with cobalt(Ill) without metal oxidation state changes - by functioning as an
electron reservoir - to intramolecular ligand-to-substrate single-electron transfer to create a reactive
substrate-centered radical in a palladium complex. Although the current state-of-art research primarily
consists of stoichiometric and exploratory reactions, several notable reports of catalysis facilitated by
the redox-activity of the ligand will also be discussed. In conclusion, redox-active ligands containing
catechol, o-aminophenol or o-phenylenediamine moieties show great potential to be exploited as
reversible electron reservoirs, donating or accepting electrons to activate substrates and metal centers

and to enable new reactivity with both early and late transition as well as main group metals.

1. Introduction

The ability of a metal to change oxidation states during metal-mediated chemical transformations has
resulted in the use of these metals for catalytic processes. For example, the ability of palladium to
undergo two-electron changes (Pd”/Pd" or Pd"/Pd") has resulted in the widespread implementation of
Pd-catalyzed cross-coupling reactions." On the other hand, the lack of d-electrons, required to
facilitate f-H elimination, in Ti'", Zr" and Hf"Y complexes make these species highly useful as alkene

polymerization catalysts.” Generally speaking, catalytic processes can be distinguished in reductive,
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oxidative or redox-neutral processes. Many (industrially relevant) reactions, even when formally
redox-neutral, involve two-electron redox-steps and are thus linked to e.g. 2™ and 3™ row (noble)
transition metals. Base metals generally prefer to undergo one-electron redox-events but controlled
(‘metal-mediated”) odd-electron pathways are still less commonly encountered, although there is a
great interest in the use of abundant, cheap and non-toxic materials. Moreover, the development of
unprecedented types of reactivity — which could facilitate or significantly shorten the synthesis of
highly desired molecules — is also sought after. Redox-active ligands have shown to be able to do both

by working in synergy with the metal and thereby expanding upon a metal’s “common” reactivity.’
a) Redox-active ligands

With regular spectator or “redox-inactive” ligands the energy required for oxidation or reduction by
one electron is much bigger than that needed to change the oxidation state of the metal. As a
consequence, the changes in electronic structure occur at the metal and not at the coordinated ligands
(Figure 1, top). Redox-active ligands have more energetically accessible levels for reduction or
oxidation.* As a result, either solely ligand-centered redox processes can occur, with the metal center
remaining in the same oxidation state (Figure 1, bottom) or both the ligand and metal change
oxidation state in a synergistic fashion, creating ambiguity about the electronic state of both metal and
ligand. Nature employs this feature in various metalloenzymes wherein the active site contains a
redox-active ligand that works in synergy with a metal ion.” This way multi-electron reactions are
broken down into smaller steps, avoiding overpotentials and making it possible to work near

thermodynamic potential.*®
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Figure 1 Top: “Traditional” unreactive ligand in an oxidative addition reaction where the metal changes oxidation state.
Bottom: Redox-active ligand functioning as an electron reservoir in an oxidative addition reaction thereby keeping the metal

in the same oxidation state.

Chemists have identified the principles of redox-active ligands several decades ago but until recently
these entities where mainly considered as spectroscopic curiosities. We have decided to refrain from a

complete historic perspective including seminal early breakthroughs, but the interested reader is
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referred to recent reviews on these aspects.” The true potential of these ligands extends well-beyond
the mere identification of non-trivial electronic structure configurations. These ligands can expand
metal reactivity in several ways (Figure 2) by A) acting as an electron reservoir, B) modifying the
Lewis acidity of the metal, C) generating reactive ligand-centered radicals’ that are involved in bond-
making and -breaking or D) transferring a single electron to the substrate, which in turn may act as

redox-active moiety.

A Electron reservoir B Enhanced Lewis acidity/basicity

L"  wmn L"  wMmn
L2/ g [red]/[ox]

L1

+ +

C Reactive ligand radical @ D Generation of a reactive substrate-centred radical
¢ \ S
X H
/
[redViox] [ 1vq 4t >
L" M ———— L™ e L"  wmn — (L™ wn

Figure 2 Different ways of how a redox-active ligand can expand the reactivity of a metal center. A) enhancing the Lewis
acidity/basicity upon oxidation or reduction; B) functioning as an electron reservoir; C) generation of an reactive ligand

radical involved in bond making/breaking reactions; D) generation of a reactive substrate-centered radical.

Various classes of redox-active ligands have been developed and (intensely) investigated in the last
decades, including applications in catalysis® and material science.” However, the focus in this review
is solely on catechol-, o-aminophenol- and o-phenylenediamine-derived ligands and the processes by
which these ligands can adjust, alter or bypass the stoichiometric or catalytic reactivity of a

(transition) metal (Scheme 1).

z-2

n-=Z

Scheme 1 From left to right: catecholato, o-amidophenolato and o-phenylenediamido moiety.

These ligands can coordinate to a metal in three different oxidation states for which several different
abbreviations can be found throughout the literature. To avoid confusion, in this review we will use
the following: red” for the catecholato (cat), amidophenolato (ap) and o-phenylenediamido (pda)

oxidation state; sq” for the semiquinonato (sq), iminosemiquinonato (isq) and o-diiminosemiquinonato
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(disq)oxidation state; q for the quinone (q), iminobenzoquinone (ibq) and o-diiminoquinone (diq)
oxidation state (scheme 2). The phenyl backbone of these ligands is often substituted to prevent
undesired reactivity at the ring in the different oxidation states or to tune the electronic properties. The
coordination behavior of these ligands in their different oxidation states has been studied in great
detail.'™""'? Very recently, Pinter and de Proft and co-workers reported a DFT study concerning such
quinoid related ligand frameworks, which revealed that strengthening of the metal-ligand bonds upon
ligand reduction, resulting in stabilized M—L ™" configurations, strongly contributes to the overall

thermodynamically favourable driving force for ligand-centered electron transfer."
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Scheme 2 The three possible oxidation states of the catechol-, aminophenol- and o-phenylenediamine-derived ligands.

b) Identification of the ligand oxidation state

In most cases, the different oxidation states red”, sq” and q can be attained by stepwise chemical or
electrochemical one-electron oxidation or reduction. However, it is difficult to predict the resulting
oxidation state of a redox-active ligand when combined with a metal because upon coordination,
depending on the conditions, all three ligand oxidation states may be accessible. Several analytical
techniques are available to determine the oxidation state of both the redox-active ligand and the metal
ion. Cyclic voltammetry (Figure 3) provides insight in the potential window for the various metal and

ligand-based transitions but is not trivial to determine the locus of the redox-event in this manner.
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Figure 3 Cyclic voltammogram of a homoleptic Pd(II) complex bearing two redox active amidophenolate ligands in the sq”
oxidation state showing the ease of accessing the different ligand oxidation states. Measured in CH,Cl, solution containing
0.10 M [N(n-bu),]PF; as supporting electrolyte with a glassy carbon working electrode at a scan rate of 100 mV s-1 with

ferrocene as an internal standard. Reprinted with permission granted by the American Chemical Society. '*

Magnetic susceptibility measurements (solid state or in solution) can provide information about the
spin-state of the complex and hence the number of unpaired electrons. Single crystal X-ray diffraction
of'a compound is often informative, as the carbon-carbon bonds of the phenyl ring undergo significant
changes upon reduction or oxidation (Scheme 3). However, because these measurements are usually
performed at low temperatures only, temperature dependent spin-state changes may be overlooked.
Based on a comprehensive analysis of structural data, Brown has developed a method that allows for
the quantification of the oxidation state for aminophenolate and catecholate derived ligands."> Using
this method a “metrical oxidation state” (MOS) can be assigned based on the C-C, C-O and C-N bond
bond lengths using a simple Microsoft Excel spreadsheet provided in the supporting information of
Browns article. High-valent d” complexes can give unexpectedly positive MOS values that are not
attributed to electron transfer but to ligand-to-metal m bonding. Variable temperature magnetic
susceptibility measurements using a SQUID magnetometer are useful to address this phenomenon.
UV-vis spectroscopy may also provide information about the oxidation state of the redox-active
ligand, as transitions may be characteristic for and related to specific oxidation states.
Spectroelectrochemistry (either UV-vis or IR) in an optically transparent thin-layer electrolysis
(OTTLE) cell can provide information about the reversibility of redox events, whether a redox event
is metal or ligand centered and about the potential required for bulk electrolysis.'® EPR spectroscopy
in combination with density functional theory (DFT) calculations will provide information about the
location of the unpaired electron(s), especially for the sq” oxidation state. Less often encountered (but
still very useful) analysis methods are X-ray absorption spectroscopy, Mossbauer spectroscopy and

magnetic circular dichroism (MCD) in combination with time-dependent DFT calculations.'’
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1.40

Scheme 3 Characteristic metric parameters for three isostructural Pd(Il) complexes in the possible ligand oxidation states

displaying the dearomatization upon oxidation."
¢) Outline

The coordination chemistry and spectroscopy of catechol-, aminophenol- and o-phenylenediamine-
derived redox-active ligands continues to be extensively explored. This review will focus on
complexes with these types of redox-active ligands that are exploited for (catalytic) reactivity studies.
A division between the use of redox-active ligands solely as electron reservoirs or as a strategy to alter
or expand the reactivity at the metal center or a bound substrate is made. A further subdivision into
early transition metals, late transition metals and other metals is presented, showing how redox-active
ligands affect the reactivity for each of these metal classes. Throughout the literature the non-

»!% and “redox-active” are used interchangeably. However, in this

equivalent terms ‘“noninnocent
review the term “redox-active” will be used because in most discussed cases there is no ambiguity
regarding the formal oxidation states of the metal or ligands (the term noninnocent was originally

coined for such cases)."”

