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The use of metal catalysts to accelerate an organic transformation has proven indispensable for access to
structural motifs having applications across medicinal, polymer, materials chemistry, and more. Most cata-
lytic approaches have cast transition metals in the “leading role”; these players mediate important reac-
tions such as C-C cross coupling and the hydrogenation of unsaturated bonds. These catalysts may
require collaboration, featuring Lewis acidic or basic additives to promote a desired reaction outcome.
Lewis acids can serve to accelerate reactions by way of substrate stabilization and/or activation, and as
such, are valuable in optimizing catalytic transformations. A burgeoning area of chemical research which
unifies these concepts has thus sought to develop transition metal complexes having ambiphilic (contain-
ing a Lewis basic and acidic unit) ligands. This approach takes advantage of metal-ligand cooperativity to
increase the efficiency of a given chemical transformation, leveraging intramolecular interactions
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between a transition metal and an adjacent secondary ligand site. While this has shown significant poten-
tial to facilitate challenging and important transformations, there remains unexplored depth for creativity
and future advancement. This Frontier highlights inter- and intramolecular combinations of transition
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1. Introduction

The discovery and production of new chemicals and materials
are vital to scientific advancement. As such, transition metal
(TM) catalysts are invaluable, providing new avenues for struc-
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metals and Lewis acids that together, provide a collaborative platform for chemical synthesis.

tural diversification and development." From the Sabatier
process to palladium-catalyzed cross-coupling to copper cata-
lyzed aza-alkyne click chemistry, transition metal catalysis has
remained a versatile method for structural diversification.””
This has led to advances in the synthesis of new pharma-
ceutical ingredients as well as materials, among others.** A
goal of the chemistry community has been to discover and
optimize new chemical transformations. A now common pro-
tocol for reaction optimization relies on either the design of
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superior catalysts or improving reaction conditions through
the addition of functional additives (or both).

A popular route to enhancing catalytic transformations
has been through the use of additives, often giving rise to
improved efficiency (yield and/or selectivity).'*™**® This has
been an ongoing area of research that has invoked intense
interest, with commonly used additives including Lewis
acids/bases, crown ethers, and metal-containing salts, to
name a few.">'® Of these, Lewis acids (LAs) are easily tai-
lored structural units that are electron-deficient and in some
cases, air/water tolerant. Lewis acid additives have been
used in a number of catalytic transformations, including
organic synthesis, controlled polymerization, and CO,
reduction.””® For the latter, s-block metal cations have
been used to assist with CO, reduction (though these will
not be discussed in detail here). Kojima and coworkers, for
example, reported that Mg®>" can be used in conjunction
with a nickel catalyst to reduce CO,-to-CO.*® Complementary
to this Frontier, we also recognize a 2019 review by Becica
and Dobereiner that provides an excellent overview of the
role of intermolecular Lewis acids in organotransition metal
catalysis.™

Due to the electron-richness of later (and low-valent) tran-
sition metals and the inherent electrophilicity of Lewis acids,
inter- or intramolecular pairings offer the potential for cata-
lytic synergy through a disparity in polarity. This concept is
complementary to the notion of (frustrated) Lewis pairs
(FLPs).>'* Classical definitions of Lewis acids (LA) and bases
(LB) predict neutralization through adduct formation, where
the nucleophilic LB donates electron density to an electrophi-
lic LA. When the pair is positioned such that they are unable
to neutralize one another (often due to steric hindrance), they
form what is known as an FLP. A notable example of this
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concept was demonstrated by Stephan and co-workers who
showed that an intramolecular phosphino-borane could acti-
vate H,.>* This “push-pull” concept has also been employed
in coordination chemistry where electron-rich metal centers
serve as the Lewis basic design component, proving fruitful
for both inter- and intramolecular pairings with Lewis acids.
For the latter, continual advances have been made in the field
of secondary coordination sphere (SCS) ligand design.>*?®
Using these design attributes, there has been great progress in
the field of catalysis in which synergy between a metal, sub-
strate, and Lewis acid allows for interaction and subsequent
turnover. Some examples of such Lewis acid-mediated reac-
tions are provided in Fig. 1A - these offer a broad scope of
Lewis acid/transition metal types, while also targeting other-
wise difficult to access organic products.”’*° In addition,
these examples highlight how a Lewis acid can be used to not
only interact with a substrate, but also activate a given catalyst
by either interacting with the metal or a coordinated ligand;
in these cases, the LA offers a lower energy pathway."®

This Frontier emphasizes the importance of transition
metal/Lewis acid cooperativity and provides insight for prac-
titioners wishing to contribute to this burgeoning field. In this
context, we examine recent advancements where inter-
molecular Lewis acid/transition metal pairings have improved
catalytic outcomes relevant to organic synthesis (Fig. 1A).
Additionally, we explore intramolecular Lewis acid/transition
metal chemistry and the advantages afforded by these systems;
in closing, a summary and future opportunities are provided
(Fig. 1B).

