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Foreword

Ligands have the ability to dramatically affect the way that metal complexes react.

In the context of this book, their ability to enhance the reactivity and/or selectivity
in the transformation of small molecules is at the heart of the matter. In recent years
there has been a growing emphasis on developing an understanding of how structural
features of ligands play out in the catalytic transformations in which they are employed.
In our work at MIT (described in part by Stradiotto and Lundgren in Chapter 5),
we have found that the use of very bulky (steric), electron-rich (electronic) ligands can
be particularly effective in palladium-catalyzed carbon-heteroatom bond-forming
reactions. We have systematically examined how the change in ligand structure impacts
the observed catalytic activity. In addition to the obvious effects of size and the arrange-
ment of substituents, issues such as how coordination number affects the stability and
reactivity of the catalytically active intermediates must be taken into account. Most of
the basic strategies that we have relied upon were built on the fundamental research
conducted by legions of chemists over the years. It is this continued, combined effort,
that ultimately leads to successful outcomes.

This book describes the efforts of organic, inorganic and organometallic chemists to
apply old principles and develop new ones in an incredible set of contexts. Those with
experience in the field realize that good ligands for metals in one area of the periodic
table often cannot be used when moving to the right or left. This has led to the need to
find different creative solutions to, for example, develop catalysts for hydroamination
reactions using group 4 metals rather than for the use of group 8 metals for asymmetric
hydrogenation. The many exciting chapters in this book lay out how this has been
achieved. Included are some of the most important and topical areas of research in
organometallic chemistry. From the perspective of organic synthesis, olefin metath-
esis, asymmetric hydrogenation and palladium-catalyzed reactions have become some
of the most widely used transformations in both the fine chemical industry and aca-
demia. The use of metals other than palladium, rhodium, iridium and ruthenium is of
growing interest and chapters describing the use of iron catalysts for asymmetric
hydrogenation and coinage metals for a variety of reactions are illustrative of this. The
chemistry of early transition metal and lanthanide complexes which possess intriguing
reactivity and with very different ligands than, for example, with palladium or rhodium



Foreword xv

is nicely described in two chapters. Finally, two chapters describe “less conventional”
types of ligands: non-innocent ligands and ambiphilic ligands. The first of these
describes a situation where the ligand may change structure or have some sort of
secondary function (e.g., recognition). The second reflects ligands that combine donor
and acceptor capabilities.

Overall, this book provides a broad overview of both many areas in which ligands
hold sway and the means by which they accomplish this. [ am certain it will serve as a
great resource for students and practitioners in the field alike.

Stephen L. Buchwald

Department of Chemistry
Massachusetts Institute of Technology
USA



Foreword

These are great times for catalysis research. It is widely recognized that catalysis is of
key importance in addressing the central societal needs of sustainability, including sus-
tainable chemical synthesis, energy, and the environment. Aided by the current
knowledge base in the field, and by advanced computational methods, much progress
has already been made in catalytic design aimed at these goals.

The Editors of this book, Professors Mark Stradiotto and Rylan Lundgren, are to be
commended for assembling an impressive book of excellent chapters, covering key aspects
of the important and timely field of ligand design, which is of course essential to the
development of selective and efficient reactions catalyzed by transition metal complexes.

Historically, the development of the fundamentals of ligand design has been largely
driven by industrial needs. For example, some of the basic concepts, such as the Tolman
ligand cone angle, and the Tolman electronic parameter, described by the Editors in the
first chapter of this book, were postulated by Chad Tolman at DuPont Central Research
in conjunction with the development of the industrially very important nickel-catalyzed
process of butadiene hydrocyanation to adiponitrile en route to nylon 6,6, pioneered by
Bill Drinkard. The success of this ligand design approach has led to further long-term
intensive research on organometallic ligand design, as I had the privilege to personally
experience in both industry and academia.

Several useful new families of ligands have evolved in the last few decades. Among
those, NHC-type and pincer-type ligands have become quite popular and influential in
organometallic chemistry and homogeneous catalysis. A particularly fascinating aspect
for me is the ability of pincer-type complexes to effectively function by metal-ligand
cooperation, in which both the ligand and the metal are involved in bond breaking and
making. This has resulted in recent developments of various environmentally benign
synthetic reactions, as well as findings relevant to sustainable energy.

I believe that the reported key concepts of ligand design and the catalytic reactions
based on them, covered in this book by leading groups in this field, will capture the
imagination of practitioners and students in this exciting field, and will likely lead to
further exciting developments in catalysis.

David Milstein

The Kimmel Centre for Molecular Design
Department of Organic Chemistry

The Weizmann Institute of Science

Israel



Preface

Synthetic inorganic/organometallic chemistry represents a burgeoning field of study,
in which the discovery of fundamentally new bonding motifs and stoichiometric reac-
tivity can in turn underpin the practical development of catalytic substrate transforma-
tions on bench-top and industrial scales. The design and application of ancillary ligands
to modify the reactivity properties of metal complexes has figured and continues to
figure directly in enabling such advances. A number of important ancillary ligand
design strategies have emerged that have served to advance the state-of-the-art across
a range of reaction classes.

In recognizing the difficulty associated with comprehensively documenting all
aspects of ancillary ligand design within a single, accessible monograph, we opted
instead to assemble a diverse collection of cutting-edge chapters from international
leaders in synthetic inorganic/organometallic chemistry and homogeneous catalysis
that highlight the breadth and depth of modern ancillary ligand design. In some cases,
we have directed the reader to allied texts that may be informative.

We envision that this book will be of particular interest to academic and industry
practitioners working in the field of ancillary ligand design. Furthermore, given the
significant impact of ancillary ligand design in transition metal catalysis, this text is
also likely to be informative to scientists in the fields of synthetic organic chemistry,
medicinal chemistry, polymer science, materials chemistry, and beyond. The relatively
short “readable” chapters, each featuring a brief historical account followed by more
advanced aspects of modern ancillary ligand design, renders this text well-suited to
students in advanced undergraduate and graduate chemistry programs, as well as
related short courses.

The book is organized into thirteen chapters, with Chapter 1 providing a brief over-
view of some of the key concepts and terminology that are employed within the ensuing
chapters. Chapter 2 covers aspects of ancillary ligand design related to selectivity in
ruthenium-catalyzed olefin metathesis. Chapter 3 describes the design of ancillary
ligands for use in the iridium-catalyzed asymmetric hydrogenation of challenging
unsaturated substrates, while Chapter 4 details the development of chiral spirocyclic
ligands for such applications and beyond. Chapters 5 and 6 describe the development
of sterically demanding phosphine and N-heterocyclic carbene ancillary ligands,



xviii  Preface

respectively, for use in addressing challenges in palladium-catalyzed cross-coupling
chemistry. Redox non-innocent ancillary ligands are the focus of Chapter 7, while
Chapters 8 and 9 deal with divergent facets of metal-ligand cooperative reactivity.
Ancillary ligand design related to the enantioselective ring-opening polymerization of
lactide is the focus of Chapter 10, while the application of trispyrazolylborate ancillary
ligands in advancing coinage-metal chemistry is presented in Chapter 11. Chapter 12
details ancillary ligand strategies employed in lanthanide chemistry. Finally, Chapter 13
is focused on the development of tight bite angle N,O-chelates and their application in
supporting catalytically active early metal complexes.

Our goal is that the collective insights provided by these diverse chapters will serve
to educate experts and novice readers alike, so as to inspire future advances in the field.

Mark Stradiotto and Rylan J. Lundgren
Halifax, Nova Scotia, Canada, and Edmonton, Alberta, Canada



1

Key Concepts in Ligand Design:
An Introduction

Rylan J. Lundgren' and Mark Stradiotto?

' Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada T6G 2G?2
2 Department of Chemistry, Dalhousie University, 6274 Coburg Road, PO Box 15000, Halifax,
Nova Scotia, Canada B3H 4R2

1.1 Introduction

Organic or main-group molecules and ions that bind to metal centers to generate
coordination complexes are referred to as ligands. Metal-ligand bonding interactions
that arise upon coordination of a ligand to a metal serve both to modulate the electronic
properties of the metal, and to influence the steric environment of the metal coordination
sphere, thereby allowing for some control over the structure and reactivity of metal
complexes. Thus, the fields of transition metal and organometallic chemistry, as well
as homogeneous metal catalysis, have been greatly enriched by the design and study
of new ligand motifs. An understanding of how ligands influence the structural and
reactivity properties of metal species has allowed for the discovery of new and
improved metal-catalyzed reactions that are exploited widely in the synthesis of a
broad spectrum of molecules (e.g., pharmaceuticals) and materials (e.g., polymers).
Moreover, such an understanding has enabled chemists to isolate and interrogate
reactive intermediates of relevance to important biological or industrial processes,
and to uncover fundamentally new modes of bonding between metal centers and

Ligand Design in Metal Chemistry: Reactivity and Catalysis, First Edition. Edited by Mark Stradiotto
and Rylan J. Lundgren.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.



2 Ligand Design in Metal Chemistry

organic or main-group compounds. This chapter is meant to serve as a brief overview
of what the authors believe are some of the important basic concepts when consid-
ering how ligands can alter the behavior of soluble metal complexes with respect to
chemical reactivity and catalysis. General overviews of ligand structure, bonding,
and nomenclature can be found in most introductory inorganic or organometallic
textbooks, as can historical aspects of the importance of ligands in the development
of these fields. We direct the reader to such resources for a more thorough treatment
of the subject.!!

1.2 Covalent bond classification and elementary bonding concepts

In most simple cases, ligands act as Lewis bases, donating electron density to Lewis
acidic metal centers. A prevailing method to classify the number and type of inter-
actions between a metal and ligand, the Covalent Bond Classification, has been
formulated by Green and Parkin (Figure 1).”! Using this formalism, neutral two
electron donor fragments are described as L-type ligands. The metal-ligand bond can
be considered a dative interaction, whereby the valence of the metal is not changed
upon ligand coordination. For simplicity, formal atom charges on the donor (ligand)
and acceptor (metal) atom are invariably not depicted in chemical structures featuring
such L-type interactions. Examples of L-type ligands include many classical Lewis
bases, such as amines and phosphines. Single electron donors (or alternatively
described, anionic two electron donors), such as halides, alkoxides, or carbon-based
aryl or alkyl groups, are described as X-type ligands. The metal-ligand bond can be
considered a covalent bond whereby one electron comes from both the metal and
the ligand, raising the valence of the metal by one upon ligand coordination. Certain
molecules can bind to metals in a fashion such that they accept, rather than donate,
two electrons and are classified as Z-type ligands. This type of dative interaction
formally increases the valence state of the metal by two. The most common Z-type
ligands feature B or Al acceptor atoms.

Ligands can bind to metals via one or more points of attachment, and/or can engage
simultaneously in multiple bonding interactions with a metal center, via combinations

M-=—L M——X M—=2Z
L ligand X ligand Z ligand
2-electron donor 1-electron donor 0-electron donor
(1-electron from M) (2-electrons from M)
M—PR3 M—OR M—BR;
M—NR;3 M—aryl M—AIR;

Figure 1 Classification and examples of L, X, and Z ligands according to the Covalent
Bond Classification method
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Figure 2 (a) Examples of ligands which bind to metals via multiple L- or LX-type interac-
tions. (b) Examples of metal-amide single (X) and double (LX) bonding

e

M-L o bond M-L = bond M-L = backbond
e.g., Co(Il)-NH; e.g., Ti(lV)-OR  e.g., Ru(0)-CO

Figure 3  Simplified schematic of metal-ligand o and = bonding, as well as = backbonding

of L-, X- and Z-type interactions. The type and strength of the metal-ligand bonding
involved will depend on the metal and oxidation state, among other factors.
Prototypical examples of such bonding scenarios include arene—metal structures,
where the three double bonds of the aromatic act as electron pair donors (an L,-type
ligand), as well as the cyclopentadienyl group, an L X-type ligand (Figure 2a).
Simultaneous LX-type bonding can also arise to generate formal M=L double bonds,
as is prevalent in many amide and alkoxide complexes (Figure 2b). The classification
of these ligands as X-type or LX-type ligands is usually evidenced by the crystallo-
graphically determined bond angles about the donor atom, in addition to the observed
M-L interatomic distance.

From an elementary molecular orbital perspective, filled ligand orbitals, such as
lone pairs, donate to metals to form metal-ligand 6 bonds while generating an accom-
panying empty metal-ligand o* orbital. Ligands can also donate electron density from
orbitals of ® symmetry. In instances where the metal has empty dzn orbitals, for
example d° metals such as Ti*, the bond between the metal and the n-donor ligand can
be particularly strong. Ligands possessing empty p orbitals or * orbitals can act as &
acids, accepting electron density from filled metal d orbitals of appropriate energy
and symmetry (Figure 3). This type of © backbonding renders the metal center more
electrophilic and strengthens the metal-ligand interaction. The combination of 6- and
n-bonding interactions will dictate the overall M-L bond strength, as well as the
reactivity properties of the M-L fragment.
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Me, tBu, Me, tBu,
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._I_
Reactive ligands

Ancillary ligand

Figure 4 An example of a metal complex with ancillary and reactive ligands

1.3 Reactive versus ancillary ligands

When considering the behavior of ligands coordinated to a metal center, two general
classifications arise. Reactive ligands, when bound to a metal, undergo chemical
change, which can include irreversible chemical transformations or dissociation from
the metal. Prototypical examples of reactive ligands include hydride, aryl or alkyl
groups. Ancillary ligands are defined as supporting ligands that can modulate the reac-
tivity of a metal center, but do not themselves undergo irreversible transformations
(Figure 4). The contents of this book deal generally with ancillary ligand design aimed
at modulating the behavior of reactive ligands in reaction chemistry and catalysis.
Undesired ancillary ligand reactivity, such as oxidation or cyclometallation, is a
common cause of metal complex decomposition or deactivation during catalysis.
It should be noted that depending on the reaction setting, a coordinated ligand could
behave in a reactive or ancillary manner; CO and olefins serve as examples of such
ligands. Non-innocent and cooperative ligands,” discussed in more detail below,
operate between these definitions.

1.4 Strong- and weak-field ligands

Ligands have a large influence over the electronic configuration (or spin state), as
well as the geometry, of transition metal complexes. Moreover, the ability of ligands
to act as w donors or © acceptors can alter the relative energies of the d orbitals on
the ligated metal center. Ligands that are n-accepting, such as CO, CN~ or imine-type
donors such as bipyridines, cause a large splitting in the energies of the d orbitals in
aligand field. For example, in ideal octahedral complexes the large energy difference
between b, orbitals (d_, dyz, dxy) and e, orbitals (dxzfyz, d ) causes metals of certain
d-electron counts to adopt low-spin configurations, as in Fe(CN)*. Conversely,
n-donating ligands, such as halides or alkoxides reduce the energy difference of the
t,, and e, orbitals and promote high-spin configurations as in Fe(H,0)** (Figure 5).1'”
Similar trends occur for metals in other coordination geometries, such as tetrahedral
or trigonal bipyramidal structures. The ability of ligands to act as donors or accep-
tors to induce changes in d-orbital energies (especially for octahedral complexes)
can be easily assessed by use of spectroscopic methods, thus giving rise to the
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energy

b A AL w4+

n-acceptor ligands n-donor ligands
(strong field) (weak field)
Fe(CN)g* Fe(H,0)¢2*
low spin high spin
octahedral complex octahedral complex

Figure 5 Influence of weak-field and strong-field ligands on the spin state of two proto-
typical octahedral d® metal complexes

P X2_y2

tZ—H__t__t_ _H_ 2

R 4w
-H—-H—xzyz

Orbital
energy

Weaker-field ligand Stronger-field ligand
PPhs
l\ll' CysP SN PCys
lss,, N
PhSP/ \Ccl:l Cl Cl

Tetrahedral complex Square planar complex

Figure 6 Coordination geometry controlled by ligand field strength in four-coordinate
Ni(ll) complexes

spectrochemical series, which ranks ligand m-bonding strength indirectly by
measuring the octahedral e /t, energy gap.

Ligand field strength can also affect the geometry of transition metal complexes.
An illustrative example is that of four coordinate d® complexes. Binding to weak-
field ligands promotes the formation of tetrahedral complexes, for example NiCl >
or NiCL(PPh,),, whereas strong-field ligands promote the formation of square planar
complexes, such as Ni(CN),* or NiCl,(PCy,), (Figure 6). A similar phenomenon is
observed with d Fe(II) complexes, where strong field phosphine ligands can promote
square planar geometries over the typically observed tetrahedral arrangement.™
While strong-field or weak-field ligands generally influence coordination geometry
to much lesser extent with second- or third-row transition metals [most Rh(I),
Ir(I), Pd(II), and Pt(II) complexes are square planar], they can influence the relative
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d-orbital energies, thus altering the ordering of the metal-based molecular orbitals
within derived coordination complexes.?!

1.5 Trans effect

Ligand coordination can influence a metal ion so as to alter the kinetics of ligand
substitution and the bond strengths of the donor groups located at the cis or trans
positions. This topic has been described in detail elsewhere.™ The kinetic trans effect
observed for square planar d® complexes is illustrative. In these cases, ligands that are
good T acceptors or strong 6 donors can increase the rate of associative ligand substitution
at the trans position by several orders of magnitude. Upon the formation of the trigonal
bipyramidal structure by incoming ligand association, strong nt-acceptor ligands (such
as olefins) bind favourably to the more n-basic equatorial sites and labilize the other
equatorial positions (Figure 7). By contrast, strong ¢ donors, for example silyl or alkyl
groups, weaken the trans M—L bonds in square planar species by overlapping with the
same metal orbitals as those involved in bonding with the trans L group.

1.6 Tolman electronic parameter

The ability to measure and predict ligand donor (or acceptor) strength is an important
tool in ligand design. Lone-pair basicity can be determined by pKa measurements of
the corresponding conjugate acid, but as most metals are softer Lewis acids than a
proton, these values can be misleading. The overall donor strength of a ligand when
bonding with soft transition metals can be determined more accurately by measuring
carbonyl stretching frequencies of ligated M(CO), species, as originally described by
Tolman’s study of Ni(CO),L species (Tolman electronic parameter, TEP). In such
complexes a reduction in the carbonyl stretching frequency wavenumber correlates to
a metal center being made more electron rich via ligand (L) donation. Select TEP
values for representative phosphine and carbene ligands are provided in Figure 8. More

L
. + - (o ol
M\A —>@ Lt —|\|/|® —»A /'V'\@

-
. AN
L
M-L' weakened 7 acceptors favor
by good & donor binding to equatorial sites

trans-effect ligand (r acceptor or strong ¢ donor)
/N Ligand labilized by Lt
@ Incoming ligand

Figure 7 Overview of the trans effect for square planar complexes
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PEt, 2062

P(iPr)3 2059

P(tBu)s 2056

IPr 2024 \

CAAC 2020

S

> 6@\..
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Figure 8 Selected TEP values for phosphines and carbenes

comprehensive data on a vast range of ligands are available in the literature, including
values that have been obtained through computational analysis with other metals.[®”
Given the toxicity of Ni(CO),, it is more common to benchmark ligand donicity exper-
imentally with carbonyl stretching frequencies of Ir(CO),CIL complexes, which
Crabtree has correlated to the TEP.®

From the large collection of TEP data on ligand donor ability, a few generalizations
can be made with regard to ligand structure and metal bonding. Trialkylphosphines are
stronger donors than aryl phosphines. The donicity of aryl phosphines can be modu-
lated by the introduction of P—aryl-group substituents, thus allowing for some control
over the electron-richness of the ligated metal. Many N-heterocyclic carbenes are very
strong donors, even stronger than bulky trialkylphosphines. Nitrogen-based ligands are
generally poorer o donors, especially when binding to low oxidation state late transition
metals. Pyridines, imines, and related N-heterocyclic donors (such as oxazolines) are
good m-acceptor ligands and can be used to enhance metal electrophilicity. These N-
ligand frameworks have most commonly been exploited with success in combination
with first-row transition metals (e.g., Fe, Ni, and Cu) or metals in relatively high
oxidation states (e.g., Pt**). In all cases, the donor ability and nature of the metal—
ligand interaction will depend highly on the transition metal, oxidation state, and other
connected ligands.
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Figure 9 Representative early/mid transition metal catalysts featuring hard metal/ligand
interactions

H _PPhy
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Figure 10  Representative late transition metal catalysts featuring soft metal/ligand interactions

1.7 Pearson acid base concept

Consideration of hard and soft Lewis acid/base properties (Pearson acid base concept)
can provide an intuitive concept to estimate metal-ligand bond strength on the basis
of electrostatics and orbital overlap.”” Hard transition metals, such as high oxidation
state complexes of the Group 3, 4, or 5 metals, as well as lanthanides, form strong
bonds to hard Lewis basic ligands such as those featuring N- and O-donor atoms.
Particularly noteworthy examples of catalysts demonstrating this trend include
Sharpless’ Ti catalysts for epoxidation!® and Schrock’s catalysts for olefin metath-
esis!'! (Figure 9). Conversely, larger and more polarizable transition metals in
relatively low oxidation states bind strongly to softer donors, such as phosphines
and carbenes. This helps explain the domination of these ligand classes for platinum-
group metal catalyzed reactions such as Rh-catalyzed hydroformylation!'? and
Pd-catalyzed cross-coupling (Figure 10)..'3!

1.8 Multidenticity, ligand bite angle, and hemilability

Species that bind by more than one point of attachment to a metal center are described
as chelating or polydentate ligands. The increased favorability of polydentate ligand
binding to a given metal, compared with that of similar monodentate ligands, is
referred to as the chelate effect. Chelating ligands are ubiquitous in transition
metal bond activation and catalysis, as they can provide increased stability and a
higher degree of control over the coordination environment of a metal compared with
analogous monodentate ligands.
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Figure 11 Bite angle and natural bite angle of bidentate ligands, with representative
examples of small (dppm) and large (Xantphos) bite angle bisphosphine ligands

Bite angle is a parameter that is used to describe the angle between two donor atoms
and the metal (i.e., the L-M-L angle; Figure 11a). Geometric constraints imposed by
the backbone of chelating ligands can restrict how close the donor groups can be to a
metal; as such, chelating ligands can bind with bite angles that are much larger or
smaller than the geometrical ideal, thereby influencing the ground state or transition
state of metal complexes undergoing a chemical reaction. The term natural bite angle
(B,) is used to describe the preferred chelation angle determined by the ligand backbone
constraints, and is obtained using molecular mechanics calculations employing a stan-
dard Rh—P bond length of 231.5 pm, rather than being determined experimentally.!'
For example, bis(diphenylphosphino)methane (dppm) binds to five-coordinate Rh(I)
with a B_of 72°, whereas the wide bite angle bisphosphine Xantphos binds at an angle
of 111°. Both observed structures represent a major deviation from the ideal bond
angle of 90° between axial and equatorial positions in trigonal pyramidal structures, or
cis positions in square planar structures (Figure 11b). A noteworthy example of the
impact ligand bite angle has on metal-centered reactivity is seen in Rh-catalyzed
hydroformylation reactions, in which increasing the ligand bite angle provides
favorable reactivity.'"*!! The flexibility range of chelating ligands, defined as the
range of bite angles adoptable within 3 kcal/mol of strain energy, is a useful term to
judge the degree of allowable distortion chelating ligands can undergo upon metal
binding. The widespread utility of Xantphos-type ligands in homogeneous catalyst
highlights the importance of bite angle tuning in ligand design.

Conceptually similar “constrained geometry” catalysts feature distorted cyclo-
pentadienyl/c-donor ligands and have found widespread use in early transition metal
catalysis, most notably polymerization."'" In these cases, the bite angle of the cyclo-
pentadienyl (Cp)-metal-amido is compressed by ~25-30° compared to unstrained
metallocenes (Figure 12).1'"!

A particularly important class of chelating ligands called pincers feature three adja-
cent, often coplanar, donors. Pincer complexes tend to display high stability due to
their tight binding and rigid structure. Metal complexes supported by pincer ligands
have been demonstrated to exhibit a wide range of reactivity in bond activation and
catalysis.'!81 A commonly employed pincer ligand motif features two phosphorus



10  Ligand Design in Metal Chemistry

Figure 12 Constrained geometry catalyst precursor featuring Cp—metal-amido bond angle
compression

Figure 13  Structure of an Ir-PCP pincer complex and of a Cu-PyBox complex

L donors flanking a central cyclometalled aryl carbon group (i.e., an X donor), referred
to as a PCP pincer (Figure 13), although an extremely broad range of pincer ligands
with B, C, N, O, Si and P donor groups have been reported. Planar, tridentate ligands
have also found widespread utility in metal-mediated asymmetric catalysis. For
example, pyridine-centered bisoxazolines, termed PyBox ligands, have found utility in
many Cu-, Ni-, and Ru-catalyzed reactions thanks to their tight chelation and tunable
C, symmetry."” The utility of pincer complexes has been reviewed extensively and we
direct the reader to a recent monograph.”

Flexible polydentate ligands featuring a combination of strong and weak donor
groups (often a mix of hard and soft donors) can often undergo facile coordination/
decoordination events in the presence of reactants or under catalytic conditions. This
dynamic property is called hemilability. The design of hemilabile ligands offers the
opportunity to employ relatively stable coordinatively saturated complexes, which in
turn provide access to highly reactive low-coordinate metal species in the presence of
substrate molecules. The remarkable effects of ligand hemilability can be found in
both foundational and modern organometallic chemistry and catalysis. For example,
Shaw demonstrated that a phosphine ligand containing a hemilabile methoxy group
dramatically enhanced the rates of oxidation addition to Ir(I) complexes (Figure 14).1!)

1.9 Quantifying ligand steric properties
The space a ligand occupies around the metal center, or steric bulk, is an extremely

important parameter for modulating the reactivity and stability of complexes. Ligand
sterics are most often modified by changing the substituent groups of the donor atom.
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Figure 14 Hemilabile oxygen donor promotes oxidative addition of MeX by Ir(l)
complexes over 100 times faster than with the analogous 4-OMe-substituted ligand
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Figure 15 Schematic depiction of ligand cone angle for a generic phosphine ligand and
representative Tolman cone angle values

Ligand cone-angle provides a metric for determining the space a ligand occupies from
the view of a metal center (Figure 15). As the name implies, it is the solid angle formed
between the metal center and the outer edge of the ligand hydrogen atoms. The Tolman
cone angle is based on standard Ni—P bond distances of 2.28 A. This calculation does
not account for flexibility (ligands rarely form perfect cones), thus alternative
descriptors have been developed, such as White’s solid angle.*” Related data are also
available for bidentate ligands.™

To better describe the steric environment conferred on a metal by non-conical
ligands, particularly N-heterocyclic carbene ligands, the concept of percent buried
volume (%V, ) was introduced by Nolan and Cavallo." T}OliS term is defined as the
percent of the total volume of a sphere, with a radius of 3.50A, occupied by a ligand at
a given metal—ligand bond distance (Figure 16). These values were initially determined
on the basis of X-ray crystallographic data. Computational software is now available
to calculate %V, _for new ligands and a large collection of values has been assembled
by Nolan and co-workers. %V, values are typically standardized and computed
according to the SambVca platform developed by Cavallo and co-workers, whereby
the sphere radius is set at 3.50A and metal-ligand bond lengths of 2.00 and 2.28A are
employed.”' To place a few values in context, relatively small phosphine ligands,
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Figure 16 Schematic depiction of percent buried volume (%V, )

such as PMe,, will have %V, of approximately 25%, whereas very sterically
demanding ligands will have values >40%, for example P(1Bu), %V, =42%, PMes,
%V, ,.=53%. Finally, for chiral, polydentate ligands and those ligands that are not
tripodal, ligand substituent size can be derived from the Sterimol parameter, as recently

demonstrated by Sigman.?%!

1.10 Cooperative and redox non-innocent ligands

Some ligands can actively participate in substrate activation in concert with the bound
metal. These ligands are termed cooperative ligands.” The synergistic nature of the
metal-ligand interaction is usually imparted by the ability of the ligand to act as a
proton shuttle (via protonation or deprotonation) or electron shuttle (by electron transfer
to or from the metal center), although ligands that promote reactivity by other effects,
such as hydrogen bonding or electrostatic interactions may be considered cooperative
as well. Noyori’s Ru-based catalysts featuring diamine ligands are classical examples of
cooperative metal-ligand systems, whereby the ligand acts as a proton shuttle and basic
site in the bifunctional activation of H, (either directly or from an H, donor molecule)
for carbonyl reduction (Figure 17a).?" Ligands that can reversibly change their oxidation
state under conditions that do not result in metal oxidation state change are termed
redox non-innocent ligands.*® The ability of ligands to act as single-electron donors
and acceptors is a well-established facet of bioinorganic chemistry, and has been
exploited in the design of ligands to enable catalysis. For example, bis(imino)pyridine
ligands can exist in several stable oxidation states and can confer unique reactivity
to Fe complexes, for example the 2+2 cycloaddition of olefins (Figure 17b).*!

1.11 Conclusion

The remarkable repertoire of unique chemical reactivity that has been established to
date in transition metal chemistry can be attributed in large part to the action of ancil-
lary ligands. Although the a priori design of ancillary ligands as a means of enabling
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(b) Metal—ligand cooperativity via ligand redox behavior
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Figure 17 Representative examples of ligand participation in substrate activation

the targeted application of transition metal complexes in bond activation and homoge-
neous catalysis has yet to be realized reliably in practice, important concepts relating
to ligand structure and bonding have emerged over the past decades, some of which
were highlighted herein. Consideration of these design criteria can greatly assist in
guiding the development of ancillary ligand architectures in the quest for new transition
metal reactivity.

References

[1] (a)J. Hartwig, Organotransition Metal Chemistry: From Bonding to Catalysis, University
Science Books, Sausalito, CA, 2010; (b) R. H. Crabtree, The Organometallic Chemistry
of the Transition Metals, Vol. 4, John Wiley & Sons, Inc., Hoboken, NJ, 2005;
(c) G. L. Miessler, P. J. Fischer, D. A. Tarr, Inorganic Chemistry, 5th edn, Pearson, Upper
Saddle River, NJ, 2014.

[2] M. L. H. Green, G. Parkin, J. Chem. Ed. 2014, 91, 807-816.

[3] M. Trincado, H. Grutzmacher, in Cooperative Catalysis (ed. R. Peters), Wiley-VCH,
Weinheim, 2015, pp. 67-110.

[4] E.J. Hawrelak, W. H. Bernskoetter, E. Lobkovsky, G. T. Yee, E. Bill, P. J. Chirik, Inorg.
Chem. 2005, 44, 3103-3111.

[5]1 J. Borgel, M. G. Campbell, T. Ritter, J. Chem. Educ. 2016, 93, 118—-121.



14 Ligand Design in Metal Chemistry

(6]
(71

(25]

[26]
(27]
(28]
(29]

C. A. Tolman, Chem. Rev. 1977, 77, 313-348.

(a) D. G. Gusev, Organometallics 2009, 28, 763-770; (b) D. S. Coll, A. B. Vidal,
J. A. Rodriguez, E. Ocando-Mavarez, R. Anez, A. Sierraalta, Inorg. Chim. Acta 2015,
436, 163—-168.

A. R. Chianese, X. W. Li, M. C. Janzen, J. W. Faller, R. H. Crabtree, Organometallics
2003, 22, 1663-1667.

R. G. Pearson, J. Chem. Ed. 1987, 64, 561-567.

M. G. Finn, K. B. Sharpless, J. Am. Chem. Soc. 1991, 113, 113-126.

R. R. Schrock, Angew. Chem. Int. Ed. 2006, 45, 3748-3759.

R. Tudor, M. Ashley, Platin. Met. Rev. 2007, 51, 116-126.

A. Deangelis, T. J. Colacot, in RSC Catalysis Series, Vol. 2015 (ed. T. J. Colacot),
The Royal Society of Chemistry, Cambridge, 2015, pp. 20-90.

P. van Leeuwen, P. C. J. Kamer, J. N. H. Reek, P. Dierkes, Chem. Rev. 2000, 100, 2741-2769.
P. van Leeuwen, P. C. J. Kamer, J. N. H. Reek, Pure Appl. Chem. 1999, 71, 1443-1452.
H. Braunschweig, F. M. Breitling, Coord. Chem. Rev. 2006, 250, 2691-2720.

M. E. van der Boom, D. Milstein, Chem. Rev. 2003, 103, 1759-1792.

C. Gunanathan, D. Milstein, Chem. Rev. 2014, 114, 12024—-12087.

R. Rasappan, D. Laventine, O. Reiser, Coord. Chem. Rev. 2008, 252, 702-714.

K. J. Szabo, O. FE. Wendt, Pincer and Pincer-Type Complexes: Applications in Organic
Synthesis and Catalysis, Wiley-VCH, Weinheim, 2014.