Page 6 of 50



Page 7 of 50

Chemical Society Reviews

2) Redox-Active Ligands as Electron Reservoir

a) Early Transition metals

For a metal to be able to undergo B-hydrogen elimination, a vacant site must be accessible and the
metal should possess available d-electrons. Early transition metals often occur as completely oxidized
(high-valent) metal ions with a & configuration. This explains the abundance of polymerization
catalysts based on these high-valent early transition metals, as B-hydrogen elimination is a common
termination pathway in polymerization mechanisms. However, the d° situation also limits the
application of high-valent group 3-5 metals in selective bond functionalization reactions. Oxidative
addition is, traditionally, thought to be impossible for &’ metal ions. Redox-active ligands are
powerful tools to confer new reactivity onto early transition metal complexes, provided that the redox-
properties can be tuned to accommodate electron transfer to or from the ligand scaffold. For example,
for tridentate NNN ligands bearing a redox-active phenylenediamine core and a flanking anilide
donor, it was shown that alterations in the backbone substituents allowed for redox potential changes

by at least 270 mV.*’

An early example of this chemistry was reported by the group of Heyduk, who described a reaction
between a (d°) zirconium(IV) complex (1) and molecular chlorine, which resulted in oxidative
addition to yield the Zr(IV) dichlorido-derivative (2) (Scheme 4).*' The presence of two redox-active
NO-ligands in the red® amidophenolate oxidation state proves essential for the reactivity of 1. Upon
interaction of the Zr-species with Cl,, both redox-active ligands are oxidized to the sq” oxidation state,
thereby donating one electron in order to facilitate homolytic activation of Cl,. The change in ligand
oxidation state was supported by UV-vis and EPR spectroscopy and by comparison of the metric
parameters of 1 and 2 obtained from X-ray diffraction. Variable temperature magnetic susceptibility
measurements showed that the effective magnetic moment of 2 approaches zero at low temperatures,
indicative of a singlet (S = 0) diradical ground state, with anti-ferromagnetic coupling between the
two ligand radicals. This reaction is an important proof-of-principle that redox-active ligands can act

as an electron reservoir to enable reactions that were previously thought to be impossible.

THE, THF cL gl

t-Bu V4 t-Bu t-Bu 2 t-Bu
\N—‘ZRWN/ C|2 \N—‘ZKWN/
& —— AN N
O O - THF O O
tBu tBu tBu tBu
tBu tBU tBu tBu
1 2

Scheme 4 Ligand-facilitated oxidative addition of molecular chlorine to a zirconium(IV) bis-amidophenolate complex.
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The same group also showed that aminophenol-based ligands are also capable of facilitating a formal
reductive elimination of a C-C bond on a metal center with a & electron count.”> Upon two-electron
oxidation of the initially obtained dianionic Zr-di(phenyl) species 3 — with both NO ligands in the
red” oxidation state — biphenyl is rapidly generated while the resulting metal complex (1) still
contains two NO ligands in the red* oxidation state (Scheme 5). This reaction is proposed to proceed
via intermediate 4, as a characteristic band at A 740 nm, attributed to the isq” system, was observed at
-78 °C by UV-vis spectroscopy, which is the bis(phenyl) analog of complex 2. Cross-over
experiments with the ditolyl analogue of 3 indicated that the reaction occurs at a single Zr(IV) center
and does not involve free organic radicals, as the mixed biaryl compound was not detected. This is the
first report of a redox-active ligand-assisted C—C reductive elimination. The Heyduk group reported
similar reductive elimination reactivity upon oxidation of a titanium complex bearing a redox-active

o-phenylenediamine NN ligand.*

d”%} @ %}-*”;d}@

Scheme 5 Ligand-facilitated two electron oxidation followed by reductive elimination of biphenyl on a Zr(IV) complex.

Expanding on this work with early transition metals, tridentate redox-active aminophenol-based ONO
ligands bearing an additional donor were found to facilitate unique reactivity.** Apart from similar
oxidative addition reactivity as described for complex 1, the four-electron oxidative formation of aryl
diazenes was achieved (Scheme 6). Reaction of Ta(V) complex 5 with aniline resulted in dinuclear
complex 6 with two bridging phenylimido ligands. Oxidation of this species using the two-electron
periodinane oxidant dichloroiodobenzene led to the formation of diphenyl diazene and Ta(V) complex
7. The dinuclear Ta,N, core pre-organizes the nitrogen atoms for N=N bond formation, while the
redox-active ONO ligands supply the redox-equivalents to facilitate this reaction, being shuttled from
red” to q before the reductive elimination can occur. Follow-up reactivity of 5 toward arylazides as
well as the initial formation of dinuclear complex 6 occurs without involvement of the redox-active

ligand.”
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Scheme 6 Four-electron oxidative formation of diazenes facilitated by a Ta(V) complex with a redox-active ONO ligand.

The presence of a potentially redox-active ligand does not automatically imply ligand-based
reactivity, as illustrated by the reaction of tantalum(V)dichloro complex 8 with two equivalents of
Ph,CN,, yielding diphenyl ketazine with the expulsion of dinitrogen (Scheme 7). No direct
spectroscopic evidence for involvement of the redox-active ligand was found. The proposed catalytic
cycle involves coordination of Ph,CN, to form 9, which after loss of N, reacts with another molecule
of Ph,CN, to form complex 10, which could also be isolated. The organic product is released from the
metal center upon coordination of exogenous Ph,CN,. Moreover, when Ph,CN, was added in neat

styrene to complex 8, the complex was found to catalytically transfer a carbene to styrene.

tBu

tBu (¢} 9
\ 3 N
N—Ta—OEt, N
tBu—Qo ol R7OR tBu
tB - OFt tB %i i%o
u 2 u \(;l R
8 N—Ta=N=N=(
/& R
tBu (¢]
R
tB
R,C=N—N=CR, ! N=N=
9 R
tBu
RaCN; tBu o R Nz
\(;l R

Scheme 7 Catalytic cycle of carbene transfer to form ketazines, using a Ta(V) [ONO] complex. R = Ph.
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Dimethyltantalum(V) complex 5 reacts with #-butanol to generate dialkyloxide tantalum(V) complex
11.%7 This species, along with the dichloro analogue,”® is able to react with phenylazide to produce 0.5
equivalents of the corresponding azobenzene in the presence of 1,2-diphenylhydrazine, with
intermediacy of tantalum-imido species 12 featuring the ONO ligand in the q (iminoquinone)
oxidation state (Scheme 8). Unlike the dichloro complex, which decomposes in the presence of excess
azide, complex 11 is able to catalytically convert phenylazide to the corresponding azobenzene, albeit
with only ten turnovers after seven days at 55 °C. The Zr(NNN) analogue (13, Scheme 8), is more
easily oxidized (by 200 mV from red” to sq” and 300 mV from sq” to q) andreacts with aryl azides to
form imido dimer (14). However, unlike with the ONO platform this dimer is indefinitely stable and
does not extrude aryldiazene, which is explained by the lower oxidizing ability of the q oxidation state

(diimine-amide) of the NNN ligand.

R«
Bu e Bu oy
Qo OtBu tBu \R
%* N—‘TazN@
—C}—o otBu Bu—_p=0 | =
N, tBu OtBu
11 12

MeOQ, iﬁr THE MeO,
2 PhN3
N—zr—=Cl  ————— 1 \
ipr  THF iPr . iPr
MeO MeO
13

Scheme 9 Reaction of [NNN]ZrCITHF, with PhNj3 to form an imido dimer.
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Catalytic nitrene transfer of organoazides to isocyanides to afford carbodiimides was feasible using

29,30

the related complex 15 (Scheme 9). Complex 15 reacted with one equivalent of the azide 4-
tBuC¢HsN; (p-tert-butylphenyl azide) to produce 4-tBuCsH,;N=C=NsBu which expulsion of
dinitrogen. Mechanistic investigations led to the proposed mechanism depicted in Scheme 10. Initial
dissociation of isonitrile from complex 15 creates five-coordinate species 16, which reacts with the
organoazide to form imido complex 17 with release of N. In this step the redox-active NNN ligand is
oxidized by two electrons from the red” to the q oxidation state. The nitrene group acts as
nucleophile upon the electrophilic carbon of the coordinated isocyanide substrate, forming species 18
with a three-membered Zr-C-N metalacycle. Formal reductive elimination of the C=N bond facilitated
by two-electron reduction of the NNN ligand to the red” oxidation state produces complex 19.
Reaction with isonitrile releases the carbodiimide product and regenerates comple 16. With aryl

azides, the reaction was halted after two turnovers, but employing alkyl azides such as AdN; (Ad = 1-

adamantyl) or rBuNj as substrates provided full conversion after 2 hours at 55 °C with a catalyst

loading of 10 mol%.
MeO, iﬁr CNiBU MeO, iﬁr
3 / - CNtBu z /Cl
N—2Zr—Cl - N—Zr\
@_Nl + CNtBu @_N/ CNtBu
MeO iPr MeO Pr RN,
15 16
{BUN=C=NR N
CNtBu MeO. o
N Cl
MeO Pr o %/
et e a
N—}r =N C‘)
AN iPr (3
'g N MeO N
1°r
MeO 9 tBu
19 N\ 17
tBu
MeO, .
iPr
N7
N—I"Zr\—/NR
2
=
1l
MeO T N\
18 tBu

Scheme 10 Catalytic nitrene transfer by [(NNN)ZrCl(CNzBu), complex, yielding carbodiimide 4-/BuC¢H,;N=N=NBu.
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Recently, a detailed DFT computational study regarding the mechanism of this nitrogen group-
transfer reaction was reported by the Baik group.’’ This study nicely supports the mechanism
proposed by Heyduk, as NNN ligand to azido substrate electron transfer was found to be energetically
favoured over the classic metal-to-substrate electron transfer pathway. However, the calculated
pathway to convert 16 into imido species 17 involves several intermediates. Initial coordination of
intact azide is followed by two consecutive, non-concerted ligand-to-substrate single-electron transfer
steps. The first ligand-to-substrate electron transfer (concomitant with oxidation of the NNN ligand
from the red” to the sq state) generates a one-electron reduced azido fragment that binds side-on via
the a- and P nitrogen atoms. N loss is realized only upon oxidation of the ligand from the sq” to the q
state, and 17 is formed. The findings from this computational study are somewhat related to recent
findings for ligand-to-substrate single electron transfer with Pd" involving organoazides as substrates,
although in that case N, loss occurs prior to electron transfer (vide infra). Additionally, release of
dinitrogen initially generates a stereoisomer of 17 with the nitrene bound trans to the isocyanide,
which prevents the subsequent intramolecular nucleophilic attack. Hence, the isocyanide needs to
dissociate and recoordinate in a position cis to the imido unit for productive nitrogen group-transfer
and C-N bond formation to occur. The bonding situation of the Zr-N fragment prior to this step is best

described as an imido unit, although the N-transfer is denoted as nitrene group transfer.