A. Functional group classes accessed utilizing selected metal/Lewis acid pairs
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Fig. 1 (A) Functional group classes accessed using Lewis acid/transition
metal combinations and (B) intermolecular vs. intramolecular Lewis
acid-mediated reactivity. M = metal, LA = Lewis acid, S = substrate.
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2. Lewis acid-assisted organic
transformations: intermolecular
pairings

The outcome, and success, of a catalytic transformation is
largely determined by variables of the catalyst system. These
variables, including metal reagent, choice of ligand, tempera-
ture, solvent, reaction time, or the use of additives, are
tunable. Many recent developments in reaction design have
benefited from the use of Lewis acid additives."”*'® The
addition of an exogenous Lewis acid is convenient since direct
modification of the metal or ligand scaffold is unneeded,
obviating complicated syntheses. That said, such additives are
often used in a stoichiometric or subcatalytic (when compared
to metal catalyst loading) amounts. Lewis acids can take on
many forms including alkali metal cations and group 13 com-
pounds (ER; E = group 13 element).*””*® For the latter, ER; is
trigonal planar, leaving an empty and often accessible
p-orbital. The presence of such an orbital renders these com-
pounds Lewis acidic, the extent of which can be modified to
engender higher reactivity, through the altering of R substitu-
ents. In this section, we highlight transition metal/Lewis acid
pairings that have been used to achieve challenging organic
transformations - asymmetric pyridine dearomatization,
hydrosilylation-induced epoxide ring-opening, N-heterocycle
C-H borylation, and asymmetric imine reduction, as

examples.>’3°

2.1. Substrate activation by a B-N interaction

Dearomatization offers an asymmetric route towards the gene-
ration of various chiral N-heterocycles. Earlier examples of
dearomatization have been explored,>*™*' however suffer from
harsh reaction conditions and limited scope. Transition metal
catalyzed dearomatizations have received increased attention
and offer expanded scope, allowing for comparatively mild
conditions with broad functional group tolerance. Despite the
high stability of aromatic compounds, a transition metal cata-
lyst can reduce the overall activation energy barrier, making
dearomatization more thermodynamically favourable.*” As an
additional axis for optimization, Lewis acids have been found
to further reduce associated energy barriers through the
binding and stabilization of charged intermediates during key
steps of the catalytic cycle. Harutyunyan and co-workers
demonstrate this merging concept wherein a chiral Cu catalyst,
Lewis acid - BF;-OEt,, and Grignard reagent work in synergy to
C4-alkylate a suite of quinolines with nearly absolute regio-
and stereoselectivity (Fig. 2A).>” In the absence of Lewis acid,
this reaction does not proceed. Molecular modelling provided
insight into the role of the Lewis acid. BF; not only activated
the quinoline substrate towards added nucleophile, but also
subtly influenced the regiochemical outcome of the reaction
by providing steric hindrance and preventing C2 alkylation.
Combination of Cu and BF; resulted in a highly effective alky-
lative dearomatization system with a catalyst turnover number
(TON) of up to 1000.*”
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A. Nucleophilic dearomatization of N-heteroaromatics
Harutyunyan, 2020
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B. Hydrosilylation of terminal epoxides
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Fig. 2 (A) N-heteroaromatic dearomatization and (structure shown
after "via" refers to computationally obtained transition state); (B)
epoxide hydrosilylation catalyzed by intermolecular transition metal/
Lewis acid catalysts (structure shown after “via" is from the proposed
catalytic cycle).