E. M. Miller, B. L. Shaw, J. Chem. Soc. Dalton Trans. 1974, 480—485.

D. White, B. C. Taverner, P. G. L. Leach, N. J. Coville, J. Comput. Chem. 1993, 14,
1042-1049.

T. Niksch, H. Goerls, W. Weigand, Eur. J. Inorg. Chem. 2010, 95-105.

(a) H. Clavier, S. P. Nolan, Chem. Commun. 2010, 46, 841-861; (b) A. C. Hillier,
W.J. Sommer, B. S. Yong, J. L. Petersen, L. Cavallo, S. P. Nolan, Organometallics, 2003,
22, 4322-4326.

A. Poater, B. Cosenza, A. Correa, S. Giudice, F. Ragone, V. Scarano, L. Cavallo, Eur.
J. Inorg. Chem. 2009, 1759-1766.

K. C. Harper, E. N. Bess, M. S. Sigman, Nature Chem. 2012, 4, 366-374.

R. Noyori, T. Ohkuma, Angew. Chem. Int. Ed. 2001, 40, 40-73.

V. Lyaskovskyy, B. de Bruin, ACS Catal. 2012, 2, 270-279.

P. J. Chirik, K. Wieghardt, Science 2010, 327, 794-795.



2

Catalyst Structure and Cis—Trans
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2.1 Introduction

In the 1950s and 1960s, the field of olefin metathesis began to emerge from the
realization that the unexpected olefinic products observed in a variety of industrially
relevant transformations catalyzed by transition metals (TMs) were all derived from a
common mechanistic pathway [1]. Initial developments in the field were largely based
on heterogeneous or ill-defined catalysts and it was through careful mechanistic study
of these systems that TM carbenes were identified as the potential catalysts responsible
for these alkene products [2]. The drive to further understand this reactivity prompted
the development of well-defined carbene complexes that could catalyze homogeneous
olefin metathesis with comparable efficiency to the early heterogeneous systems [3].
A wide variety of early-TM carbenes, particularly those of molybdenum and tungsten,
were found to be efficient olefin metathesis catalysts and could be tuned for various
applications through careful ligand selection [3b, 4]. However, they typically were
sensitive to air and water and had poor tolerance to particular functional groups, such as
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© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.



16 Ligand Design in Metal Chemistry

PPh, PCy,
T | ©
a?” ‘ MPh c” Ph
PPhg PCy,
1 2

N/_\N N/_\N
C|/RuaPh CI/T%
PCys;
\(4

3

Figure 1 Key Ru-based metathesis catalysts

acids and alcohols. While ill-defined Ruthenium metathesis catalysts were known and
had demonstrated stability to air, moisture and protic solvents [5], well-defined Ru
carbenes that were proficient at metathesis remained elusive for many years. In 1991, the
discovery of stable Ru alkylidene 1 (Figure 1) which could effect olefin metathesis was
therefore of great interest and inspired significant research efforts [6].

Similar to the development of Mo and W catalysts, several key advances in Ru-based
metathesis catalysts were achieved through tuning of the ligand environment [7].
Catalyst 2 incorporated more electron-donating tricyclohexylphosphine ligands in place
of the original triphenylphosphine ligands and a benzylidene in place of the vinylidene
ligand [8]. These changes both resulted in a significant increase in activity and a new
synthetic route allowed preparation of 2 on a large scale. Subsequent substitution of one
phosphine by an N-heterocyclic carbene (NHC) ligand resulted in the significantly more
active catalyst 3, which could catalyze challenging metathesis reactions previously
confined to early-TM catalysts [9]. It was later found that introduction of a chelating
isopropoxy substituent on the benzylidene, as in catalyst 4, significantly enhanced the
stability of these Ru-based catalysts [10]. These key developments in activity and sta-
bility have inspired the development of a vast number of further Ru-based catalysts
tailored for specific applications. Today, catalysts 2—4 are commercially available and
have been widely employed in a variety of olefin metathesis transformations carried out
from academic to industrial scales, in applications as diverse as biomimetic materials
[11], olefin upgrading [12], and fine chemical synthesis [13].

Initially, there were two limiting factors in the utility of metathesis: selective
formation of a desired olefinic product from the mixture of possible olefins and
formation of that product as a single cis or trans stereoisomer. A model for olefin
reactivity has allowed for selective formation of a single product in a number of cases
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but achieving high selectivity for one olefin isomer has remained more challenging
[14]. This is typically achieved by exploiting a preference for the thermodynamically
favored isomer, which is generally (but not always) the frans olefin product. Achieving
levels of selectivity either above the thermodynamic preference or opposite to it
requires imposing a kinetic preference for the chosen isomer. Understanding these
kinetic and thermodynamic aspects at play in metathesis reactions and how catalyst
structure influences them is key to achieving the desired stereochemical outcome.
The first major success in this area was reported in 2009 when the Schrock and
Hoveyda groups demonstrated that Mo- and W-based monoaryloxide pyrrolide
catalysts could selectively form cis-olefin products [15]. Outstanding progress has
been made in the use of these Z-selective Mo- and W-based metathesis catalysts in
synthesis and parallel developments in the discovery of further Z-selective Mo and W
catalysts have been made. These developments have been reviewed elsewhere [4e,16].

This chapter commences with an introduction to the different types of metathesis
reactions and introduces the model for selective formation of a single product in cross
metathesis (CM) reactions. The CM reaction mechanism is then discussed with
particular focus on the geometry of key intermediates that influence product stereo-
chemistry and the role of ligands in influencing this selectivity. Other factors that can
alter the stereochemical outcome are then addressed, including non-productive metath-
esis pathways and secondary reactions of the products. These principles will then be
illustrated through general strategies for achieving cis-selective metathesis catalysts.

In order to give perspective on the kinetic versus thermodynamic balance, the cis—
trans selectivity of some commonly utilized Ru metathesis catalysts is presented.
A number of catalysts with modified ligands that result in a distinct stereochemical
preference are then compared with these original catalysts and their reactivity dis-
cussed. Finally, the successful implementation of ligand-driven selectivity has led to
three families of Ru-based metathesis catalysts that can perform Z-selective metath-
esis. For each of these catalyst families, a model for the origin of Z-selectivity, the role
of ligands in influencing stereochemistry and trends in their reactivity are examined.

2.2 Metathesis reactions and mechanism

2.2.1 Types of metathesis reactions

Olefin metathesis reactions can be categorized based on the types of olefins undergoing
reaction and the types of olefinic products formed (Scheme 1). Of these reactions,
initial attention was largely devoted to ring-closing metathesis (RCM) and ring-
opening metathesis polymerization (ROMP), which both have a strong driving force
toward product formation. In the case of RCM, there is an entropic driving force due
to the production of two molecules from one (the product and ethylene), whereas
ROMP relies on release of ring-strain in the monomer to drive the reaction. In contrast,
exploration of CM reactivity was slower, as there are a number of inherent challenges,
particularly with regard to selectivity. CM lacks an inherent driving force for product
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formation and so can be reversible under conditions where ethylene is not efficiently
removed from the reaction mixture.

Typically, if two distinct terminal olefins (A +B, Scheme 2) undergo CM, multiple
products result: the homodimers of A and B are formed (A,+B,) in addition to the
desired cross product (AB). In addition, each of these products is typically formed as
a mixture of the cis and trans isomers, generating six different products.

A general model for selectivity in CM has been proposed in which olefins are classified
based on their relative rate of homodimer formation and consumption in CM reactions
with a given catalyst [14]. There are four olefin categories of decreasing reactivity: Type I
olefins, which homodimerize readily and whose homodimers can readily undergo further
reaction; Type II olefins, which homodimerize slowly and whose homodimers are slow to
undergo further reactions; Type III olefins, which do not homodimerize and only form
cross products with Type I or II olefins; and Type IV olefins, which are spectators to
metathesis. This differentiation in reactivity is based on steric factors, electronic factors or
both, with increased steric bulk proximal to the double bond and electron-withdrawing
substituents generally leading to reduced reactivity.



Catalyst Structure and Cis—Trans Selectivity in Ruthenium-based Olefin Metathesis 19

If two terminal olefins of Type I are used, a statistical distribution of products results.
Hence, if a 1:1 ratio of A:B is used, then 25% of each homodimer is produced in addition
to 50% of the desired cross product. The amount of the cross product can be increased by
introducing an excess of one terminal olefin, for example using a 4:1 ratio of A:B increases
the potential yield of cross product (AB) to 80%. When the two olefins of different types
are used, they can undergo selective CM, favoring formation of the cross product over
formation of homodimers, leading to yields greater than the statistical product distribu-
tion. The “Type” is specific for a given catalyst and therefore through judicious catalyst
selection, metathesis can be rendered selective for the desired cross product in a wide
variety of cases. In general, less active catalysts show greater differentiation of more sim-
ilar olefins (e.g., allyl pinacol boronate and the bulkier styrene are Type I and Type 1I,
respectively, for catalyst 2, while for more active catalyst 3, they are both Type I).

In a wide variety of cases, application of this model allows the desired cross product
to be generated in high yield. In order to generate the product as a single stereoisomer,
an understanding of the relationship between catalyst structure in Ru-based catalysts
and cis—trans selectivity is necessary. This requires a closer examination of the olefin
metathesis mechanism.

2.2.2 Mechanism of Ru-catalyzed olefin metathesis

Over the past 40 years, there has been a vast accumulation of experimental [17] and
computational [18] evidence in support of the general olefin metathesis mechanism, as
originally proposed by Hérisson and Chauvin. Here, we will illustrate the mechanism
for CM of two terminal olefins with a phosphine-based catalyst (Scheme 3). Initial
phosphine dissociation forms a 14-electron complex I, which then binds an equivalent
of terminal olefin in a n? fashion (II). Subsequent [2+2] cycloaddition generates the
intermediate 1,2-disubstituted metallacyclobutane III, which can then undergo a
cycloreversion (IV) to release an equivalent of internal olefin and generate ruthenium
methylidene V. The methylidene then binds another equivalent of terminal olefin (VI)
and cycloaddition generates a 1-substituted metallacyclobutane VII. Cycloreversion
in the opposite sense to formation (VIII) and release of ethylene regenerates the
14-electron alkylidene I, which can then re-enter the catalytic cycle. Non-productive
metathesis can occur through isomer IT’, which leads to formation of 1,3-metallacycle
IX, resulting in alkylidene exchange. While these general steps are broadly accepted,
the geometry of the intermediates (in particular, IIT), which has serious implications
for product stereochemistry, has remained contentious.

2.2.3 Metallacycle geometry

Two distinct pathways have been proposed for the formation of the metallacyclobutane
that differ in the orientation of the metallacycle with respect to the other ligands around
Ru (Figure 2). In the “bottom-bound” pathway, metallacycle formation takes place with
an olefin bound trans to the NHC, leading to a metallacycle on the opposite face to the
NHC and the two anionic ligands (X) being trans to each other. Alternatively, in the
“side-bound” pathway, metallacycle formation takes place with an olefin bound cis
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to the NHC and the resulting metallacycle is oriented in a perpendicular plane to the
NHC and the two anionic ligands are cis to each other. While there was indirect
computational [18] and experimental [19] evidence in support of both side-bound and
bottom-bound ruthenacycles, the first direct evidence arose in 2004, when Romero
and Piers reported that ruthenacycles could be generated at low temperatures and
studied using NMR spectroscopy, via the “pre-initiated” catalyst 5§ (Figure 3) [20].

Using this methodology, a small number of metallacyclobutanes relevant to CM and
RCM have been generated and their structures studied [20, 21]. Of particular relevance to
CM, metallacycles have been accessed by reaction of 5 with ethylene, propene, 1-butene
and 1-hexene. In all cases, NMR spectroscopic evidence supported a C, -symmetric
metallacycle, which corresponds to a bottom-bound geometry, and no evidence for side-
bound metallacycles has been observed in these experiments. An unsymmetrical NHC
ligand bearing N-2.,4,6-trimethylphenyl (Mes) and N'-2,6-diisopropylphenyl (DIPP)
substituents was used to elucidate which of the two possible metallacycle orientations
proposed for ethylene-derived bottom-bound metallacycles was present (Figure 4) [21a].
NMR spectroscopic analysis revealed the presence of A, in which the bottom-bound
metallacycle lies coincident with the span of the NHC, by its diastereotopic a-methylene
groups, which result from the asymmetry of the NHC. In addition to ethylene-derived
unsubstituted metallacycles, 1-monosubstituted and 1,3-disubstituted metallacycles have
been observed in these experiments. As discussed earlier, 1,3-disubstituted metallacycles
result in non-productive metathesis, generating terminal olefins via olefin—alkylidene
exchange. 1,2-Disubstituted metallacycles of terminal olefins, which lead to productive
metathesis, have not been observed to date.

In both side-bound and bottom-bound metallacycle orientations, disubstituted
metallacycles can adopt one of two stereochemical configurations: one where the
substituents are syn to each other, which would lead to formation of the Z-alkene; and
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one where the substituents are anti to each other, which would lead to formation of the
E-alkene (Figure 5). Both syn- and anti- bottom-bound 1,3-disubstituted metallacycles
were observed by 'H-NMR spectroscopy, with the anti-metallacycle being two to three
times more abundant than the syn-metallacycle in all cases [21e]. The two stereoiso-
mers were found to be interconverting and a mechanism invoking cycloreversion,
alkylidene rotation and cycloaddition was proposed. This implies that alkylidene
dynamics as well as metallacycle stability plays a role in the stereochemical outcome
of olefin metathesis reactions.

2.2.4 Influencing syn—anti preference of metallacycles

It is expected that ligand-induced asymmetry with respect to the two faces of the
metallacycle will have the most discernible influence on the syn—anti preference of
disubstituted metallacycles. These effects will only be evident, however, if ligand
rotations with respect to the metallacycle plane are slower than either productive
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cycloreversion or interconversion of the syn and anti isomers. In ethylene-derived
metallacycles, rapid exchange of the a and f§ protons was observed via non-productive
cycloreversion/cycloaddition pathways (Scheme 4) [21e]. Such processes can result
in rapid inversion of stereochemistry at Ru, thereby compromising its ability to retain
stereochemical integrity of the metallacycle, potentially resulting in the formation of
the thermodynamically favored product.

Since Ru-based catalysts generally yield E-dominant mixtures of olefin products,
the development of catalysts that are selective for the Z-olefin has been a major focus
of research. If the steric environment above and below the plane of the metallacycle
can be differentiated, by introduction of steric bulk on one face, then this may impose
a preference for both metallacycle substituents to occupy the opposite face, resulting
in a syn orientation (Figure 6). In the case of a bottom-bound metallacycle, the ligands
above and below the plane of the metallacycle are the two anionic ligands. By increasing
the size of one of these ligands, it might be expected that substituents would prefer to
occupy the opposite face, leading to Z-olefin products. In the case of the side-bound
pathway, the ligands above and below the metallacycle are one L-type and one X-type
ligand. Here, by increasing the bulk of the L-type ligand relative to the X-type ligand,
preference for the syn-metallacycle may be imposed.
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While control of these parameters may lead to initial formation of the product with
high stereoselectivity, the stereochemical integrity of the product can be compromised
by secondary metathesis events, where the initially formed products undergo subsequent
reaction. For CM of two terminal olefins, there are two major secondary metathesis
processes to consider. In the first pathway (Pathway A, Scheme 5), ethenolysis of the
product can take place to regenerate the starting materials. In the second (Pathway B),
internal olefins are interconverted via trisubstituted metallacycles to generate products
with opposite stereochemistry. In general, secondary metathesis processes result in an
increase in the E-olefin content of the mixture due to two factors: the Z-olefin is typically
less thermodynamically stable than the E-olefin and is also kinetically more reactive.
At low conversions, the E/Z ratio is largely governed by primary metathesis and hence
reflects the inherent (or kinetic) selectivity of the catalyst. At high conversion, secondary
metathesis is expected to govern the E/Z ratio, reflecting the relative kinetic and thermo-
dynamic stability of the products. Hence, in order to achieve Z-selectivity, a catalyst
must both have an inherent preference for the syn-metallacycle and either exhibit
minimal secondary metathesis or the secondary metathesis must also be highly selective
for increasing the cis-isomer content.

2.3 Catalyst structure and E/Z selectivity

2.3.1 Trends in key catalysts

In order to directly compare the efficiency of catalysts in olefin metathesis, a standard set
of reactions was established [22]. Among the reactions included was the CM of allylben-
zene and cis-1,4-diacetoxy-2-butene (CDAB), which display similar reactivity, both
being Type I olefins (Figure 7). For a number of widely utilized Ru-based metathesis
catalysts, the rate of the reaction and the E/Z ratio of the cross product over time were
monitored. Two major trends were observed with regard to selectivity of the product 6.
First, while the rate of conversion differed between catalysts, the E/Z ratio with respect
to conversion was consistent within phosphine-substituted first-generation catalysts (2
and 7) and within NHC-substituted second-generation catalysts (3, 4, 8 and 9). Secondly,
whereas first-generation catalysts maintained a relatively constant E/Z ratio of ~5 over
the course of the reaction, second-generation catalysts had a lower initial E/Z ratio of ~3
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Figure 7 Cross metathesis of allylbenzene and CDAB with common metathesis catalysts.
Adapted from [22].

but this greatly increased at higher conversions, leading to a final E/Z ratio of ~10.
The increase in the E/Z ratio at high conversion for second-generation catalysts was
attributed to secondary metathesis events. No increase in E/Z ratio at high conversions
was observed with first-generation catalysts, which are significantly less active and as a
result exhibit negligible secondary metathesis.

If one considers the bottom-bound metallacycle orientation observed in previous
studies (A, Figure 4), kinetic selectivity for the E-isomer can be rationalized on the basis
of minimizing steric interactions both between the two metallacycle substituents and
between the substituents and the chloride ligands. The difference in the initial E/Z
ratio between the first- and the second-generation catalysts is less well understood.
A potential explanation lies between the different distribution of steric bulk in the
tricyclohexylphosphine ligand and the NHC ligand. This was invoked to rationalize the
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faster initiation rate of first-generation catalysts over second-generation catalysts, where
increased effective steric bulk of the phosphine ligand over the NHC would facilitate
faster dissociation of the phosphine trans to it [17c]. A similar argument could be used
to explain influence of these ligands on the metallacycle, which is also located trans to
the ligand. Where catalysts with various dissociating ligands (2 and 7 or 3, 4 and 9) were
used, the E/Z selectivity was generally similar, as is expected since exchange with one
of the terminal olefins must occur before CM can take place. At low conversion, the only
observable difference based on catalyst structure was that the unsaturated NHC catalyst
8 displayed a slightly higher E/Z ratio than the corresponding saturated catalyst 3 at low
conversion, although the same value was reached at high conversion.

These experiments demonstrate the challenge in achieving a catalyst that is selective
for the Z-olefin. First, the catalyst must have a kinetic selectivity for the Z-olefin,
potentially dictated by steric bulk of the ligands. All of the abovementioned catalysts
are kinetically E-selective to a greater or lesser extent. Hence, the design of a catalyst
environment that can impose a steric or electronic preference for syn- over anti-metal-
lacycles needs to be achieved. Secondly, secondary metathesis needs to be prevented
or else this will lead to an increase in the more thermodynamically stable olefin, which
is the E-olefin in the vast majority of cases. For NHC-containing catalysts, this has a
greater effect on the final E/Z ratio than the initial kinetic selectivity, but selectivity is
ultimately limited by the inherent catalyst preference.

2.3.2 Catalysts with unsymmetrical NHCs

The modularity of the ligand framework in Ru-based metathesis catalysts has provided
access to a wide variety of catalysts, allowing systematic variation of steric and electronic
parameters [23]. While these experimental studies [17, 22, 24] and parallel computational
investigations [18, 25] have provided much insight into structure—activity relationships
in Ru-based metathesis catalysts, definitive relationships between catalyst structure and
E/Z selectivity have been harder to elucidate. In general, significant variation of the
NHC ligand was required to induce a substantial difference in catalyst selectivity,
although this did not always occur. In particular, a number of catalysts with unsymmet-
rical NHC-type ligands (e.g., NHCs with very different N and N’ substituents) have
demonstrated differences in E/Z selectivity. Examples of such catalysts will be presented,
which either have differences in kinetic selectivity compared with other second-
generation catalysts or reduced rates of secondary metathesis. Where data are available,
the reactivity of these catalysts in CM of allylbenzene and CDAB to form olefin 6 will
be discussed in order to allow ready comparison between catalysts.

Catalysts 10-15 (Figure 8), which possess unsymmetrical NHC ligands bearing one
N-mesityl ligand and various N’-fluorophenyl substituents display distinct behavior
from their symmetrical analogs [26]. In a variety of standard metathesis reactions,
catalytic efficiencies were found to be generally comparable with that of 3 and 4, with
the relative performance of these catalysts being substrate-dependent. No clear corre-
lation between the electronic character of the NHC and activity was observed, including
in the CM of allylbenzene and CDAB. In this reaction, 10-15 displayed similar E/Z
selectivity to their N,N’-dimesityl analogs at conversions below 50%. However, they
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exhibited significantly lower E/Z ratios at higher conversions, giving E/Z ratios of
~5-6 at 80% conversion compared with ~10 for catalyst 3, likely indicating slower
secondary metathesis processes.

More drastic variation of the two NHC substituents was achieved through the
use of N-aryl, N-alkyl NHCs, which led to a greater impact on catalytic behavior
(Scheme 6). Blechert and co-workers prepared analogs of 3 and 4 bearing N-mesityl,
N’-Me NHCs (16 and 17) [27]. In both catalysts, the mesityl group is preferentially
oriented over the benzylidene both in the solid state and in solution. Consistent with
the expected increase in c-donation ability of the NHC, shorter Ru—C(NHC) and
Ru=C bonds were observed in the solid state and the benzylidene proton signal was
shifted upfield in the 'H-NMR spectrum. In CM reactions of allylbenzene and
CDAB, the phosphine-substituted catalyst 16 generated product 6 with an E/Z ratio
of 3, whereas under identical conditions 17 gave an E/Z ratio of 6, identical to that
reported for 3 and 4. More interestingly, catalyst 16 could generate allylic-substituted
cross product 18 with an E/Z selectivity of only 3, whereas 17, 3 and 4 all delivered
the E-product exclusively (>20 E/Z), though quantitative yields were obtained in all
cases. The difference in selectivity observed for 16 and 17 is difficult to reconcile
with the mechanism proposed for catalysts bearing N,N’-bisaryl NHCs, where the
dissociating ligand demonstrates no influence on cis—trans selectivity. Interesting
behavior was also observed in the CM of allylbenzene with acrylonitrile. In contrast
to most substrates, CM of acrylonitrile with terminal olefins shows a slight preference
for the Z-isomer with catalysts 3 and 4 (~0.6-0.8 E/Z). While both 16 and 17 gave
low yields of product 19 under identical conditions, they showed a complete reversal
in selectivity, generating predominantly the E-isomer in E/Z ratios of 2.4 and 1.8,
respectively.
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In related studies, Ledoux, Verpoort and co-workers prepared several N-aryl, N -alkyl
NHC derivatives 20-24, where the steric bulk of both substituents was varied (Scheme 7)
[28]. Consistent with 17, these catalysts were generally found to be less active than 4 in
CM of acrylonitrile and allylbenzene, with N-DIPP-substituted complexes showing lower
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activity than N-Mes counterparts. In the N-Mes-substituted catalysts, increasing the steric
bulk of the N'-alkyl substituent correlated with both decreased activity and decreased E-
selectivity, with 21 giving a comparable E/Z ratio to 4. Interestingly, for N-DIPP-substi-
tuted catalysts, higher E/Z ratio was again correlated with decreased reactivity, although
the lowest activity (and highest E/Z ratio) was observed with N’-cyclohexyl catalyst 23,
which gave an E/Z ratio of 3.2 at low conversion. In all cases, overall conversion was low
(<30%) and so E/Z ratios are unlikely to reflect the propensity for secondary metathesis
but rather reflect a difference in the inherent catalyst selectivity.

2.3.3 Catalysts with alternative NHC ligands

Imidazol-2-ylidines and imidazolin-2-ylidenes are the most commonly employed
phosphine surrogates in Ru-based metathesis catalysts but a variety of other related
carbenes have also been explored. Catalysts 25-29 containing N-aryl-thiazol-2-ylidenes
with varying steric bulk of the aryl substituent have been prepared (Figure 9) [29].
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Figure 9 Cross metathesis of allylbenzene and CDAB with thiazolium-based catalysts
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Similar to catalysts 3 and 4, the E/Z ratio for catalysts 25-29 remains relatively constant
at conversions below 60%, but is higher, ranging from 4 to 6.5 across the series.
Notably, this is one of the few cases where there is a close correlation between increased
steric bulk of the aryl group (going from 25 to 29) and a change in the E/Z ratio (here,
a decrease). At higher conversions, an increase in the E/Z ratio to ~7-8 is observed,
indicating secondary metathesis processes are in play. Interestingly, in the RCM of a
macrocyclic 14-membered lactone, all of the thiazol-2-ylidene-containing catalysts
performed similarly, giving an E/Z ratio of ~3 at low conversion and ~6 at high
conversion, which was similar to that observed with 2. In contrast, 4 gave an initial £/Z
ratio of ~7 and a final value of ~10.

Catalysts bearing cyclic (alkyl)(amino)carbenes (CAACs) 30-32 (Figure 10) were
shown to generate cross product 6 in the standard CM reaction with significantly lower
E/Z selectivity than standard catalysts [30]. E/Z ratios of 1.5-2.5 were observed at
conversions <60% and had minimally increased to ~3 at 70% conversion. This contrasts
with 3 and 4 where initial E/Z ratios of ~3—4 increase to ~6 by 70% conversion. While
catalyst 32 reached 60% conversion in 1h at 25°C, 30 and 31 took 32 and 45h,
respectively. This is indicative of the cis—trans selectivity being largely independent of
catalyst activity and rather being influenced by metallacycle preference.

Catalysts 33 and 34 contain acyclic diaminocarbene ligands, which have wider N—C—N
angles and are stronger -donors than their cyclic analogs [31]. While catalyst 33 showed
similar cis—trans selectivity to catalyst 4 in CM, the bulkier catalyst 34 showed distinct
behavior (Figure 11). In CM reactions of allylbenzene and CDAB, an E/Z ratio of ~1 was
maintained until 80% conversion and a final £/Z value of 1.9 was observed at a maximum
86% conversion to the cross product. Allowing a further 24 h of reaction time resulted in
a comparably small increase to 3, indicating that secondary metathesis processes are
slow for this catalyst. To the best of our knowledge, this was the best result for generation
of the Z-product in this standard CM reaction at the time. In the more challenging CM
reaction of acrylonitrile and allylbenzene, both catalysts gave poor conversions to
product 19: <45% at 24 h. Catalyst 34 demonstrated a minor preference for the E-isomer
(E/Z of 1.2) at ~30% conversion (3h) but only a modest increase in conversion was
observed at longer reaction times and preference for the E-isomer was eroded.
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Figure 11 Cross metathesis of allylbenzene and CDAB with acyclic diaminocarbene-
based catalysts

These examples illustrate that variation of the NHC ligand can lead to significant
changes in E/Z selectivity but these differences can be highly sensitive to subtle changes
in sterics and electronics. Hence, it has been difficult to generalize the modulation of E/Z
selectivity across wider series of catalysts with the result that definitive structure—activity
relationships have remained elusive. Until recently, no alterations of the NHC ligand led
to selective production of the Z-isomer in high yields. Additionally, variation of the NHC
ligand typically involves multistep synthesis and is not always efficient.

2.3.4 Variation of the anionic ligands

In contrast to altering the NHC ligand, variation of the anionic ligands offers an
alternative approach to modulate the cis—trans selectivity that can be achieved readily
by anion metathesis with commercially available catalysts. This approach has been
demonstrated to influence polymer cis content in alternating ROMP using a Ru
catalyst bearing a chelating phosphine-phenoxide ligand [32]. It was thought that a
similar approach might be able to affect selectivity in CM and so catalysts bearing one
sulfonate (35-40) or phosphate (41 and 42) ligand and one chloride ligand were
prepared by anion metathesis using the corresponding silver salts (Figure 12) [33].
Of the various complexes prepared, the combination of the bulky H,IDIPP NHC and
mesitylsulfonate ligand in 39 was found to give the lowest E/Z ratio of 2.7 at high
conversion (78%) in CM of allylbenzene and CDAB. While its bis-mesitylsulfonate
analog was found to be significantly more Z-selective, its activity was low enough to
necessitate high catalyst loadings and longer reaction times in order to reach modest
conversions (E/Z ratio of 1.1 and 34% conversion at 24h). While only moderate
success was achieved in this case, this design inspired further exploration of anionic
ligands as a route to modulate E/Z selectivity.
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2.4 Z-selective Ru-based metathesis catalysts

24.1 Thiophenolate-based Z-selective catalysts

Catalyst 43 (Figure 13) developed by Jensen and co-workers represents the first
successful implementation of employing two anionic ligands with different steric
profiles to achieve high Z-selectivity [34]. Here, a small chloride ligand and a bulky
thiophenolate ligand (2,4,6-triphenylbenzene thiolate) fulfill these criteria and the
resulting catalyst was shown to impart good Z-selectivity in a variety of CM applica-
tions. Notably, this catalyst was readily prepared from commercially available 4 in
high yield. Catalyst 43 emerged as the most promising candidate from density
functional theory (DFT) calculations used to establish a general set of ligand require-
ments necessary to impart high Z-selectivity [35]. The essential features were
determined to be a large X-type ligand that makes a Ru—X—E (e.g., ZRu—S—C in 43)
bond angle of >90° and <120°, and a small or planar X-type ligand, which is preferably
electron-withdrawing. In their initially optimized catalyst, these qualities are fulfilled
by the bulky thiophenolate (/ZRu—S—C=113°) and chloride. Notably phenolate ana-
logs which have Ru—O—C bond angles of ~130° were determined to be poor candi-
dates for Z-selective catalysts.

In these catalysts, olefin approach occurs from the bottom-face of the catalyst
(i.e., anti to the NHC) leading to a bottom-bound metallacyclobutane (Figure 14). DFT
calculations using allylbenzene as a model substrate indicate that the transition state

PH 43 PH 44
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Figure 14 Model for selectivity in thiophenolate-based Z-selective catalysts
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for cycloreversion leading to product formation is the highest energy barrier in the
reaction and thus governs the overall selectivity of the process. In the lowest energy
transition state, both substituents of the collapsing metallacycle are oriented away
from both the NHC and bulky thiophenolate ligand in a syn fashion, which results in
formation of the Z-olefin product. Consistent with the steric bulk of the thiophenolate
being important for Z-selectivity, a variant containing the less bulky 2.4,6-trimethyl-
benzene thiolate ligand led to significantly reduced Z-selectivity.

While catalyst 43 demonstrated high Z-selectivity at low conversions in a variety of
CM reactions, Z-selectivity was compromised at high conversion. This change in
selectivity was attributed to in-situ formation of dichloro catalyst 4, which is both
highly active and E-selective. Suspecting formation of 4 was facilitated by the lability
of the remaining chloride ligand, DFT calculations were employed to identify a suitable
alternative ligand with reduced lability [36]. Isocyanate-containing catalyst 44 was
selected and prepared in two steps via formation of the bis-isocyanate catalyst and
subsequent monosubstitution with the thiophenolate. The solid-state structure of 44
demonstrated a reduced Ru—S—C bond angle of 110° and slightly reduced Ru—S bond
length, bringing the bulky thiophenolate closer to the metallacycle. Additionally, a
slight reduction in the Ru—C(NHC) and Ru—O bond lengths was observed. Consistent
with tightening of the steric environment around the metallacycle, DFT calculations
predicted that catalyst 44 would show improved Z-selectivity over 4.