Besides bidentate and tridentate ligand scaffolds, aminophenol redox-activity has also been integrated
in tetradentate frameworks. The combination of ligand 20 with zirconium(I'V) actually led to the first
reported case of “two-electron” catalysis with a ¢’ metal wherein the redox-active ligand acts as
electron reservoir.”> The two oxidation states of the ligand involved in the catalytic cycle are depicted
in Scheme 11. As with the Ta(ONO) complex mentioned above, the complex reacted with 1,2-
diphenylhydrazine to give one equivalent of azobenzene and two equivalents of aniline instead of a
group transfer to the metal. Furthermore, this complex was found to be catalytically competent for this
transformation (Scheme 11). The product stoichiometry remains 1:2 even at relatively high substrate-
to-catalysts loadings of 100:1 without any side-products being formed. Kinetic experiments showed a
first order in both catalyst and 1,2-diphenylhydrazine. Reaction of the starting Zr(20) complex with
(p-tolyl)azide resulted in the formation of a similar dark-green solution as observed under catalytic

conditions, which is indicative of the q oxidation state of the ligand.

tBu tBu tBu tBu
-2e” / \
N. N E— N N
+2e”
tBu o~ -0 tBu tBu (el -0 tBu
[N20,"1* [N20>
20 21

Scheme 11 The two oxidation states of the tetradentate ligand involved in the catalytic group transfer reaction.
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Scheme 12 Catalytic cycle of the [N,0,%|ZrL; (L = THF) complex with 1,2-diphenylhydrazine. [N,0,™] and [N,0,%] are

shown in Scheme 11.

The same tetradentate ligand 20 was later reported to interact with all Group 4 metals in their highest
oxidation state, coordinating in a meridional fashion (scheme 13).”> For zirconium and hafnium
(compound 24), two solvent molecules coordinate axially and a third coordinates in the equatorial
plane of the metal, providing overall seven-coordination. For titanium (22), only two solvent
molecules coordinate, which may be considered to leave a vacant site at the metal center unoccupied
that could possibly be exploited for catalytic purposes. In the case of zirconium and hafnium, the
equatorial solvent molecule exchanges rapidly with the bulk solvent, also creating possibilities for
catalysis. All complexes undergo ‘oxidative addition’ by PhICI, to form 23 (Ti) or 25 (M = Zr, Hf),
facilitated by two-electron oxidation of the redox-active ligand similar to the reactivity depicted in

Scheme 4.
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Scheme 13 Tetradentate [N,O,] coordinated to several different metals (Ti, Zr, Hf) followed by reaction with PhICl,. L
=THF; M = Zr or Hf

Similar redox-active ligand-assisted oxidative addition was found for a tetrahedral zirconium(IV)
complex with two phenylenediamide ligands (27, Scheme 14).** Halogens rapidly undergo oxidative
addition to generate complex (28) featuring two ligand sq” radicals with the phenyl-backbones of the
two ligands adopting a highly unusual n-n stacked conformation. DFT calculations show that the
SOMOs of the ligands combine to form a unique bonding HOMO and antibonding LUMO in this
conformation. As a result the complex has a closed-shell-singlet ground state (S = 0), thus making it
susceptible to NMR spectroscopic analysis, which indicated loss of aromaticity. Temperature
dependent magnetic susceptibility measurements (using SQUID) showed a thermally accessible triplet
state with an estimated singlet-triplet energy gap of 735 cm™. The combination of these two electrons
into a closed-shell electronic structure might be a strategy to favor two-electron reactivity over single-

electron reactivity with sq” platforms.

26 27 X=Cl,Br, | 28
Scheme 14 Synthesis of zirconium(IV) complex 28, showing unusual n-n stacking. X = Cl, Br or [

More recently, Heyduk et al. investigated the effect of the metal atom in a series of three isostructural
ONO pincer complexes (V, Nb and Ta).”> The most noteworthy finding is that the DFT calculated

ground state of the vanadium complex was best described as an open-shell singlet with one unpaired
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electron on the ligand and one on vanadium, whereas the respective ground states for Nb and Ta are
best described as closed-shell singlets. Unfortunately, no further details on how this change in spin
state from the first-row to the 2™ and 3™ row congener relate to potential reactivity of these complexes

are available to date.

The metal-catalyzed transfer of oxygen atoms is of great importance for both industry and nature.
This reaction classically involves the transfer of an O atom from a high-valent metal center onto a
substrate accompanied by a formal two electron reduction of the metal.”’® Subsequently, the metal-oxo
is regenerated by an oxidant accompanied by a formal two-electron oxidation of the metal center. The
group of Brown showed that this reaction can also take place in a nonclassical way by employing
redox-active catecholate ligands.”” Air- and moisture stable complex 29 was readily synthesized by a
reaction of two equivalents of 3,5-di-tert-butyl-catechol with MoO,(acac), in the presence of pyridine-
N-oxide. Although in solution multiple stereoisomers which readily interconvert were observed, only
one stereoisomer was observed in the solid state. Complex 29 was found to be stable for extended
periods at room temperature. However, upon heating to 70 °C in the presence of excess pyridine-N-
oxide the complex was converted into 3,5-di-fert-butyl-1,2-benzoquinone, pyridine and MoO;*Opy
(Scheme 15). Mechanistic investigations (kinetics, substituent effects and activation parameters)
indicate that the rate limiting step in the pyridine deoxygenation is the expulsion of pyridine from
complex 29 forming proposed intermediate 30. In this nonclassical oxygen atom transfer reaction, the
electrons required for pyridine deoxygenation are drawn from the catecholate ligands prior to their
dissociation as quinone, not changing the formal oxidation state of Mo. Unfortunately, the group was
unable to produce a stabilized analogue of intermediate 30. More recently the group reported a seven-
coordinated analogue of complex 29 bearing an additional redox-active catecholate in the red>
oxidation state instead of the oxo moiety.”® This complex also reacts upon heating in the presence of
excess pyridine-N-oxide to initially form 29 and ultimately MoO;*Opy, pyridine and 3,5-di-terz-butyl-
1,2-benzoquinone. Notably, the decay of the new complex shows an autocatalytic profile due to a
rapid comproportionation with 29. Although the mechanism to form 29 from this complex was not
investigated in such great detail as for the example shown in Scheme 15, the authors propose that it

follows an analogous mechanism involving a nonclassical oxygen atom transfer.
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Scheme 15 Nonclassical oxygen atom transfer from a coordinated pyridine-N-oxide to a Mo complex.
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The group also reported an example of a nonclassical oxygen atom transfer in the synthesis of
oxorhenium complex 32 (Scheme 16).*° A reaction of previously reported transmetalation agent 31,*
containing two redox-active ONO ligands in the q oxidation state, with ReO,(PPh;), forming Pbl,,
OPPh; and complex 32. Interestingly, the redox-active ligand is reduced by two electrons to the red”
oxidation state in the reaction. The electrons required for this reduction are supplied by the oxidation
of PPh; to OPPh; in a nonclassical oxygen atom transfer. Characterization by multinuclear NMR
spectroscopy, UV-vis spectroscopy and X-ray crystallography confirmed the red” oxidation state of
the ONO ligand. The authors mention that although the overall transformation is an nonclassical

oxygen atom transfer, it is not clear whether the mechanism is nonclassical in this case.

t-Bu
tBu tBu
PP v )=Q \QQBU tBuGQ 0
N ZI
'_R|ei<o + 1y N—'7b\—N\ — N—Re-PPhy + 1/,Pbl, + OPPh,
PhyP Bu J OZQ—’(BU tBu—@—O
B tBu tBu
B 4 32

Scheme 16 Nonclassical oxygen atom transfer in the synthesis of complex 32.

b) Late Transition metals

Late transition metals, especially the 2" and 3™ row elements, have a well-established role in catalysis
due to their ease of two-electron oxidation state changes. Many catalytic processes include elementary
steps such as oxidative addition or reductive elimination, which proceed via two-electron steps and

™% oxidation states. The first-row (base) metals do not necessarily

require accessible M™" and M
allow the same transformations and often preferentially undergo single-electron changes (e.g.
Fe(IT)/Fe(I1l) couple). The combined action of a redox-active ligand and a base metal may allow to
mimic the prolific chemistry exhibited by noble metals in two-electron transfer processes without the
requirement to access high-energy redox-states. Alternatively, 2" and 3™ row-transition metals in
high oxidation states may lack redox-equivalents that can be compensated for by the presence of a
redox-active ligand. The Wieghardt group has contributed significantly to elucidate the coordination
chemistry and to describe the electronic structure of redox-active catechol, o-aminophenol and o-
phenylenediamine ligands with late transition metals.* This work has been essential to our
understanding on how these ligands can bind and react in different oxidation states to metals.