2.2. Catalyst activation via a Lewis acid-ligand interaction

Epoxide hydrosilylation also benefits from the addition of a
borane-based Lewis acid. Epoxide ring-opening is a versatile
reaction that is ubiquitous in organic synthesis, however,
despite applications in converting terminal epoxides to
primary alcohols, reductive epoxide ring-openings are underex-
plored. A recent study performed by Lambert and co-workers
showcased a Ni catalyst and BF;-OEt, for the terminal hydro-
silylation of terminal monosubstituted epoxides with a silane
reagent (Fig. 2B).”® In the absence of Lewis acid, this reaction
did not occur, though under optimized conditions, the
authors were able to achieve 100% conversion with 85:15
selectivity for the linear product. Here, BF; was proposed to
increase the Lewis acidity of the metal complex by coordinat-
ing to one of the two carbonyl oxygens of the pentacarboxycy-
clopentadienyl (PCCP) ligand. An overall increase in Lewis
acidity weakens the epoxide C-O bond and renders it to be
more susceptible to nucleophilic attack by the nickel hydride.
It was also proposed by the authors that the site selectivity
arises from having a smaller ligand scaffold surrounding the
nickel centre. This favoured the hydride transfer at the more
sterically hindered site, resulting in the formation of the linear
ring-opened product. This system was expanded to a variety of
multi-substituted epoxide substrates with high efficiency.?®

This journal is © The Royal Society of Chemistry 2024
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2.3. Expansion within group 13: from boron to aluminum

Moving down group 13, alanes have also been used as Lewis
acid partners.**™*® C(sp®)-H functionalization is a highly
sought after transformation due to its atom and step
economy.”” Amongst C(sp’)-H functionalization reactions,
C(sp®)-H borylation offers a versatile handle for further syn-
thetic manipulation following installation of a borane group.*®
As substrates, cyclic amines are important building blocks in
synthetic chemistry. Despite amine o-functionalization as
being prominent in organic synthesis, p-functionalization
remains relatively underexplored.**™" Recent work published
by Nakao and co-workers used methylaluminum-bis(2,6-di-
tert-butyl-4-methylphenoxide) (MAD) as a Lewis acid in combi-
nation with an iridium catalyst and bis(pinacolato)diboron
(ByPin,) as the borylation reagent to perform site selective
C(sp®)-H borylation at the p-H of saturated cyclic amines
(Fig. 3A).>° As above, in the absence of a Lewis acid, the reac-
tion had near-zero conversion. Upon addition of MAD, an
acid/base interaction was formed between it and a pivaloyl

A. Borylation of cyclic amines
Nakao, 2023

H
Ir(l) (5 mol%), L,
MAD (10 mol%),
(5 N B,Pin,, isooctane . (% N
Piv BPin Piv
N, | .BPin
CN;,":‘H

via b7 g
where [All= MAD
n=2 tBUJQN\% L_tm%h%n

[ Precursor for coupling reactions
[/ Different ring sizes studied

B. Asymmetric hydrogenation of oximes

Zhang, 2022
_OH <GH
Ir(l) (1 mol%), L, Hy, HN
Zn(OAc), (5 mol%),

L-CSA, dioxane

/] Lewis acid and Brensted acid synergy
7] Zn?* and In3* both are excellent Lewis acids
Fig. 3 (A) Amine borylation and (B) oxime hydrogenation catalyzed by

intermolecular transition metal/Lewis acid catalysts (structures shown
after “via" refer to computationally obtained transition states).
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group oxygen, preventing unwanted reactivity at the a-site due
to steric repulsion between the Ir catalyst and the bulky Lewis
acid masking the a-site. The authors were able to achieve not
only high site selectivity, but also high enantioselectivity by
means of reacting trialkyl aluminum species and sterically
bulky chiral auxiliaries, which forms chiral aluminum Lewis
acids in situ. As a result of using this chiral Lewis acid/achiral
iridium catalytic system, the authors demonstrated an alterna-
tive approach to conventional asymmetric catalysis where a
chiral ligand is no longer required. Further computational
studies showed that the Lewis pair reduced the energy of the
reductive elimination step by approximately 5 kcal mol %,
which is key to the success of this transformation, as reductive
elimination is rate-limiting.>°