When catalyst 44 was tested in various CM reactions under an Ar atmosphere, it was
found to be less active but more Z-selective than its progenitor 43, although significant
reductions in Z-selectivity were again observed with prolonged reaction times. For both
catalysts, extensive olefin-migration isomerization was observed for allylbenzene,
which can be indicative of catalyst decomposition to hydride-containing species.
However, 44 was found to be relatively tolerant to both acids and air in comparison with
43 and when CM reactions of unpurified substrates were conducted under air, significant
improvements were observed for catalyst 44. While activity was still low, both olefin-
migration isomerization of starting materials and cis—trans isomerization of products
were inhibited. This is suggestive of the species causing isomerization having a low
stability to oxygen relative to the catalyst itself. Neat homodimerization of allylbenzene
could now be achieved with 44 in 52% isolated yield and 80% Z-selectivity, with 58%
overall conversion of starting material. A variety of other homodimerization reactions
were carried out and moderate yields (48-69%) were obtained for hydrocarbon
substrates with good Z-selectivities (67-80%). Heteroatom-containing substrates, such
as N-allylaniline led to significantly reduced yields (5—19%) but Z-selectivities were
still generally high (65-91%). To date, this is the only catalyst demonstrated to effect
Z-selective CM with unpurified substrates and under air.

2.4.2 Dithiolate-based Z-selective catalysts

A second design strategy based on choice of anionic ligand has proved successful in
achieving Z-selective Ru-based metathesis catalysts by the Hoveyda group [37]. In
contrast to the previous strategy, the selectivity of these catalysts relies on the formation
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Figure 16 Model for selectivity in dithiolate catalysts

of side-bound metallacycles. In order to enforce preferential formation of the side-
bound metallacycle, a chelating bis-anionic ligand is used to restrict the geometry of
the complex. Catalysts 45-47 (Figure 15) were readily prepared from catalyst 4 and an
excess of the corresponding sodium salt. In these catalysts, steric differentiation of the
two metallacycle faces is thought to rely on the difference in bulk of the “large” NHC
ligand, which occupies the top face, and the low steric requirement the bidentate ligand
imposes on the bottom face (Figure 16). As a result, the substituents of the metallacycle
are expected to preferentially orient downward away from the NHC, giving a syn-
metallacycle and, hence, Z-olefin products.

Solid-state structures of catecholate 45 and dithiocatecholate 46 revealed that the
isopropoxy group was oriented syn to the NHC and there was significant deviation
from linearity between the NHC and “trans” heteroatom (149 and 143°, respectively,
for 45 and 46). This was attributed to minimization of donor—donor interactions
between the two ligands. To date, the reactivity of these complexes has only been
reported in ROMP and ring-opening/cross metathesis (ROCM) reactions, which are
both energetically driven by release of ring strain. While the catecholate catalyst 45
delivered only moderate Z-selectivities, both sulfur-containing catalysts (46 and 47)
demonstrated efficient ROMP of norbornene and 1,5-cyclooctadiene, giving >98%
Z-selectivity under various conditions. Turnover numbers of over 40 000 were observed
for ROMP of norbornene with dithiolene catalyst 47. In addition, 46 was found to
effect ROCM of norbornenes, cyclobutenes and cyclopropenes with various cross
partners, including enol ethers, heterocyclic alkenes and allylic alcohols [37, 38].
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Z-selectivities in all cases were high (>88% Z) and for many substrates the Z-product
was formed essentially exclusively (>98% Z).

2.5 Cyclometallated Z-selective metathesis catalysts

2.5.1 [Initial discovery

While variation of the anionic ligands has led to notable successes in Z-selective
Ru-based olefin metathesis, a different class of catalysts with a structurally unique
architecture were the first Z-selective Ru-based catalysts to be reported and these
catalysts have enjoyed the widest variety of Z-selective metathesis applications to date.
This series of catalysts arose from a serendipitous discovery, which occurred during an
attempt to prepare monopivalate catalyst 48 [39]. Computational evidence had
suggested that 48 (Figure 17) would show improved Z-selectivity over the monophos-
phonate and monosulfonate catalysts previously explored in our laboratories (e.g.,
35-42), which had only achieved a moderate decrease in the E/Z ratio. Attempts to
prepare 48 analogously to the previous catalysts, using a slight excess of silver piva-
late, led to a mixture of products. When two equivalents (or greater) of silver pivalate
was used, the major product could be isolated cleanly, in which one ortho-Me of the
N-mesityl NHC ligand was found to have undergone a carboxylate-driven C—H
activation to generate stable cyclometallated product 49 [40]. Previously, when C—H
activation had occurred in other Ru metathesis catalysts, it was typically followed by
insertion of the Ru—C bond into the carbene, leading to metathesis-inactive species.
The reactivity of catalyst 49 was then explored and, while less active than 4 in
various standard metathesis reactions, it showed a promising E/Z ratio in CM of allyl-
benzene and CDAB of 1.4 (41% Z) with conversion approaching 60%. Two further
analogs with increased steric bulk of the non-chelating NHC substituent, 50 and 51,
were targeted via similar reaction conditions (Figure 18). Catalyst 50, bearing a bulkier
N-DIPP group, could be prepared and gave improved selectivity in CM of allylbenzene
and CDAB (51% Z at 60% conversion). In attempting to prepare catalyst 51, which
contains an N-adamantyl group, under similar reaction conditions, no formation of
the desired product was observed. Instead, C—H activation occurred exclusively at the

oS stise

48 49

Figure 17 Targeted monopivalate Z-selective catalyst 48 and unexpected product 49
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Figure 18 Targeted mesityl-activated catalysts 50 and 51 and adamantyl-activated
catalyst 52

 methylene-carbon of the adamantyl NHC substituent, leading to product 52, which
contains a new five-membered metallacycle. While adamantyl-chelated catalyst 52
demonstrated significantly lower activity at room temperature than 49 or 50, appre-
ciable conversion could be obtained at higher temperatures. Catalyst 52 was tested in
CM of allylbenzene and CDAB and, for the first time, high Z-selectivity was achieved
in the CM of allylbenzene and CDAB, where the desired product was formed in up to
90% Z-selectivity (corresponding to an E/Z ratio of 0.12).

2.5.2 Model for selectivity

A general model for selectivity in these catalysts bearing cyclometallated NHCs has been
established through experimental observations and computational analysis [39, 41].
In this model, preferential formation of side-bound metallacycles occurs over bottom-
bound metallacycles. DFT calculations based on catalyst 52 have elucidated two
contributing factors for this preference. First, in the bottom-bound metallacycle (and the
transition states for its formation and collapse), there are significant steric clashes between
the chelating adamantyl group and the metallacyclobutane, whereas these are absent in
the case of the side-bound metallacycle. Secondly, in the bottom-bound pathway, both the
NHC and alkylidene ©* orbitals are located in the same plane and hence align with the
same Ru d orbital (Figure 19a), leading to weaker n back-donation and hence having a
destabilizing effect. This is alleviated in the side-bound pathway where the NHC and
alkylidene ©* orbitals are perpendicular to each other and hence align with two distinct
Ru d orbitals allowing for more efficient & back-donation, which has an overall stabilizing
effect. In the side-bound geometry, the chelating NHC substituent forces the non-
chelating NHC substituent (in the case of 52, a mesityl group) to be held directly over the
metallacyclobutane (Figure 19b). The anionic ligand located on the bottom face of the
metallacyclobutane can orient away from the metallacycle, leading to minimal steric
influence. Hence, in the syn-metallacycle the two substituents can point downwards with
minimal steric clash, whereas in the anti-metallacycle, there is a significant steric clash
between one substituent and the N-mesityl group. Of note in these calculations is the
flexible coordination mode of the carboxylate ligand, either mono- or bidentate, which
allowed for increased stabilization of key transitions states and intermediates.
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Figure 19 (a) Electronic factors stabilizing side-bound over bottom-bound metallacycle.
(b) Model for Z-selectivity in cyclometallated catalysts

Further insights into the relationships between structure and catalyst activity and
selectivity have been achieved through variation of the three major components: the
anionic ligand; the non-chelating NHC substituent; and the nature of the chelating
substituent.

2.5.3 Variation of the anionic ligand

Systematic variation of the steric bulk of the carboxylate has been undertaken in the
case of catalysts bearing the six-membered chelating mesityl group (Figure 20) [42].
Catalysts 53-55 were compared with original catalyst 49 in the CM reaction of
allylbenzene and CDAB. Here, increased bulk of the carboxylate led to a reduction
in Z-selectivity, presumably due to increased steric clash of the phenyl groups with
the downward-facing metallacyclobutane substituents. Replacement of the bidentate
pivalate ligand by a monodentate chloride ligand as in catalyst 56 led to a significant
loss of Z-selectivity and preferential formation of the E-isomer (81% E) was observed,
which is more similar to ratios typically observed in the case of bottom-bound metal-
lacycles. In the case of less-active 52 which contains the five-membered metallacycle,
replacement of the pivalate with a monodentate iodide (57) or phenolate (58) ligand
(Figure 21) completely attenuated metathesis activity of the resulting catalysts for
homodimerization of allylbenzene, both catalysts instead effecting significant olefin-
migration isomerization [43]. However, 57 was found to be a useful precursor for the
preparation of a variety of catalysts with alternative bidentate ligands (59-61).

While these catalysts could effect metathesis with similar levels of Z-selectivity, they
had lower levels of metathesis activity and caused significant amounts of olefin-migration
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Figure 21 Adamantyl-activated catalysts with varying anionic ligands

isomerization. A significant advance came about in the form of catalyst 62 where
the pivalate ligand was replaced by a nitrate ligand. Catalyst 62 demonstrated higher
metathesis activity than 52 for a range of substrates, while maintaining high
Z-selectivity and high metathesis to olefin-migration ratio (Scheme 8). Crystallographic
analysis revealed analogous bidentate coordination of the nitrate ligand and only subtle
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Scheme 8 Comparison of pivalate-substituted catalyst 52 and nitrate-substituted catalyst
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Figure 22 Variation of the N-aryl group in adamantyl-activated catalysts

deviations in bond lengths and angles was observed. Largely similar behavior of the
two ligands was also supported by DFT calculations, where the main difference was
that the small size of the nitrate ligand resulted in more stable bidentate coordination
over the reaction pathway [44]. Experimentally, catalyst 62 showed greater stability
both in the presence of oxygen and at high temperatures when compared with pivalate-
containing catalyst 52.

2.5.4 Variation of the aryl group

Subtle alterations to sterics and electronics of the aryl group as in catalysts 63—-65
(Figure 22) were generally well tolerated, but only led to minor differences in overall
metathesis activity and Z-selectivity [43]. Catalyst 66, which contains an N-DIPP
substituent, was an obvious target, given the improved Z-selectivity observed in the
case of the six-membered chelate (50). However, initial attempts to prepare 66 or other
catalysts with significant variation of electronic and steric parameters were hampered
by the instability of the products under the reaction conditions, which used silver pivalate.
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While formation of the desired complexes could be observed by 'H-NMR spectros-
copy, they typically underwent rapid decomposition to form multiple species. It was
later shown that using sodium pivalate (in place of silver pivalate) offered a milder
method for salt metathesis and C—H activation to form cyclometallated catalysts [45].
These conditions allowed the preparation of a number of catalysts, including 66, which
could not be obtained using silver pivalate. As expected based on the model where
Z-selectivity is governed by interactions of metallacycle substituents with the N-aryl
group, catalyst 66 with the bulkier N-DIPP group showed improved Z-selectivity over
its N-Mes analog 62 and comparable activity in a variety of CM reactions. Further
exploration of reaction conditions revealed that N-DIPP-substituted catalyst 66 was
active even at extremely low catalyst loadings (0.01 mol%) and achieved turnover
numbers of >7000 in the homodimerization of allylbenzene. While catalyst 67 demon-
strated comparable Z-selectivity with 66, it had lower metathesis activity. Consistent
with previous studies of related catalysts, NHC aryl substituents with ortho-C—H bonds
were not tolerated under C—H-activation conditions, as C—H activation was followed
by rapid insertion into the benzylidene moiety [46].

2.5.5 Variation of the cyclometallated NHC substituent

As previously noted, there were very significant differences in both activity and
Z-selectivity observed between 52, which has a five-membered adamantyl-based
chelate, and 49, with a six-membered mesityl-based chelate. Though many attempts at
further variation of the chelating group have been made, these changes are less well
tolerated and efforts have only yielded a small number of new stable catalysts
(Figure 23). Hence, it is difficult to draw further conclusions about the role of the
chelate in the selectivity and activity of these catalysts. Interestingly, catalyst 68, which
contains an N-3,5-dimethyladamantyl-substituted NHC, had similar Z-selectivity to its
adamantyl analog (52) but was noticeably less active and required significantly higher
catalyst loadings to achieve comparable yield [45]. Catalyst 69, which contains a
chelating tert-butyl group, could be isolated but was found to have limited stability at
room temperature and was a poor catalyst in CM applications [47]. Attempts to prepare
related catalysts 70 and 71 were not successful.
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Figure 23 Variation of the cyclometallated NHC substituent
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2.5.6 Reactivity of cyclometallated Z-selective catalysts

Of the catalysts prepared, 62 and later 66 emerged as having an appropriate balance
of activity and Z-selectivity and have been employed in a variety of metathesis
reactions. CM with catalyst 62 provided access to a variety of Lepidopteran phero-
mones in good yield and high Z-selectivity (76-88%) [48]. Additionally, a variety of
macrocycles were prepared by RCM in moderate to good yields and generally high
Z-selectivity (65-94%) [49]. When more-selective catalyst 66 was later employed in
a sample of these reactions, Z-selectivity was uniformly high (>95%), although in
some cases reduced yields were observed [45]. In addition to these reactions, 62 was
employed in Z-selective ROMP [50] and a resolved enantiopure version of 62 achieved
high Z-selectivity and high enantiomeric excess in a variety of asymmetric ROCM
applications [51].

The high barrier for the formation of anti-metallacycles with catalysts 62 and 66 has
been exploited to allow orthogonal reactivity of terminal- or Z-olefins in the presence
of E-olefins. Catalyst 62 has demonstrated Z-selective ethenolysis of E/Z mixtures
of olefins, allowing isolation of the pure E-olefin with high stereopurity (>95% E)
[44a, 49]. In addition, 66 demonstrated Z-selective CM of substrates containing both a
terminal olefin and an internal E-olefin to yield E,Z-dienes with >95% Z-selectivity
[52]. While the Z-selectivity observed in the abovementioned cases is impressive, all
CM examples were confined to unhindered, Type I olefins. Some categories of allylic-
substituted olefins, such as vinyl acetals and vinyl epoxides, fall into the Type II cate-
gory for catalyst 66, which can effect Z-selective CM of these substrates with Type |
olefins in good yield and high Z-selectivity (89 to >95% Z) [53]. In contrast, other
classes of allylic-substituted olefins demonstrated low or negligible reactivity under
identical conditions. Hence, in order to expand the scope of reactivity to these and
more challenging substrates, such as 1,1-disubstituted olefins, further improvements in
catalyst activity are required.

2.6 Conclusions and future outlook

To date, three distinct strategies have been utilized to impose a preference for syn-metal-
lacycles in Ru-based olefin metathesis catalysts, resulting in three families of Z-selective
catalysts. Promising initial reactivity has been observed with both thiophenolate- and
dithiolate-based catalysts and both frameworks offer many opportunities for further
tuning of activity and Z-selectivity. The cyclometallated catalysts have been further
developed and have demonstrated high activity and Z-selectivity for a wide variety of
substrates. However, in all cases, further improvements will be necessary to achieve
Z-selective metathesis across the broad substrate scope demonstrated by previous
generations of Ru-based catalysts.

While these families of catalyst demonstrate a high kinetic preference for the
Z-olefin, catalysts that demonstrate a comparably high kinetic preference for the E-olefin
have yet to be achieved. The generation of E-olefins instead relies on thermodynamic
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control and so selectivity is substrate-dependent. While some insights into the structure-
selectivity relationships in Ru-based metathesis catalysts have been gained, the design
of catalysts that lead to complementary selectivity for frans-metallacyclobutanes has
not been realized to date and represents an outstanding challenge in the field of olefin
metathesis.
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3.1 Asymmetric hydrogenation

Enantioselective homogeneous hydrogenation catalyzed by chiral transition metal
complexes is one of the most well established transformations in asymmetric syn-
thesis [1]. Excellent enantioselectivities have been achieved in the hydrogenation of a
wide range of substrates, often with very low catalyst loadings. High reliability, mild
reaction conditions, and perfect atom economy are further attractive attributes of this
method. In particular complexes based on Ru or Rh have found broad application in
industrial processes [1] and the impact of these catalysts has been recognized by the
Nobel Prize awarded to Ryoji Noyori and William S. Knowles in 2001 [2].

In this chapter, we focus on a more recent direction in asymmetric hydrogenation, the
development of Ir catalysts based on heterobidentate ligands, which have considerably
enhanced the substrate scope for this transformation. In particular, the major ligand
classes and the underlying design principles as well as the special features and selected
applications of these catalysts are discussed. We also dwell on recent mechanistic
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Figure 2 Intermediate in the Rh-catalyzed asymmetric hydrogenation used to explain
Achiwa’s “Respective Control Concept”

insights that have led to a qualitative model for the enantioselective step, which may
serve as a useful guide in the search for new ligands.

Progress in asymmetric hydrogenation was driven largely by the design and
discovery of new chiral ligands. The initial breakthrough came with the introduction
of C,-symmetric bidentate diphosphine ligands [3], based on the idea that C, sym-
metry reduces the number of undesired competing isomeric transition states that
lower the enantioselectivity, compared with reactions with nonsymmetric ligand
complexes. Furthermore, the lower number of possible catalytic intermediates and
the reduced complexity of NMR spectra of C,-symmetric ligand complexes facilitate
mechanistic studies and a rationalization of the observed enantioselectivities [3].
As a consequence, C -symmetric ligands dominated the field of asymmetric catalysis
for a long time (Figure 1).

However, despite the benefits of C, symmetry, there are arguments that for certain
reactions, including asymmetric hydrogenation, nonsymmetric ligands should be the
better choice. The “Respective Control Concept” introduced by Achiwa is a good
example [4]. In the structurally well characterized catalytic intermediates of the
hydrogenation of acetamido-acrylic acid derivatives, for example, the two P atoms of
a bidentate ligand occupy different positions with respect to the substrate (Figure 2).
The phosphino group oriented cis to the coordinated C=C bond is closer to the
prochiral unit of the substrate and, therefore, was postulated to be responsible for
enantiocontrol through steric effects. The P atom in trans position to the C=C bond
is better positioned for electronic interaction with the substrate and hence was
assumed to mainly affect the reaction rate. As a consequence, the steric and electronic
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Table 1 Asymmetric hydrogenation of dimethyl itaconate (1) using ligands with different
phosphine units

Ptrans
MeO.C \)J\ 1/2 [Rh(COD)CI], + L* H b\/P
e » MeO,C N * i
z CO,Me 1bar Hy, MeOH, RT, 2h FU o ScoMe [ L= . e
1 2
CO,(t-Bu)
Entry P Poone Catalyst loading (mol%)  Conv. (%) ee (%)
1 PPh, PPh, 0.1 36 5
2 P(p-Me,NPh),  PPh, 0.1 55 68
3 PPh, P(p-Me,NPh), 0.1 >99 93
OMe H OMe
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Scheme 1 Asymmetric hydrogenation as key step in the production of (S)-metolachlor

properties of each of the two phosphine units should be tuned individually, in order to
obtain an optimal ligand for a given substrate.

To validate this concept, various ligands with two different phosphine units were
tested in the asymmetric hydrogenations and compared with analogous ligands with
two identical phosphine units. In the hydrogenation of a carbonyl compound both the
enantioselectivity and conversion could be improved by replacing one PPh, group of
DIOP by a dicyclohexylphosphine unit. The results obtained in the hydrogenation of
dimethyl itaconate (1) as well demonstrated that switching the positions of the cis and
trans phosphine units of the ligand scaffold 2 has a strong effect on the enantiomeric
excess (ee) and conversion (Table 1).

Although these results emphasize the potential advantages of electronically and
sterically unsymmetrical ligands, this concept does not guarantee improved catalyst
performance. If isomeric complexes are formed, in which the two phosphine units
have switched positions, all efforts to optimize these groups individually may be futile.
However, in the absence of such complications catalyst performance can be impres-
sive as in the example of the industrial production of (S)-metolachlor (Scheme 1) [5].
Individual structural optimization of the two phosphine units led to an Ir catalyst
based on the Xyliphos ligand (3) that catalyzed the hydrogenation of the C=N bond
with more than 10° turnovers and a turnover frequency of 10° per hour producing the
(S)-metolachlor precursor 4 in 79% ee.
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3.2 TIridium catalysts based on heterobidentate ligands

Many efficient Rh- and Ru-based catalysts are known that allow highly enantioselective
hydrogenation of a wide variety of functionalized olefins. However, their application
range is limited to alkenes bearing a coordinating group near the C=C bond, dehydro-
amino acid derivatives or allylic alcohols being typical substrates for these catalysts.
On the other hand, olefins lacking coordinating groups normally show poor enantio-
selectivity and low reactivity.

A key step towards hydrogenation catalysts with broader substrate scope was the
development of mixed N,P ligands. Such ligands represent an even more effective way
of desymmetrization than diphosphines, based on the different electronic properties
of the two coordinating heteroatoms, a “soft” P atom with 6-donor and m-acceptor
properties and a “hard” N atom with mainly o-donor character (Figure 3).

The concept of electronic desymmetrization led to the phosphinooxazoline (5) (PHOX)
ligands, which were originally designed and successfully used for the enantiocontrol of
Pd-catalyzed allylic substitution [6]. Subsequently, many further applications of these
versatile, readily accessible ligands were found [7]. Inspired by the Crabtree catalyst (6)
[8], which in contrast to Rh and Ru complexes shows high reactivity in the hydrogenation
of unfunctionalized C=C bonds, Ir complexes such as 7 derived from PHOX ligands
were evaluated as chiral analogs of 6 and found to give encouraging results in the
asymmetric hydrogenation of olefins lacking coordinating groups (Scheme 2a and b) [9].

) Sterically and electronically
C,-symmetric desymmetrized “soft”, s-donor and
p-acceptor properties

@ “hard”, mainly s-donor

|:| Vacant coordination site

Figure 3 Desymmetrization by different coordinating heteroatoms
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Scheme 2 PHOX-based Ir complex as catalyst in the hydrogenation of unfunctionalized
olefins
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"H-NMR experiments conducted at low temperature demonstrated that only one of
the four possible stereoisomers was formed upon oxidative addition of dihydrogen,
due to electronic and steric differentiation of the N,P ligand (Scheme 3a) [10]. Recently
it became even possible to characterize dihydride intermediates with a coordinated
alkene, representing the resting state of the catalyst (Scheme 3b) [11]. These findings
showed that electronic discrimination of the N,P ligand results in the oxidative addition
of hydrogen exclusively trans to the Ir—N bond, which is electronically favored [12],
whereas the olefin is bound trans to the Ir—P bond in agreement with computational
studies [13].

The counterion as well was found to strongly influence catalyst performance. Initial
experiments with Ir-PHOX complexes gave high enantioselectivity and full conversion,
but only at high catalyst loadings of 4 mol% (Scheme 2b) [9]. Lower catalyst loadings
resulted in decreased conversion due to catalyst deactivation [14] with concomitant
formation of an inactive trinuclear iridium hydride cluster 8 (Scheme 4) [15], analogous
to the deactivation products observed with the Crabtree catalyst 6 [16].

While all attempts to avoid formation of the hydride cluster or to convert it back to
a catalytically active species failed, the solution to the deactivation problem turned out
to be as simple as surprising. Exchange of the counterion from PF, to tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (BAr,) strongly increased conversion (Scheme 5).
Using catalyst 9 with BAr, as the counterion, several thousand turnovers could be
obtained in the hydrogenation of frans-methyl stilbene 10 under optimized conditions.

Kinetic studies conducted with Ir complexes bearing different counterions provided
a plausible explanation of this unusual anion effect [17]. Catalysts with PF, as
counterion showed first-order rate dependence on the olefin concentration, whereas for
catalysts containing BAr, as counterion the rate dependence was close to zero order,
implying a much faster reaction of the olefin with the catalyst in this case.
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Scheme 5 Enantioselective hydrogenation of trans-methyl stilbene 10 with PHOX-based
Ir catalyst bearing different counterions

This rate difference may be explained by the stronger coordination ability of the PF,
counterion or the formation of a tighter ion pair compared with BAr,, hampering
coordination of the olefin to the Ir center. As a result, the reaction with the olefin
becomes rate-determining. In contrast, the extremely weakly coordinating BAr, ion
does not impede olefin coordination and therefore the catalyst remains saturated with
substrate. As a consequence, migratory insertion is much faster than the deactivation
reaction in the case of the BAr, salt and, therefore, the catalyst has a much longer life
time than the PF, analog, which undergoes migratory insertion and deactivation at
similar rates.

An additional advantage of BAr -based Ir complexes is their stability against
moisture and oxygen and hence they can be handled in air, whereas reactions with
PF -based complexes require set-up under inert gas atmosphere. Furthermore, it is
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Scheme 6 Modular synthesis of SerPHOX and ThrePHOX ligands

possible to purify Ir-BAr, complexes by column chromatography on silica gel if
necessary, which facilitates purification significantly.

After the first successful applications of chiral Ir N,P ligand complexes, many new
ligand classes were explored, in order to expand the substrate scope. Because of the
limited mechanistic insights at that time, most of the new ligands were found by
chance, intuition or systematic screening. To facilitate structural optimization of a
ligand, modular structures that allow individual variation of different parts are clearly
desirable. Examples of structures that ideally fulfill this criterion are the SerPHOX and
ThrePHOX ligands derived from the amino acids serine or threonine [18]. Overall this
ligand class contains four structural elements, which can be modified in a four-step
reaction sequence, employing different carboxylic acid derivatives, chlorophosphines
and Grignard reagents (Scheme 6).

The high modularity of this ligand class allowed preparation of a diverse library
of chiral Ir complexes. The effectiveness of this approach was amply demonstrated
by using the three isomeric olefins 11, 12 and 13, which provide after hydrogenation
the same product. In this case, different catalysts performed best for each substrate
and high ee values between 94% and >99% were obtained (Scheme 7). The fact that
these catalysts showed high selectivity in the hydrogenation of many different
substrates such as 14, 15 and 16 highlights the importance of a modular catalyst
structure [18b, 19].

Although reasonably high enantioselectivity for substrate 13 (94% ee) was obtained,
in general terminal olefins remained challenging substrates in terms of enantioselectivity
compared with trisubstituted ones. The difficulty arises from the fact that in this case
discrimination of the two enantiofaces of the C=C bond depends on the ability of the
catalyst to differentiate between the two geminal substituents, which often are of sim-
ilar size. In contrast, enantiocontrol in the hydrogenation of a trisubstituted C=C bond
relies on the more pronounced difference in size between the H atom and an aryl or
alkyl group at the less substituted olefinic C atom. Furthermore, terminal olefins with
o H atoms next to the double bond are known to undergo a competitive isomerization
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Scheme 7 Different ThrePHOX-based Ir catalysts achieving high selectivity in the hydro-
genation of different substrates

under hydrogenation conditions to the thermodynamically more stable trisubstituted
isomers [20], which can produce products with opposite configuration. In order to
overcome these issues, a library containing 96 different phosphite-oxazoline ligands
was prepared. By systematic variation of different residues on the ligand scaffold of
catalyst 17, axial chiral biarylphosphites were found to be most effective in the hydro-
genation of 1,1-disubstituted alkenes [20, 21]. These ligands enabled the hydrogenation
of a wide range of different 1,1-disubstituted alkenes with excellent enantioselectivity
(Scheme 8a). In addition, the presence of neighboring groups such as hydroxyl,
acetoxy, silyl or heteroaryl was tolerated as well and ee values between 91% and 99%
were obtained. Furthermore, catalyst 18 showed good to excellent results in the hydro-
genation of sterically and electronically diverse terminal biaryl alkenes. For example,
the terminal olefin consisting of a phenyl and an ortho-tolyl substituent on the double
bond was reduced with up to >99% ee. In the case of electronically different aryl sub-
stituents such as para-trifluoromethylphenyl and a para-methoxyphenyl a promising
ee value of 65% was obtained (Scheme 8b).

Although the complexes discussed so far proved to be efficient catalysts for the
hydrogenation of trisubstituted and terminal olefins, they all performed poorly in
the hydrogenation of tetrasubstituted olefins. This limitation may be explained by the
increased steric demand of tetrasubstituted olefins compared with trisubstituted ones,
impeding formation of a catalyst—substrate complex. Although tetrasubstituted alkenes
have been successfully hydrogenated by using chiral zirconocene complexes, long
reaction times, high pressures and high catalyst loadings are drawbacks of these sys-
tems [22]. Eventually, more efficient and more practical catalysts for tetrasubstituted
alkenes were found based on easily accessible phosphinomethyl-oxazoline ligands that
had been originally reported for allylic substitution reactions [6a]. The corresponding
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Scheme 8 Hydrogenation of terminal olefins with oxazoline-based catalysts bearing an
axial chiral biarylphosphite moiety. Full conversion was observed for all entries

Ir complexes gave high enantioselectivities for a range of tetrasubstituted arylalkenes
(Scheme 9) [23]. For substrates with at least one methyl substituent essentially full
conversion was obtained, whereas more sterically demanding substrates showed
reduced reactivity.

The higher reactivity of these catalysts may be explained by the more open coordination
sphere of a five-membered chelate complex compared with an analogous six-membered
chelate complex formed with a typical PHOX ligand. As illustrated by the two crystal
structures in Figure 4, substituents at the oxazoline ring and at the P atom of the six-
membered chelate PHOX complex hinder the approach of a substrate to the Ir center,
whereas the five-membered chelate analog allows easier access of the substrate.

Another notable development are ligands forming larger chelate rings. Especially
the SIPHOX-based Ir catalysts developed by Zhou and co-workers [24], bearing a rigid
axially chiral spirobiindane backbone, have considerably extended the scope of asym-
metric hydrogenation. These catalysts showed remarkable selectivities and activities in
the hydrogenation of a wide variety of different unsaturated carboxylic acids.
Furthermore, the optimal reaction conditions with methanol as solvent and a base as
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Scheme 9 Phosphanyl oxazoline-derived Ir catalysts in the hydrogenation of tetra-
substituted unfunctionalized olefins

Figure 4 Comparison of the coordination sphere of six- and five-membered Ir chelate
complexes. (The BAr, counterions and the COD ligand are omitted for clarity.) (See insert
for color/color representation of this figure)

additive are rather unique for Ir-based catalysts. In general, asymmetric Ir-based
catalysts require weakly coordinating solvents such as CH,Cl, or toluene [25], while
coordinating solvents or additives, such as methanol or triethylamine are known to
significantly reduce catalyst reactivity [26]. As shown in Scheme 10, SIPHOX-based
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Scheme 10 Iridium SIPHOX-based catalysts in the asymmetric hydrogenation of unsaturated carboxylic
acids
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catalysts perform very well with unsaturated heterocyclic acids [27], a-aryloxy and
a-alkoxy o,p-unsaturated carboxylic acids [28], B,y-unsaturated carboxylic acids [29]
or terminal double bonds with a carboxyl group in the p-position [30]. The presence of
afree carboxyl proved to be crucial, as analogous carboxylic esters showed no reactivity
in the hydrogenation with these catalysts.

While most Ir catalysts developed so far are based on N,P ligands, C,N ligands
have been successfully used as well. Exchange of the phosphine unit of a PHOX type
ligand by a N-heterocyclic carbene moiety resulted in iridium complexes with differ-
ent electronic properties at the metal center, which turned out to be advantageous for
acid-labile substrates [31]. Iridium hydrides that are formed as intermediates in the
catalytic cycle are known to display Brgnsted acidity. Density functional theory
(DFT) calculations of putative iridium(V) hydride intermediates predicted that Ir
N,P ligand complexes form hydrides being up to 7.6 pK_ units more acidic than the
corresponding C,N intermediates (Scheme 11a) [32]. These calculations were sup-
ported by experimental observations in the hydrogenation of acid sensitive substrates
[33]. For example the silyl ether 19 was converted to the desired product 20 in high
yield using the catalyst derived from C,N ligand 21, whereas the corresponding N,P
complex based on ligand 22 produced significant amounts of the desilylated hydroge-
nation product 23 (Scheme 11b) [34].