The application of redox-active quinone-containing ligands for Ru-mediated water oxidation catalysis
was reported by Tanaka. The catalyst consists of two terpyridine fragments anchored to a dinucleating
rigid anthracene scaffold amenable to hosting two ruthenium metal centers, with one redox-active

quinone ligand as well as a hydroxy fragment per Ru (33, Scheme 17).** The mechanism of water
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oxidation using this catalyst has been subject to extensive research in the following years, both
experimentally and theoretically.” Cyclic voltammetry studies indicated a ligand-localized oxidation
at E,, +0.40 V (vs Ag/AgCl) and a metal-localized oxidation of [Ru',(0),(3,6-tBu,qui),(btpyan)]*" at
+1.2 V. Controlled-potential electrolysis of [1](SbF), at a potential of +1.70 V in the presence of H,O
in CF;CH,0H resulted in dioxygen evolution with a current efficiency of 91% (21 turnovers). The
proposed electrocatalytic cycle for this four-electron process is depicted in Scheme 14. Interestingly,
the ruthenium metal centers mostly remain in the Ru" oxidation state, while the quinone ligands
facilitate the redox chemistry throughout the process. Deprotonation of 33 results in formation of
bridged peroxo-complex 34, which is facilitated by reduction of the quinone ligands from the q to the
sq” oxidation state. It was found that the quinone ligands are indeed required for catalytic turnover in
the proposed pathway. An analogous complex with bipyridine ligands instead of quinones resisted
deprotonation, even when excess of KO'Bu was added, preventing the essential O-O bond formation.
Subsequent four-electron oxidation via intermediates 35 results in the formation of complex 36 and
involves oxidation of both the ruthenium centers (from Ru(Il) to Ru(Ill)) and the OO-ligands (from
sq to q). Reaction with two molecules of H,O leads to release of O, and complex 37, which can

undergo double deprotonation to regenerate 33.
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Scheme 17 Proposed mechanism for catalytic water oxidation using dinuclear Ru(quinone) complex by Tanaka.

The application of redox-active ligands for photochemical hydrogen evolution at room temperature
was reported by Kato and Chang ef al., using a dicationic tris(o-phenylenediamine) iron(Il) complex
(Scheme 18).** Preliminary mechanistic investigations suggest that (at least) one of the o-
phenylenediamine ligands of complex 38 is excited upon UV-irradiation at ~298 nm (via species 39),

resulting in N—H bond homolysis to give an H-atom and an o-aminoanilino radical (40). A second H-
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atom abstraction from the ligand may generate H,. This also produces an iron complex with either one
two-electron oxidized or two one-electron oxidized ligands, which can undergo reduction by external
hydroquinone, functioning as both electron- and proton-donor. An exciting possibility would be to
tune the electronic properties of the ligands in such a fashion that the reaction could also be performed

with visible light for H, storage applications.
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Scheme 18 Proposed mechanism for the photochemical hydrogen evolution reaction of hydroquinone with a dicationic

tris(o-phenylenediamine) Fe(II) complex.

The group of Heyduk recently showed that reductive elimination of disulfides from an Fe(III)
complex could be performed without changes in metal oxidation state by using a redox-active ONO
ligand (Scheme 19).* Interestingly, the only way to avoid the formation of homoleptic Fe(ONO),
complexes was to first oxidize the ONO ligand to the q oxidation state. Reacting the potassium salt of
the ONO? ligand (42) with FeCI(N(SiMe;),)(THF) resulted in the formation of complex 43. The
crystal structure obtained for this species displays alternating C-C and C=C bond lengths for the
ligand backbone as well as two C=0 bonds, which is in agreement with the q oxidation state being
retained upon coordination to iron. EPR and Mdssbauer spectroscopy showed the complex to be a
high-spin S = */, iron(III) species. Reaction of complex 43 with zert-butylthiol in the presence of three
equiv pyridine) resulted in the formation of di-fert-butyldisulfide and the formation of complex 44
featuring a a two-electron reduced ligand. These observations suggest that the Fe(ONO) platform can
promote reductive elimination of disulfide without changing the metal oxidation state. The authors
were unable to isolate or observe the disulfide intermediate. Three possible mechanisms were
proposed regarding the disulfide formation: i) a thiol-thiolate coupling, ii) a bimetallic pathway and

iii) ligand-assisted reductive elimination. Mechanistic investigations, which are lacking to date, could



Chemical Society Reviews

aid to further expand the design of catalyst systems using an abundant metal such as iron in

combination with redox-active ligands.
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Scheme 19 Redox-active ligand facilitated reductive elimination of a disulfide from Fe(III).

In 2010, Soper et al. reported a square planar cobalt(Ill) complex able to catalyze a Negishi-like
cross-coupling of alkyl halides with organozinc reagents (Scheme 20).* The starting Co™ complex
(45) has two coordinated amidophenolato ligands in the red® oxidation state. Because cobalt is a first-
row transition metal, it is mostly associated with single-electron radical reactions. However, complex
45 reacts as a nucleophile toward an alkylhalide, quantitatively affording the square pyramidal ethyl
complex 46. The electrons needed for this oxidative addition are provided by the two NO ligands,
which are both oxidized to the sq” oxidation state. Upon treatment of complex 46 with organozinc
bromide compounds, e.g. PhZnBr, complex 45 is regenerated and C—C bond-formation is observed.
Although these stoichiometric reactions constitute a hypothetical catalytic cycle, data on the

application of 41 as catalyst for cross-coupling is not reported to date.

45 46
Scheme 20 Negishi-like cross-coupling of alkyl halides with organozinc reagents by a bis-amidophenolato Co(IIT) complex.

Group 10 metals (Ni, Pd) are commonly applied for cross-coupling reactions, as they relatively easily
facilitate two-electron transfer by virtue of M’-M" redox cycles. Cobalt is a less obvious choice for
this type of chemistry, but a combination of metal and ligand based redox or even a ligand-only

strategy to enable two-electron transfer could provide entry into such cross-coupling chemistry.

Recently, Sarkar er al. reported a four-coordinate cobalt species capable of electrocatalytic C—C bond
formation (Scheme 21).* The cobalt(Il) center has two o-phenylenediamide-derived ligands
coordinated in their sq” oxidation state. Cyclic voltammetry showed two fully reversible one-electron
reduction waves in THF (E,, = -1.23 V and -2.10 V vs Fc/Fc"), while the CV in CH,Cl, showed the

onset of a catalytic current at the potential for the second reduction (onset at -2.1 V vs Fc/Fc¢"). This
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stimulated investigations into the electrocatalytic activation of carbon-halogen bonds, with the
conversion of benzyl bromide into dibenzyl chosen as proof-of-principle. The addition of two
equivalents of benzyl bromide to in situ generated complex 47 resulted in the isolation of dibenzyl.
The proposed mechanism starts with nucleophilic attack of complex 47 on benzyl bromide,
accommodated by ligand oxidation to the sq” oxidation state to form 48, analogous to the work of
Soper (Scheme 18). The authors do not speculate on possible pathways for the actual C-C bond
forming step. A bimolecular process could be envisioned, resulting in ligand mixed-valent species 49

which may undergo reduction to regenerate complex 47.
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Scheme 21 Electrocatalytic coupling of dibenzyl by a bis-phenylenediamine Co(II) complex.

Sarkar also recently reported a dinuclear platinum complex that is able to donate two protons and two
electrons. This system is constructed from redox-active 2,5-di-[2,6-(diisopropyl)anilino]-1,4-
benzoquinone as dinucleating ligand, and with two C(allyl)-H activated 1,5-cyclooctadiene (cod)
fragments to complete the square planar geometries around the two Pt(II) centers (species 50). The
benzoquinone-based ligand acts as an electron reservoir, while the activated ‘diene’ is postulated to
serve as proton-reservoir (Scheme 22; the n'-coordination mode for the alkyl-alkene ligand is shown).
Protonation of the Pt-C,, fragment generates 51 with two neutral cod ligands. Two-electron
reduction using exogenous reductant (CoCp,) transforms the redox-active quinoid bridge into the
amidophenolato red*” form (complex 52). Both processes were found to be reversible under judicious

reaction conditions. Furthermore, 3,5-di-fert-butyl-benzoquinone can be applied as both proton and
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electron acceptor, yielding the catechol derivative, which regenerates 50. Also in this case, the

hypothetical catalytic cycle is composed of individual stoichiometric steps to date.
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Scheme 22 Bimetallic platinum complex as a two proton and two electron donor in the stoichiometric reaction with 3,5-di-

tert-butylquinone.

Chaudhuri ef al. reported the ligand-assisted oxidative addition of molecular bromine to a copper(Il)
complex containing two redox-active amidophenolato ligands (53, Scheme 23).** The reaction is
similar to those reported by Heyduk (vide supra) with Zr in the sense that Cu retains its formal (+II)
oxidation state and the two redox-active ligands are each oxidized by one electron. However, the
ligands are oxidized from the sq to the q oxidation state (rather than red” to sq” oxidation), obtaining
a hexacoordinated Cu" complex (54). This species was found to react with triethylamine to generate
acetaldehyde and diethylamine in the presence of water. EPR spectroscopy of this reaction mixture
indicated the presence of a ligand centered radical, which was explained by an overall two-electron
reduction, with one ligand being reduced from q to sq” and the second reduction occurring at Cu (Cu"

to Cu').
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Scheme 23 Ligand assisted oxidative addition to a Cu(II) complex.