2.4. Moving beyond group 13: zinc as a Lewis acid

Besides the main group elements discussed above, metal ions
such as Zn>* are also used as Lewis acids. Asymmetric hydro-
genation is a powerful tool to establish stereogenic centres.”?
Although there has been steady advances in asymmetric hydro-
genation, the asymmetric hydrogenation of oximes has proven
to be particularly challenging. This is due to charge delocaliza-
tion owing to resonance, E/Z-isomerization, and N-O bond
splitting due to the presence of lone pairs on both oxime N
and O atoms. Tackling this challenge, Zhang and co-workers
used a Lewis acid, Breonsted acid, Ir catalyst, and chiral dipho-
sphine ligand in tandem to access hydroxylamines in high
yield and enantioselectivity from oximes using Hy
(Fig. 3B).*° Following optimization, the authors found that the
Lewis acid, Zn(OAc), and Brensted acid, (1)-camphorsulfonic
acid (L-CSA) were both vital for reaction success. L-CSA activates
the oxime via hydrogen bonding and causes the substrate to
be more susceptible to nucleophilic attack by the iridium
hydride, whereas Zn(OAc), fine tunes the chiral environment
of the system and enhances enantioselectivity. Density func-
tional theory (DFT) calculations revealed the mechanism for
this reaction is most likely to proceed via outer sphere hydride
transfer where the Bregnsted acid promotes formation of an
[Ir]-H species. Additionally, the ligand thiourea fragment was
computed to be of crucial importance since the pre-organiz-
ation of thiourea with the Lewis acid is vital for the high
enantioselectivity achieved. Although both 1-CSA and methane-
sulfonic acid (MsOH) produced excellent yield and enantio-
meric excess, MsOH was used as a computational model due
to its simpler structure. The authors also used In(OTf); which
was shown to give an even better yield and enantioselectivity
compared to Zn(OAc),. Notably, high yield (93%) and enantio-
selectivity (93% ee) were achieved on gram scale.

In conclusion, various transition metal/Lewis acid cooperative
catalysis strategies have been developed in recent years. The
simple addition of exogenous Lewis acids has been shown to
enhance yield, regioselectivity, and enantioselectivity of these
otherwise challenging organic transformations. Chemists have
long been harnessing the power of Lewis acids in organic trans-
formations; however, these systems frequently demand high
loading of the Lewis acid due to its nature as an additive, lacking
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the structural rigidity that would optimize its positioning and
effectiveness. Hence, developing methods to lower additive
loading while maintaining high selectivity and yield remains an
ongoing challenge in the field of Lewis acid-assisted catalysis.

3. Lewis acid-assisted organic
transformations: intramolecular
pairings

Transition metals, when coupled with exogenous Lewis acids,
promote synergistic reactivity. Moreover, decreasing the entro-
pic penalty of catalyst/substrate binding can additionally lower
activation barriers in a catalytic mechanism. When an inter-
molecular reaction takes place, several components often forge
a single catalytic intermediate, reducing system disorder. As
such, intramolecular transition metal/Lewis acid systems miti-
gate this unfavorable entropic barrier. In these systems, the
transition metal, Lewis acid, and substrate must be considered
(Fig. 1B). Consequently, there is vested interest in fusing tran-
sition metal and Lewis acidic components into a single mole-
cule, thereby reducing entropy costs, leading to more favour-
able thermodynamics.

Ambiphilic ligands feature Lewis acidic and basic moieties
which are intramolecularly contained. Binding modes for such
ligands often feature the Lewis base coordinating to a metal,
while the Lewis acid is left pendant in the secondary coordi-
nation sphere (SCS)*>*® to support reactivity.”*®® This
approach aims to exploit metal-ligand cooperativity, which
leverages intramolecular interactions between a transition
metal and an adjacent secondary ligand site.®* The concept of
a reactive SCS has been exploited in nature, where peripheral
amino acids promote functional bonding to facilitate impor-
tant biological transformations in the active sites of
enzymes.®> Leveraging the synergistic relationship between
transition metals and group 13 Lewis acids, many research
teams have adopted this strategy to improve the efficiency of a
given chemical transformation.

3.1. Substrate direction through Lewis acid-base interactions

The ability to selectively activate challenging bonds is one of
the main benefits of transition metal complexes having peri-
pheral Lewis acidic groups. Lewis acids can promote selective
activation at a metal centre by coordinating to Lewis basic sub-
strates. This concept is highlighted by Kimura and co-workers
where the authors found that when paired with ambiphilic
phosphine-borane ligands, an iridium complex was effective
in catalyzing the ortho-C(sp®)-H silylation of 2-arylpyridine
derivatives (Fig. 4A).°° Varying the tether length between phos-
phorus and boron, the authors found that a four-carbon linker
was optimal. The proposed catalytic cycle features the ligand
borane group coordinating to a Lewis basic pyridine substate.
The selectivity of subsequent C-H bond activation, following
generation of a reactive iridium-silyl intermediate, is pro-
moted by a pyridine-borane coordination. For this system, the
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A. C-H silylation of 2-arylpyridine