3.3 Mechanistic studies and derivation of a model
for the enantioselective step

Despite the extensive literature on Ir-catalyzed asymmetric hydrogenations and the
remarkable progress on ligand development in recent years, experimental data
concerning the mechanism and the structures of the catalytic intermediates are still
scarce. Based on DFT calculations Andersson and co-workers proposed a catalytic
cycle going through iridium(III) and iridium(V) hydrides as intermediates (Scheme 12b,
left side) [35]. Computational studies by Burgess and Hall as well supported a similar
Ir(IIT)/Ir(V) cycle (Scheme 12b, right side) for the C,N ligand complex shown in
Scheme 11a [35b]. On the other hand gas phase experiments, based on electrospray
ionization tandem mass spectrometry, were consistent with an Ir(I)/Ir(IIT) cycle [36],
analogous to the well-established mechanism for Rh-catalyzed hydrogenation
(Scheme 12a) [37]. However, because these experiments were conducted in the gas
phase, they do not rule out a Ir(II1)/Ir(V) cycle in solution. Only recently, experimental
evidence for an Ir(II)/Ir(V) cycle was obtained in solution. [Ir(IID)(H),(alkene)(L)]*
intermediates, which were characterized by NMR spectroscopy at low temperature
(see Scheme 3), were found to require addition of H, to induce migratory insertion of
the alkene upon warming. In the absence of H, only dissociation of the coordinated
alkene was observed, speaking against an Ir(I)/Ir(IIT) pathway [11].

So far computational studies had only limited influence on the development of new
catalysts and were mainly used to explain results after the fact. Given the high fluxion-
ality and multifaceted aggregation behavior of iridium hydride species and the many
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Scheme 12  Different catalytic cycles proposed for Ir-catalyzed asymmetric hydrogenation

stereoisomers that can be formed when a heterobidentate ligand complex reacts with
an alkene and H,, it will remain a significant challenge if not an impossible task to
design new ligands in a truly rational manner. Furthermore, it cannot be ruled out
that different mechanisms may operate (even in parallel) depending on the catalyst,
substrate, and the reaction conditions. For example, substrates with an additional
coordinating group should disfavor coordination of a second hydrogen molecule that
would be required for the formation of an Ir(V) intermediate.

Nevertheless, based on DFT calculations a useful qualitative model was proposed
that predicts to which enantioface H, is preferentially added (Scheme 13a) [38].
The model, which is also consistent with the experimentally determined structure of
substrate—catalyst intermediates (see Scheme 3), displays the steric situation near the
coordinated alkene in a schematic manner. As shown in a 3D model of an Ir-PHOX
complex (Scheme 13b), the R substituent at the stereogenic center strongly shields the
lower right quadrant. Therefore, the alkene, which is bound trans to the P atom with
the C=C bond axis orthogonal to the coordination plane, reacts preferentially through
a transition state with the smallest substituent, the H atom, positioned in the sterically
hindered quadrant. The substituents on the P atom are too remote to exert strong steric
interactions with the substrate, but can still influence the enantioselectivity through
electronic effects, interaction with axial ligands, and/or influencing the geometry of
the ligand backbone.
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Scheme 13 Andersson’s quadrant model developed to rationalize the enantioselectivity

Although the model is consistent with the observed absolute configuration induced
in many hydrogenations with a wide range of catalysts, it has to be used with caution.
In substrates with a strongly polarized C=C bond such as in a,B-unsaturated
carboxylic esters, electronic effects can override steric interactions resulting in a
break-down of the model [39]. Nevertheless, the quadrant or 3D models shown in
Scheme 13 provide useful guidelines for improving the catalyst structure for a specific
substrate, taking into account that it is mainly the N part of the ligand that sterically
interacts with the alkene and hence should strongly affect the outcome of the reaction
(for examples, see Figure 7c).

Despite the remarkable success with oxazoline-based N,P ligands, there were still
important substrate classes left that provided unsatisfactory results. Therefore, the
search for new ligands with different steric and electronic properties went on. With the
idea to mimic the coordination sphere of the Crabtree catalyst 6 more closely, pyridine-
based complexes such as 24 and 25 were evaluated (Figure 5a) [40]. Encouraged by
the promising results provided by these ligands, further structural variations were
carried out that led to the bicyclic conformationally more rigid pyridine-phosphinite
ligands 26 and 27 [41]. The pyridine-based ligands as well are highly modular and a
range of derivatives containing five-, six-, and seven-membered carbocyclic rings,
various phosphinite units and different substituents at the 2-position of the pyridine
ring were prepared and tested with a wide range of substrates [41]. Two derivatives, 26
with a di-fert-butyl phosphinite moiety, a five-membered carbocyclic ring in the back-
bone, and a phenyl group at the 2-position of the pyridine ring, and the di-ortho-tolyl-
phosphinite analog 27 with a six-membered carbocyclic ring, emerged as the most
efficient, most versatile ligands, which provided excellent results in the hydrogenation
of several new substrate classes such as purely alkyl-substituted alkenes or furans, for
which no suitable catalysts were known before [41, 42].

The hydrogenation of y-tocotrienyl acetate, a vitamin E precursor [43], is a striking
example demonstrating the potential of these catalysts. With complex 27 all three double
bonds in the side chain were reduced with very high enantio- and diastereoselectivity to
give the natural (R,R,R)-isomer of y-tocotrienyl acetate almost exclusively. Complexes



Ligands for Iridium-catalyzed Asymmetric Hydrogenation of Challenging Substrates 61

Development of pyridine-based iridium N,P ligand complexes Selected test substrates

€]
(a) P (b) g N
2
CVBP\Q/N = O ~
O

AN
%

)
1
|
|
|
|
1
i
|
i [Ircat] = 26,27 [Ir-cat] = 26
' conv. = >99% conv. = >99%
; ee = 99% ee = 99%
: o)
E N—we
: N /
i \
i Boc
i [Ir-cat.] = 26 [Ir-cat.] = 26
! conv. = 89% conv. = 93%
i ee = 99% ee = 98%
|
; i (pin)B
' NS
! Et X
| o
|
i
; 5 E [Ir-cat] = 26 [Ir-cat.] = 26
26:R =t-Bu,R“=Ph,n=1 ! conv. = >99% conv. = >99%
27:R'=o0-Tol, R2=Ph,n=2 i ce = 99% ce = 97%
|
Selected applications
(C) Vitamin E precursor Hydroxyphthioceranic acid precursor
AcO OH OH
s = = H31C15/H/Ym/\‘/\‘/\‘)
O
cat. 27 - >98% (R,R,R) [<0.5% (R,R,S); cat. 26 — single stereoisomer observed

<0.5% (R,S,R); <0.5% (S,R,R)]

Figure 5 (a) Development of pyridine-based catalysts; (b) hydrogenation of selected
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Figure 6 Variation of the aryl substituent of catalyst 26

such as 26 and 27 have also been successfully used in the total synthesis of natural
products [44], for example in the catalyst-controlled diastereoselective hydrogenation of
a hydroxyphthioceranic acid precursor (Figure Sc [44a]).

Based on crystal structures of Ir complexes with bicyclic pyridine-phosphinite ligands
of this type, the structure shown in Figure 6 was postulated for the catalyst—substrate
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(See insert for color/color representation of this figure)

complex. In this model the aryl substituent at C(2) of the pyridine ring shields the lower
right quadrant of the coordination sphere, creating a chiral pocket similar to that in the
Ir-PHOX complex shown in Scheme 13. The model implies that this aryl substituent should
be mainly responsible for enantiocontrol. Therefore, several more sterically demanding
aryl groups were introduced that generate a more congested environment near the coordi-
nated substrate (see Figure 7a and the comparison of structures 26 and 28 in Figure 7b).

Indeed, variation of the aryl substituent had a significant effect on the enantioselectivity.
Catalysts derived from ligands with substituted phenyl groups such as mesityl, anthra-
cen-9-yl, or 2,6-difluorophenyl showed superior results for several model substrates
(Figure 7¢). Hydrogenation of the cyclic substrate 29, the o, f-unsaturated carboxylic ester
30, and (2E,6E)-farnesol (31) exhibited significantly increased enantioselectivity [45].
Furthermore, higher conversion as well as higher ee were observed in the hydrogenation
of dimethyl 2-phenylmaleate 32 [46].

An analogous model was successfully used for the development and optimization
of O,P ligands derived from proline (Scheme 14). After initial encouraging results
obtained with Tomioka’s ligand (33) [47], which induced 70% ee in the hydrogena-
tion of (E)-1,2-diphenylprop-1-ene (10), the ligand structure was systematically
modified, guided by the model shown in Scheme 14, which was derived from crystal
structures [48]. As predicted by the model, higher ee values were obtained by
increasing the size of the amide or urea group. For example, in the hydrogenation of
ethyl (E)-3-phenylbut-2-enoate (34) the ee was raised from 33 up to 98% by increasing
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Scheme 14 Proline-based Ir complexes as catalysts in the hydrogenation of different
substrates

the steric bulk of the ligand. Overall, this easily accessible ligand class proved to be
particularly effective for the asymmetric hydrogenation of a,f-unsaturated carboxylic
esters and ketones.

3.4 Conclusion

Since the first successful application of an Ir complex in the enantioselective hydroge-
nation of alkenes reported in 1998, cationic Ir complexes derived from heterobidentate
ligands have emerged as highly efficient versatile catalysts for asymmetric hydrogena-
tion of a wide range of functionalized and unfunctionalized olefins. In contrast to Rh
and Ru catalysts, they do not require a coordinating group near the C=C bond and,
therefore, exhibit significantly broader substrate scope. A key feature of these catalysts
is an electronically unsymmetrical ligand core with two different coordinating hetero-
atoms. The application range has been continuously increased by the development of
modular ligand classes that allow broad variation of individual structural parts, in order
to optimize the catalyst structure for a given application. Phosphines connected to an
oxazoline or pyridine ring, or a related N-heterocycle have emerged as the most versa-
tile ligands. Although purely rational design based on computational methods is not
possible yet, a qualitative model has been devised that may serve as a useful guide for
the design and optimization of new ligands.
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4.1 Development of chiral spiro ligands

Catalytic asymmetric synthesis is one of the most active research areas in modern
chemistry [1]. Asymmetric catalysis with enzymes, chiral metal complexes, and chiral
organic molecules have emerged as successful and powerful tools for the synthesis of
optically active compounds. Among these three catalytic asymmetric processes, those
catalyzed by chiral metal complexes developed tremendously fast and the Nobel Prize
in Chemistry in 2001 was awarded to Knowles and Noyori, and to Sharpless for their
work. Metal catalyzed asymmetric synthesis is stimulated mainly by the development
of chiral ligands, which tune the steric and electric properties of the metal catalysts and
can induce chirality in the products. A large number of metal catalysts modified with
chiral ligands have been prepared and used in both academic research as well as
industrial production. Although there is no universal chiral catalyst for diverse reactions
with different mechanisms, a few core structures can be regarded as truly successful
as they demonstrate proficiency in a variety of mechanistically unrelated reactions,
which were named “privileged chiral catalysts” by Jacobsen [2].
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Figure 1 Spiro[4,4]nonane-1,6-diol and related chiral auxiliaries
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Figure 2  Chiral spiro phosphorous ligands with spiro[4.4]nonane, spiro[2.2]pentane and
dispiro[2.0.2.1]heptane scaffolds

Molecules containing a spiro framework are ubiquitous in nature and there is a long
history of the synthesis and applications of spiro compounds [3]. Beginning in the
1990s, chiral spiro[4,4]nonane-1,6-diol (1), a chiral spiro compound with two hydroxy
groups at 1,6-positions (also called the “bay position”) of spiro[4.4]nonane (Figure 1)
was used as a chiral modifier of lithium aluminum hydride (2) for the reduction of
ketones [4]. Later, compound 3, the ester form of 1, was successfully applied as a
chiral auxiliary in the asymmetric Diels—Alder reaction [5]. These spiro compounds
have inherent molecular rigidity. The quaternary structure of the spiro carbon atom
makes the racemization of chiral spiro compounds virtually impossible. Given these
special properties of chiral spiro compounds, they are ideal scaffold candidates for the
design of chiral ligands.

Since 1997, a number of chiral spiro ligands have been developed, which can be
classified from their backbones [6]. 1,6-Substituted spiro[4.4]nonane is the first spiro
backbone used in the design of chiral ligands. By using spiro diol 1, Chan et al. [7]
developed the chiral spiro ligand SpirOP (4) (Figure 2), which was successfully applied
in the Rh-catalyzed asymmetric hydrogenation of a-dehydroamino acid derivatives.
Several chiral spiro phosphorous ligands with 1,6-substituted spiro[4.4]nonane structure
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were also developed, including the bisphosphinamine ligand SpiroNP (5) [8], the
diphosphite ligands 6 [9], and the monodentate or bidentate P-stereogenic oxaza-
phosphorine ligands 7 [10]. Some of these chiral spiro ligands were demonstrated to be
efficient for the Rh-catalyzed hydrogenation of a-dehydroamino acid derivatives and
hydroformylation of styrenes. A bisphospinite ligand SpiroBIP (8) [11] having a 2,2'-
spirobiindane-1,1’-diol structure, which can be regarded as a benzo spiro diol 1, was
also developed and afforded a high level of enantioselectivity in the Rh-catalyzed
asymmetric hydrogenation of a-dehydroamino acids. It is noteworthy that all the chiral
ligands with spiro[4.4]nonane backbone need a O or N as a tether to introduce the
coordinating P atom. The direct introduction of the P atom is difficult because the
high steric hindrance that exists at the bay positions. Recently, Khlebnikov et al. [12]
developed chiral spiro diphosphane ligands 9 and 10 having spiro[2.2]pentane and
dispiro[2.0.2.1]heptane backbones, which allow the direct introduction of PPh, groups
to the spirocycles. These ligands exhibited moderate enantioselectivity in the Pd-
catalyzed asymmetric allylic alkylation reaction.

Sasai’s group [13] developed a series of bisnitrogen ligands with fused hetero spiro
cyclic backbones, including spiro bis(isoxazoline) 11 and 12, spiro isoxazole-isoxazoline
13, spiro bis(oxazoline) 14, spiro bis(pyrazole) 15, and spiro bis(isoxazole) 16 (Figure 3).
Ligands 11 [14] and 13 [15] exhibited excellent reactivity and enantioselectivity in the
Pd-catalyzed oxidative cyclization reactions.

Although the above-mentioned two types of chiral spiro ligands afforded high enan-
tioselectivites in several asymmetric reactions, they generally have a number of stereo-
isomers, which makes the preparation of the optically pure ligands challenging [13, 16].
Moreover, the modification of the coordination groups in these ligands is difficult,
which markedly limited their applications in metal-catalyzed asymmetric reactions.

Zhou’s group designed a class of chiral spiro ligands with a 1,1’-spirobiindane
scaffold (Figure 4), which brings a number of advantages [6]. First, the 1,1’-spirobiindane
has only one point of axial chirality, which significantly facilitates the preparation of
optically pure ligands. For instance, 1,1’-spirobiindane-7,7’-diol (SPINOL), the

R Y - R
R™ o-N N\O/<R
SPRIX, 11 12 13
Br,, Br R
LA ReP W ey
— = — ~
X NN N
Ph Ph R R
14 15 16

Figure 3  Chiral dinitrogen ligands with fused hetero spiro backbone
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Figure 4 The design of 1,1'-spirobiindane scaffold

common starting material for spiro ligand synthesis can be prepared [17] and resolved
on a kilogram scale [18]. Secondly, the benzo groups of 1,1’-spirobiindane increase the
chemical robustness and conformational rigidity of the backbone and benefit the chiral
inducement of the ligands. The functional groups (X) and benzo rings of the 1,1’-spi-
robiindane backbone leave positions for further structure modifications of ligands to
meet different requirements of various reactions. Starting with optically pure SPINOL,
more than 100 chiral spiro ligands with 1,1"-spirobiindane scaffold have been prepared
through a single or multiple steps (Figure 5).

The ligands can be classified by their coordinating atoms to: monodentate phosphorous
ligands (P ligands), such as phosphoramidite SIPHOS (17) [19], phosphite ShiP (18)
[20], phosphinite FuP (19) [21], phosphine SITCP (20) [22]; bidentate phosphine ligands
(P-P ligands), including diphosphine ligand SDP (21) [23] and diphosphite ligand SDPO
(22) [24]; bidentate nitrogen ligands (N-N ligands), including bis(oxazoline) ligand
SpiroBOX (23) [25] and diimine ligand SIDIM (24) [26]; bidentate phosphorous—
nitrogen ligands (P-N ligands), including phosphine-oxazoline ligand SIPHOX (25)
[27], phosphine—amine ligand SpiroBAP (26) [28], SpiroAP (27) [29], SpiroPAP (28)
[30]; and other phosphine-containing ligands (P—X ligands), including phosphine—olefin
ligand 29 [31] and phosphine—oxygen ligand 30 [23]. Some of these ligands are now
commercially available from Aldrich, Strem, or Jiuzhou Pharmaceutical Co. Ltd.
Procedures for introducing substituents at the 4,4’-position or 6,6’-position of the
spirobiindane framework have been developed in order to tune the electronic or steric
properties of the ligands [32].

Compared with biaryl ligands, the chiral spirobiindane ligands tolerated relatively
hash conditions during their preparation and application in catalysis because the chiral
spirobiindane scaffold does not undergo racemization. It is worth mentioning that all
the chiral spirobiindane ligands with trivalent phosphorous atoms are stable and
capable of being purified through chromatography on a silica gel.

The high rigidity is the key feature of the chiral spirobiindane ligands, which
exhibited special advantages in many asymmetric reactions. One example is the Cu
complex of chiral spiro bisoxazoline ligand (S ,S,5)-23a (R=Ph). Zhu et al. [33]
analyzed the X-ray structures of Cu(I)-(S ,S,5)-23a with various anions (PF,", C1O,,
and BAr,"). All the complexes have an unexpected binuclear Cu structure, as shown



70  Ligand Design in Metal Chemistry

P ligands

SIPHOS, 17

SITCP, 20

P-P ligands N-N ligands

SDPO, 22 SpiroBOX, 23 SIDIM, 24

P-N ligands

SIPHOX, 25 SpiroBAP, 26 SpiroAP, 27 SpiroPAP, 28
P-X ligands Organocatalysts
P-N |

SDP(0), 30

Figure 5 Chiral ligands with 1,1'-spirobiindane backbone

in Figure 6. In the complex Cu-(S ,S,S5)-23a, each Cu(I) atom is coordinated by two
N atoms from the two spiro bisoxazoline ligands. The N1-Cul-N3 and N2-Cu2-N4
angles are 169.0(2) and 169.5(2)°, respectively, which means that the two N atoms
coordinate to a Cu(I) atom in a trans orientation. The phenyl groups of the oxazoline
ligands form a perfect C,-symmetric chiral environment (so-called “chiral pocket”)
around the Cu center. The Cu atoms in this complex have a 14-electron structure.
The distance between the two Cu centers is 2.7828(10) A, which implies an interaction
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Figure 6 Single crystal structure of complex Cu-(S_,S,5)-23a. (The hydrogen atoms and
anion PF - are omitted for clarity)

between the two Cu atoms. The unique structure of the complex Cu—(Sa,S,S)—23a is
apparently caused by the rigid backbone of the ligand (S ,S,S)-23a. The special struc-
tures lead to excellent enantioselectivity in the challenging carbene insertion
reactions with heteroatom—hydrogen bonds (X-H) [34].

The chiral ligands based on the 1,1’-spirobiindane skeleton feature high rigidity,
facile modification, and perfect C, symmetry, exhibiting high efficiency and enanti-
oselectivity in a number of mechanistically unrelated transformations. Due to these
exceptional characteristics, the chiral spirobiindane ligands are regarded as one of
the “privileged chiral ligands” and have found widespread application.

Compounds with a 1,1’-spirobiindane backbone have also been used as chiral
organocatalysts in enantioselective transformations. For instance, Fu’s group [35] used
the spiro monophosphine (R)-20 to promote various highly enantioselective y-addition
reactions of allenoates or alkynoates through vinyl phosphonium intermediates. Wang
et al. [36] used (S)-20 as catalysts for the asymmetric intramolecular ylide annulation
to prepare benzobicyclo[4.3.0] compounds with three continuous stereogenic centers
with high enantioselectivity and diastereoselectivity. Wang et al. [37] also realized a
highly enantioselective [3+2] annulation of allenoates with alkylidene azlactones by
using (R)-20 as organocatalyst. Dohi et al. [38] developed a hypervalent iodine(III)
reagent (R)-31 with a 1,1’-spirobiindane backbone, which afforded high enantio-
selectivity in iodine(IlI)-mediated dearomatization of phenols. Recently, chiral spiro
phosphoric acids 32 have been developed and used to promote diverse asymmetric
reactions with excellent enantioselectivities [39].

Following spirobiindane ligands, various chiral spiro ligands having benzo spiro rings
have been developed (Figure 7). Huo et al. [40] developed a monophosphoramidite
ligand (33) having a spirobitetraline scaffold and the diphosphine ligand SFDP (34) with
a spirobifluorene scaffold, which were proven to be efficient for Ru-catalyzed asym-
metric hydrogenation of o,f-unsaturated carboxylic acids [41]. Zhang and co-workers
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Figure 7 Ligands with benzo spiro ring and spiro[4.4]nona-1,6-diene backbones

prepared the spiro monophosphoramidite ligand 35 with a spirobixanthene backbone and
applied it in Rh-catalyzed asymmetric hydrogenation of a-dehydroamino acid deriva-
tives and Cu-catalyzed conjugate addition of diethyl zinc to cycloenones [42].

van Leeuwen and co-workers [43] developed chiral ligands with spiro-2,2’-bischroman
scaffold (36). Although the coordinating atoms of ligands 36 are distanced from each
other compared with those ligands derived from spirobiindane scaffold, the skewed
configuration of spiro-2,2'-bis(chroman) structure makes the chelating coordination
with transition metals possible, which facilitated the Pd-catalyzed asymmetric fluorina-
tion of 2-cyano-2-arylacetates [43f]. Ligand 37 exhibited high enantioselecitvity in
Zn- or Cu-catalyzed asymmetric hydroxylation or chlorination of 1,3-dicarbonyl
compounds [44]. Ding and co-workers [45] prepared the spiro-2,2’-bis(chroman)
ligands SKP (38) with a fused ring through an Ir-catalyzed asymmetric hydrogenation
of conjugated ketones and a consequent spiroketalization. The ligands 38 were success-
fully applied in Pd-catalyzed asymmetric allylic amination reactions [46] and Au-cata-
lyzed asymmetric cyclopropanation reactions [47], respectively.

The chiral diphosphine ligand 39 [48], bisoxazoline ligand 40 [49], and phosphine-
oxazoline ligand SpinPHOX (41) [50] having a spiro[4.4]nona-1,6-diene framework
were also developed by Ding and co-workers. The existence of carbon—carbon double
bonds in the spiro[4.4]nona-1,6-diene reduces the number of possible stereoisomers and
increases the rigidity of the ligands. The phosphine-oxazoline ligand 41 exhibited high
enantioselectivity in Ir-catalyzed hydrogenations of imines [50] and polar olefins [51].
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4.2 Asymmetric hydrogenation

4.2.1 Rh-catalyzed hydrogenation of enamides

Rh-catalyzed asymmetric hydrogenation of enamides provides one of the most efficient
methods for the preparation of optically active amines, which are important building
blocks for the synthesis of biologically active compounds. Chiral bidentate phosphorous
ligands have been predominantly used in asymmetric hydrogenation of enamides. Hu et al.
[52] first introduced monodentated chiral phosphorous ligands into the Rh-catalyzed
asymmetric hydrogenation of a-arylethenyl acetamides and found that the spiro phos-
phoramidite ligand (S)-17a was highly enantioselective (91-99.7% ee) (Scheme 1).
A highly enantioselective Rh-catalyzed hydrogenation of both (Z)- and (E)-p-arylenamides
was also developed by using monodentate chiral spiro phosphite ligand (S)-18d and
phosphine ligand (R)-20b, respectively (Scheme 2 and Scheme 3) [53].

4.2.2 Rh- or Ir-catalyzed hydrogenation of enamines

The N-acyl group of enamides, which can form a chelate complex with the metal of
the catalyst in the transition state, is important for obtaining high enantioselectivity in
asymmetric hydrogenation of enamides. The lack of chelating N-acyl group results
in the asymmetric hydrogenation of unprotected enamines challenging. The Rh
complexes of ligand (S)-19a showed exceptionally high enantioselectivities [up to
99.9% enantiomeric excess (ee)] (Scheme 4) for the hydrogenation of unprotected
enamines, (E)-1-(1-pyrrolidinyl)-1,2-diarylethenes [21b].

Ir/(R ,S,5)-17b was found to be a highly efficient catalyst for the asymmetric hydroge-
nation of cyclic N,N-dialkyl enamines to optically active cyclic tertiary amines, essential
structural units in natural products and drugs, with good to excellent enantioselectivities

H, (50 atm)
1 mol% [Rh(COD),]BF, Me
2.2 mol% (S)-17a R
> S
Ar NHAc toluene, 5°C Ar NHAc
91-99.7% ee
Scheme 1
H, (50 atm)

1 mol% [Rh(COD),]BF,

Ar
2.2 mol% (S)-18d
%NHAe > > Ar/YNHAC
CH,Cl,/toluene, rt, 12h Me
Me .
94-96% yield
90-95% ee

Scheme 2
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(72-97% ee) (Scheme 5) [54]. This reaction provided an efficient methodology for the
synthesis of natural product crispine A. The same catalyst accomplished the asymmetric
hydrogenation of N-alkyl-1-alkylidenetetrahydroisoquinolines with an exocyclic double
bond to produce N-alkyl-tetrahydroisoquinolines, including natural product carnegine, in
high yields with up to 98% ee (Scheme 6) [55].
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4.2.3 Ir-catalyzed hydrogenation of a,f-unsaturated carboxylic acids

The transition metal catalyzed enantioselective hydrogenation of o,p-unsaturated
carboxylic acids is a straightforward method for the synthesis of enantiopure carboxylic
acids, which are related to biologically active compounds, such as ibuprofen and
naproxen. The Ru and Rh complexes with chiral mono- or diphosphine ligands are
predominant catalysts for this transformation, however, the efficiency of these catalysts
does not reach the requirement of practical use [56]. Zhou and co-workers recently
introduced the Ir complexes of spiro phosphine-oxazoline ligands SIPHOX (25) for the
asymmetric hydrogenation of o,-unsaturated carboxylic acids. In view of the extremely
high activity and enantioselectivity, broad substrate scope, and mild reaction conditions,
the Ir/SIPHOX complex represents one of the most efficient catalysts for asymmetric
hydrogenation of «,p-unsaturated carboxylic acids [57].

Chiral cationic iridium complex Ir-25 showed excellent reactivity [turnover frequency
(TOF) up to 800h~'] and enantioselectivity (90-99.4% ee) in the hydrogenation of
a-substituted cinnamic acids and aliphatic o,-unsaturated acids (Scheme 7) [27b]. Using
this asymmetric hydrogenation as a key step the catalytic enantioselective total synthesis
of (S)-equol was accomplished starting from commercially available materials in six steps
with 48.4% overall yield [58]. The same catalyst showed a high efficiency in the asymmetric
hydrogenation of a-aryloxy and a-alkoxy substituted o,f-unsaturated acids (Scheme 8)
[59]. Under mild reaction conditions, a broad range of a-aryloxy and a-alkoxy substituted
o,B-unsaturated acids were hydrogenated with exceptional enantioselectivities (up to
99.8% ee) at high turnover numbers (TONs; TON up to 10 000). Using this asymmetric
hydrogenation, the key intermediate for the syntheses of rupintrivir, the rhinovirus protease
inhibitor, was prepared. A highly enantioselective hydrogenation of a,B-unsaturated
carboxylic acids with tetrasubstituted olefins, a challenging substrate with high steric
hindrance, was also achieved by using the catalyst Ir-(S ,S)-25b (Scheme 9) [60].
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The transition metal catalyzed enantioselective hydrogenation of unsaturated
heterocyclic carboxylic acids provides a direct approach to the chiral heterocyclic
acids, which are present in various pharmaceuticals. However, satisfactory methods
for the asymmetric hydrogenation of cyclic unsaturated carboxylic acids are rare.
Song et al. [61] realized the highly enantioselective hydrogenation of unsaturated het-
erocyclic acids by means of Ir-25 (Scheme 10). The concise synthesis of (R)-tiagabine,
a y-aminobutyric acid reuptake inhibitor marketed for the treatment of epilepsy, was
accomplished through this hydrogenation.
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A novel class of complexes, Ir-(S )-26a, with chiral spiro aminophosphine ligands
was found to be effective catalyst for the asymmetric hydrogenation of a-substituted
acrylic acids (Scheme 11) [62]. Under mild reaction conditions and at ambient pressure,
various a-aryl and alkyl propionic acids were produced with extremely high efficiency
(TONSs up to 10 000; TOFs up to 6000h~") and excellent enantioselectivity (up to 99%
ee). This reaction provides a practically useful method for the preparation of a-aryl
propionic acids, a popular class of non-steroid anti-inflammtory reagents.

A crystallographic study on the structure of catalyst Ir-(S ,5)-25b disclosed
that the spiro phosphine-oxazoline ligand (S ,5)-25b creates a rigid and sterically
hindered chiral pocket around the Ir center, which results in the high stability of
the catalyst by preventing auto-aggregation. Moreover, the crowded chiral pocket of
the catalyst minimizes the number of possible transition states in the reaction and
assists chiral induction. In a stereo-recognition model, part of the spirobiindane
backbone of ligand (S ,5)-25b blocks one of the quadrants in front of the central Ir.
One of the aryl groups on the P atom and the fert-butyl group on another P-phenyl
block another two quadrants. This structure of the catalyst directs the olefin double
bond of the a,B-unsaturated acid substrate coordinated to Ir by its Re face, leading
to the hydrogenation product with S configuration, which is consistent with the
experimental result (Figure 8) [59].
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Figure 8 The single crystal structure of Ir-(S,S)-25b and stereo-recognition model.
(See insert for color/color representation of this figure)
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Scheme 12

4.2.4 TIr-catalyzed hydrogenation of olefins directed by the carboxy group

The catalytic asymmetric hydrogenation of ,y-unsaturated acids is challenging
because of the difficulties of remote control of enantioselectivity. Song et al. [63]
developed a carboxy-directed strategy for the asymmetric hydrogenation of remote
olefins. The iridium catalyst Ir-25 g showed high enantioselectivity (up to 97% ee) for
the hydrogenation of 4-alkyl-4-aryl-3-butenoic acids (Scheme 12). Mechanism studies
imply that the carboxylic group of substrate acts as an anchor coordinating to Ir and
makes the hydrogenation possible.

The differentiation of Re and Si faces of olefin in enantioselective hydrogenation is
difficult if the substituents at the double bond are similar in size, as is in the case of
1,1-dialkylethenes or 1,1-diarylethenes. Zhou and co-workers [64] applied the carboxy-
directed strategy in the Ir-catalyzed asymmetric hydrogenation of these two types of
olefins. The carboxylic groups in the substrates functionalized as a directing group and
increased the enantioselectivity of the hydrogenation reaction, and could be easily
removed or transformed to other useful functional groups. By using catalysts Ir-
(S ,5)-25f and Ir-(S )-25e, a variety of chiral y-methyl fatty acids and chiral diaryle-
thanes, which are core structures for many biologically active compounds, were
prepared in high yields and excellent enantioselectivities (Scheme 13 and Scheme 14).
The carboxy-directing strategy was further extended to the asymmetric hydrogenation
of a-alkyl-a-aryl terminal olefins catalyzed by Ir-(S )-25e, providing a highly efficient
approach to the compounds with a chiral benzylmethyl center [65].
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Scheme 15

4.2.5 Ir-catalyzed hydrogenation of conjugate ketones

Wang et al. [45a] developed a catalytic enantioselective synthesis of aromatic spiro-
ketals through the asymmetric hydrogenation of a,u’-bis(2-hydroxyarylidene)ketones
catalyzed by Ir-(S ,5)-41a and the spiroketalization of the resulting hydrogenation
product, bisphenolic ketones (Scheme 15). The Ir complexes were found to play a
dual catalytic role in the reaction, acting as catalysts for both the hydrogenation of
C=C bonds and the spiroketalization of the hydrogenated ketone-bearing bis(phenol)
moieties without racemization of the chiral a-carbon centers. This methodology was
applied for the synthesis of chiral spiro ligands (38).
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4.2.6 Ir-catalyzed hydrogenation of ketones

Although the transition metal catalyzed enantioselective hydrogenation of carbonyl
compounds is a highly efficient protocol for producing optically active alcohols, only
few catalysts could reach TON values over a million [66]. An example is the Ru catalyst
RuCl, [(diphosphine)(1,2-diamine)] reported by Noyori and Ohkuma [67], which gave
aTON of 2 400 000 with 80% ee. Xie et al. [30] developed an Ir catalyst Ir-(R)-28a with
a tridentate spiro ligand, which exhibited extremely high reactivity in the hydrogenation
of ketones, affording chiral alcohols in up to 99.9% ee with TONs as high as 4 550 000
(Scheme 16). This is the highest TON for hydrogenation with molecular catalysts
reported to date [66]. The additional coordinating group (pyridine moiety) in the ligand
is considered to play an important role in stabilizing the catalysts.