Fensterbank et al. recently reported new reactivity with the same copper(Il) complex.*’ Introduction
of a trifluoromethyl group was achieved by reacting complex 55 with the Umemoto reagent™ at room
temperature and under inert atmosphere, providing five-coordinate Cu' species 56 (Scheme 24).
Formal oxidative addition of the electrophilic CF;" group leads to one-electron ligand oxidation (from
sq” to q) whilst retaining the copper(Il) oxidation state. The resulting Cu(CF;) complex promotes
trifluoromethylation at available electrophilic sites (the C-O and C-N units) within the coordinated
ligand. This observation suggests a formal umpolung of the CF; moiety. Trifluoromethylation of
external partners was unsuccessful to date. However, addition of the N-tolyl analogue of the ON
ligand to complex led to trifluoromethylation of this exogenous substrate, which indicates that ligand

exchange is required for this reactivity to occur.
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Scheme 24 Reaction of complex 55 with Umemoto’s reagent, performing a formal umpolung for CF;.

In 2007 Chaudhuri et al. reported a cubic tetranuclear copper(Il) species 57 bearing four ligand-
centered radicals. This complex was applied as a functional model of the enzyme phenoxazinone
synthase (Scheme 25).”' The cubic structure is constructed from four copper(I) ions and four
tridentate amidophenolato-type ligands (with a pendant alkoxide donor) in the sq” oxidation state.
Variable temperature magnetic susceptibility (SQUID) measurements of the complex, which contains
eight paramagnetic centers (four ligands, four copper ions), established a diamagnetic ground state (S
= 0) due to antiferromagnetic interactions. Electrochemical measurements and UV-Vis spectroscopy
showed that the first four reduction processes are primarily ligand-centered, followed by two metal-
centered reductions. Besides having a fascinating structure, complex 57 was found to be able to
catalytically oxidize 2-aminophenol to 2-aminophenoxazine-3-one (58), under aerobic conditions,
thus modelling the enzyme phenoxazinone synthase. Under anaerobic conditions only one turnover

was achieved, which established the necessity for aerial oxidation. A tentative catalytic cycle
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involving a complex interplay between ligand- and metal-centered redox processes was proposed on
the basis of kinetic and electrochemical data but the authors correctly state that several mechanism

may be operational for this complex reaction.
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Scheme 25 Schematic representations of the tetracopper(ll) tetraradical complex and its ability to catalyze the oxidation of

o-aminophenol to 2-aminophenoxazine-3-one.

¢) Other metals

The ability to use redox-active ligands as a strategy to expand reactivity is not limited to transition
metals. A recent example by Piskunov et al. demonstrates unusual reactivity with a gallium(III)
complex containing two o-amidophenolate-based ligands (59, Scheme 26).> The reaction of Gals
with the disodium salt of the substituted o-aminophenol yields an interesting complex containing both
sodium and gallium in distorted tetrahedral geometries (60). X-ray diffraction shows that the sodium
is coordinated to the oxygen atoms of the amidophenolate ligands, as well as to two solvent molecules
(THF). This heterometallic compound reacts with two equivalents of an allyl halide to give 61,
wherein C-C bond formation (allylation) has occurred at the amidophenolate backbone. This reaction
readily proceeds at room temperature and shows that the steric fert-butyl groups are not always
sufficient to protect the redox-active ligand. The same group previously reported comparable
reactivity with a related indium(IIl) complex,” although the reaction was performed with alkyl

halides and required elevated temperatures to proceed.

Q Q
tBu Gal \ / & A
als u r
2 oNa - ThE / \ H 0 N Bu
- 3Nal \ / e
tBu NNa a / \ CNax NN H
A tBu Bu N 0
r |
Ar tBu
59 60 61

Scheme 26 Synthesis and addition of allyl halide on a gallium(III) complex.
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Recently, Bart et al. reported uranium(IV)tetrabenzyl complex (62) that can undergo radical reductive
elimination of 1,2-diphenylethane, mediated by an iminoquinone-based (q) ligand in a process that
avoids the intermediacy of unstable divalent uranium species.’* A crossover experiment with the fully
deuterated tetra(benzyl)uranium analog indicates that the mechanism proceeds via stepwise benzyl
radical extrusion, presumably involving intermediate 64 and with finally formation of species 65 and
one equivalent of PhCH,CH,Ph (Scheme 27). This complex contains the redox-active ligand in the
red” oxidation state. Attempts to isolate intermediate 64 by reaction of U(IV) complex 63, with the
redox-active iminosemiquinone ligand (sq’) already installed, with benzylpotassium also resulted in

the formation of 65 and PhCH,CH,Ph.
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Scheme 27 Two synthetic routes for the synthesis of 65 and possible intermediate for the radical reductive elimination. R =

2,6-diisopropylphenyl.

Bart et al. also reported how redox-active amidophenolate ligands can facilitate oxidative addition on
a uranium(IV) complex (Scheme 28).” Inspired by the ligand-facilitated oxidative addition to o
metals reported by Heyduk, the group added PhIC, to complex 66 bearing two NO (red”) ligands,
resulting in the formation of dinuclear uranium complex 67, featuring two bridging chlorido ligands.
Both uranium centers are still in the (+IV) oxidation state but the four redox-active ligands are
oxidized from the red” to the sq” oxidation state. Using the tert-butyl substituted amidophenolato
derivative, oxidative addition of I, was facilitated to yield a mononuclear analogue of 67, whereas

with other N-substituents this reaction with iodine resulted in decomposition.
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Scheme 28 Oxidative addition of Cl, from PhICI, onto bis(o-aminophenolate) U(IV) complex 66 forming complex 67.
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3) Beyond Electron reservoirs

Although the major use of redox-active ligands to date is to act as one- or two-electron reservoir for
reactivity at a metal center, these reactive organic frameworks exhibit additional unique properties of
relevance for stoichiometric and catalytic applications. A prime example that is generating much attention
lately is the ability to stabilize or generate substrate-centered radicals in the coordination sphere of a
(transition) metal. This enables controlled odd-electron (radical-type) reactivity upon metals commonly
not disposed for one-electron redox-chemistry (e.g. most noble metals). This new avenue in the field of
redox-active ligand-assisted chemistry demonstrates that scientists have yet to discover its full potential.
The ability to change the Lewis-acidity or -basicity of a metal center by changing the ligand oxidation
state is another example how redox-active ligands can enlarge the reactivity window relevant to the field
of redox-switchable catalysis. Moreover, redox-active ligands can also show cooperative behavior,
meaning that these entities may show chemoresponsive behavior and actively partake in bond-making

and bond-breaking processes.
a) Production of substrate-centered radicals

Fine-tuning of the orbital energies within a complex makes it possible to stabilize ligand-centered
radicals by delocalization over the organic framework. Additionally, the same fine-tuning can allow,
upon a suitable stimulus, for intramolecular single-electron transfer from a redox-active ligand to a

metal-bound substrate, thereby generating a substrate-centered radical.

An elegant example demonstrating the subtleties associated with this fine-tuning was recently
reported by Smith et al, regarding the effect of redox-active o-phenylenediamido ligands on
hydrogen-abstraction reactivity of chromium(imido) species (Scheme 29).”° The activation of
organoazides on Cr(Cp)(NN) complexes bearing differently substituted o-phenylenediamine (NN)
frameworks (68) was investigated. Using mesitylazide and neopentyl-substituents on the redox-active
ligand, the corresponding formally Cr(V)-based bis(imido) species 69 was obtained, with one-electron
oxidation of the NN ligand. In some cases, the expected chromium(imido) complex was obtained (70,
71) with no change in ligand oxidation state (red”) and the Cp-ring still coordinated. Interestingly, for
some N-based substituents, an additional H-atom abstraction reaction (likely from solvent, although a
bimolecular hydrogen-atom transfer mechanism is another option) took place, accompanied by single-
electron oxidation (red” to sq) of the redox-active ligand (73 and 74). Moreover, the phenyl-
substituted o-phenylenediamine ligand resulted in a catalytically active complex for the formation of
benzosultam 72 by an intramolecular C-H activation and cyclization, albeit with a TON<S. This
reactivity can be explained by single-electron transfer from the redox-active ligand to the imido
substrate to form a reactive imido nitrogen-centered (imidyl or nitrene) radical. Subsequent

intramolecular hydrogen atom abstraction followed by a radical rebound or direct C-H insertion
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generates the benzosultam. For the complexes that displayed stoichiometric reactivity the magnetic
moment was determined (using Evans’ method) as well as the solid state structure (from X-ray

crystallography). The isolation of a Cr'"

complex with a monoanionic sq” ligand radical lends support
to an intramolecular redox-active ligand-to-substrate single-electron transfer mechanism. DFT

calculations could shed more light on this proposed pathway.

RCS
LoV es
?; Q\’\'zc’

«

N; Tris i

%

. 5\{\
\~\’§ \,/ o0

H-abstraction

72

Cyclization

Scheme 29 Reactions of o-phenylenediamine-derived chromium(III) complex reactions with different azides.