Kimura, 2022
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Fig. 4 (A) C-H silylation and (B) C—H alkenylation catalyzed by intra-
molecular transition metal/Lewis acid catalysts (structures shown after
“via" are from the proposed catalytic cycle).

authors showed the reaction time could be reduced from 24 to
5 h, without a substantial loss in yield.®® This contrasts with
the current state-of-the-art, which requires longer reaction
times.®® Pyridine moieties are prevalent in biologically relevant
molecules, as such, methodologies that aim to selectively
modify this scaffold are important to drug design.

3.2. Lewis acidic aluminum in the SCS for substrate direction

For pyridine alkenylation, C2 or C4 substitution is common.
However, using a nickel/aluminum system, Yu and co-workers
demonstrated a C3-selective process (Fig. 4B).®” This reaction
benefits from TM/LA cooperativity — a concept that has been
applied to several related catalytic transformations.’®®%874
Here, the authors capitalized on an asymmetric N-heterocyclic
carbene (NHC) ligand having a pendant hydroxyl moiety. Upon
addition of Al('Bu),, this proligand readily forms the active
species in situ, resulting in formation of a peripheral Al-O
bond, generating a Lewis acidic aluminum site which pro-
motes substrate binding during catalysis. The tether length
again proved critical for the selectivity of this process, where a
two-carbon alkoxy side arm was shown to be ideal. This intra-
molecular Lewis acid-assisted directing was integral to achiev-
ing C3 selectivity (33% yield C3). When ligands lacking the
ability to ligate aluminum were employed, formation of the C3
product was not observed even in the presence of an external
Lewis acid (1% C3/16% C4). Notably, substrates with electron-
withdrawing functional groups (weaker Lewis bases) exhibited

This journal is © The Royal Society of Chemistry 2024
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reduced selectivity due to weaker Lewis acid/base interactions.
This catalytic system served as the first example of a C3-selec-
tive pyridine alkenylation featuring the pyridine substrate as
the limiting reagent. This method was applied to the diversifi-
cation of complex pyridine scaffolds that were derived from
biologically- and medicinally-active compounds, demonstrat-
ing potential for use in late-stage drug functionalization.
Similarly, Ye and co-workers employed a phosphine oxide
ligand for the Ni-catalyzed hydroarylation of alkynes with
unactivated B-C(sp*)-H bonds (84% yield).””> This ligand form
has the ability to tautomerize to phosphinous acid to give
intramolecular Al-O bonds in situ after the addition of AlIRj;.
Substituting the phosphine oxide with other commonly used
phosphines and NHCs, which rendered the system inter-
molecular, was ineffective (0% yield).

3.3. Altered selectivity through Lewis acid stabilization

The use of intramolecular Lewis acids can alter product selecti-
vity in a given chemical transformation. This concept has been
illustrated by Werlé and co-workers and applied to catalytic
organic transformations utilizing an ambiphilic triazine
ligand coordinated to rhodium’® and cobalt’” (Fig. 5A). Here,
they performed careful control experiments with related inter-
and intramolecular systems, specifically using a borane with
and without a tether connected to the ligand framework. In

A. Controlled hydrogenation of nitroarenes

Werlé, 2022
, [R/B] (2 mol %), | NH,. NHOH
' A 2! X
RO Hy, (2 bar) 1R©/ v RE
= tol, 80 °C, 15hrs | N\ A ; Z
Ph

Selective for aniline
via intramolecular LA

Reaction-condition-
controlled hydrogenation

B. Nitrile dlhydroboratlon using borane containing ligands

Drover, 2023
CN
INi/E] (10 mol%) N(BPin),
+ 2HBPin
CGDG’ rt.72h
[ Displayed metal-ligand

cooperativity with [Ni/B]

[0 Turnover impedement from
intramolecular borane
stabilization

Fig. 5 (A) Controlled nitroarene hydrogenation (structure shown after
"via" is the catalyst structure); (B) nitrile dihydroboration catalyzed by
intramolecular transition metal/Lewis acid catalysts (structure shown
after “via” was obtained crystallographically).
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both cases, the authors found improved catalytic performance
for the intramolecular analogues. Furthermore, in studies of
the catalytic reduction of nitroarenes to aniline and hydroxyl-
amine, the researchers discovered that intramolecular utiliz-
ation of the Lewis acid significantly altered reaction selectivity,
enabling the selective synthesis of aniline derivatives. Control
experiments employing external boranes only resulted in the
formation of hydroxylamine products. This work illustrates
how making use of intramolecular Lewis acids can have an
influence - not only on thermodynamics, but also product
selectivity.