The catalyst Ir-(R)-28a also showed good performance in the asymmetric hydro-
genation of f-aryl p-ketoesters with excellent enantioselectivity (up to 99.8% ee)
and extremely high TONs (as high as 1 230 000) under mild reaction conditions
(Scheme 17) [68].

When the catalyst Ir-(R)-28a was employed for the hydrogenation of the &-aryl
d-ketoesters, both the keto and ester groups were hydrogenated, yielding chiral
1-arylpentane-1,5-diols with high activity (TONs up to 100 000) and excellent
enantioselectivity (up to 99.9% ee) (Scheme 18) [69]. This was the first example of
highly efficient Ir-catalyzed hydrogenation of esters.

H, (10 atm)
[0) 0.02 mol% Ir-(R)-28a OH

Ar-" R

f

Af)J\R 'BuOK, EtOH, rt, 0.4—4h

up t0 99.9% ee
TON up to 4 500 000

Scheme 16

H, (8 atm)
o 0 0.1 mol% Ir-(R)-28a OH ©

Ar)J\/U\OEt 'BuOK, EtOH, rt, 0.4—4h Ar/\)J\OEt

95-99.8% ee
TON up to 1 230 000

Scheme 17

H, (10 atm)
o o 0.1 mol% Ir-(R)-28a

AF)J\Mgu\OEt BuOK, EtOH, rt, 0.5-3h Ar/\(v){\OH
97-99.9% ee
TON up to 100 000

OH

Scheme 18
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Scheme 19

Two efficient processes for the synthesis of rivastigmine, one of the potent drugs for
the treatment of Alzheimer’s disease, have been developed for industrial applications
with Ir-(S)-28a-catalyzed asymmetric hydrogenation as the key step [70]. Additionally,
the Ir-28a-catalyzed asymmetric hydrogenation of ketones was also used as a key step
in the synthesis of natural products of (—)-mesembrine [71] and (—)-centrolobine [72].

The catalytic asymmetric hydrogenation of the carbonyl group of a,f-unsaturated
ketones is a direct method to produce chiral allylic alcohols, versatile intermediates in
organic synthesis. While the asymmetric hydrogenation of exocyclic a,-unsaturated
ketones is a challenge, an asymmetric hydrogenation of (E)-a-arylmethene cycloalka-
nones was accomplished with high activity as well as enantioselectivity by using
chiral Ir complexes of spiro aminophosphine ligands (R)-27a (Scheme 19) [29a].
The hydrogenation reaction was used for the synthesis of the key intermediate of the
active form of the anti-inflammatory loxoprofen.

4.2.77 Ru-catalyzed hydrogenation of racemic 2-substituted aldehydes via
dynamic kinetic resolution

The Ru complexes of chiral spiro diphosphine ligands, RuCl [(SDPs)(1,2-diamine)]
(42), were proven to be efficient catalysts for the asymmetric hydrogenation of racemic
a-branched aldehydes via dynamic kinetic resolution (DKR) [73] to provide chiral
primary alcohols in high ee (up to 96% ee) (Scheme 20) [74]. In this hydrogenation,
the catalyst can selectively hydrogenate one of two enantiomers of aldehyde and the
remaining enantiomer can be rapidly racemized under the reaction conditions, the two
enantiomers of aldehyde ultimately converting to chiral alcohol enantioselectively.
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H, (50 atm)
R 0.02-0.1 mol% (S,,R,R)-42¢ R
) “__OH
AT NP KO'Bu, 'PrOH, rt ArT

78-96% ee

Hz R (S.R.R)-42aAr=Ph R=Ph
(S,,R,R)-42b Ar = 3,5-Me,C6Hg, R = Ph
HQ R (S,R.R)-42c Ar = 3,5-Me,-4-MeOCgH,, R-R = (CH,),

Scheme 20

This protocol was applied in the preparation of a leukotriene receptor antagonist (S,S)-
fenvalerate and a lipoxygenase inhibitor BAY X 1005.

4.2.8 Ru-catalyzed hydrogenation of racemic 2-substituted ketones via DKR

By using catalysts 42 a number of aryl-, aryloxy- and amino-substituted ketones were
hydrogenated via DKR in extremely high reactivity and enantioselectivity. The hydro-
genation of a-amino ketones via DKR provides a direct access to chiral amino alcohols.
However, very limited progress has been achieved for the asymmetric hydrogenation
of a-amino ketones via DKR. The difficulty for this reaction presumably arose from
the amino group, which coordinated to the metal center of the catalyst, lowering
activity of the catalyst. By using catalyst (S ,R,R)-42a, the asymmetric hydrogenations
of racemic a-aminocycloalkanones [75] and acyclic a-amino ketones [76] via DKR
were realized (Scheme 21) with excellent enantioselectivities (up to 99.9% ee) and
diastereoselectivities (cis/trans >99:1), as well as high TON (up to 30 000). In the
asymmetric hydrogenation of racemic acyclic a-N-alkyl/arylamino aliphatic ketones
with an unprotected a-amino group, the catalyst (S ,R,R)-42b showed high enantiose-
lectivity and diastereoselectivity [77]. This protocol provided a practical approach for
the synthesis of all four isomers of piperidine alkaloid conhydrine. Various racemic
a-aryloxydialkyl ketones underwent the (S ,R,R)-42a-catalyzed hydrogenation via
DKR to produce p-aryloxy alcohols with perfect anti/syn selectivity (>99:1) and
enantioselectivity (up to 99.1% ee for the anti isomer) (Scheme 22) [78].

Liu et al. [79] further developed a Ru-catalyzed hydrogenation of racemic a,o’-
disubstituted cycloketones through DKR for the one-step synthesis of chiral diols with
three contiguous stereocenters with high diastereoselectivity and enantioselectivity
(Scheme 23). This new strategy facilitates the enantioselective total synthesis of
alkaloid (+)-y-lycorane.

The Ru-catalyzed asymmetric hydrogenation of racemic a-substituted cyclic ketones
was applied to the synthesis of various chiral natural products and analogs, such as
(-)-galanthamine [80], (—)-A°>-THC [81], CP 55,940 [82], and (-)-a-lycorane [83].
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4.2.9 Ir-catalyzed hydrogenation of imines

The asymmetric hydrogenation of imines provides an efficient and direct route for the
synthesis of chiral amines. Zhu et al. [27a] reported a highly efficient asymmetric hydro-
genation of acyclic N-aryl ketimines catalyzed by Ir-(S ,5)-25a under ambient pressure
with excellent enantioselectivities (up to 97% ee) (Scheme 24). The high rigidity and
bulkiness of the ligands 25 efficiently prevents the trimerization of the catalysts Ir-25 and
maintains the stability of the catalysts under hydrogen atmosphere.

By using catalyst Ir-41, Han et al. [S0] hydrogenated N-aryl and N-alkyl ketimines
with good to excellent enantioselectivities (up to 98% ee) under mild reaction
conditions (Scheme 25).

The hydrogenation reaction was applied in the synthesis of the chiral antidepressant
drug sertraline.

The asymmetric hydrogenation of 1-alkyl 3,4-dihydroisoquinolines catalyzed by
Ir/(S ,R,R)-17b was developed, providing chiral 1-alkyl tetrahydroisoquinolines with
high yields (88—-96%) and good to excellent enantioselectivities (85-99% ee)
(Scheme 26) [84].

H, (1 atm)
2 2 2
NA 1 mol% Ir-(S,,,5)-25a HN- AT
| 1 o > ?
Ar1)\Me BuOMe, 10 °C, 20h A Me
> 99.5% conv.
90-97% ee
Scheme 24
R2 H, (1-20 atm) R2
N~ 1 mol% Ir-(R,,S)-41b/c HN -~

| - E
Ar)\ =Y CH,Cl,,10 °C or rt, 8-20h A~ Rf{

R' = aryl, alkyl 88-98% ee
R2 = alkyl

Scheme 25

H, (10-50 atm)

0.5 mol% [I(COD)Cl],
A
X—- ! 2.2 mol% (R,,S,S)-17b X~- h N
N > =
10 mol% Ki H

R 'BuOMe, rt R
R = alkyl 16-30h 88-96% yield
85-99% ee

Scheme 26
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4.3 Carbon-carbon bond-forming reactions

4.3.1 Ni-catalyzed hydrovinylation of olefins

Ni-catalyzed asymmetric hydrovinylation of vinylarenes is an important carbon—
carbon bond-forming reaction [85]. However, most investigations have focused on the
hydrovinylation of vinylarenes, yielding chiral 3-arylbut-1-enes with a chiral tertiary
carbon center. By using Ni complexes of spiro phosphoramidite ligand (S ,R,R)-17b,
Shi et al. [86] developed an asymmetric hydrovinylation of a-alkyl vinylarenes, giving
a hydrovinylation product bearing a chiral quaternary center in high enantioselectivity
(Scheme 27). The reaction provides a new method for the construction of an all-carbon
quaternary center from very simple feedstock materials. The Ni/(S ,R,R)-17b can also
catalyze the asymmetric hydrovinylation reaction of trimethyl(2-arylallyloxy)silanes,
a type of functionalized olefin, to produce homoallylic alcohols with a chiral quaternary
center in high yields and high enantioselectivities [87].

4.3.2 Rh-catalyzed hydroacylation

Coulter ez al. [88] developed an Rh/(R ,R,R)-17b-catalyzed, regio- and enantioselective
intermolecular hydroacylation of homoallylic sulfides with salicylaldehydes to give
a-branched ketones in high regioselectivity and up to 97% ee (Scheme 28). The spiro
ligand (R ,R,R)-17b exhibited significant advantages on enantiocontrol compared with
other chiral ligands in this reaction.

Hoffman and Carreira [31] reported a Rh-catalyzed asymmetric intramolecular
hydroacylation of pent-4-enal substrates, providing p-substituted cyclopentanones in
good yield and excellent selectivity by using chiral spiro phosphoramidite—alkene
ligand (R)-29 (Scheme 29).

ethylene (1 atm)
10 mol% [Ni(ally)Br(S,, R,R)-17b]
10.5 mol% NaBArg j<
)J\ > Me
Ar R CH,Cl, 35°C Ar”* R

76-96% yield
70-99% ee

/

R = Et, "Pr, 'Pr, ‘Bu, c-CgHy4
Scheme 27

OH O 2.5-5 mol% [Rh(COD)CI], OH O

(SR) 5-10 mol% (R,,R,R)-17b SR
X H + > X v
X+ P /\)\SR 5-10 mol% KzPO, X+

—
R=aryl, Cy, etc.  CHyCl, 30°C, 18-96 h Me  (SR)
74-99% yield
36-97% ee
regioselectivity 7:1-> 20:1

Scheme 28
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4.3.3 Rh-catalyzed arylation of carbonyl compounds and imines

The transition metal catalyzed asymmetric addition of aryl organometallic reagents to
aldehydes, ketones, and imines has provided efficient access to chiral aryl alcohols or
aryl amines [89]. Arylboronic acids are less toxic, stable toward air and moisture, and
tolerant towards a variety of functional groups, and are ideal reagents for the addition
to aldehydes. However, when Sakai et al. [90] attempted the enantioselective Rh-
catalyzed addition of phenylboronic acid to naphthaldehyde, only 41% ee was obtained.
Chiral spiro phosphite complex (S)-18¢ was found to be an efficient catalyst for asym-
metric addition reactions of arylboronic acids to aldehydes, providing diarylmethanols
in excellent yields (88—98%) with up to 87% ee (Scheme 30) [20c].

The Rh/(S)-18a exhibited high enantioselectivity for the addition of arylboronic
acids to N-tosylarylimines (Scheme 31) [91]. The reaction proceeded in aqueous
toluene to give diarylmethylamines in good yields (56-85%) with up to 96% ee.
By using catalyst Rh/(S5)-18b, the enantioselective addition of arylboronic acids to the
a-ketoesters was realized, yielding chiral tertiary a-hydroxyesters in good yields and
high ee (Scheme 32) [92].

The X-ray analysis of the crystal structure of Rh-(S)-18a showed that two coordinating
spiro phosphite ligands (S)-18a create an effective asymmetric environment around the
Rh (Figure 9). The rigid chiral pocket may be the reason for its highly efficient chiral
induction in the addition reactions. It can be seen from the model that the transfer of the
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o 1.5 mol% [RhCI(CoHy)ola  Ar. OH
OR! 6 mol% (S)-18b ;(H/OR1
2 + ArB(OH > R2
R JkH/ rBOH), 2 eq. LiF R
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R' = Et, Bn, 'Pr, 'Bu, Ph 61-96% yield
R? = Ar or ArCH = CH 70-93% ee
Scheme 32

Re face (favorable) (R)

Figure 9 The single crystal structure of Rh-(S)-18a and stereo-recognition model. (See
insert for color/color representation of this figure)

phenyl group to the Re face of N-tosylarylimine to generate the (R)-product is much
more favorable, which is consistent with the experimental result.

4.3.4 Pd-catalyzed umpolung allylation reactions of aldehydes, ketones,
and imines

Compared with well-established electrophilic w-allylpalladium chemisty, the catalytic
asymmetric reaction via umpolung of m-allylpalladium has received very limited
exploration [93]. Zhou and co-workers investigated the Pd-catalyzed asymmetric
umpolung allylation reactions of aldehydes [22a, 94], activated ketones [95], and imines
[96] by using chiral spiro ligands (5)-18e, (S)-17¢, and (S)-17a, respectively. One
representative example is that of the Pd/(S)-18e-catalyzed umpolung allylation of
aldehydes with allylic alcohols and their derivatives, which provided synthetically
useful homoallylic alcohols from readily available allylic alcohols, with high yields
and excellent enantioselectivities (Scheme 33).

4.3.5 Ni-catalyzed three-component coupling reaction

Ni-catalyzed multi-component coupling reactions are an efficient protocol for carbon—
carbon bond formation [97]. The Ni-catalyzed asymmetric intermolecular reductive
coupling of 1,3-dienes and aldehydes with Et,Zn as a reducing reagent was realized
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by using 6,6'-substituted phosphoramidite ligand (R)-17d (Scheme 34) [32b].
The coupling products, chiral bishomoallylic alcohols, were produced in high yields
(78-99%) with excellent diastereoselectivity (anti/syn=98:2-99:1) and enantioselec-
tivity (up to 96% ee).

Ni complexes of (R)-17e were demonstrated to be efficient catalysts for the asymmetric
alkylative coupling reaction of alkyne, aldehyde and Me,Zn (Scheme 35) [98]. A variety
of chiral allylic alcohols with tetrasubstituted olefin moiety were produced in high yields
(70-95%), high regioselectivity (6:1-95:5), and excellent enantioselectivity (up to 99%
ee). The groups on the 6,6’-position of spiro phosphoramidite ligand (R)-17e are crucial
for obtaining high enantioselectivity. It can be seen from the proposed transition state
model that the phenyl groups on the 6,6’-position of the ligand direct the Ni-activated
alkyne to approach the aldehyde from its Si face (model TS-1), leading to the formation of
allylic alcohols with R configuration (Figure 10).

Zhou et al. [99] developed a Ni-catalyzed reductive coupling of alkynes and
imines with Et.Zn as a reductant by using electron-rich spiro phosphine ligands,
which afforded various allylic amines with high yields and excellent chemoselec-
tivities. The asymmetric version of this reaction was also accomplished by using
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TS-1 (favored) TS-2 (unfavored)

Figure 10  Chiral inducing models for Ni-catalyzed three-component coupling reactions
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up to 94% ee

-N O
S

Scheme 36

chiral spiro phosphine ligand (R)-20b with high enantioselectivities (Scheme 36).
An isotope-labeling experiment showed that the transferred hydrogen was most
likely from the ethyl group of Et,Zn.

4.3.6 Au-catalyzed Mannich reactions of azlactones

Melhado et al. [100] reported an enantioselective Au(I)-catalyzed Mannich reaction
employing spiro bisphosphines ligands (R)-21b, which provides direct access to aliphatic
and aromatic o,fp-diamino acid derivatives in high diastereo- and enantioselectivities
(Scheme 37).

4.3.7 Rh-catalyzed hydrosilylation/cyclization reaction

The Rh complex of spiro diphosphine (R)-21a was proven to be an efficient catalyst for
the hydrosilylation/cyclization of 1,6-enynes and afforded unprecedented high enanti-
oselectivity (89-99% ee) for a wide range of substrates (Scheme 38) [101].
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4.3.8 Au-catalyzed [2+2] cycloaddition

Gonzdlez et al. [102] disclosed that Au(I)-(R ,R,R)-17b is a highly selective cata-
lyst for the cycloadditions of allene-enes (Scheme 39). The chiral spiro ligand
(R,R,R)-17b exhibited much higher enantioselectivity than other chiral ligands in
this reaction. An asymmetric Au(I)-catalyzed intermolecular [2 +2] cycloaddition of
N-allenylsulfonamides and styrene derivatives was also realized by using chiral spiro
phosphoramidite ligand (S ,R,R)-17b to furnish chiral cyclobutanes in both high

yield and enantioselectivity at =70 °C (Scheme 40) [103].
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H

/,
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70-95% ee (dr>20:1)

(S..S.5)-38a Ar = Ph
PAr, AnP (S.,S,S)-38b Ar = 3,5-(Me),CgHs

Scheme 41

4.3.9 Au-catalyzed cyclopropanation

A spiroketal bisphosphine (R ,R,R)-38a derived chiral Au complex was found to be an
efficient catalyst for asymmetric cyclopropanation of diazooxindoles with a broad
range of alkenes, providing a highly diastereo- and enantioselective approach for spiro
cyclopropyloxindoles (Scheme 41) [47]. These results further demonstrate the special
advantage of rigid spiro ligands in Au-catalyzed reactions.

4.3.10 Pd-catalyzed Heck reactions

Hu et al. [104] disclosed that the spiro phosphine oxide ligand (R)-30a is highly effi-
cient for the Pd-catalyzed Heck reaction of cyclic and heterocyclic olefins with aryl
triflates. An asymmetric domino Heck cyclization was established using catalyst
Pd/(R)-30a to form fused carbo- and heterocycles with excellent stereoselectivity
(Scheme 42) [105]. This method was used in a short synthesis of (—)-martinellic acid,
a primary ingredient in traditional eye medicine in South America.

4.4 Carbon-heteroatom bond-forming reactions

4.4.1 Cu-catalyzed N—H bond insertion reactions

The catalytic insertion of a-diazocarbonyl compounds into X—H (X=C, N, O, S)
bonds is a powerful organic transformation; however, only limited success has been
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Scheme 43

achieved for asymmetric versions of this reaction [106]. For instance, the concept of
metal-carbenoid insertion into N—H bonds has been known for more than five decades,
but only two catalytic asymmetric versions of this topic have been documented, and
both of them gave low enantioselectivity (<50% ee) [107]. Zhu and Zhou [34] disclosed
that the chiral spiro bisoxazoline ligands exhibit excellent enantioselectivity in Cu-
catalyzed N—H bond insertion reactions.

By using Cu complexes of chiral spiro bis(oxazoline) ligand (S,S,5)-23a as
catalysts, the enantioselective catalytic insertion of a-diazoesters into N—H bond of
aromatic amines was realized in high yields and high enantioselectivities (Scheme 43)
[25b,108]. The chiral spiro Cu catalysts have unique binuclear structures, as showing
in Figure 6, which may address the excellent performance of the Cu-(S,S,5)-23a
catalyst for this challenging reaction. With the Cu-catalyzed asymmetric N—H
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insertion as a key step, a chiral arylalanine herbicide (R)-flamprop-M-isopropyl was
concisely prepared from easily available material.

4.4.2 Cu-, Fe-, or Pd-catalzyed O—H insertion reactions

The catalyst Cu/(Sa,S,S)—23a was also efficient for the insertion of O—H bonds of
phenols (Scheme 44) [109]. Under similar conditions as that for N—H insertion
reactions, a wide range of phenol derivatives underwent O—H bond insertion with
a-diazopropionates, providing a-aryloxypropionates with excellent enantioselectivities
(95-99.6% ee). The Pd/(S,S,S)-23a-catalyzed asymmetric O—H bond insertion
reaction between a-aryl-a-diazoacetates and phenols provided the first enantioselective
method for the preparation of chiral a-aryloxy-a-arylacetates, which are ubiquitous
in biologically active molecules (Scheme 45) [110].

It was found that the iron catalysts prepared in situ from FeCl,-4H,0 and chiral
spiro bisoxazoline ligands 23 exhibited excellent enantioselectivity as well as reactivity
for the insertion of O—H bonds of various saturated alcohols and allylic alcohols
(Scheme 46) [111]. The catalyst Fe-(S,S,$)-23¢ showed higher yields and higher
enantioselectivities than any other metal catalysts.

The asymmetric insertion of a-diazoesters into the O—H bond of water provides an
extremely simple approach for the synthesis of chiral a-hydroxyesters in an efficient
and atom-economical way. The challenges of asymmetric O—H insertion of water are
mainly attributed to two considerations: first, the active metal carbene intermediates
are generally sensitive to water; and secondly, the small molecular structure of water
makes chiral discrimination quite difficult. Zhou and co-workers discovered a highly
enantioselective O—H insertion of water catalyzed by chiral spiro Cu [112] and Fe
catalysts [111]. Under mild conditions, both Cu and Fe complexes of ligand (S ,S,5)-23a

5 mol% CuCl
N, 6 mol% (S,,S,S)-23a OAr

6 mol% NaBAr

M OR . ArOH ) R Me/'\H/OR
e 5A MS, CH.Cl,, rt
(0] (0]
R = Me, Et, ‘Bu 70-88% yield
95-99.6% ee
Scheme 44

5 mol% Pd(PhCN),Cl,

N, 6 mol% (S,,S,S)-23a OAr2
12 mol% NaBAr,
OMe 2 F_ 5 OMe
1 + ArcOH " »>
Ar )J\H/ 5AMS Ar! /'\[(

0 CHClg, 40°C o)

68-87% yield
96—99% ee

Scheme 45
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BN 2V 177 1
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Scheme 48

exhibited high enantioselectivity for the O—H insertion of water (Scheme 47).
Notably, the insertions of a-aryl-a-diazoacetates having a coordinating group at the
ortho position were less enantioselective in Cu-catalyzed reactions, but gave high
enantioselection in Fe-catalyzed reactions. For instance, in the reaction of methyl
a-diazo-2-chlorophenylacetate with water, the catalyst Fe-(S,S,5)-23a produced
methyl (R)-o-chloromandelate with 95% ee, while the analogous Cu-(S,S,S)-23a
catalyst gave the same product with only 36% ee. The facile conversion of methyl
(R)-o-chloromandelate to clopidogrel, a platelet aggregation inhibitor, demonstrated
that the Fe-catalyzed asymmetric insertion with water has potential for applications in
the preparation of chiral non-racemic drugs.

Catalytic intramolecular O—H insertion is a useful reaction for the construction of
cyclic ethers and esters. The Cu-catalyzed highly enantioselective intramolecular
O—H insertion of &- or e-hydroxy-a-diazoesters (Scheme 48) [113] and phenolic
O—H bonds (Scheme 49) [114] were achieved by using ligand (S ,S,5)-23. The sub-
strates of intramolecular O—H insertions can be easily modified at the side chain,
and thus provides a useful method for preparing chiral 2-carboxy cyclic ethers with
different ring sizes and substitution patterns.
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4.4.3 Cu-catalyzed S—H, Si—H and B—H insertion reactions

Transition metal catalyzed S—H bond insertion has been extensively studied for
forming C—S bonds, however progress on the asymmetric version of this reaction had
been limited until catalyst Cu-(S,S,S)-23a was found to promote the reaction with up
to 85% ee (Scheme 50) [115].

Transition metal catalyzed carbene insertion into the Si—H bond provides a direct
and efficient method for the synthesis of organosilicon compounds. When chiral spiro
diimine ligand (R)-24a was applied in Cu-catalyzed asymmetric insertion of a-diazo-
o-arylacetates with silanes, the Si—H insertion products were obtained in high yields
(85-97%) and excellent enantioselectivities (90-99% ee) (Scheme 51) [26a].

The development of methodologies for preparation of versatile organoboron
compounds has been an actively pursued topic in organic chemistry. The B—H bond of
borane is electron-deficient; thus it is inert to the metal carbene insertion reaction.
However, upon forming adducts with amine or phosphine, the borane can undergo
B—H bond insertion reactions. Cheng et al. [116] developed Cu-catalyzed B—H bond
insertion reactions of the amine- or phosphine-borane adducts with a-diazo-o-arylacetates.
The asymmetric version of this reaction was also established by using ligand
(R ,S,S)-23a, which provides an efficient approach to chiral organoboranes (Scheme 52).

4.4.4 Pd-catalyzed allylic amination

The Pd complexes of (R ,R,R)-38b were found to be highly efficient in the enantiose-
lective allylic amination of the esters of racemic Morita—Baylis—Hillman (MBH)
adducts with aromatic amines, affording optically active pf-arylamino acid esters in
high activity (TON up to 4750) with high region- and enantioselectivities (Scheme 53)



96 Ligand Design in Metal Chemistry

N2
1
Ar)J\H/OR + RgSiH,
o}

R1 = Me, Et, 'Pr
R,Si = Me,PhSi, Et;Si, etc.

5 mol% Cu(OTf), SiRs
6 mol% (R)-24a OR!
CH,Cl,, —400r-60°C =~ Ar~ ~
O
85-97% yield
90-99% ee
Cl
Cl
(R)-24a
Scheme 51
5 mol% Cu(MeCN)4PFg MesHP

6 mol% (R,,S,S)-23a

1 mol% [Pd(allyl)Cl],
2.5 mol% (R,,R,R)-38b

6 mol% NaBArg He
CH.Cl,, 25°C Ar/kH/OR
86-96% yield

91-94% ee

Scheme 52

2
Are

N2
Ar)KH/OR + Me,HP ~BH,
0
R = 2,6-Cl,CoHy
OAc
Ar' ot * ArPNH,

Ph OEt
Model |

K,CO3 (aq) A OFt
CH,Cl,, rt, 3h
64-96% yield
91-97% ee
F

ezetimibe

Scheme 53



Spiro Ligands for Asymmetric Catalysis 97

[46]. The pB-arylamino acid esters can be readily transformed into p-lactam derivatives
retaining enantioselectivity, thus providing an efficient access to various biologically
important molecules, such as ezetimibe.

Mechanistic studies indicated that the unique structure of the ligand 38, with a long
P—P distance, was favorable for allowing two P atoms to play a bifunctional role in the
catalysis. Herein, one of the P atoms of the ligand forms a C—P o bond with the
terminal C atom of the allyl moiety as a Lewis base, and another P atom of the ligand
coordinates to the Pd atom (Model I, Scheme 53). The cooperative action of organo-
and organometallic catalysis discovered in this reaction is most likely responsible for
its high activity, as well as excellent regio- and enantioselectivities.

4.4.5 Pd-catalyzed allylic cyclization reactions with allenes

Shu and Ma [25¢] found that the spiro bisoxazoline (R ,S,S$)-23d containing a-naph-
thylmethyl groups is a suitable ligand for the Pd-catalyzed enantioselective cyclization
of 3,4-allenyl hydrazines with organic halides, affording optically active 3-substituted
pyrazolidines in good yields with 92-95% ee (Scheme 54). The p-naphthylmethyl-
substituted spiro bisoxazoline ligand (R ,S,5)-23e was also successfully applied to the
Pd-catalyzed enantioselective cyclization reaction of allenes with o-aminoiodobenzenes,
yielding 3-alkylideneindolines in good yields with excellent ee values (Scheme 55) [25d].
The spiro ligand 23 exhibited significantly higher enantioselectivity than other chiral
ligands in these reactions.

1 1
COR 5 mol% Pd(dba), /[/ CO-R
N 6 mol% (R,S,5)-23d  pr— . N
N—CO,R' + Arl > N—CO,R'
I\+ > 0.45 eq. AgsPO, 2
COgR THF, 80 °C 5 CO,R?
R20,C R°0,C
. 71-90% yield
RLR"=Et Bn 92-95% ee
Scheme 54
R2
| o H
N " 5 mol% Pd(dba), /
R'- 5 mol% (R, S,S)-23e
¥z I >
NH - 0.4 eq. AgzPO, R3
| THF, 110 °C N
Ts \
R'=H,F,Cl  R2=H,"Pr T
R3 = C5-Cyq alkyl, etc. 52-87% yield
94-98% ee

Scheme 55
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4.4.6 Pd-catalyzed alkene carboamination reactions

Wolfe and co-workers [117] developed a series of Pd-catalyzed enantioselective car-
boaminations of alkenes with up to 95% ee by using chiral spiro phosphoramidite
ligand (R ,R,R)-17b (Scheme 56). These transformations provide new methods for
the asymmetric construction of nitrogen heterocycles including phenanthroindolizidine
alkaloids such as (—)-tylophorine and (+)-aphanorphine. Moreover, Babij and Wolfe
[118] applied the Pd-catalyzed desymmetrization carboamination reaction of mesodi-
allylpyrrolidinyl ureas to prepare enantiomerically enriched bicyclic ureas bearing
three stereocenters with good levels of diastereoselectivity (up to 20:1 diastereomeric
ratio) and enantioselectivity (up to 90% ee).

4.5 Conclusion

Although the history for the application of chiral spiro ligands in asymmetric catalysis
is not long, many chiral spiro ligands have been synthesized and applied in a variety of
seemingly unrelated reactions including hydrogenation of unsaturated bonds (carbon—
carbon double bonds, carbonyl, imines, etc.), carbon—carbon bond-forming and
carbon-heteroatom bond-forming reactions accompanied by the metals Ru, Rh, Ir, Pd,
Cu, Fe, Ni, and so on. In most of these reactions, spiro ligands exhibit a remarkable
capability for enantiocontrol. As more and more groups are involved in developing or
applying chiral spiro ligands and catalysts, it can be expected that the chiral spiro
ligands will have a broad application in asymmetric catalysis in the future.

The features that make spiro ligands “privileged” include their extreme chemical
robustness, high conformational rigidity, perfect C, symmetry, and ease of modifica-
tion. The exciting results obtained with chiral spiro ligands will stimulate future efforts
to understand the features that account for the wide applicability of these ligands,
which are of significance for designing new chiral ligands and catalysts.
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5.1 Introduction

The development of palladium-catalyzed cross-coupling reactions involving (hetero)
aryl (pseudo)halide and various nucleophilic reaction partners has revolutionized
modern chemical synthesis, as acknowledged by the awarding of the Nobel Prize for
Chemistry in 2010 to Richard F. Heck,!! Ei-ichi Negishi,'”! and Akira Suzuki® for
their pioneering work in establishing effective methodologies for the formation of
carbon—carbon bonds."* 3 In the ensuing years a diversity of complementary palladium-
catalyzed cross-coupling reactions leading to carbon—carbon and carbon—heteroatom
bond formation have also been developed, with perhaps the most notable example of
the latter being the arylation of NH-containing substrates (i.e., Buchwald—Hartwig
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Palladium
+
Ancillary ligand
(hetero)aryl-X | (hetero)aryl-E
. NHs/base or ME
X = (pseudo)halide E=NH,, OH, F

Figure 1  Palladium-catalyzed C(sp?)—E bond formation (E=NH,, OH, and F)

amination, BHA).** Collectively, such palladium-catalyzed carbon-element bond-
forming methodologies enjoy widespread use in both academic and industrial settings
in the synthesis of a diverse array of pharmaceuticals, natural products, and conjugated
organic materials.!'