In 2010, Soper and co-workers reported the bimetallic O, homolysis at five-coordinate
oxorhenium(V) complexes facilitated by a redox-active ligand (Scheme 30).”” Even though the
splitting of O, with second or third-row transition metals is not very rare,”® most of the oxygen-atom
acceptors are unreactive toward dioxygen. Soper and co-workers synthesized two new oxorhenium(V)
complexes containing either two 2,4-di-tert-6-(phenylamido)phenolate ligands or two catecholate
ligands (shown in Scheme 28 as species 75). The redox-active ligands proved to be crucial to enable
0O, homolysis, acting as electron reservoir. A structural homologue with redox-inert oxalate ligands
did not show any reactivity toward O,, strongly indicative of active involvement of the redox-active

ligands. A combination of kinetic experiments and computational resulted in the proposed mechanism
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depicted in Scheme 30. Coordination of O, to rhenium, to form the rhenium(O, " ")intermediate 77
bearing a superoxide fragment, formally requires one-electron oxidation at rhenium, but the
rthenium(VI) oxidation state which is very rare.”” By using the redox-active ligand as a single-electron
donor in this process this unusual scenario is circumvented, which significantly lowers the activation
barrier. Hence, one of the catecholato or 2-aminophenolato dianion frameworks undergoes oxidation
to the sq” oxidation state, creating a ligand mixed-valent complex. Furthermore, delocalization of spin
density onto the ligand may lower the barrier for spin-crossover for the formally spin-forbidden
reaction of the rhenium(V) complex with O,. This second role of the ligand is likely also relevant to
facilitate attack of the superoxo radical onto a second rhenium(V) complex to form the peroxo-
bridged complex 79. This dinuclear species can split into two oxorhenium(V) complexes (80). Overall
the reaction adds one oxygen atom to the rhenium complex (oxygenation), oxidizing the rhenium(V)
to thenium(VII), facilitated by the redox-active ligands. The proposed mechanism for the catecholato
complex shown in Scheme 30 is assumed to also be operational for the bis-aminophenolato complex.
The same group reported deoxygenation of the stable nitroxyl TEMPOe radical via homolytic N-Oe
bond splitting using the same strategy.”’
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Scheme 30 Proposed mechanism for the bimetallic O, cleavage by oxorhenium(V) complexes.

Soper and coworkers also reported on an application for complex 80 to oxidize benzyl alcohol under

' Complex 80 reacts with benzyl alcohol to regenerate dioxorhenium(VII)

aerobic conditions.
complex 75 (Scheme 31) as well as benzaldehyde and water, which is formed from the net abstraction
of H, from benzyl alcohol. Although the catalytic performance (TON of 7) is poor, this example

illustrates the potential for implementation of redox-active ligands in catalysis.
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Scheme 31 Oxidation of benzylalcohol by bis-catechol dioxorhenium(VII).

The group of Soper envisioned that having a redox-active ligand on a coordinatively saturated metal
center would induce redox reactions at a ligand (assuming the role of coordinated substrate), rather
than simply supplying electrons for a coordinatively unsaturated metal center. The coordinative
saturated Re complex 81 is generated by reaction of the Re(V)-oxo precursor with a CI” donor to add
chlorine cis to the oxo ligand (Scheme 32).** To determine if the redox-active ligand could induce
redox activity onto another ligand, complex 81 was reacted with a source of triphenylmethyl radical
(Ph;C"). The main organic product was found to be triphenylmethanol (Ph;COH), and two new
rhenium complexes — dichlorido-species 82 and oxo-bridged dimer (83) were also detected. The
authors propose that mixing of a populated Re=0 n-bond with the ligand-centered sq” radical leads to
substantial oxyl radical character (O¢) for the oxo fragment, which enables the low-barrier radical
coupling. Upon one-electron reduction of 77 and subsequent reaction with Ph;C”, the latter acts as a
single-electron oxidant to produce the dimer 83 without formation of Ph;COH. Rhenium complex 83
is likely the result of an oxygen-atom transfer. Although this reaction does not necessarily confirm the
unpaired spin density at the proposed oxyl fragment by redox-active ligand-to-substrate transfer,
closed-shell oxorhenium homologues were found to be inert to Ph;C'. Computational studies could
shed more light on this reactivity and potentially elucidate the subtle role of the electronic structure of

the donor set in this Re-chemistry.
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Scheme 32 Reaction of complex 77 with Ph;C-, yielding Ph;COH and two rhenium complexes 82 and 83.

Recently, our own group reported the first example wherein a redox-active ligand conveys odd-
electron (radical-type) reactivity onto a noble metal (Pd) that is typically not disposed for single-
electron transformations.” Coordination of the redox-active tridentate aminophenol-based NNO

ligand to a palladium(II) precursor afforded the square planar paramagnetic complex 84 with a closed-



Page 31 of 50

Chemical Society Reviews

shell Pd" ion and a ligand-centered radical (Scheme 33).** DFT calculations, EPR spectroscopy and
single crystal X-ray diffraction confirmed the sq” oxidation state of the ligand. Cyclic voltammetry
showed fully reversible one-electron oxidation (E,, = +0.04 V) and reduction events (E,, =—1.11 V vs.
Fc/Fc"), that are proposed to be fully ligand-based. Chemical reduction with CoCp, afforded
diamagnetic analogue 85 wherein the NNO ligand is reduced to the red” oxidation state. DFT
calculations suggested that replacement of the chloride ligand in 85 by a nitrene (imido) species could
result in the generation of a nitrene radical upon intramolecular redox-active ligand-to-substrate
single-electron transfer. It was experimentally demonstrated that complex 85 is capable of activating
1-(4-azidobutyl)benzene and that this result in selective intramolecular benzylic C—H amination to
produce the corresponding pyrrolidine. DFT calculations, isotopic labeling, and trapping experiments
support a process that involves initial substitution of the chlorido ligand in the anionically charged
species 85 by organoazide, followed by thermal expulsion of N, and formation of a nitrene adduct.
Facile intramolecular single-electron transfer from the redox-active ligand to this substrate generates
intermediate 86. H-atom abstraction and radical-rebound produce the N-heterocyclic product. The
nitrene radical species 86 was computed for all three possible spin states (open-shell and closed-shell
singlet as well as triplet) with the former being thermodynamically favored for the entire pathway.
This type of odd-electron radical-like reactivity is unprecedented with palladium and more inherent to
base metals that easily generate reactive substrate radicals upon via single-electron pathways.® The
unique combination of radical-type reactivity with the well-known strong substrate-binding properties

of closed-shell noble metal ions might allow for the development of new catalytic reactions.
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Scheme 33 Reduction of complex 84 and its ability to generate a reactive substrate-centered radical.

Following this work with PA(NNO), a second example to showcase the potential for single-electron
reactivity on palladium was recently published.®® Herein, the first redox-active aminophenol-type
ligand bearing a pendant phosphine was described (88, Scheme 34). Coordination of this PNO ligand
to palladium(II) under aerobic and basic conditions afforded paramagnetic square planar complex 89
that shows resemblance to complex 84. Thus, DFT, EPR and single crystal X-ray diffraction
confirmed that the PNO ligand resides in the sq” oxidation state and spectroelectrochemistry showed

that both the q and red” oxidation states are easily accessible. However, the PNO ligand is less
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electron-rich, with an E,, of -0.75 V vs. Fc/Fc', and thus more easily reduced than the corresponding
pyridine-appended NNO system. One-electron reduction of 89 afforded diamagnetic complex 90 with

the ligand in the red” oxidation state.
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\
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Scheme 34 Synthesis and single-electron reduction of complex 89.

Treatment of this reduced complex with diphenyldisulfide in the presence of the halide abstracting
agent TIPF¢ yielded dinuclear, paramagnetic palladium(p-thiolate) complex 93, with one PNO ligand
per Pd. The monothiolate bridgehead is shown to arise from homolytic disulfide bond activation
(Scheme 35). Use of bis(tert-butyl)disulfide allowed the detection of the neutral disulfide adduct.
Notably the obtained crystal structure for 93 shows ligand-based mixed valence, with one PNO ligand
in the red” and one in the sq state. Variable temperature EPR spectroscopy indicates that
intramolecular electron transfer between these two electronically dissimilar ligands is facile in
solution. Mechanistic investigations indicate that after chloride dissociation from the one-electron
reduced species 90 and disulfide coordination, intramolecular ligand-to-disulfide single-electron
transfer takes place to form PNO™®PdSPh complex 92 and a thiyl radical. The thiyl radical can
recombine to regenerate diphenyldisulfide, or react with a second equivalent of complex 91 to
produce 92. The strong tendency of sulfides to bridge two metal centers ultimately results in
combination of 91 and 92 to give the dinuclear palladium species 93. A 4:1 Pd:disulfide
stoichiometry suffices for quantitative conversion. Cross-over experiments using a combination of
diphenyldisulfide and ditolyldisulfide support in situ generation of thiyl species, as the mixed
disulfide could be detected by GC-MS.
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Scheme 35 Proposed mechanism for the formation of the p-SPh bridged dinuclear Pd(Il) complex 93.

b) Ligand-centered cooperative reactivity

Bioinspired metal-ligand bifunctional activation of substrates and cooperative catalysis using ‘reactive
ligands’ have attracted much attention in the last decade. A broad plethora of ligand motifs have been
developed to facilitate a wide variety of bond activation processes.””® The redox-active ligands
covered in this review can also actively partake in selective bond-making and bond-breaking

processes via direct chemical interaction with substrates.