3.4. Small molecule activation through SCS interactions

Favorable interactions between pendant Lewis acids and
metal-bound ligands (i.e., B-X (X = N, O, S, halide)) can further
stabilize reactive structures. To this end, transition element/
Lewis acid synergy has been used in small-molecule activation.
Bercaw and co-workers demonstrated the benefits of an intra-
molecular borane in facilitating C-C bond formation through
the reductive coupling of two Re-bound CO ligands.”®”® This
concept took advantage of Lewis acid stabilization, where a
hydride source was used to reduce CO, which was then stabil-
ized by favorable B-O bonding interactions. This reactivity was
juxtaposed against the use of an external trialkyl borane,
where C-C coupling was not observed.

By designing ligands that can host both a transition metal
and group 13 Lewis acid, researchers have unlocked pathways
to numerous important chemical transformations. The versa-
tile nature of these ligands is highlighted by their ability to
cooperatively bind and direct substrates during catalysis,
which promotes selective reactivity. While not without syn-
thetic challenges/drawbacks, the diversity of Lewis acid role
highlights the malleability of this approach, allowing tailor-
ability to achieve desired outcomes. The inclusion of boron
and, to a lesser extent, aluminum, continues to be a significant
focus of many chemists seeking to bridge the fields of organo-
metallic and main group reactivity. This has led to a growing
field of transition metal complexes featuring intramolecular
Lewis acids, where ligand design has proven imperative to
achieve a targeted outcome.

4. Creative ligand design

The productive catalytic chemistry shown for transition metal/
Lewis acid pairings has led to a growing crop of new ambiphi-
lic ligands that aim to take advantage of the cooperation exem-
plified above. Coordination complexes and stoichiometric reac-
tivity can lend insight into new mechanisms of action which
may benefit future catalytic systems, thereby providing proof of
concept.®***% Drover and co-workers have developed a suite
of phosphine ligands hydrofunctionalized with electrophilic
borane groups in the SCS (Fig. 6A).>>>%%%% Thege ligands are
prepared from the functionalization of allyl-appended dipho-
sphines, either pre- or post-metal coordination. In a 2023
study, the group studied the formation of nitrile-bound
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dinickel dimers. The stabilizing effect inherent to these motifs
led to a hindrance in catalytic nitrile dihydroboration, highlight-
ing an inverse relationship between catalytic turnover frequency
and number of SCS boranes.>>®® This effect suggests a balancing
act — pendant Lewis acids are important modifiers to chemical
reactivity that can also serve to over-stabilize bound substrate,
rather than enable its productive turnover (Fig. 5B). Ambiphilic
ligands can demonstrate exotic coordination chemistry, wherein
the Lewis acid, instead of remaining pendant, acts as a Z-type
ligand, engaging with the electron-rich metal center. In these
instances, the Lewis acid, through its empty orbital, accepts elec-
tron density from the metal center. This process notably increases
the electrophilicity of the transition metal, proving as a useful
design element in catalysis.** In 2019, Bourissou and co-workers
installed boranes into phosphine complexes by employing a PBP
pincer ligand.”” Remarkably, this complex was air-stable, where
the Lewis acidic borane afforded stability to the Pd(0) complex by
decreasing electron density at the reactive metal centre (Fig. 6B).
In this example, the co-stabilization afforded to palladium by
boron was shown to be an important design element for arene
dehalogenation.””