Early breakthroughs within the field of palladium-catalyzed cross-coupling reactions
typically employed catalysts featuring relatively simple ligands, such as triphenylphos-
phine. However, in the ensuing years an increased understanding of the mechanisms of
such transformations has guided the development of much more structurally complex
ancillary ligands that enable new and/or challenging substrate transformations to be
achieved with greater selectivity and/or under increasingly mild conditions. Ancillary
ligand design continues to play a central role in enabling advances in such palladium-
catalyzed transformations,!'"! and represents an ever-expanding area of research that
spans the fields of organometallic chemistry, organic chemistry, and catalysis. In this
context, any reasonable attempt to comprehensively document advances in ancillary
ligand design within the domain of palladium-catalyzed cross-coupling chemistry
would require a multi-volume monograph — well beyond the scope herein. In an
alternative approach, we provide in this chapter a focused examination of ancillary
ligand design within specifically in the context of palladium-catalyzed C(sp?)—E bond
formation (E=NH,, OH, and F; Figure 1). Such sought-after cross-couplings involving
small, rather challenging nucleophilic reaction partners have emerged only within the
past decade, enabled by the judicious design and/or selection of supporting phos-
phorus-based ancillary ligands. We envisioned that a survey of ancillary ligand
advances in this area would serve as an instructive case study regarding the development
of effective palladium-catalyst systems where monoarylation selectivity and/or
product-forming C—E reductive elimination may be limiting factors. Moreover, the
featured examples also serve to highlight the utility of “repurposing” phosphine ligands
developed in the context of mechanistically unrelated catalytic applications, and to
illustrate the potential complications that can arise in “rational” ancillary ligand design
when the ancillary ligand itself is transformed by the substrate in the course of palla-
dium-catalyzed cross-coupling chemistry.

5.1.1 General mechanistic overview and ancillary ligand design considerations

The development of palladium-catalyzed BHA chemistry has been described in a
number of comprehensive reviews!® ° 12131 and the mechanisms!"+'” of these transfor-
mations have been examined, including in the case of ammonia cross-couplings;!'¥ the
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Pd® or Pd" source + L

or
Ligated Pd or Pd'" pre-catalyst

Reductive l Oxidative
elimination L,Pd addition
A
Ar—E Ar—X
Ar Ar
—~ —~
L,Pd ~ L,Pd ~
C E B X

Transmetalation

HX-base or  NHg/base or
MX ME (E = NH,,0H, F)

Scheme 1 Presumed catalytic cycle for palladium-catalyzed C(sp?)—E bond formation
(E=NH,, OH, and F). L =ancillary ligand(s); Ar—X= (hetero)ary! (pseudo)halide

mechanisms of related nucleophilic C(sp*)—OH and C(sp*)—F bond-forming reactions
are presumed to be conceptually related. Notwithstanding the fact that the precise
nature of the elementary steps and catalytic intermediates can vary on the basis of the
reactants and other experimental conditions employed, the mechanistic pathways of
such reactions commonly proceed as outlined in Scheme 1. Oxidative addition of the
(hetero)aryl (pseudo)halide (i.e., Ar-X) to a L Pd(0) species (A) affords the Pd(II)
intermediate B. In the case of BHA involving ammonia, transmetalation involves a
stepwise process in which an ammine adduct of B is formed, followed by HX extrusion
by an external base to afford a PA—NH, intermediate of type C; alternatively, the pre-
formed metal amide (i.e., MNH,) can be employed directly. Subsequent C—N bond
reductive elimination affords the aniline derivative with concomitant regeneration of A.
Reports to date of the palladium-catalyzed nucleophilic hydroxylation or fluorination
of (hetero)aryl (pseudo)halides have involved the use of MOH and MF reagents, which
similarly intercept the oxidative addition intermediate B, followed by product-forming
C—O/C—F bond reductive elimination.

As with all such palladium-catalyzed carbon-heteroatom bond-forming chemistry,
the ancillary ligand(s) (i.e., L ; often featuring phosphine or N-heterocyclic carbene
donors!!'! 1 20) employed have a direct influence over the course of the elementary
transformations. Electron-rich and sterically demanding ligands promote the formation
of low-coordinate compounds of type A that are predisposed to undergo Ar—X
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oxidative addition to give B. The steric and electronic properties of the ligands can
serve to circumvent unwanted dimerization within low-coordinate intermediates of
type B, as well as providing monoarylation selectivity by discouraging unwanted
subsequent arylation reactions involving the primary aniline or phenol products.
Product-forming C(sp*)—E (E=NH,, OH, and F) reductive elimination is faciliated by
sterically demanding, yet less electron-donating ancillary ligands. From an electronic
perspective, this requirement is orthogonal to the ligand demands associated with the
Ar—X oxidative addition step. As depicted in Scheme 1, entrance into the catalytic
cycle to afford A can be achieved by combining a Pd(II) source and the ancillary
ligand, which requires that both L—Pd bond formation and reduction to Pd(0) occur
smoothly. In some cases phosphines can be employed in excess as both the ancillary
ligand and the sacrificial reductant, although the costly nature of some phosphine
ligands makes such methods unattractive. While the use of a Pd(0) source circumvents
the need for reduction, such complexes are often cumbersome to prepare, costly, and/
or exhibit air-sensitivity, thereby preventing routine handling under benchtop condi-
tions. Regardless of whether one uses a Pd(0) or Pd(Il) precursor, in situ catalyst
formation, while operationally simple, requires the efficient binding of the added
ancillary ligand to palladium. When such reactions do not proceed cleanly, significant
decomposition can occur such that the actual quantity of A successfully formed and
available for catalysis is very low. In response, the use of pre-formed, well-characterized
L Pd(II) pre-catalyst complexes that can be reduced cleanly to A without consumption
of the ancillary ligand has attracted considerable attention as a means of circumventing
the aforementioned problems during catalyst activation.'?!! Alternatively, the direct use
of a pre-formed catalyst intermediate (e.g., B or structural analog), while in some cases
more labor-intensive than the aforementioned protocols, serves to deliver all of the added
palladium directly into the catalytic cycle. In all cases, ligands and/or pre-catalysts that
can be handled and used under non-inert benchtop conditions are particularly valued
by end-users.

5.1.2 Reactivity challenges

With the aforementioned mechanistic picture in mind, it is understandable how nucle-
ophilic reaction partners that lack steric demand or that are highly basic, such as parent
amide, hydroxide and fluoride, can present difficulties under standard palladium-
catalyzed cross-coupling conditions. Such species can readily deactivate the metal
center by binding irreversibly to palladium, by forming catalytically inactive bridging
structures, or by displacing ancillary ligands that are required in order to achieve
desired catalytic performance. As alluded to above, an additional and significant
challenge associated with the pursuit of monoarylation selectivity is that the product
primary aniline or phenol are potentially contending, and for most palladium catalysts
are superior, cross-coupling reaction partners. The result is that reactions can proceed
in an uncontrolled manner to form polyarylated products even in the presence of
limiting (hetero)aryl electrophile. Given that reductive eliminations from Pd(II) inter-
mediates of type C to liberate product molecules is driven in part by the release of
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steric strain, smaller nucleophilic fragments (i.e., E=NH,, OH, F in C) will have a
reduced propensity to undergo such processes efficiently. Despite the abovementioned
challenges, effective protocols for the challenging palladium-catalyzed cross-couplings
depicted in Scheme 1 have been developed. In all cases the judicious choice of ancil-
lary ligand that prevents catalyst deactivation and promotes selectivity proved critical
in enabling such reactivity advances.

5.2 Palladium-catalyzed selective monoarylation of ammonia

Palladium-catalyzed amine arylation by use of (hetero)aryl (pseudo)halides (i.e., BHA)
has evolved into a powerful tool for the synthesis of aniline derivatives.® ° Prior to the
development of BHA chemistry, the construction of C(sp?>)—N bonds was limited
primarily to arene nitration-reduction reaction sequences, as well as nucleophilic
aromatic substitutions employing selected amine nucleophiles in combination with
electron-poor, and thus highly activated, (hetero)aryl halides. While these conventional
synthetic methods can be employed with success in the synthesis of C(sp?>)—N link-
ages, they suffer from a number of important limitations, including low substrate scope
and poor functional group tolerance. The emergence of BHA protocols circumvented
these limitations, enabling reactions to be conducted efficiently and under mild, user-
friendly conditions employing amines directly in combination with structurally diverse
(hetero)aryl (pseudo)halides.

Primary (hetero)anilines represent common molecular fragments in biologically
active compounds, and can also serve as synthons in the rational construction of
unsymmetrical secondary and tertiary aryl amines with varied application;!'* 2> 2! two
selected examples are presented in Figure 2. In this regard it is not surprising that the
pursuit of BHA protocols for the construction of primary (hetero)anilines has attracted
considerable attention. Whereas the use of “ammonia equivalents”? has been applied
successfully in BHA chemistry, including by Alabanza ef al.” at Hoffmann-La Roche
in the assembly of the synthetic intermediate depicted in Figure 2, the direct and more
atom-economical use of ammonia — the most abundant N—H reagent from which all
synthetic nitrogen compounds are derived™ — in the synthesis of primary (hetero)ani-
lines has proven to be particularly challenging. Indeed, many metal-catalyzed chemical
transformations, including BHA, for which ample precedent exists involving other

Cl _N N
NH
o A o
F A E\N\><
H =
cl N (¢}
H,N N
Crizotinib Synthetic intermediate
anti-cancer rheumatoid arthritis
(Pfizer) (Hoffmann-La Roche)

Figure 2 Selected examples of pharmaceutically relevant primary (hetero)anilines
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amine classes do not proceed with useful efficiency and selectivity when employing
ammonia under commonly employed reaction conditions.”-*! Building on the themes
outlined in Section 5.1.2, potential challenges associated with the use of ammonia in
BHA chemistry include but are not restricted to: deactivation of the catalyst resulting
from ancillary ligand dissociation and the formation of Werner-type ammine adducts;
aggregation of amido intermediates of type C (Scheme 1, where E=NH,) leading to
inactive polynuclear complexes; the slow rate of reductive elimination from sterically
unencumbered intermediates of type C;!"® and, uncontrolled polyarylation arising due
to the competitive nature of the product (hetero)anilines relative to ammonia when
using most commonly employed BHA catalysts.”-* While the use of copper-based
catalysts does allow for the direct cross-coupling of (hetero)aryl bromides and iodides
with ammonia,® 3% such catalysts have thus far proven incapable of accommodating
analogous chloride or sulfonate reagents in a useful manner, thereby limiting the appli-
cability of such methods. Notwithstanding these notable challenges, the development
of useful palladium (and nickel, see below) catalysts that enable the selective mono-
arylation of ammonia with a broad range of (hetero)aryl (pseudo)halides has been
realized in recent years, enabled by the design and/or application of appropriately
configured ancillary ligands.

5.2.1 [Initial development

The palladium-catalyzed selective monoarylation of ammonia was first described in
2006 (Scheme 2).3U In this report, Shen and Hartwig successfully employed the Pd(IT)
pre-catalyst (CyPF-tBu)PdCl, featuring the commercially available, air-stable JosiPhos
ligand, CyPF-tBu (LL1). The JosiPhos ligand family was developed initially by Solvias
for use in the asymmetric hydrogenation of alkenes on an industrial scale; as a result,
several members of the JosiPhos ligand family are now commercially available.?**
In this regard, the use of L1 in mechanistically unrelated BHA chemistry represents an

[Pd(P(0-Tol)g),J/L1

nNH; E=N,CH

N (0.1-2.0 mol% each) Xy NHe
R > R—!\ _
n =25 equiv. E NaOtBu, 1,4-dioxane E i P(tBu), i
(or 200 psi) X =1, Br, 50-100 °C >35 examples | " |
Cl, OTs 44-99% | Fe PCy2 |

R’ [Pd( cmnamyI)CI]2 (1.25 mol%)

n = 3 equiv. (2.5 mol%) N A
i > Ry R
_| KOtBu (3 equiv.), 1,4-dioxane Z~N

90 °C H
16 examples
31-89%

Scheme 2 Selective palladium-catalyzed ammonia monoarylation employing the JosiPhos
ligand CyPF-tBu (L1)
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effective “repurposing” of ancillary ligands, and underscores the scientific benefit of
commercialization, whereby ligands can be purchased and screened for catalytic utility
in a manner that is divergent from their initial intended use, leading to fundamental
new breakthroughs in reactivity. While the application of the chiral (non-racemic)
ligand L1 represents a curious choice in BHA given the lack of stereocenters in the
cross-coupling products, it is worthy of note that the use of alternative monodentate
phosphine (P(rBu),, XPhos, QPhos) or N-heterocyclic carbene (IPr) ligands, or bispho-
sphines (DPPF, BINAP) resulted in negligible product formation under the catalyst
screening conditions employed (80 psi ammonia, 90 °C).®!! These observations suggest
that the rigid, sterically demanding, and electron-rich nature of L1 discourages
unwanted polyarylation, as well as possibly increasing catalyst lifetime. Improvements
to this chemistry were achieved subsequently through the use of Pd(P(o-Tol),) /L1 as
the catalyst mixture,’** thereby allowing for the efficient monoarylation of ammonia
using aryl bromides, chlorides, iodides, and tosylates, including substrates featuring
base-sensitive groups, without the routine need for high ammonia pressures (Scheme 2);
the ability to utilize ammonium salts in place of ammonia was also subsequently
demonstrated.? Nonethelsss, the need for relatively high reaction temperatures and
the small demonstrated scope in the heteroaryl (pseudo)halide reaction partner left
room for improvement in terms of ancillary ligand design. Stoichiometric reactivity
and kinetics investigations of ammonia cross-coupling reactions employing Pd/L1
established that the catalyst resting state is an (L.1)Pd(aryl)(NH,) complex of type C
(E=NH,, Scheme 1).!"¥ Notably, the first reports of nickel-catalyzed ammonia mono-
arylation appeared in 2015, featuring catalyst systems supported by JosiPhos ancillary
ligands. 135 3¢

5.2.2 Applications in heterocycle synthesis

Indoles are among the most scrutinized core structures in all of medicinal chem-
istry;B7- 31 in this regard there is significant interest in developing efficient synthetic
routes to such complexes beyond the classical Fischer indole synthesis.* Inspired by
the successful application of L1 in palladium-catalyzed ammonia monoarylation (see
Section 5.2.1), Stradiotto and co-workers demonstrated that [Pd(cinnamyl)Cl] /L1
catalyst mixtures could be applied successfully in analogous reactions employing
functionalized 2-bromoarylacetylenes,*”! with KOrBu-catalyzed hydroamination of
the putative 2-aminoarylacetylene intermediates affording NH-indoles in a one-pot
process (Scheme 2). Notably, this represented the first reported synthesis of the indole
framework directly from ammonia employing metal-catalyzed cross-coupling.
However, the lack of success in this chemistry when using 2-chloroarylacetylenes,
heteroaryl halides, or 2-bromoarylacetylenes featuring sp3-substituents at the alkynyl
terminus highlighted important limitations of this [Pd(cinnamyl)Cl],/L1 catalyzed
protocol.

The air-stable BippyPhos ligand (L.2) was developed initially by Singer and
co-workers™!#! at Pfizer as a non-proprietary ligand for use in palladium-catalyzed
cross-coupling applications. Stradiotto and co-workers subsequently reported on the
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successful application of L2 in a broad spectrum of BHA applications.* Included in
the substrate scope were challenging NH-containing reagents featuring divergent steric
and electronic properties, including ammonia and NH indoles. The unique ability of
the [Pd(cinnamyl)Cl] /L2 catalyst system to accommodate such divergent nucleophilic
partners was exploited in the development of a novel one-pot synthesis of N-aryl
indoles and related heterocyclic derivatives involving three C—N bond-forming steps,
the first of which being the selective monoarylation of ammonia (Scheme 3). Two
complementary routes for accessing N-arylated indoles from ammonia in this manner
were developed: (a) ammonia monoarylation with a 2-halo(hetero)arylacetylene in the
presence of excess base to form an NH indole that was subsequently cross-coupled
with an aryl halide to form the corresponding N-arylated indole (Method A, Scheme 3);
and (b) monoarylation of ammonia with an aryl halide to form an aniline that in turn
was cross-coupled with a 2-halo(hetero)arylacetylene in the presence of excess base to
form the corresponding substituted N-arylated indole (Method B, Scheme 3). These
protocols provided access to a range of functionalized N-arylated indoles and related
heterocyclic compounds in synthetically useful isolated yields. It is worthy of mention
that this ammonia monoarylation chemistry involving 2-halo(hetero)arylacetylenes
does not exhibit the substrate scope limitations encountered when using Pd(cinnamyl)

R2 N—N
TN ——R! Ph L2 X X
—/ mmmmmmmmmmmmme—e—mem oo 3_ Il
R—— _
x - mR
= Step A2.
Method A Step Al. N P
‘ KOtBu (3 equiv.) H NaOtBu (1.4 equiv.)
2|l o A\ 1
[Pd(cinnamyl)Cl], (2-4 mol%) ) R _ R
NHs L2 (4-8 mol%) 15 unique examples N
(3 equiv.) 1,4-dioxane or toluene 54-85% total
110 °C over both steps 74 \
T
R —
NaOtBu (1.4 equiv.) KOtBu (1.4 equiv.)
Method B Step BA. e Step B2.
> R 1
X = R2
RS_:\ X \ — R1
= —

X

Scheme 3 Scope of the [Pd(cinnamyl)Cl],/BippyPhos (L2) catalyzed synthesis of
substituted indoles and related heterocyclic derivatives involving selective ammonia
monoarylation
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Scheme 4 Application of ammonia monoarylation in the synthesis of dibenzodiazepines

Cl],/L.1 (Scheme 2),"! in that 2-chloro(hetero)arylacetylenes and substrates featuring
sp*-substituents at the alkynyl terminus were successfully transformed in the presence
of [Pd(cinnamyl)Cl] /L2 catalyst mixtures."*"

Air-stable biaryl monophosphine ligands developed by Buchwald and co-workers
have played a central role in the advancement of palladium-catalyzed cross-coupling
reactions, including BHA chemistry;™ > 131 the utility of appropriately configured
ancillary ligands of this type in the selective monoarylation of ammonia has been
examined.®¢ Following on preliminary experimentation that established the capa-
bility of the Pd,(dba) /L3 catalyst system (dba=dibenzylideneacetone) to promote
the monoarylation of ammonia at elevated temperature (80 °C),* Tsvelikhovsky
and Buchwald™®! applied such reactivity in the synthesis of dibenzodiazepines and
related biologically active structural analogs (Scheme 4). The propensity of biaryl
monophosphine ligands including L3" to bind Pd(0) or Pd(II) via phosphorus and
one or more carbon atoms of the lower flanking arene ring has been established;"
from an ancillary design perspective, the specific involvement of the presumably
uncoordinated dimethylamino group in L3 in promoting ammonia monoarylation
selectivity remains unclear.

5.2.3 Application of Buchwald palladacycles and imidazole-derived
monophosphines

As mentioned in Section 5.1.1, the use of well-characterized pre-catalyst complexes
featuring pre-formed ancillary ligand—palladium connectivity is advantageous, relative
to alternative methods employing admixtures of an ancillary ligand and a palladium
source, in terms of optimizing the amount of active catalyst present at the onset of cross-
coupling.?!! Despite the added effort associated with the preparation of such pre-
catalysts, the derived reactivity benefits have resulted in considerable interest in this
area of catalyst development. Aminobiphenyl palladacyclic pre-catalysts featuring
bulky biaryl monophosphine ligands, such as P1-P3 in Scheme 5, are among the most
widely used in the field of cross-coupling.#! Such air-stable pre-catalyst complexes
are conveniently reduced to a mixture of putative “LPd(0)” (i.e., A in Scheme 1) and
carbazole, simply via HX extrusion by the base used under the cross-coupling conditions.
In this way, no external reductant is required — although the NH carbazole by-product
can be problematic.®™ The application of such palladacyclic pre-catalysts toward the
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Scheme 5 Expanding the scope of ammonia monoarylation by use of biaryl monophosphine-
ligated palladacyclic pre-catalysts. 1-Ad= 1-adamanty!

selective monoarylation of ammonia was examined by Buchwald and co-workers in
2013.M ' While BrettPhos (L.4) had been described in a previous publication by Fors and
Buchwald®! as being ineffective for the monoarylation of ammonia, catalyst screen-
ing studies confirmed the superiority of AdBrettPhos (LS), Me,(OMe)XPhos (L6),
Me (OMe)PhXPhos (L7) and other structurally related biaryl monophosphine ligands
relative to L3 in the selective monoarylation of ammonia with chlorobenzene using
Pd_(dba), as the palladium source (3 equiv. NH,; 2mol% Pd; 5mol% ligand)."*" Further
improvements in catalytic performance were achieved through the use of the pre-cata-
lysts P1, P2, and P3 (featuring L5, L6, and L7, respectively, Scheme 5). The use of
P2/L6 (2mol% each; i.e., pre-catalyst with added ancillary ligand) in place of
Pd (dba),/LL6 (1 and 4mol%, respectively) afforded faster rates of reaction and higher
monoarylation product yields in the cross-coupling of ammonia with (hetero)aryl
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halides. The P2/L6 catalyst system proved useful in the selective monoarylation of
ammonia employing electron-rich, -neutral, and -deficient aryl chlorides and bromides
(Scheme 5). For more sterically hindered (hetero)aryl chlorides where the performance
of P2/LL6 was shown to be relatively poor, the P3/LL7 catalyst mixture was employed as
a means of obtaining higher yields of the target (hetero)aniline derivative. Reaction
protocols employing P2/L.6 or P3/L7 catalyst mixtures also proved effective with regard
to the cross-coupling of six-membered heteroaryl bromides and chlorides with ammonia,
although in some particularly challenging cases diminished monoarylation selectivity
was observed. A diverse array of aminopyridines, aminoquinolines, and related
NH,-functionalized heterocycles including benzothiophene, indole, benzothiazole, ben-
zoxazole, pyrazine, quinoxaline, pyrimidine, pyridazine, and carbazole rings were
prepared (Scheme 5). While base-sensitive functionalities such as cyano and carbonyl
groups, as well as heterocyclic addenda, were reasonably well-tolerated in this chemistry,
room temperature reactions were limited to a relatively small number of examples
featuring primarily aryl bromides and electronically activated (hetero)aryl chlorides at
higher catalyst loading (typically 5 mol%).!¢

The development of new and effective cross-coupling protocols involving five-
membered heteroaryl halide reaction partners arises from the utility of such transfor-
mations in the synthesis of biologically active functionalized heterocycles. However,
such substrates have proven to be particularly challenging in the context of BHA
chemistry. In the pursuit of a catalyst system capable of enabling the hitherto unknown
BHA of five-membered heteroaryl halides with ammonia, Buchwald and co-workers
conducted further ligand screenings.'*! Whereas catalysts based on Me,(OMe)XPhos
(IL6) performed rather poorly in the cross-coupling of ammonia with 4-bromo-
1-(4-fluorophenyl)-pyrazole (9% monoarylation), the di(1-adamantyl)phosphino-
functionalized BrettPhos ligand variant LS afforded high yield (78%) of the desired
ammonia monoarylation product. The use of P1/LS5 catalyst mixtures (2mol% each)
was exploited in ammonia monoarylation employing a range of five-membered
heteroaryl bromides and chlorides including benzothiazoles, indazoles, imidazoles,
and pyrazoles (Scheme 5). The cross-coupling of the rather hindered 4-bromo-1,3,
5-trimethylpyrazole with ammonia proved challenging when using the P1/LS5 catalyst
system (40%); for this and another tri-substituted pyrazole substrate, the use of P3/L7
afforded the desired monoarylation product in good yield (78 and 82%).“% Collectively,
the aforementioned work by the Buchwald group in the area of palladium-catalyzed
ammonia monoarylation highlights the benefits employing a highly tunable ancillary
ligand motif, whereby structural changes to the ancillary ligand can be introduced as a
means of modifying catalytic behavior so as to circumvent substrate scope challenges
that may arise.

The Beller group has contributed to the development of effective ancillary ligands
for use in the palladium-catalyzed monoarylation of ammonia. In a pair of
publications?33 it was demonstrated that appropriately constructed imidazole-derived
monophosphine ligands (including L8) are capable of supporting active complexes for
the monoarylation of ammonia, albeit under somewhat forcing conditions (=120 °C;
10barN,).
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5.2.4 Heterobidentate k*-P,N ligands: chemoselectivity and room
temperature reactions

In light of the successful application of sterically demanding monophosphine and
bisphosphine ligands in BHA chemistry, including with applications in ammonia
monoarylation (see above), it is surprising that what can be viewed as electronically
intermediate heterobidentate ligands featuring pairings of soft and hard donor atoms
have received little attention in such applications. This is especially true in the context
of the proven utility of k*>P,N ligands in alternative late metal-catalyzed chemical
transformations (e.g., PHOX®4 in alkene hydrogenation and allylic substitution).
Sterically demanding k>-P,N ligands represent attractive targets of inquiry in palladium-
catalyzed ammonia monoarylation chemistry, given their potential to discourage
unwanted dimerization of catalytic intermediates (e.g., B and C in Scheme 1), which
can be problematic when using some monophosphine ancillary ligands. Moreover,
while challenging (hetero)aryl (pseudo)halide oxidative additions can be enabled via
incorporation of an electron-rich dialkylphosphino ligand donor fragment, a k*>-PN
ligand of this type featuring an adjacent nitrogen donor should also render the palla-
dium centers in intermediates of type C (Scheme 1) less electron-rich than their
bisphosphine-ligated counterparts, thereby providing an electronic means of promoting
challenging reductive eliminations in addition to sterically promoted processes (see
Section 5.1.1). Sterically demanding x>-P,N ligands may also offer an effective means
of acheiving selectivity in ammonia monoarylation reactions, by favoring the binding
of ammonia over the aniline product.

The successful application of sterically demanding x>-P,N ligands in the palladium-
catalyzed selective monoarylation of ammonia was first described by Lundgren et al.!% 3¢
In an initial report,® air-stable Me-DalPhos (LL9) was shown to be effective in BHA
chemistry involving a wide range of (hetero)aryl chlorides and NH-containing sub-
strates, including ammonia. However, while L9 afforded high conversions and good
monoarylation selectivities in the cross-coupling of ammonia with ortho-substituted
aryl chlorides, the use of aryl chlorides lacking steric bias resulted in diminished
monoarylation selectivity.® Subsequent ancillary ligand structural optimization,
enabled by the modular synthesis of DalPhos ligands, gave rise to air-stable Mor-DalPhos
(LL10), which is highly effective for palladium-catalyzed ammonia monoarylation
involving aryl chlorides and tosylates, including those lacking ortho substitution;
included in this report are the first examples of room temperature BHA chemistry
involving ammonia (Scheme 6).5% Electron-rich aryl chlorides that had proven to be
challenging in previous reports of ammonia monoarylation chemistry were effectively
cross-coupled, as were substrates containing N-, O-, F- or S- heteroatoms. Sterically
biased ortho-substituted aryl chlorides were also found to be suitable reaction partners,
as were some heteroaryl chlorides. The propensity of the [Pd(cinnamyl)Cl],/L.10
catalyst system for ammonia monoarylation was exploited in unprecedented chemose-
lective aminations involving aryl chloride substrates featuring potentially competitive
NH- functionalities, including those featuring contending primary aryl- or alkylamino
groups. While the use of [Pd(cinnamyl)Cl] /LL10 catalyst mixtures in the monoarylation
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Scheme 7 Room temperature ammonia monoarylation employing (x*-P,N-L10)Pd(Ph)C/
as a pre-catalyst

of ammonia with (hetero)aryl chlorides required heating (250 °C), analogous reactions
involving aryl tosylates were found to proceed at room temperature with good yields
(69-83%). The practical nature of ammonia monoarylation employing the [Pd(cinnamyl)
CI]/LL10 catalyst system was further demonstrated by Frontier and co-workers in the
first synthesis of (+/-)-tetrapetalone A-Me aglycon.P”

Stradiotto and co-workers also explored the coordination chemistry of L10,
including the synthesis of putative catalytic intermediates. In using the rationally
prepared and air-stable oxidative addition complex (k*-P,N-L10)Pd(Ph)Cl (cf. B in
Scheme 1) as a pre-catalyst, the first examples of room temperature ammonia mono-
arylation employing (hetero)aryl chlorides was achieved. Stradiotto and co-workers
subsequently established expanded scope for room temperature ammonia monoarylation
reactivity when using (x>-P,N-L10)Pd(Ph)Cl as a pre-catalyst (5mol%), including a
range of (hetero)aryl (pseudo)halides (X=CIl, Br, I, OTs) with diverse substituents
(alkyl, aryl, ether, thioether, ketone, amine, fluoro, trifluoromethyl, and nitrile), as well
as chemoselective monoarylations (Scheme 7).5% While a complete understanding of
the properties of (k>-P,N-L10)Pd(Ph)Cl that promote efficient room temperature
ammonia monoarylation with (hetero)aryl (pseudo)halides is currently lacking,
including kinetic data, it is conceivable that the direct use of this putative catalytic
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intermediate serves to by-pass deleterious side reactions that may otherwise occur
during catalyst activation steps. Moreover, it is feasible that the k*-P,N ancillary ligand
motif provides the correct balance in terms of enabling both Ar-X oxidative addition
and Ar-NH, reductive elimination steps relative to alterative monophosphine and
bisphosphine ancillary ligand classes.

5.2.5 Summary

Over the past ten years, several highly effective palladium catalyst systems for the
otherwise challenging monoarylation of ammonia using (hetero)aryl (pseudo)halide
reaction partners have been identified. Such catalysts have enabled a broad spectrum
of aryl electrophiles to be accommodated, including transformations that are highly
chemoselective, proceed at room temperature, and/or that can be exploited in the
assembly of synthetically important heterocyclic frameworks including natural prod-
ucts. The appropriate selection of ancillary ligand proved critical in achieving such
reactivity breakthroughs, with sterically demanding and electron-rich monophos-
phines, heterobidentate x>-P,N ligands, and bisphosphines each proving successful in
this regard. The reactivity advantages that can be derived from employing structurally
well-defined pre-catalyst complexes, in which the ancillary ligand is coordinated to
palladium, are also demonstrated in this chemistry.

5.3 Palladium-catalyzed selective hydroxylation of (hetero)aryl halides

Phenols, much like anilines, represent important synthons for the construction of
biologically active compounds and functional materials.>-®!! Moreover, the phenol
moiety itself is present in a number of top selling pharmaceuticals with diverse
function; selected examples are depicted in Figure 3. The use of water, or related MOH
salts, as nucleophiles in palladium-catalyzed cross-couplings involving (hetero)aryl
halides conceptually represents a mild and selective route to phenols that is comple-
mentary to more established phenol syntheses,>®®!! including oxidative protocols.
However, the difficulties associated with realizing such transformations mirror those

OH
| o}
HO |
j@\ OH | OH
| o NH, N
I
Levothyroxine Desvenlafaxine
thyroid preparation anti-depressant
(Merck) (Pfizer)

Figure 3  Selected examples of pharmaceutically relevant phenol derivatives



118 Ligand Design in Metal Chemistry

of the ammonia-based transformations (see Section 5.2).1°2' As such, the catalyst
employed must be judiciously chosen so as to overcome potential challenges, including:
catalyst inhibition by free hydroxide anions; difficult C—OH bond reductive elimina-
tion owing to the small size of the hydroxide group; and uncontrolled arylation of the
target phenol to afford the undesired diaryl ether. While copper catalysts have been
identified for the hydroxylation of (hetero)aryl halides,®%*! the need for high metal/
ligand loadings and harsh reaction conditions, as well as their typically poor
performance with synthetically useful aryl chlorides, represent important practical
drawbacks. Despite these considerable challenges, the palladium-catalyzed hydroxyl-
ation of (hetero)aryl halides has been established, owing in part to the availability of
suitably constructed ancillary ligands.