Wieghardt and co-workers reported the first examples of redox-active ligands acting as
chemoresponsive frameworks for bond activation, using Cu" and Zn" complexes of a tetradentate
redox-active ligand.” Inspired by the copper-containing metalloenzyme galactose oxidase, which
catalyzes primary alcohols to aldehydes by means of a (thioether-modified) tyrosyl radical,”® two
catalyst systems were developed that could effectively oxidize primary alcohols with O, to aldehydes
and H,0O, (Scheme 36). The ONNO ligand initially coordinated as the two-electron oxidized dianion
to both metals, forming diamagnetic square planar species. Cyclic voltammetry showed two
successive reversible single-electron oxidation steps (for Cu": -0.06 V and 0.41 V; for Zn": 0.03 V
and 0.37 V vs. Fc/Fc¢") and also two successive reversible single-electron reduction steps (for Cu': -

0.66 V and -1.42 V; for Zn": -0.64 V and -1.29 V vs Fc¢/Fc"), indicating that five different ligand-
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centered oxidation states are accessible for both complexes. It was found that under anaerobic
conditions the one-electron oxidized species 94 oxidized primary alcohols in a stoichiometric fashion
to afford the corresponding aldehydes and the single-electron reduced, doubly protonated complex 97.
In the presence of dioxygen, complex 94 is rapidly regenerated with concomitant formation of one
equivalent of H,O,, which closes the catalytic cycle. The reaction was performed with low catalyst
loadings and ambient conditions. The copper complex showed superior reactivity (TOF ~0.03 s)
over the Zn complex (TOF = 0.002 s™) and reaching approx. 5000 turnovers within 50 hours. The
initial (pre-equilibrium) step is proton-transfer from the alcohol to the phenoxide of the ONNO ligand
with coordination of the generated alkoxide to the metal center to form 95. Isotope labelling suggested

that subsequent transfer of a B-hydrogen (H-atom abstraction) from the alkoxide by the quinone

oxygen of the ONNO ligand to form 96 is the rate determining step in both cases.
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Scheme 36 Proposed mechanism for catalytic oxidation of primary alcohols by dioxygen.

The group of Storr has reported well-characterized copper complexes bearing aminophenol derived
redox-active ligands in various oxidation states and has shown that these complexes are also active
catalysts for the aerobic oxidation of alcohols to aldehydes. However, no experimental evidence or
proposal for the active role of the redox-active ligand in these transformation is provided.”' Tanaka

and co-workers later reported a ruthenium-based system for the electrocatalytic oxidation of alcohols

Page 34 of 50



Page 35 of 50

Chemical Society Reviews

(methanol, ethanol and 2-propanol).” The ruthenium precursor complex 98 contains a terpyridine, a
redox-active quinone and a NHj; ligand (Scheme 37). Upon deprotonation of this species in neutral
water, the complex undergoes intramolecular electron transfer from the amide to the quinone ligand,
yielding aminyl radical complex 99. Subsequent one-electron oxidation results in either Ru"" diradical
100 or Ru" monoradical 101. The reaction with the alcohol likely proceeds via simultaneous H-atom
abstraction by the aminyl radical and single-electron oxidation of quinone (102) to generate the
oxidized analogue of the alcohol and 103. The resulting complex can be oxidized by one electron to
yield the starting compound. This pathway is based on earlier work describing the generation of such
diradical-containing Ru" complexes.” Recently reported DFT calculations, however, indicate that the

H-atom abstraction step more likely occurs at complex 99.7*
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Scheme 37 Electrocatalytic oxidation of short-chain alcohols (methanol shown here) by a ruthenium catechol catalyst.

Heyduk et al. explored the use of an (phenol)aminophenol ONO ligand as both electron- and proton-
reservoir for the reduction of molecular oxygen with zirconium(IV).” Similar to the Ta mentioned in
section 2, the zirconium(IV) ion coordinates the triply deprotonated ONO trianion to form 104.
However, selective deprotonation of only the phenol-groups proved facile, as the pKa values for the
O-H and N-H fragments are quite different. Reaction of the doubly deprotonated ligand with ZrCl,

resulted in complex 105 (Scheme 38). The proposed structure shows a rather sterically hindered
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conformation, but this proposal is only based on IR and NMR spectroscopic data. Nonetheless,
complex 105 showed interesting reactivity towards O,. Oxygen reduction to water is a complicated
four-electron process.”® Upon exposure to O,, dinuclear complex 106 was isolated, wherein the O, is
reduced to hydroxides that act as bridging ligands between the zirconium(IV) atoms. Both ONO
ligands are present in the fully oxidized q oxidation state, which indicates that the ligand has provided
two electrons as well as one (-NH) proton. The ligand oxidation state was confirmed by analysis of
the bond lengths obtained from single crystal X-ray diffraction and by UV-vis spectroscopy. No

mechanism for the formation of complex 106 has been proposed.
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Scheme 38 Reduction of O, by a zirconium(IV) complex with a [ONO] pincer ligand.

¢) Changing the Lewis acidity/basicity

A change in the oxidation state of a coordinated redox-active ligand can have a significant influence
on the Lewis-acidity or -basicity of a metal center. As a result the coordination behavior of a substrate

or hemilabile donor can be drastically changed, allowing for redox-switchable catalysis.

Rauchfuss et al reported redox-switchable iridium complex 107, containing a redox-active
amidophenolato ligand that is capable of catalytically oxidizing dihydrogen (Scheme 39).”” Upon one-
electron oxidation of the redox-active ligand to form 108, the Lewis-acidity of the complex is
increased, thereby allowing reversible binding of dihydrogen (109). In the presence of a base and an

oxidant, the complex is capable of oxidizing dihydrogen to protons. Using D,, a small kinetic isotope
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effect of <1.2 was found, consistent with the binding of H, (or D,) to a metal as the rate determining
step.”® If no base is present, complex 108 will undergo hydrogenolysis to a bis(iridium)trihydride
species with release of redox-active ligand. A follow-up study by the same group focussed on the
kinetics for the oxidation of H, with 108 and related Rh and Ru complexes and with two different
ligands— the original version shown in 108 containing ortho-(trifluoromethyl)phenyl at nitrogen or a
modified one with a fert-butyl group at nitrogen.” Iridium complex 108 proved to be the fastest
catalyst for dihydrogen oxidation. Furthermore, the counterion was found to have a significant effect
on the overall rate. Sarkar et al. later found similar reactivity with square planar platinum(Il)-based
donor-acceptor systems.®” Upon oxidation of the redox-active amidophenolate ligand, the Lewis

acidity of the Pt center is increased, making the complex reactive for H, activation.

F3C S

FsC )
Net reaction:

O,| “N Hy — 2H* + 2¢ ,l“\\\N/z\=> tBu
"’\O/]$/

tBu
109

107+ 2H* 108 + 2 Base

Scheme 39 Redox-switchable Lewis acidity of an iridium complex and its dihydrogen oxidation.

Recently, Kaim et al. reported ruthenium and osmium complexes with flexidentate redox-active
ligands capable of binding either as bi- or tridentate scaffold. The (E)NO ligand is constructed from
an amidophenolate backbone with different weakly coordinating (hemilabile) flanking ether, thioether
and selenoether (E) donors (see Scheme 40 for a generic structure of complex 110).*' This work
builds on earlier research that demonstrated the hemilabile®* coordination of a methylthioether group
onto iridium depending on the oxidation state of the amidophenolate.*> Upon one-electron oxidation
of this (MeS)NO ligand, approximately 8% of the spin density was transferred from the redox-active
core of this ligand to the metal, which induces a switch from bidentate NO to tridentate ENO
coordination. Not unexpectedly, similar behavior is observed for the other hemilabile (E)NO ligands.
This switchable coordination behavior of the ligand is interesting, as the complex changes from a
coordinatively unsaturated 16- electron species (110) to a coordinatively saturated 18-electron
complex (110). It can be envisioned that the former may show enhanced (catalytic) reactivity that may

be switched off reversibly and on-demand by controlled one-electron ligand oxidation.
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Scheme 40 Redox-switchable hemilabile ligand with ruthenium- or osmium-arene complexes.

Similar redox-dependent hemilabile coordination properties were observed in a homoleptic nickel(II)
complex bearing a slightly different redox-active amidophenolate-derived (S)NO ligand with a
flanking thioether (Scheme 41).** The starting nickel(Il) complex (113) has a square planar
configuration that lacks any Ni—S bonding and has both oxygen donors in a mutual trans-
configuration. Upon oxidation by one electron, the two ligands reorient around the Ni-center, results
in a mutual cis configuration for the O-donors and an overall octahedral geometry around Ni, as both
sulfur donors also bind to nickel. One SNO ligand is present in the monoanionic sq” oxidation state,
while the second is bound in the neutral q oxidation state in species 114. EPR and magnetic
measurements indicate an overall S = */, state for this high-spin Ni-system with one ligand-centered
radical. Subsequent one-electron oxidation yields the dicationic hexacoordinate nickel(Il) complex

114 without any change in coordination mode.
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Scheme 41 The conversion of square planar nickel(II) complex 113 to hexacoordinate nickel(II) complex 114 and 115.

The ability to switch a catalyst on and off by reduction or oxidation is of interest for the design of
catalysts that display orthogonal reactivity patterns toward different substrates, allowing for
chemoselective conversions and potentially catalytic cascade reactions. A step towards this goal was
reported by Rauchfuss and co-workers who showed the redox-switchable activation of coordinated
alkenes in a square planar platinum(Il) complex with a coordinated redox-active amidophenolate
ligand (116, Scheme 42).* Cyclic voltammetry showed two fully reversible one-electron oxidation
waves at 0.31 V and 1.31 V vs Fc/Fc', indicating that the sq” and q oxidation states of the ligand are
both accessible. In the red” oxidation state, the coordinated cod ligand is completely unreactive
towards nucleophilic attack by e.g. methoxide. However, upon single-electron oxidation by Ag", the
diene fragment in 117 rapidly undergoes stereospecific C-O bond formation at the vinylic carbon
trans to the oxygen donor of the amidophenolate ligand. DFT calculations have indicated that the
resulting stereoisomer is in fact the thermodynamically favoured product. Complex 118 was
structurally characterized by X-ray crystallography and EPR spectroscopy indicated the presence of a
single isomer in solution. The nucleophilic addition proved to be reversible as protonation with HPF;

regenerated complex 117.
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Scheme 42 Redox-switchable stereospecific methoxide attack on a vinylic carbon of cod coordinated to Pt(II).
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4) Miscellaneous reactivity

Recently, Paine and Chakraborty reported a biomimetic Fe(Il) complex (119) capable of oxidizing 2-
amino-4-tert-butylphenol with O, (Scheme 43).%° This is similar to the activity of dioxygenases
occurring in Nature, which are able to catalyze the ring-cleavage of numerous aromatic compounds.®’
The system is a six-coordinated complex wherein the redox-active aminophenol ligand gets oxidized

by O, to the corresponding picolinic acid (120).