Lewis acids have also been appended to hard nitrogen
donor ligands. Szymczak and co-workers have developed a pyr-
idine-pyrazole ligand which has been modified to include
fused monotopic or ditopic borane functionality
(Fig. 6C).>>**°° These have been shown to have a strong
affinity for cooperatively binding nucleophilic small molecules.
In the case of the latter, the two ditopic boranes in the SCS
show additive Lewis acidity, rendering increased activation of
dibasic substrates such as hydrazine. The authors found that
the activation of hydrazine was further increased upon coordi-
nation of the pyridine-pyrazole ligand to Zn, which displayed
cooperative stabilization of the highly reactive hydrazido unit
by both zinc and the SCS boranes.>

Moving down group 13, in 2015 Emslie and co-workers syn-
thesized an alane-appended ferocenyl phosphine. The alane
present in the ligand was coordinated to platinum, delivering
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a persistent Pt-Al bond. This Pt-Al interaction was strong and
indifferent to changes in platinum oxidation state and geome-
try (Fig. 6D).®® The behaviour of aluminum was contrasted
against an analogous ligand framework containing a borane,”*
highlighting the distinct behaviour of ambiphilic ligands
depending on the identity of the Lewis acid.

It is important to note that while ambiphilic ligands are
designed with an emphasis on cost-savings in chemistry i.e.,
via activation energy lessening in a catalytic reaction, they
require significant energy input to prepare. In nearly all cases,
syntheses must be conducted in water/air-free environments,
as most organyl boranes and alanes are highly susceptible to
degradation. Moreover, these reactions also require multiple
steps cf., an intermolecular reaction where both components
are effectively “tossed” into a reaction vessel. Ambiphilic
ligands can also form stable Lewis acid/base pairs, which
under some circumstances, can render metal coordination
difficult. Fortunately, consistent advancements in the adjacent
fields of organic and main group chemistry®>>*°>™®* provide
inspiration for the generation of new ligand scaffolds, offering
opportunities for refinement and further optimization. Given
the breadth of ligand scaffolds used in organometallic chem-
istry, one can begin to think about new ways of incorporating
Lewis acidic moieties in innovative ways.

5. Future directions

While the number of Lewis acid-appended transition metal
complexes continues to grow, there remain avenues for future
development. Importantly, careful determination of reaction
characteristics such as kinetic data enable careful comparison
between systems that operate via intra- or intermolecular
mechanisms. As mentioned earlier, while boron has been the
primary focus of ambiphilic ligand design (due to ease of
access by hydrofunctionalization), aluminum has been rela-
tively neglected. Aluminum is among the most abundant
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elements on the planet,®® and has low toxicity.”” Thus, a
greater focus on aluminum as a contributor in these chemical
transformations falls in line with its high natural abundance.
While boron is typically introduced into ligand scaffolds
through hydroboration across a terminal double bond, hydro-
alumination remains challenging. Consequently, most alumi-
num containing compounds are formed through protonolysis
reactions, forming an Al-E (E = O, N etc.) bond, which often
has negative effects on resulting Lewis acidity. Additionally,
while much work has gone into studying the fundamental pro-
perties of monotopic Lewis acid systems, there remains
untapped space in developing multitopic systems, which could
offer enhanced Lewis acidity through adjacent p-orbital/
p-orbital interactions or bind multi-basic substrates.

Furthermore, while upperrow group 13 elements such as
boron and aluminum have been the most prevalent Lewis acids
seen in literature, there is certainly space for exploring and
expanding the Lewis acid tool box, including the use of Zn**, for
example. Furthermore, considering the sheer scope of ligands
available in organometallic chemistry, it may well be of interest to
assess other primary donor compositions, with some backbones
likely being more amenable to modification than others. This
myriad of possibilities offers a blank canvas for customization to
tune systems for desired reaction outcomes.

6. Summary and outlook

Lewis acids have been used as additives for a wide range of
catalytic applications, wherein a push-pull dynamic (with a
transition metal) allows for controlled and facile substrate acti-
vation. The addition of exogenous Lewis acids remains preva-
lent in cooperative systems, however interest in intramolecular
Lewis acid incorporation continues to rise. Although exogen-
ous Lewis acids can be added straightforwardly, without modi-
fying the ligand scaffold, these are usually required in stoichio-
metric or sub-stoichiometric amounts with respect to sub-
strate. On the other hand, intramolecularly incorporated Lewis
acids are often employed in catalytic quantity, as they are
appended directly to the catalyst, allowing for intimate control
of reactivity. Nonetheless, the synthesis of such ligands can be
multistep, generating greater quantities of waste.

With an eye towards the design of synergistic systems using
bifunctional ligands, we believe there is untapped potential for
further enhancing reaction efficiency and product selectivity.
We hope this Frontier serves as a launching pad for further
advancement and innovation, where, exploring unique combi-
nations of metal, ligand, and Lewis acid could offer novel solu-
tions to pressing synthetic challenges.
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