5.3.1 Initial development

The first examples of the selective palladium-catalyzed hydroxylation of (hetero)aryl
halides were reported by Anderson et al.' in 2006, by using XPhos-type biaryl mono-
phosphines /BuXPhos (L11) or Me tBuXPhos (L.12) in combination with Pd,dba, in
the presence of KOH in H,0/1,4-dioxane solvent mixtures at 100 °C (Scheme 8). Some
interesting reactivity trends with regard to ancillary ligand design were observed in
comparing L.11 and L.12. The less hindered L.11 proved to be more effective than 1.12
with bulky substrates such as 2-bromomesitylene (88% isolated yield for L.11; <10%
conversion of the aryl bromide when using 1.12). In such transformations, the smaller
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Scheme 8 Palladium-catalyzed cross-coupling of (hetero)aryl bromides and chlorides
with KOH employing XPhos-type biaryl monophosphines
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ligand L.11 apparently is better suited to accommodate the oxidative addition of the
hindered aryl bromide, with C—OH reductive elimination being facilitated by ortho
substitution within the mesityl group. However, catalysts incorporating the bulkier
L12 in general proved to be more robust and efficient than those of L11, as evidenced
by the lower catalyst loadings that could be employed and the reduced observed
formation of Pd-black. The authors postulate that the increased efficacy of L12-derived
catalysts can be attributed to a faster rate of C—OH reductive elimination within (L)
Pd(aryl)OH intermediates (cf. C in Scheme 1). Moreover, preliminary mechanistic
experimentation suggests that the desired phenol product predominates when using
KOH (2.0 equiv.) by virtue of the fact that attack on the (L)Pd(aryl)X intermediate by
hydroxide is faster than attack by the phenoxide that is generated in situ under the
reaction conditions employed. Tandem transformations of the newly formed phenol to
generate benzofurans or alkyl aryl ethers were also established. While nitrile, methoxy,
trifluoromethyl, carboxylic acid, methyl ketone, and aldehyde functionalities were
each well-tolerated in this chemistry, only two transformations involving heteroaryl
halides were presented.!%4

A subsequent report by Cheung and Buchwald®! focused on the application of a
tBuBrettPhos (L13) ligated palladacyclic pre-catalyst for the hydroxylation of (hetero)
aryl halides (Scheme 9). The use of this L13-based catalyst system, which exploits in
part developments by Sergeev et al.' including the use of CsOH in enabling room
temperature reactivity (see below), allows for the use of lower palladium loadings and
a more broad substrate scope of heteroaryl halide coupling partners in comparison
catalyst systems based on mixtures of Pd,dba, and either 11 or .12 (Scheme ).
Buitrago er al.'"! at Merck subsequently demonstrated that the use of a phosphazene

L13-precatalyst (2.0 mol%)
L13 (2.0 mol%)

1,4-dioxane
(hetero)aryl-X » (hetero)aryl-OH
X =Cl, Br Conditions A: Conditions B: 21 examples
KOH (3 equiv.) CsOH (3 equiv.) 71-100%
H,0 (20 equiv.) H,0 (10 equiv.)
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E O OMe E
i MeO P(tBu), O O |
i iPr iPr Pd—NH i
| Mso” | 2 |
| L13 |
! L13 !

iPr  (tBuBrettPhos)

Scheme 9 Palladium-catalyzed hydroxylation of (hetero)aryl bromides and chlorides
employing an L13-ligated palladacyclic pre-catalyst
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base in combination with this L.13-ligated palladacyclic pre-catalyst allowed for the
successful hydroxylation of 3-bromo-5-phenylpyridine in the presence of alkyl and
aryl esters, in the absence of ester reactivity.

The application of biaryl monophosphines in the palladium-catalyzed hydroxyl-
ation of (hetero)aryl halides has attracted the attention of other research groups. Yu
et al.'®® reported on related palladium-catalyzed selective hydroxylation chemistry
using L11 under microwave irradiation that enables the application of K CO, or
Cs,CO, using a DMF/H,O (9:1) co-solvent, while Dong et al.'! have applied the
biaryl monophosphine JohnPhos in the palladium-catalyzed hydroxylation of chiral
6-bromo- and 6,6’-dibromo- 1,1'-binaphthols. Chen et al.""' have shown that Pd dba,/
P(/Bu), catalyst mixtures can effect the selective hydroxylation of aryl halides.
However, the use of P(/Bu), is disadvantageous given the pyrophoric nature of this
phosphine, and only nitro-substituted electrophilic coupling partners proved useful
in this chemistry, thereby providing additional support for the idea that more com-
plex ancillary ligation is required in order to achieve optimal catalyst performance
under user-friendly conditions. Nonetheless, the ability of palladium nanoparticles
supported on polyaniline nanofibers to catalyze the hydroxylation of simple aryl
halides (4 examples, 80-90%) under conditions analogous to those described by
Anderson et al.'® suggests that alternative catalyst classes for such transformations
are viable.[!

5.3.2 Application of alternative ligand classes

In 2009, Schulz et al." reported on the development of a new imidazole-based P,N
ancillary ligand set (IL14; Scheme 10) that enabled the first examples of the hydrox-
ylation of aryl halides at room temperature. Preliminary experimentation established
that the use of Pd,dba,/I.14 catalyst mixtures, under conditions similar to those
employed by Anderson et al.[¥ (Scheme 8), enabled the selective hydroxylation of
substituted aryl halides (15 examples, 50-99%). Building on this success, Sergeev
et al.'®® observed that bromomesitylene could be converted to the corresponding
phenol in near quantitative yield at room temperature by employing Pd(COD)
(CH,SiMe,),|/LL14 catalyst mixtures (Scheme 10). Stoichiometric reactivity studies
confirmed that the crystallographically characterized (k*>-P,N-L14)Pd(Mes)Br (cf. B
in Scheme 1) is formed at room temperature upon addition of bromomesitylene to
Pd(COD)(CH,SiMe,),]/L.L14 mixtures; subsequent treatment at room temperature
with a hydroxide source afforded 2.,4,6-trimethylphenol, presumably via reductive
elimination involving the unobserved intermediate (k2-P,N-L14)Pd(Mes)OH (cf. C
in Scheme 1). Collectively, these results suggested that the room temperature hydrox-
ylation of bromomesitylene using Pd(COD)(CH,SiMe,),]/L.14 or (x*-PN-L14)
Pd(Mes)Br should be feasible. This indeed proved to be true (Scheme 10) with both
catalysts affording 2.4,6-trimethylphenol in near quantitative yield when using
CsOH*H,O as the hydroxide source. The use of other hydroxide sources, including
KOH, proved to be significantly less effective. The inability of related ligands such
as P(tBu),, QPhos, tBuXPhos (L.11) and Me, rBuXPhos (L12) to afford appreciable
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2 mol% (k2-P,N-L14) Pd(Mes)Br
or
Me 2 mol% (COD)Pd (CH,TMS), Me

3 mol% L14
Me Br + CsOH H,O > Me OH
(3 equiv.) THF, 25 °C

Br

(x3-PN-L14)Pd(Mes)Br .
99% vyield 98% yield

iPr iPr iPr
L14 i

Scheme 10 Room temperature palladium-catalyzed hydroxylation of bromomesitylene
employing L14. COD=1,5-cyclooctadiene

amounts of 2.4,6-trimethylphenol under analogous room temperature conditions
confirmed the importance of the ancillary ligand structure in this room temperature
chemistry; when binding in a ¥>-P,N fashion, L14 can be viewed as giving rise to
high steric congestion at the metal center that may promote C—OH reductive elimi-
nation. Employing the Pd(COD)(CH,SiMe,),]/L.14 catalyst system allowed for the
selective room temperature hydroxylation of various substituted aryl halides
(1.04.0mol% Pd, 1.5-6.0mol% L.14; 17 examples, 67-99%), including those featuring
nitrile and trifluoromethyl substituents, which can be prone to hydrolysis at elevated
temperatures under typical catalytic conditions. Notwithstanding the exceptionally
mild conditions under which such reactions proceed, reactivity with electron-rich aryl
halides, and synthetically useful (hetero)aryl halides, was not well-demonstrated in
this system.

Lavery et al." reported on the use of BippyPhos (L2) for the palladium-catalyzed
hydroxylation of (hetero)aryl chlorides and bromides. Preliminary ligand screening
focused on the use of Pd,dba /L catalyst mixtures (2.0 and 8.0mol%, respectively) for
the room temperature hydroxylation of bromomesitylene in THF using CsOH*H,O as
the hydroxide source. Despite the efficacy of both JosiPhos CyPF-fBu (L1; Section 5.2.1)
and Mor-DalPhos (L10; Section 5.2.4) in analogous ammonia monoarylation chemistry,
these ligands failed to produce appreciable quantities of 2,4,6-trimethylphenol under the
screening conditions employed; the failure of .10 in this regard is particularly perplex-
ing from a ligand design perspective, given the structural relationship to Beller’s ligand
(L14; Scheme 10). However, BippyPhos (L2; Section 5.2.2) emerged from this ligand
screening campaign as being highly effective for such transformations (Scheme 11).
While in some cases elevated reaction temperatures were employed, a significant number
of the reported reactions were found to proceed with success at room temperature,
including cyclization reactions leading to benzofurans. The feasibility of conducting
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Scheme 11 Palladium-catalyzed hydroxylation of (hetero)aryl bromides and chlorides
employing L2

such reactions on the benchtop under air using unpurified solvents with negligible loss in
reactivity was also demonstrated. From a ligand design perspective, the crystallographic
characterization of (k>-P,C-L2)PdCl, provided in this report established for the first time
the ability of BippyPhos to adopt a bidentate binding motif reminiscent of Buchwald’s
biarylphosphine ligand class.

5.3.3 Summary

The palladium-catalyzed hydroxylation of (hetero)aryl halides has emerged as an
effective strategy for the construction of phenols that is complementary to other
existing synthetic methodologies. The successful catalyst systems that have been
identified to date encompass a broad spectrum of aryl electrophiles; such chemistry
can also be exploited in the one-pot synthesis of substituted ethers including benzo-
furan derivatives. Ancillary ligand design has played a key role in the advancement
of this chemistry, in some cases enabling room temperature transformations under
non-inert reaction conditions. Given the isoelectronic relationship between NH - and
OH-, it is perhaps not surprising that some of the ligands that perform well in
ammonia monoarylation chemistry also excel in related selective hydroxylation
reactions, including BippyPhos, BrettPhos variants, and imidazole-derived phosphines.
However, the failure of JosiPhos CyPF-tBu and Mor-DalPhos in the palladium-
catalyzed hydroxylation of (hetero)aryl halides, when placed in the context of the
efficacy of these ligands in ammonia monoarylation chemistry, serves as a reminder
that ancillary ligand design is a complex and inexact science, in which a priori
predictivity of structure—reactivity relationships remains a challenge.
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5.4 Palladium-catalyzed nucleophilic fluorination of (hetero)aryl
(pseudo)halides

Fluorinated (hetero)aryl compounds are highly sought-after in a number of chemical
applications, including in medicinal chemistry.”* 7>} While the substitution of an
C(sp*)—H for an C(sp*)—F group does not alter the steric properties of the molecule of
interest, such a modification can lead to significant changes in solubility and other
physical/reactivity properties. In some cases, substitution of an C(sp?>)—H for an
C(sp*)—F group can influence metabolic stability, thus altering the biological prop-
erties of the molecule upon fluorination. This phenomenon has been used to advantage
in the development of highly effective active pharmaceutical ingredients, with about
one-third of top-performing drugs currently on the market featuring a C—F bond. In
addition to the example of Crizotinib presented in Figure 2, two other prominent phar-
maceuticals featuring an C(sp?)—F linkage are presented in Figure 4; notably
Atorvastatin (Lipitor; now off-patent) was the world’s top-selling drug from 1996 to
2012.1) Notably, radioactive ®F-labeled organic compounds are also employed as
contrast agents in positron emission tomography.’#

A number of methodologies for preparing (hetero)aryl fluoride compounds have
been developed, some of which involve palladium catalysis;"® " nonetheless, synthet-
ically useful protocols for the synthesis of such compounds under mild conditions and
with high selectivity are still lacking. In this regard, the palladium-catalyzed
nucleophilic fluorination of (hetero)aryl (pseudo)halides conceptually represents a
promising route to C(sp*)—F bond formation that is complementary to methods that
employ electrophilic fluorine reagents.””? Unfortuately, beyond the challenges
associated with using fluoride that are shared with amide and hydroxide nucleophiles,
such as difficult C(sp?)—F bond reductive elimination (Section 5.1.2), the particularly
strong propensity of the fluoride ion to form strong hydrogen bonds can lead to poor
reactivity.”® Despite these daunting challenges, the palladium-catalyzed nucleophilic
fluorination of (hetero)aryl (pseudo)halides has been achieved by the Buchwald
group.”™ Key to the successful development of this chemistry was the application of
appropriately constructed biaryl monophosphines. However, in the course of such

OH OH 0
/ N/\/k/k/COZH Hozcmlz
PhHNO,C
o I
F

Atorvastatin Ciprofloxacin

treatment of high cholesterol anti-bacterial

(Pfizer) (Bayer A.G.)

Figure 4 Selected examples of pharmaceuticals featuring fluorinated aryl groups
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investigations, careful experimentation revealed that such ancillary ligands are not
simply inert spectators during the C(sp*)—F cross-coupling process.

5.4.1 Development of palladium-catalyzed C(sp*)—F coupling employing
(hetero)aryl triflates

In 2009, Watson et al." disclosed the palladium-catalyzed cross-coupling of (hetero)
aryl triflates with fluoride sources, thereby addressing a long-standing challenging in
cross-coupling chemistry. The use of the sterically demanding fBuBrettPhos (L.13;
Section 5.3.1) ancillary ligand proved key to establishing a high-yielding protocol. In
the test reaction between 1-naphthol triflate and rigorously dried CsF, using
[Pd(cinnamyl)Cl], as the palladium source, the use of BrettPhos (L4; Section 5.2.3) as
the ancillary ligand resulted in a 30% yield of the desired aryl fluoride at 90%
conversion (10mol% Pd with Pd:L 1:1; 110°C, 18h), revealing low target product
selectivity. Relatively poor performance was also observed when using BippyPhos
(L2), with 52% yield of the target aryl fluoride obtained along with 11% naphthalene
(10mol% Pd with Pd:L 1:1; 150°C, 12h). Conversely, under similar conditions to
those employed with L4, the use of L13 afforded a 71% yield of the desired aryl
fluoride at 100% conversion. In subsequently applying [Pd(cinnamyl)CI] /.13 cata-
lyst mixtures, a range of (hetero)aryl triflates were successfully converted into the
corresponding (hetero)aryl fluoride species, including sterically hindered substrates,
electron poor arenes, as well as certain classes of heterocycles (Scheme 12). The
accommodation of nucleophilic functional groups within the observed substrate scope
demonstrates the complementary nature of such protocols to those employing electro-
philic fluorine sources, which do not routinely tolerate such functionalities.”” Notably,
in some cases regioisomeric aryl fluoride products were obtained in the observed
cross-couplings, the proportion of which was found to increase with increasing electron-
richness of the aryl triflate reactant. Evidence for C(sp?)—F reductive elimination from

[Pd(cinnamyl)Cl], (1.0-5.0 mol%)
L13 (1.5-7.5 mol%)
CsF (2 equiv.)
toluene, 80—-130 °C

(hetero)aryl-OTf >  (hetero)aryl-F
T 24 examples
O OMe 25-90%
MeO P(tBu),

L13
iPr  (tBuBrettPhos)

Scheme 12 Palladium-catalyzed cross-coupling of (hetero)aryl triflates with fluoride
employing [Pd(cinnamyl)CI],/L13 catalyst mixtures



Application of Sterically Demanding Phosphine Ligands 125

a crystallographically characterized three-coordinate T-shaped Pd(II) intermediate
was provided in the case of L4-based model compounds.’” The adaptation of
such cross-couplings to flow conditions has been reported,® as has the one-pot non-
aflation/fluorination of phenols under microwave conditions employing a Pd,(dba) /L.13
catalyst system.®!!

5.4.2 Discovery of biaryl monophosphine ancillary ligand modification

Remarkably, in the course of mechanistic investigations pertaining to the newly devel-
oped palladium-catalyzed cross-coupling of (hetero)aryl triflates with fluoride,
Maimone et al.® acertained that the active palladium catalyst involved in such trans-
formations featured a tBuBrettPhos (I.13) ancillary ligand that had undergone lower-
ring arylation in situ under the catalytic conditions employed. Initial studies focused
on evaluating further the viability of aryl—F reductive elimination processes involving
putative (L13)Pd(ary])F intermediates, where the aryl group is electron rich; as part of
this study, they established that the closely related ligand, RockPhos (.15, Scheme 13),
exhibits a similar reactivity profile to L13 in the palladium-catalyzed nucleophilic

iPr
(L13)Pd(4-nBuPh)Br (4-nBuPh)-Br (3 equiv.)
o e 4 DBU (1.2 equiv.)
THF, 25 °C, 12h, 90%

o
<
®

iPr
R=0OMe,R' =H
(L13, tBu-BrettPhos)
R = OMe, R’ = 4-nBuPh

3
By I
-
T
"
3
o8]
c

i (L13%) (4-nBuPh)
I R= Me, R'=H iPr

(L15, RockPhos) |

R = Me, R’ = 4-nBuPh ! (L13*)Pd(4-nBuPh)Br
| (L15%) |

______________________________

Scheme 13  Previously unobserved aryl transfer from palladium to a coordinated biaryl
monophosphine ancillary ligand resulting in lower ring dearomatization
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fluorination of aryl triflates.® Surprisingly, heating of (LL15)Pd(4-nBuPh)F failed to
generate the anticipated product of C(sp*)—F reductive elimination, despite the
apparent efficacy of the [Pd(cinnamyl)Cl]/L1S catalyst system. Moreover, (L13)
Pd(4-nBuPh)Br was observed to undergo a previously undocumented rearrangement
process involving transfer of the palladium-bound aryl group to the lower flanking ring
of the biarylphosphine ligand in a net-dearomatization process; exposure of (L13)
Pd(4-nBuPh)Br to base in the presence of (4-nBuPh)Br afforded the ring-arylated
complex (L13*)Pd(4-nBuPh)Br (Scheme 13). An analogous aryl-transfer rearrange-
ment was detected under catalytic conditions when using L15, thereby affording
Lls*.[82]

Use of the ring-arylated RockPhos (L15%) in the palladium-catalyzed fluorination
of (4-nBuPh)-OTf led to a modest (13%) improvement in yield compared with that
obtained by use of the parent RockPhos ancillary ligand (L.15). Furthermore, heating
of (L13*)Pd(4-nBuPh)F in the presence of 10 equiv. of (4-nBuPh)OTf produced a
mixture of (3-nBuPh)F and (4-nBuPh)F that closely mirrored the ratio of products
obtained under catalytic conditions when using L.13 as part of the pre-catalyst mixture.
Collectively, these observations establish that .13, L15 and likely other biaryl mono-
phosphine ancillary ligands are susceptible to structural modification by the aryl elec-
trophile coupling partner under catalytic cross-coupling conditions.® A subsequent
mechanistic investigation into such dearomative rearrangements within palladium bia-
ryl monophosphine complexes established that such processes proceed in a concerted
fashion involving the previously unknown palladium-mediated insertion of an aryl
group into an unactivated arene, whereby the steric parameters of both the substituents
on the phosphorus-functionalized “upper” ring as well as the alkyl groups on phos-
phorus influence the rate and extent of dearomatization.®¥! Notably, the structural fea-
tures that render bulky biaryl monophosphine ancillary ligands such as fBuXPhos
(L11), rBuBrettPhos (L.13), and RockPhos (LL15) effective in promoting challenging
reductive eliminations from Pd(II) also appear to enable the rearrangement of their
oxidative addition complexes to the corresponding dearomatized isomers.

The implications of these observations by Buchwald and co-workers® #! with
respect to “rational” ligand design are significant: the success or failure of a given
biaryl monophosphine ligand in this context may in part be attributable to the way in
which the substrate modifies the ancillary ligand in situ, with each substrate generating
a uniquely modified ancillary ligand under catalytic conditions. A complementary
report by Allgeier et al.,® in which two stable palladium degradation coordination
complexes derived from fBuXPhos (LL11) are characterized, provides additional
support for the view that such in situ biaryl monophosphine ancillary ligand modifica-
tion may be somewhat common. It is worthy of mention that the serendipitous
formation of highly effective ancillary ligands by way of in situ modification is not a
new phenomenon, as evidenced by the transmutation of (n*-C.,H,)Fe(n’-C,H,P(sBu),)
into (n’-C Ph)Fe(n’>-C,H P(tBu),) (i.e., QPhos) under palladium-catalyzed C—O cross-
coupling conditions. !

In 2013, Lee et al.®® developed an improved protocol for the palladium-catalyzed
nucleophilic fluorination of (hetero)aryl triflates that makes use of the (LS),Pd,(COD)
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(L5),Pd,(COD) (1.0-3.0 mol%) 18 examples
CsF (3 equiv) 30-92%
toluene, 80—-130 °C
(hetero)aryl-OTf » (hetero)aryl-F

(L5/L5*),Pd,(COD) (1.0-3.0 mol%)
AgF (2 equiv), KF (0.5 equiv.)

cyclohexane or 2-MeTHF 295(:)(_223%
80-150 °C °
(hetero)aryl-X i (hetero)aryl-F

X=Br, |

iPr
(L5/L5*),Pd,(COD)

R =1-Ad; R’ = H (L5); R’ = 4-nBuPh (L5%)

Scheme 14 Palladium-catalyzed cross-coupling of (hetero)aryl triflates with fluoride
employing the (L5) Pd,(COD) pre-catalyst. Ad= 1-adamantyl; COD = 1,5-cyclooctadiene

pre-catalyst (LS =AdBrettPhos, COD=1,5-cyclooctadiene, Scheme 14). While some-
what cumbersome to prepare and having a half-life on the order of days in air, this
pre-catalyst has the advantage of giving rise to “(LLS)Pd(0)” (cf. A in Scheme 1) without
the formation of reactive by-products that can either inhibit catalysis or complicate
product mixtures, including chloride, HF, dba, or carbazole; as mentioned in
Section 5.2.3, the last of these is generated as a by-product when using aminobiphenyl
palladacyclic pre-catalysts. This new catalyst system proved to be particularly useful
for the fluorination of (hetero)aryl triflates derived from biologically active and het-
eroaryl phenols, which proved to be challenging substrates when using [Pd(cinnamyl)
Cl1],/L13 (see above).

5.4.3 Extending reactivity to (hetero)aryl bromides and iodides

Lee et al.®") subsequently reported the first examples of the palladium-catalyzed nucle-
ophilic fluorination of (hetero)aryl bromides and iodides (Scheme 14). In seeking to
achieve such transformations, they envisioned two required modifications to their
previous catalytic protocols employed with (hetero)aryl triflates: the use of a more
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reactive metal fluoride source to facilitate transmetalation (i.e., the conversion of B to
C in Scheme 1), and the use of substoichiometric amounts of base to facilitate in situ
ancillary ligand arylation (Scheme 13). After a brief optimization campaign, AgF and
KF (respectively) were found to give rise to a suitably effective catalyst system in
combination with (LS),Pd,(COD), allowing for the fluorination of a variety of substi-
tuted aryl bromides and iodides, including those featuring base-sensitive functional
groups as well as nitrile, ester, and amide addenda. Substrates that are not amenable to
electrophilic fluorination, such as alkyl sulfides and electron-rich amines, were also
successfully accomodated. As was observed in the palladium-catalyzed nucleophilic
fluorination of aryl triflates, the electron-rich and unhindered 4-bromoanisole afforded
a mixture of regioisomeric products. Efforts to expand the substrate scope to include
(hetero)aryl halides failed when using the (LS),Pd,(COD) pre-catalyst; the authors
suggest that the origin of such poor reactivity may be associated with inefficient in situ
ancillary ligand arylation (to give heteroaryl variants L5*) or poor performance of
the palladium catalyst arising from the thus-formed modified ancillary ligand.’®”
In response, synthetic routes to (L5*) Pd (COD), featuring a pre-arylated AdBrettPhos
ancillary ligand were established as a means of circumventing in situ ancillary ligand
modification altogether. This pre-catalyst exhibited significantly improved reactivity
with (hetero)aryl bromide substrates relative to (LS),Pd (COD), where pyridine,
indole, quinoline, isoquinoline, pyrimidine, indazole, and quinoxaline core structures
were each well-tolerated. In principle, the use of (L5*),Pd,(COD) should obviate the
need for KF, given that the ancillary ligand has been “pre-arylated”. Nonetheless, the
use of AgF alone in this chemistry proved inferior to the use of AgF in combination
with KF, suggesting that the latter plays a more complex role in the observed catalysis.

5.4.4 Summary

The palladium-catalyzed nucleophilic fluorination of (hetero)aryl (pseudo)halides has
been achieved, thus providing a complementary protocol for the synthesis of sought-after
(hetero)aryl fluorides. The evolution of this chemistry represents one of the most inter-
esting and informative stories in the domain of ancillary ligand design for use in palla-
dium catalysis. Whereas the initial development of this novel C(sp?>)—F bond-forming
chemistry was enabled by the availability of appropriately constructed biaryl monophos-
phine ancillary ligands that were prepared for use in other cross-coupling applications,
careful mechanistic analysis and reactivity studies revealed processes whereby these
ancillary ligands underwent structural modification in situ under catalytic conditions.
These insights provided the basis for the rational design and preparation of new modified
ancillary ligand variants and pre-catalysts that offered improved catalytic performance
and expanded substrate scope. All reports to date regarding the palladium-catalyzed
nucleophilic fluorination of (hetero)aryl (pseudo)halides have featured catalysts
supported by biaryl monophosphine ancillary ligation; however, it is unlikely that
this ancillary ligand class is uniquely capable of promoting such transformations. In this
regard, continued catalyst development with particular emphasis on the application of
alternative ancillary ligand frameworks that are less-susceptible to in situ transmutation
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will likely lead to further practical advances [e.g., lower reaction temperatures and
catalyst loading, transformations of (hetero)aryl chlorides, etc.].

5.5 Conclusions and outlook

Ancillary ligand design has played a key role with respect to the rapid advancement of
palladium-catalyzed cross-coupling chemistry in recent years. It is our hope that this
has been illustrated through the case studies presented in this chapter regarding
C(sp*)—E bond formation (E=NH,, OH, and F), where issues of catalyst inhibition and
product selectivity represent formidable challenges for most commonly employed
palladium catalyst systems. In each of these otherwise difficult cross-couplings, more
mild experimental conditions, expanded substrate scope, and increased functional
group tolerance have been achieved through the judicious, and in some cases iterative,
design and application of supporting ancillary ligands. The ancillary ligands discussed
in this chapter are collected in Figure 5, along with their common names where avail-
able, and include: a bisphosphine (L.1); monophosphines based on a heterocyclic
ligand backbone (L2, L8, and L.14); phenylene P,N ligands (L9 and L10); and biaryl
monophosphines (L3-L7, L11-L13, L15, and the arylated variants L13* and L15%).
From a practical perspective, all of the ancillary ligands presented in this chapter are
air-stable, and in many cases are commercially available, thereby facilitating uptake by
end-users in both industrial and academic settings. While these various high-performing
ancillary ligands differ in structure, the most successful variants feature sterically
demanding, electron-rich phosphorus donor fragments, and exhibit the capacity for
bidentate connectivity with Pd(II); the latter may serve to enhance catalyst selectivity
and lifetime. The utility of employing a modular ligand design as a means of addressing
task-specific reactivity challenges through tailoring of the ligand architecture has been
demonstrated in the examples provided, as have the benefits of employing pre-catalysts
in which palladium is coordinated to the ancillary ligand of choice. While no single
ancillary ligand or class of ancillary ligands has demonstrated superiority across all of
the cross-coupling applications discussed herein, the biaryl monophosphine motif
appears to be privileged. Nonetheless, careful scrutiny of the behavior of this dominant
ancillary ligand class has revealed unexpected in situ modification of the ancillary
ligand structure under catalytic conditions. These observations serve to highlight the
ease with which unexpected ancillary ligand transmutation can occur under catalytic
conditions, as well as the need for new and robust ancillary ligand frameworks that
circumvent such processes. Such reports also underscore the importance of obtaining
comprehensive supporting experimental data when making definitive mechanistic
claims regarding ancillary ligand involvement throughout the course of a particular
palladium-catalyzed process. Indeed, “rational” ancillary ligand design remains a
complex and inexact science; a more profound understanding of the specific design
criteria that enable ligands to confer desirable reactivity properties to the metal center
is needed. Such insights will play a central role in the quest to address outstanding
reactivity goals in palladium-catalyzed cross-coupling chemistry.
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Figure 5 The ancillary ligands discussed in this chapter
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6.1 Introduction

The recognition by Kharasch and Fields! in 1941 that small quantities of transition
metal salts could catalyze carbon—carbon bond formation between Grignard reagents
and organic halides in high yields laid the groundwork for the explosion of cross-
coupling methodology that has persisted to the present day. The ability to make bonds
between sp?-hybridized carbon centers represented a monumental advance in the
preparation of substituted aromatic compounds and culminated in the 2010 Nobel
Prize in Chemistry, awarded to Ei-ichi Negishi, Richard Heck, and Akira Suzuki for
‘Palladium-catalyzed cross-couplings in organic synthesis’.””! The widespread use of
cross-coupling reactions, which has grown far beyond its origins using Grignard nucle-
ophiles, has driven the widespread investigation of multiple aspects of the general
cross-coupling mechanism in order to improve the ease and generality of this highly
useful area of catalysis. Reaction parameters that have been systematically probed
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include the structure and suitability of various nucleophiles and electrophiles as
substrates, solvents, additives (e.g., bases), reaction conditions (e.g., reaction time and
temperature), suitable transition metals, and the area that has seen the most rapid
development over the last decade: ancillary ligands.

Ligands have evolved considerably from simple amine and phosphane derivatives
used primarily to maintain the metal as a homogeneous complex. Indeed, with a
deeper mechanistic insight into the catalytic cycle, advances in ligand design have
produced, in some cases, intricate, highly tailored ligands that greatly enhance
catalytic performance. In the case of cross-coupling chemistry, phosphanes have been
the primary workhorse and ligand modifications have historically focused on optimizing
the three identical substituents that adorn the phosphorus atom (e.g., triphenylphos-
phine or tricyclohexylphosphine). More recently however, considerable effort has
been spent in the preparation of more architecturally complex phosphane ligands,
including mixed alkyl/aryl phosphanes such as Buchwald’s dialkyl biaryl phos-
phines® and Stradiotto’s P,N ligands.™

N-heterocyclic carbenes (NHCs) have also been shown to possess a number of
important characteristics that make them attractive as ligands, not only for cross-
coupling, but also catalysis in general. These desirable attributes have led to high
interest in the field that has dramatically accelerated the development of a plethora
of new NHC ligands whose Pd complexes are at least equal to, or surpass the reac-
tivity of the most reactive Pd-phosphine complexes. This chapter focuses on the use
of NHC-Pd complexes in Kumada—-Tamao—Corriu (KTC), Suzuki-Miyaura, and
Negishi cross-coupling and rather than being exhaustively comprehensive, will focus
primarily on contributions that have most significantly advanced the mechanistic
understanding of C—C bond formation leading to breakthroughs in reactivity and
thus application of this methodology.

6.2 N-heterocyclic carbenes as ligands for catalysis

N-heterocyclic carbenes were initially reported independently by Wanzlick®,
Wanzlick and Schonherr®™', and Ofele® as free salts and as mercury and chromium
complexes. Over two decades later, Arduengo et al.! reported the isolation of the
first stable free carbene after which Herrmann and co-workers demonstrated that
Pd-NHC complexes were suitable for use in catalysis.®! Arduengo et al.”) subse-
quently reported the isolation of a number of free carbenes, and with an increasing
number of available NHCs, wider interest for their use in catalysis began to develop.
Some Pd-NHC complexes were demonstrated to possess excellent thermal stability
and it was recognized that their reactivity could rival that of phosphines for some
Pd-catalyzed cross-coupling applications."” As with any ligand system, considerable
effort has been extended to understand the key structural features of the NHC core
that leads to improved catalytic performance and broader usage. A selection of com-
monly used NHC ligands and Pd-NHC complexes mentioned throughout this chapter
is shown in Figure 1.



136  Ligand Design in Metal Chemistry

(a)
&P &0 0 YO
1. 1Ad 2.ICy 3.1'Bu 4.pr
_ _ N _ N
oS S Vs W a Vs e
5. SIMes 6. IMes 7. Mes 8. IEt
\/ \/
9. SIPr 10. IPr (R = H) 12. IPent (R = H) 14. IPr*(R = Me)
1. IPrC' (R=Cl) 13. IPent® (R = Cl) 15. IPr*OMe (R = OMe)
b nPr nPr Ov_(
n — nPr \
. RZ
nPr nPr
16. IHept (R = H) 18. IBox6 (n = 1) 20. NapiPr (R‘ RZ—:PQ
17. IHept® (R = Cl) 19. IBox12 (n = 6) 21. NapCyoct (R’ —H R = cyclooctyl)
22. NapCyoct, (R R? = cyclooctyl)
(b) IRT.
— R'" [\ R R" [\ R!
R? RZ Ny_—N Ny N
2 2 1
(el Cl—Pd—Cl
—Pa— ] \
cl I‘;‘{‘d cl Ra Cl—Pd—Cl
Z R R2 R! * Rl R2
] 3 . A
cl R®=H R%=Ph \.--/ R

23. Pd-PEPPSI-SIMes 29. Pd-PEPPSI-IPent

33. [Pd(IMes)(allyl)CI]

39, [Pd(SIPY)(cin)CI]

24. Pd-PEPPSI-IMes  30. Pd-PEPPSI-IPentC!  34. [Pd(SIMes)(allyl)CI]  40. [Pd(IPr)(cin)CI] 44. [Pd(u-Cl)(IMes)Cl],
25. Pd-PEPPSI-IEt 31. Pd-PEPPSI-IHept  35. [Pd(SIPr)(allyl)Cl] 41. [Pd(IPr*)(cin)Cl] 45. [Pd(u-CI)(SIMes)Cl],
26. Pd-PEPPSI-SIPr 32, pg.PEPPSI-IHeptC! 36 [Pd(IPr)(ally)Cl] 42. [Pd(IPrOMe)(cin)Cl] 46, [Pd(u-CI)(IPRCI],
27. Pd-PEPPSI-IPr 37. [Pd(IPr)(allyl)Cl] 43. [Pd(NapCyocty)(cin)Cll - 47. [Pd(u-CI)(SIPHCI],

38. [Pd(IPr*OMe)(allyl)CI]

Pd-PEPPSI-IPrC!