N t-Bu
N\ & O, 0
R —NH — 7\ + H0
Z N \ 2
Lo N  OH
t-Bu
119 120

Scheme 43 Net reaction of the oxidative ring cleavage of 2-amino-4-fert-butylphenol by the biomimetic Fe(I) complex.

On the basis of findings from this and previous studies, a mechanism was proposed to explain this
selectivity (Scheme 44). The first step involves the one-electron oxidation of the metal by O, to form
iron(IlI) 2-aminophenolate complex 122. The redox-isomer of this species, iron(Il)-2-iminobenzo-
semiquinone 123, featuring a ligand-centered radical at the ON fragment, can react with O, to produce
alkylperoxo intermediate 124, with decoordination of the nitrogen donor of the ON fragment. This
intermediate undergoes O-O bond cleavage (125) followed by hydrolysis to generate aldehyde 126,
which can intramolecularly undergo a condensation reaction with the formed —NH, group to give
complex 127 bearing the cyclized product 4-tert-butyl-2-picolinic acid. These two examples nicely
display the necessity to install protective tert-butyl groups in the backbone of an aminophenol and at
the nitrogen substituent to sustain stability of a redox-active ligand-centered radical against aerobic

oxidative ring opening.
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Scheme 44 Proposed mechanism for the oxidative ring cleavage of 2-amino-4-tert-butylphenol to the picolinic acid

analogue.

Fiedler and co-workers recently demonstrated the necessity to include tert-butyl groups at the
aminophenolate ring while using a complex with a highly similar coordination environment to the
example by Paine and Chakraborty.*”® In this study, a five-coordinated iron(Il) complex was
synthesized using the tridentate ligand Ph,-TIP (#ris(4,5-diphenyl-1-methylimidazol-2-yl)phosphine)
as well as either 4-tert-butylcatecholate (OO), 4,6-di-tert-butyl-2-aminophenolate (ON) or 4-tert-
butyl-1,2-phenylenediamine (NN). Although ring-cleavage was observed for the catechol derivative
(128, Scheme 45), the other two ligands did not suffer from this degradation reaction. Rather, reaction
of 2-aminophenol derivative 130 with O, results in one-electron oxidation at both the ligand (from

1L

red” to sq) and the metal (from Fe" to Fe™) to give 131. This is consistent with the proposed

mechanism by Paine and Chakraborty.
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Scheme 45 Different reactivities toward O, of Fe(Il) complexes with substituted catechol and aminophenol ligands.
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An iron(III) complex containing a pentadentate redox-active ONSNO ligand (132) that facilitates O,
reactivity was recently reported by Limberg and co-workers (Scheme 46).*” Upon treatment of ligand
132 with KH, to deprotonate the phenol-groups, followed by reaction with FeCl; led to the desired
complex (133) with neutral diphenylamine groups in the bisanionic coordinated ligand. Interestingly,

when the precursor ligand was reacted with Fe(N(SiMes),);, ligand rearrangement via C—S bond

e
oo ©L

132

cleavage occurred to form complex 134.
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Fe[N(SiMes),l3
THF

@Q

Scheme 46 Synthesis of pentadentate O,N,S,N,O-ligand Fe(IlI) complexes.

- 3 HN(SiMe3),

134

Both complexes 133 and 134 reacted with O, to give oxidation of the two redox-active moieties to the
sq  oxidation states with concomitant formation of H,O,. More interestingly, upon treatment of
complex 129 with 3,5-di-fert-butylcatechol in the presence of triethylamine, complex 135 was
obtained selectively (Scheme 47). Follow-up exposure to dioxygen resulted in ring-cleavage reactivity
at the catecholate fragment to give a broad palette of different ring-cleavage products. Further studies
are required to determine the mechanism of this reaction and the exact involvement of the redox-

active ONSNO ligand.
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Scheme 47 Ring cleavage upon reaction of 135 with O,.
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Palaniandavar et al. reported a number of complexes bearing either a tridentate NNN,” tetradentate
NNNN! or tetradentate ONNN ligand”> in combination with iron(Ill) for related biomimetic
oxidation studies of 3,5-di-tert-butylcatechol. These reactions generally led to the same products as

shown in Scheme 45, although the product distribution differs per system.

The first example of reversible binding of O, to a non-transition metal (antimony(V)) facilitated by a
redox-active o-amidophenolato ligand was reported by Abakumov and co-workers (Scheme 48).”
The group found that complex 136, which is air-stable as a solid, reacts with O, in solution to form
spiroendoperoxide 137. Both complexes were isolated and structurally characterized. Interestingly,
upon moderate heating, species 137 converted back to the starting material by elimination of O,. The

influence of steric and electronic factors on the reversible O, binding was reported by the same

group.”
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Scheme 48 Reversible binding of O, to an o-amidophenolate (X = N) antimony(V) complex.

The group of Brown reported the migration of alkyl and aryl groups from silicon to the nitrogen of a
redox active ONO ligand in silylated aryloxyiminoquinones.” A reaction between methyl and phenyl
substituted chlorosilanes and complex 31 readily affords five-coordinated silanes (138) ligated to a
tridentate, dianionic ONO ligand (Scheme 49). Compound 138 is formed by two-electron reduction
and alkyl or aryl group migration to nitrogen. Notably, when chlorosilanes bearing both methyl and
phenyl groups were used, exclusively methyl migration was observed. More recently the group
reported a mechanistic investigation to elucidate the mechanism and explain the reactivity.”® Cross-
over experiments using (CH;);SiCl and (CD;);SiCl showed that the migration occurs in an
intramolecular fashion. DFT calculations suggested that the origin for the exclusive selectivity of
methyl migration is due to the faster formation of one of the possible octahedral intermediates and

that migration is occurs faster than isomerization.
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Scheme 49 Alkyl and aryl migration from silicon to nitrogen. R = Me or Ph.
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5) Conclusions

The application of redox-active ligands, which have traditionally been considered as mainly a
spectroscopic curiosity in coordination chemistry, to expand the existing or to induce new reactivity at
transition, rare earth and main group metal complexes is a flourishing field of research. With a focus
on the three closely related classes derived from catechol, o-aminophenol or o-phenylenediamine, a
representative overview of the main current strategies to exploit redox-active ligands in stoichiometric
and catalytic processes are illustrated. The main premise of many of these applications is the facile
reversible ligand-based redox-shuttling events that can be addressed in a controlled manner. The main
‘mode of operation’ for these systems is as electron reservoir for the activation of specific substrate
bonds or the coupling of two reagents. Depending on the starting oxidation state of the ligand
framework, which span from doubly reduced red” via mono-reduced-mono-oxidized isq” to doubly
oxidized q, up to two electrons could be harbored or released by these organic entities. Commonly,
one-electron redox-shuttling is observed for each ligand under the specific reaction conditions. Hence,
many of the initial research exploit bis-ligated metal complexes to combine two ligand-based single-
electron transfer processes. These constructs allow to mimic ‘classic’ two-electron transfer reactivity,
traditionally observed for noble metals, at high-valent early transition metal @’ complexes that lack
redox-equivalents at the metal center to facilitate e.g. oxidative addition processes. However, there is
a growing number of elegant examples where redox-active ligands can expand the reactivity in the
first coordination sphere of a metal center by acting as more than just an electron reservoir. One
promising concept utilizes direct intramolecular ligand-to-substrate single-electron transfer to
generate and stabilize metal-bound substrate-centered. The combination of this new approach with
metals that commonly do not display odd-electron radical-type reactivity (e.g. closed-shell 2™ and 3™
row late transition metal ions) allows for unprecedented new reactivity modes. Addressing the
different oxidation states available in a redox-active ligand manifold can also be effectively used to
change the Lewis acidity of a metal. This may induce reversible geometric changes around the metal
center, alter the binding affinity toward substrates or activate coordinated substrates for reaction with
exogenous reactants. It also may enable redox-switchable (catalytic) reactivity. Lastly, redox-active
ligands may also demonstrate chemoresponsive behavior, wherein the ligand actively participates in
bond-making and -breaking processes. To date, these strategies have been mainly demonstrated in
stoichiometric conversions, although several catalytic transformations by virtue of redox-active ligand
systems has already been achieved, albeit with moderate activity in most cases. However, it is
believed to be only a matter of time before redox-active ligand systems will become a mainstream
strategy for homogeneous catalysis, in large part thanks to the highly tunable character of reactive
entities based on catechol, o-aminophenol or o-phenylenediamine. The combination of these ligand
systems with base metals is expected to allow mimicking of classic noble-metal catalysis. The unique

opportunities created by combining the well-known (organometallic) coordination chemistry of

Page 44 of 50



Page 45 of 50

Chemical Society Reviews

closed-shell noble metal ions with ligand-induced odd-electron reactivity also promise to deliver
unprecedented reactivity, unattainable using traditional metal-ligand combinations. Although there is
likely no “one-size-fits-all” redox-active ligand concept, exciting new types of catalytic reactivity and

novel applications of these redox-active ligands will definitely appear in the foreseeable future.
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