Figure 1 Selected examples of (a) five-membered imidazole and imidazoline-based
NHC ligands and (b) Pd-NHC pre-catalysts used in cross-coupling

6.3 The relationship between N-heterocyclic carbene structure
and reactivity

6.3.1 Steric parameters of NHC ligands

Unlike phosphines, the steric bulk of NHC ligands is projected downward towards the
metal center, thus measurement of NHC steric bulk using Tolman’s cone angle!'!! was
deemed insufficient (Figure 2). The Tolman cone angle is a method used to quantify
the steric properties of phosphine ligands and is obtained by measuring the angle of the
cone that contains all of the ligand atoms, when the apex of the cone is at a metal—
phosphorus distance of 2.28 A.
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Figure 2 Ceneral steric topology of phosphine ligands and NHC ligands
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Figure 3 Percent buried volume (%V, ), steric parameter of some common NHC
ligands computed from the DFT-optimized geometries of [([NHC)Ir(CO) ,Cll complexes in
which d=2.10 A and R=3.5 A"’ For comparison purposes, the %V, values of two
popular phosphines are also listed

To address this difficulty, Nolan, Cavallo, and co-workers introduced the percent
buried volume (%V, ), a steric parameter specifically tailored to the steric topology of
NHCs. The %V, is defined as the fraction of the volume of the first coordination
sphere around a metal occupied by a given ligand (Figure 3).['? The value of the param-
eter can be computed from density functional theory (DFT)-optimized structures or
from X-ray crystal structures of the desired NHC-metal complex. The standard NHC-
metal complex from which the parameter could be computed was initially the same
[(L)Ni(CO),]-type complexes from which the Tolman cone angle of phosphines was
calculated, however difficulties were encountered in the preparation of some bulkier
NHC-ligated congeners.!*! As a result, it was determined that [(NHC)Ir(CO),Cl]
complexes were optimal for the determination of NHC %V since they are readily
accessible square planar complexes that simulate a reasonably bulky environment that
might be encountered during a cross-coupling catalytic cycle, for example. The %V,
parameter was found to be sufficiently generic that the steric properties of phosphines
could also be quantified using this technique."* The %V of some common NHCs is
show in Figure 3.
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6.3.2 Electronic parameters of NHC ligands

Since Tolman’s seminal 1977 review, the use of IR spectroscopy in concert with a
coordinated trans-ligated carbonyl (CO) as a “reporting group” has become a stan-
dard approach for probing the electronic properties of transition metals in complexes
of widely varying structure.!'™ It is not surprising then that a number of workers
have sought to extend Tolman’s phosphine methodology to NHC ligands. In 2003,
Chianese et al.' reported on the use of [(L)Ir(CO),Cl] complexes in order to
compare a series of phosphine and NHC ligands in terms of their electron donating
ability. It was noted that by correlating the average IR stretching frequency of the
Ir system and the A stretching frequency from Tolman’s [(L)Ni(CO,)] complexes,
a linear relationship was obtained for a series of ligands where data were available
for both systems. Using this correlation, it was then possible to evaluate the Tolman
electronic parameter (TEP) for these new NHC ligands by simple extrapolation.
The discovery by Chianese et al.!'¥ was instrumental in that it allowed evaluation of
the TEP without the need for the corresponding [(NHC)Ni(CO),] complexes whose
synthesis requires the extremely toxic [Ni(CO),] precursor. Chianese et al.,”
Altenhoff et al.,"® and Frey et al." expanded on this work and used the same
Ir system to explore the donating properties of other NHC ligands including the
bisoxazoline-derived NHCs (18 and 19) found to be highly active in challenging
Suzuki—Miyaura couplings. The most significant contribution to date in this area
was made by Kelly et al.?, who in 2008 published a detailed account of the corre-
lation between the TEP and mean CO stretching frequencies of [(NHC)Ir(CO),Cl]
complexes bearing a variety of structurally diverse NHC ligands. The larger sample
size enabled the calculation of a more precise linear regression equation between
the two parameters (Figure 4).

From these studies, Crabtree and Nolan confirmed that typical imidazole-2-ylidine
NHC:s are significantly more donating than even the most electron-rich phosphines,
such as PCy,, thus rendering the metal to which they are coordinated much more
electron rich relative to their phosphine counterparts. In addition, it became evident
that the nature of the ortho-alkyl substituents on the aryl ring did not significantly
affect the donating ability of the carbene, demonstrating independent tunability of
NHC steric and electronic properties. For example, a difference of only 0.8 cm™! was
observed between the TEP of IMes (6) and the profoundly bulkier IPr (10). This
electronic invariability of NHC ligands starkly contrasts with trialkylphosphines,
whose donor abilities vary greatly as the substituent on the P atom is varied.
For example, comparing PEt, (48) and P(Pr), (49), a simple change from ethyl to
isopropyl substituents results in a much larger change in the TEP of 2.8 cm™'. This
can be rationalized by considering that the substituents that confer steric bulk to an
NHC are far removed from the carbene carbon, whereas in phosphines, they are
bonded directly to the phosphorus atom. In this way, the steric and electronic
parameters of this class of phosphine are intimately linked in a way that limits the
tunability of the ligand class.
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Figure 4 Nolan and co-workers’ correlation of average v, values for [(L)Ir(CO),Cl]
complexes with the Tolman electronic parameter (TEP).?% (m) Experimental values for
phosphines; (s) experimental values for NHCs; and () values obtained by linear regression.
(See insert for color/color representation of this figure)

6.3.3 Tuning the electronic properties of NHC ligands

Unlike steric tuning of NHCs, which has largely been focused on increasing the size of the
N-substituents (compare NHCs 6, 10, and 12), electronic modification has been relatively
less explored.”!) The critical structural parameters that can be modified to tune the donating
ability of NHCs are: (a) the NHC skeleton; (b) the nature of the substituents on the ligand
backbone; and (c) the N-substituents. From the TEP studies by Nolan’s group, it is evident
that alterations to the ligand backbone result in the most significant changes to ligand
donicity. For example, the IPr“' ligand 11 with electron-withdrawing Cl atoms on the
ligand backbone and the triazole-based NHC 50 were found to be significantly less
donating than their unmodified counterparts (Figure 5). Khramov et al.?? also observed a
similar trend when systematically varying the backbone substituent of related NHC
ligands. Interestingly, Leuthdufer et al.” discovered that the donating ability of these
ligands could be similarly modulated by varying the para-substituents on the aryl ring of
the N-substituents, a somewhat unexpected finding considering that the imidazole ring of
the NHC is not in conjugation with the N-aryl substituent. It is important to note that in all
cases, the electronic effects observed during these modifications are significant and result
in changes in the TEP of up to 9 cm™ in the case of backbone modification.
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Figure 5 Electronic modification of NHC ligands

6.4 Cross-coupling reactions leading to C—C bonds that proceed
through transmetalation

Cross-coupling reactions are formally double displacement reactions. In the presence
of Pd catalysts, a nucleophilic organometallic reagent reacts with an electrophilic
organohalide (i.e., Cl, Br, I) or pseudohalide (i.e., OTf and OTs) reagent to form a new
carbon—carbon bond and an inorganic salt by-product.? The general mechanism of a
cross-coupling reaction typically features at least three elementary steps: oxidative
addition; transmetalation; and reductive elimination (Scheme 1). When Pd(IT) complexes
are used, the first step in the catalytic cycle is catalyst activation. Here the Pd(II) pre-
catalyst is reduced to the active Pd(0) species presumably by a double transmetalation
step of the organometallic reagent followed by reductive elimination. The next step is
oxidative addition of Pd(0) to the organohalide or pseudohalide. The mechanism of
oxidative addition has been well studied and is proposed to proceed through c-bond
coordination, followed by nucleophilic insertion into the carbon-halide bond. This
process transfers the first organic fragment onto the Pd center and by doing so oxidizes
the Pd(0) catalyst to Pd(II). The order of reactivity of the halide leaving group decreases
in the following order I>OTf>Br>Cl and can be correlated with R—X bond dissoci-
ation enthalpies.! Although organochlorides are much less reactive than their bromide
or iodide analogs, their low cost, stability, and ready accessibility make them more
attractive reagents to work with and thus, much research has gone into improving their
reactivity.”” The next step in the catalytic cycle is transmetalation. It is here that the
second organic fragment is transferred to the metal. Since the Pd(0)/(I) catalyzed
cross-coupling reaction shares the common reaction steps of oxidative addition and
reductive elimination, the transmetalation step offers the most opportunity for reaction
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Scheme 1 Ceneral mechanism for Pd-catalyzed cross-coupling reaction forming
C—C bonds involving organometallic transmetalators

diversity. Depending on the nature of the transmetalating agent used, several cross-
coupling protocols have developed and the names of these reactions are directly linked
to the chemists that either discovered them or developed their use: the Kumada—
Tamao—Corriu reaction (organomagnesium), the Negishi reaction (organozinc), the
Suzuki-Miyaura reaction (organoboron), the Hiyama reaction (organosilicon), and
the Stille-Migita reaction (organostannanes).”” The mechanism of transmetalation
can be composed of a single elementary step, as is the case when pre-formed organo-
metallic reagents are used (e.g., organozincs) or may be composed of two or more
elementary reactions and require the presence of a base additive, as is the case when
organoboron reagents are used in Suzuki—-Miyaura cross-coupling.”? The last step in
the catalytic cycle is reductive elimination, where the desired cross-coupled product is
released from the cycle and the active Pd(0) catalyst is regenerated.

6.5 Kumada-Tamao-Corriu
The cross-coupling of an organomagnesium reagent (Grignard reagent) with an

organohalide or pseudohalide serves as a direct method for assembling C—C bonds.
The first transition metal catalyzed cross-coupling of Grignard reagents was reported
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Scheme 2 Reactivity of in situ-generated catalyst system in KTC coupling

in 1972 independently by the groups of Kumada and Tamao™?® and Corriu.”?” In these
seminal reports, the authors successfully employed Ni-based catalyst systems to couple
a variety of aryl and vinyl halides with alkyl and aryl Grignard reagents. A few years
later, Yamamura et al.®” reported the first KTC reaction catalyzed by Pd in 1975.
Despite the potential for straightforward C—C bond construction using readily avail-
able Grignard reagents, the KTC reaction is much less common relative to those
employing other organometallic reagents (e.g., boron, zinc, tin). This is largely due to
the enhanced functional group tolerance observed with other organometallics, such
as organoboron (Suzuki—Miyaura reaction), organozinc (Negishi reaction), and orga-
nostannane (Stille-Migita reaction) reagents, relative to Grignard reagents, which are
both strongly basic and nucleophilic.?!! As a result, only modest development of this
reaction has taken place in recent years, with very few reports involving the use of
Pd-NHC systems.

In 1999, Huang and Nolan"" were the first to investigate NHCs in the KTC reac-
tion. Using Pd,(dba), (1 mol%) and IPr*HCI (4 mol%) (10) as the catalyst system,
unactivated aryl iodides, bromides and chlorides were coupled with a variety of aryl
Grignard reagents. Compared with the less bulky IMes ligand (6), IPr (10) was found
to dramatically enhance catalyst performance. These results are consistent with earlier
studies by Arduengo et al.?? and Huang et al.¥ in which bulky ortho-substituents on
the imidazole N-aryl moieties helps facilitate fast reductive elimination. Under the
optimized conditions, sterically hindered biaryls were generated in excellent yield,
however tetra-ortho-substituted biaryls could not be obtained (Scheme 2).

In 2003, Beller and co-workers investigated different NHC-Pd naphthoquinone
complexes in the KTC coupling between aryl Grignard reagents and alkyl chlorides.?*
In particular, in situ generated NHC-Pd species were compared against well-defined
catalyst systems, with the latter exhibiting higher catalytic activity in this reaction.
IMes (6) was found to be the optimal ligand for this reaction, outperforming the bulkier
IPr (10) ligand. Furthermore, when higher concentrations of the NHC ligand was used
for the in situ generated systems, catalyst deactivation was observed, thus demon-
strating the importance of a free and accessible coordination site on Pd in these
reactions. Well-defined mono-carbene Pd(0) naphthoquinone complex (61) proved to
be the optimal catalyst, coupling primary alkyl chlorides and aryl magnesium bromides
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Scheme 3 Kumada-Tamao—Corriu coupling using well-defined Pd-NHC complex 61
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Scheme 4 Reactivity of Pd-PEPPSI-SIPr (26) and Pd-PEPPSI-IPr (27) in KTC coupling

possessing various functional groups under mild reaction conditions. Unfortunately,
this reaction could not be extended to include secondary alkyl chlorides (Scheme 3).
In 2007, Organ and co-workers evaluated Pd-PEPPSI complexes 24-27 in the KTC
reaction between (hetero)aryl halides and aryl Grignard reagents.’> Both Pd-PEPPSI
pre-catalysts SIPr (26) and IPr (27) were equally highly effective, producing a range of
hindered biaryls and drug-like heterocycles in high yields under mild conditions
(temperature ranging from room temperature to 50 °C) (Scheme 4). In particular, tetra-
ortho-substituted biaryls could, for the first time, be synthesized at room temperature
using catalyst 27. Further, PEPPSI pre-catalysts 26 and 27 also tolerated amine
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Scheme 5 Synthesis of tri- and tetra-ortho-substituted biaryl products in KTC coupling
catalyzed by Pd-NHC dimer 45

protecting groups, such as Boc and sulfones as well as unprotected phenols using
modified conditions. Organ and co-workers also demonstrated that catalyst 27 could
be used in a multi-component reaction, allowing for the generation of polyaryl and
polyheteroaryl architectures in a single operation (Scheme 4).

Later in 2009, Nolan and co-workers demonstrated that tri- and tetra-ortho biaryl
products could also be generated using well-defined dimer complexes of the formula
[Pd(u—CI)(NHC)CI], (Figure 1, 44-47).5° Four NHC ligands were screened (IPr,
SIPr, IMes, SIMes) and the SIPr ligand was found to give optimal results. Under the
optimized conditions, [Pd(u—CI)(SIPr)Cl], (45) proved to be highly efficient, cou-
pling Grignard reagents with a variety of functionalized aryl, heteroaryl and sterically
hindered aryl chlorides using low catalyst loadings (between 0.2 mol% and 0.45
mol%). In particular, a number of heterobiaryl products were produced in moderate to
excellent yields (Scheme 5).

In 2010, Organ and co-workers further investigated the KTC reaction using a series
of Pd-PEPPSI complexes. In this structure—activity relationship study, the NHC,
halide, and pyridine (also known as “throw-away”) ligands were varied to study their
effect on catalyst activation and overall catalyst performance.’” Consistent with
previous findings,?® the IPr ligand was found to give optimal results, as complexes
containing less bulky ligands, such as IMes (e.g., 24, Figure 1), failed to give the cross-
coupled product. However, there appears to be a limit to the amount of bulk that can
surround the Pd center as the bulkier adamantyl ligand (65 and 66, Figure 6) also failed
to give the cross-coupled product. Introducing ortho-substituents on the pyridine
ligand was also found to negatively impact the activity of the catalyst. Kinetic experi-
ments showed that pre-catalyst 64 is activated more slowly than 63 and 27, leading to
lower conversion to product 67 (Figure 6). The anionic ligands (Br, Cl) on the Pd were
found to have no significant impact on catalyst activity.

Later in 2010, Wu and co-workers developed a series of carbene adducts of cyclo-
palladated ferrocenylimine (Figure 7) and evaluated their activity in the KTC reaction
between aryl halides and aryl Grignard reagents."*®! Palladacycle 68 was identified as
the most active catalyst, generating a number of di- and tri-ortho-substituted biaryls in
good to excellent yield using 0.5 mol% catalyst loading and 2 equiv. of LiCl (Scheme 6).
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Figure 7 Structures of well-defined Pd-NHC complexes used in KTC coupling

Complexes containing the less bulky IMes ligand or bulky phosphine ligands (PPh,,
PCy,) were found to be less active, especially at lower catalyst loadings.

Then in 2011, Jin et al.® reported the use of well-defined NHC-Pd complexes with
the formula [PA(NHC)(Cp)CI] (Figure 7) in the KTC coupling of aryl and heteroaryl
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Scheme 6 Reactivity of palladacycle 68 in KTC coupling generating di- and tri-ortho-
substituted biaryls
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Scheme 7 Reactivity of [Pd(SIMes)(Cp)Cl] 72 in KTC coupling

chlorides with aryl Grignard reagents at room temperature. In this study, Jin and co-
workers found that NHC ligands with less steric bulk (71 and 72) showed higher
catalytic activity than NHC ligands with increased steric bulk (73 and 74). This is in
stark contrast to previous reports by Nolan’s group,®¥ Organ’s group, and Cazin’s
group,®! where catalyst systems containing the more sterically bulky IPr and SIPr
ligands were shown to increase catalyst efficiency. The authors attribute the difference
in trend to the presence of the cyclopentadienyl (Cp) ligand, stating that the less bulky
ligand helps facilitate the formation of Pd(0) faster. Complex 72 was identified as the
most active catalyst, coupling a variety of sterically encumbered aryl and heteroaryl
chlorides using 1 mol% catalyst loading (Scheme 7).

Later that same year, Lui and co-workers introduced a dinuclear Pd complex (75),
which contains a 2,7-bis(mesitylimidazolylidenyl)naphthyridine (IMes-NP) ligand and
evaluated its activity in the coupling of aryl halides with alkyl Grignard reagents.®"
Complex 75 was found to couple cyclohexylmagnesium bromide with a variety of aryl
bromides in good to moderate yields; however, only trace amounts of product were
obtained with aryl chlorides (Scheme 8). Nevertheless, this was the first example of an
alkyl Grignard reagent being coupled with aryl bromides using NHC-Pd complexes.
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Scheme 8 Kumada-Tamao—Corriu coupling of cyclohexylmagnesium bromide with aryl halides using 75
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Scheme 10 Kumada—Tamao—Corriu coupling of isopropenylmagnesium bromide with
aryl bromides catalyzed by [Pd(IPr*°™¢)(cin)Cl] (42)

Then in 2013, Tiirkmen and Kani developed mixed Pd(II) complexes containing
NHC ligand piperidoimidazolin-2-ylidene and “throw away ligands” pyrazine and
pyridine.*Y) Complex 76 was tested in the KTC reaction and was found to couple aryl
chlorides with phenylmagnesium bromide in good to excellent yield in THF at 50 °C
using 1 mol% catalyst loading (Scheme 9).

More recently, Nolan and co-workers developed [Pd(IPr*°M¢)(cin)Cl] (42) and
evaluated its activity in KTC coupling.*?! Complex 42 was found to be highly active,
requiring only 0.5 mol% catalyst loading to couple aryl bromides with isopropenyl-
magnesium bromide in high yield at room temperature. Unfortunately, when substi-
tuted vinylmagnesium bromides (e.g., substituted in the  and/or B’ positions) were
employed, no cross-coupling was observed (Scheme 10).

6.6 Suzuki-Miyaura

The Suzuki—Miyaura reaction is perhaps one of the most well studied and commonly
employed cross-coupling protocols for the construction of C—C bonds. First reported
in 1979 by Miyaura et al.,'*¥! this reaction involves the coupling of an organoboron
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reagent (e.g., boronic acid) with an organo halide or pseudohalide in the presence of a
base. Organoboron reagents offer many advantages over other organometallic reagents,
including high reactivity as transmetallating agents, air and moisture stability,
commercial availability, thermal stability, and the low toxicity of the reagents them-
selves and their by-products.* Furthermore, both excess organoboron reagent and
the inorganic by-products formed can be easily separated from the desired product at
the end of the reaction, making purification techniques easy and straightforward.
The Suzuki—Miyaura reaction can also tolerate a number of reaction conditions (i.e.,
solvents, bases, temperatures, etc.) and functional groups, thus enhancing the scope
and utility of this transformation. Throughout its development over the past 40 years,
many excellent reports and reviews highlighting the major advances in NHC-Pd-
catalyzed Suzuki-Miyaura coupling have been published.*” Therefore, this section
will primarily focus on recent developments in Suzuki-Miyaura coupling involving
the use of new Pd-NHC complexes in the formation of challenging C—C bonds under
mild reaction conditions.

6.6.1 The formation of tetra-ortho-substituted (hetero)biaryl compounds

While the synthesis of biaryls under mild reaction conditions has been widely explored
and seen much progress over the years, the formation of multi-ortho-substituted
biaryls, in particular tetra-ortho-substituted biaryls, via Suzuki—Miyaura coupling still
remains a challenge, especially under mild reaction conditions.?® This is unfortunate
since tetra-ortho-substituted biaryls are common motifs found in the structure of many
important biologically active compounds and organic materials.*®! Therefore, the
development of catalyst systems capable of facilitating the coupling of sterically
hindered di-ortho-substituted coupling partners is highly desirable and has been the
subject of intense study.

In 1997, Johnson and Foglesong™”! reported the synthesis of an unsymmetrical
biaryl with tetra-ortho-substitution in 12% overall yield using Pd(PPh,), and Na,CO,
as the base. In 2002, Buchwald and co-workers reported the first catalyst system
capable of preparing a library of tetra-ortho-substituted biaryls."**! Using Pd (dba), in
combination with a tertiary phosphine ligand, a variety of aryl bromides were coupled
with aryl boronic acids in high yield in refluxing toluene. A couple of years later,
Altenhoff er al."® reported the first example of a NHC ligand used to prepare steri-
cally congested biaryls. Using a sterically bulky, yet flexible derivative of their bioxa-
zoline-derived NHC ligand (IBox12¢HOTT) (19) with Pd(OAc),, sterically hindered
aryl chlorides and boronic acids were coupled to give a variety of tetra-ortho-substi-
tuted biaryls in high yield. Although this catalyst system was capable of coupling aryl
chlorides, which are less expensive and more readily available than their bromide and
iodide analogs, strictly anhydrous conditions were required to avoid proto-deborona-
tion of the boronic acid, a common side reaction observed in Suzuki-Miyaura coupling.
Nevertheless, the report highlighted for the first time the importance of “flexible steric
bulk” around the metal center necessary to promote this challenging reaction.
Unfortunately, the need for high reaction temperatures (>100 °C), the use of excess
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Figure 8 Structures of NHC ligand 77 and Pd-NHC pre-catalyst 78 used in preparation
of tetra-ortho-substituted biaryls

ligand, and high catalyst loadings with the early protocols was a major drawback and
placed significant limitations on this useful methodology.

More recently, the use of well-defined Pd-NHC pre-catalysts has been demon-
strated to be extremely effective in the construction of sterically encumbered and
functionalized biaryls. In 2009, Organ and co-workers were able to improve on the
reaction temperature, coupling a variety of sterically hindered aryl halides with
boronic acids at 65 °C using their sterically bulky Pd-PEPPSI-IPent pre-catalyst (29)
(Scheme 11).1% The Organ group also noted the importance of “flexible steric bulk”
since when the cyclopentyl analog of 12 was employed, only traces of product were
observed compared with 91% conversion when using the IPent ligand. Further, the
mild reaction conditions were tolerant of sensitive functional groups, such as alcohols
and ketones, thus significantly widening the substrate scope of the reaction compared
with previous reports.

A year later, Schmidt and Rahimi®” reported ligand 77 (Figure 8) to be highly effi-
cient in Suzuki-Miyaura coupling. Combining 77 with Pd(OAc),, this in situ generated
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Scheme 12 Reactivity of 43 in the Suzuki-Miyaura coupling of tetra-ortho-substituted
biaryls

system was able to generate various hindered biaryls at room temperature and tetra-
ortho-substituted biaryls at elevated temperatures (60—110 °C).

A significant advancement in the construction of sterically encumbered tetra-ortho-
substituted biaryls came a year later in 2011, when Wu et al.’! reported the first
example of an NHC ligand capable of promoting this challenging reaction at room
temperature via Suzuki-Miyaura coupling. Employing 2 mol% of complex 43
(Figure 1) along with KOfBu as the base, a variety of bulky tetra-ortho-substituted
biaryls were formed in high yield (Scheme 12). When directly compared against other
Pd-NHC-based pre-catalysts reported to be highly efficient in this transformation,
complex 43 was found to significantly out-perform all other complexes. The authors
attribute the enhanced catalytic activity of this catalyst system to the unique steric
properties of the bulky NHC ligand. Advanced DFT calculations showed that the
naphthyl side chains on the NHC are twisted with respect to the metal center, leaving
two out of the four faces of the ligand open. The less hindered quadrants of the metal—
ligand coordination sphere would promote the oxidative addition and transmetalation
steps, whereas the bulkier quadrants would facilitate fast reductive elimination.

Shortly thereafter, in 2012, Chartoire et al.5? reported improvements in catalyst
efficiency using [Pd(IPr*)(cin)Cl] (41). With only 1 mol% of pre-catalyst 41 and KOH
as the base, a variety of tetra-ortho-substituted biaryls were produced either at room
temperature or at 65 °C (Scheme 13). The % V, was calculated for the IPr* ligand and
was found to be higher than all other reported [Pd(NHC)(cin)Cl] complexes (Table 1).

Alsoin 2012, Tu and co-workers investigated the use of acenaphthoimidazolylidene-
based PEPPSI pre-catalysts in Suzuki—-Miyaura couplings with sterically encumbered
substrates.”*® Complex 78 (Figure 8) was found to be the most efficient, generating
tetra-ortho-substituted biaryls in excellent yield with low catalyst loadings (0.05 mol%);
however, elevated temperatures (80 °C) and a harsh base (KOzBu) were still required
to achieve full conversation. Interestingly, the protocol could also be extended to
polychloro aromatics to generate a variety of polyarylbenzenes in good to excellent
yields (Scheme 14).

More recently, Bastug and Nolan™*? reported the synthesis of tetra-ortho-substituted
biaryls using [Pd(IPr*°M¢)(cin)Cl] (42). While the catalytic activity of 42 was found to be
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Scheme 13  Preparation of tetra-ortho-substituted biaryls using 41

Table 1 Comparison of the percent buried volume (%V, ) values in [Pd(NHC)(cin)Cl]
complexes

NHC [Pr (10) SIPr (9) NapCyoct (21) 1Pr* (14)

% V,,° 36.7 37.0 42.0 44.6

r

2% V,,, calculated for Pd—C1=2.00 A. Values taken from ref. [52].

Bui
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Scheme 14  Preparation of (a) tetra-ortho-substituted biaryls and (b) polyarylbenzenes
using 78
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Scheme 15 Reactivity of 42 in the Suzuki-Miyaura coupling of tetra-ortho-substituted
biaryls
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Figure 9 Structures of well-defined Pd-NHC complexes used in asymmetric Suzuki-
Miyaura coupling

good, requiring low catalyst loadings (0.5-1 mol%), elevated reaction temperatures
(110 °C) were still required for the reaction to go to completion. Nevertheless, a variety
of hindered aryl halides and boronic acids were coupled in high yield (Scheme 15).

6.6.2 Enantioselective Suzuki-Miyaura coupling

The development of catalyst systems promoting efficient asymmetric couplings would
be valuable for accessing configurationally stable derivatives in a highly direct manner,
however the development of such protocols has been rare. In 2010, Debono et al.¥
were the first to report the use of a Pd-NHC pre-catalyst in asymmetric Suzuki—
Miyaura coupling. A series of neutral and cationic palladacycles bearing chiral
phosphine-NHC ligands with planar chirality were prepared (Figure 9, 79-81) and
evaluated in the asymmetric coupling of aryl bromides with aryl boronic acids.
Complex 79 was found to be the most active and was used to prepare a variety of
chiral binaphthyl compounds in good yield but with relatively low enantioselectivities
(enantiomeric excess, ee, up to 42%, Table 2).
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Table 2 Preparation of chiral binaphthyls in asymmetric Suzuki-Miyaura coupling
catalyzed by 79

" 79 (0.5 mol%) OO
i R
K>CO3 (2.4 equiv.)
R .
tol ,40-70 °C
Br BOH), U OO

Entry R Temperature (°C) Yield (%) ee (%)°
1 Me 70 89 38
2 OMe 70 86 33
3 OEt 70 89 30
4 Me 40 88 42
5 OMe 40 93 33
6 OEt 40 92 24

?Isolated yield.
bDetermined by HPLC with a Chiracel-OJ column.
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Figure 10 Structures of well-defined chiral Pd-NHC complexes used in asymmetric
Suzuki-Miyaura coupling

In 2014, Zhang and co-workers examined a series of chiral bis-NHC Pd-pre-catalysts
in the enantioselective Suzuki—Miyaura coupling of naphthyl halides with naphthyl
boronic acids.’™ Chiral binaphthyl compounds were produced in good yields (up to
95%) and moderate enantioselectivities (up to 64% ee) using 3 mol% of complex 82
(Figure 10 and Table 3). While changing the halide ligands was found to have no influence
on the reaction outcome, steric effects associated with the coupling partners were
observed to impact the enantioselectivity of the reaction.

Later in 2014, Benhamou et al.5% also reported the synthesis of chiral biaryl prod-
ucts using the new bulky chiral PEPPSI pre-catalyst 83 (Figure 10). The combination
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Table 3 Preparation of chiral binaphthyls in asymmetric Suzuki-Miyaura coupling
catalyzed by 82

+ 82 (3 mol%) OO
i R
R CsF (2.5 equiv.)
—_———
Br BOH), 'HH65°C O‘

Entry X R Yield (%) ee (%)
1 Br OMe 83 45
2 Cl OMe 52 64
3 Br OCH,Ph 45 57

L 83 (5 mol%)
S KOH (3 equiv.)
R1 hNS R2 >
dioxane/H,0 (1:1)
X B(OH), RT—70 °C

X=Br, 85% (90:10 ee) X=Br, 87% X=Br, 90% (81:19 ee) X =Br, 58%
X=Cl, 67% (89:11 ee) (79:21 ee) X=Cl, 47% (82:18 ee) (79:21 ee)

Scheme 16 Reactivity of 83 in asymmetric Suzuki-Miyaura coupling

of KOH and a 1:1 mixture of dioxane:H,O in the presence of 5 mol% of complex 83
was found to be effective, allowing the preparation of a variety of biaryls in good yields
and with moderate to good enantioselectivities (up to 88% ee). Although the results
were highly substrate-dependent, bulkier substituents at the 2-position of the aryl
halide generally led to better selectivities (Scheme 16).

More recently, Takeda er al.®"' reported [Pd(SIPr)(cin)Cl)] (39) to be highly efficient
in the regioselective and stereospecific cross-coupling of enantiopure 2-arylaziridines
with arylboronic acids. Using 4 mol% of the pre-catalyst, a variety of chiral 2-aryl-
phenethylamine derivatives were produced under mild reaction conditions in high yield
and with excellent enantioselectivity (up to 99% ee, Scheme 17). Electron neutral and
electron deficient aziridines and sterically encumbered and/or functionalized aryl boronic
acids were all well tolerated under the developed conditions.
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H o 39 (4 mol%)
- B(OH _
AN ! (©F. NayCOj3 (1.1 equiv.)
R 7 >
| + RZ_ . ,
& \ toluene/H,0 (5:1)  R2——
R (99% ee) RT, (99% ee)
NHTs NHTs
NHTs
NHTs
(R) 98% (R) 82% R) 94% R) 85%°

4Started with 2-arylaziridine (S)

Scheme 17 Asymmetric Suzuki-Miyaura arylation of 2-arylaziridines using 39

6.6.3 Formation of sp*—sp® or sp>—sp* bonds

While the construction of C(sp?)—C(sp?) bonds has been widely explored in Suzuki—
Miyaura coupling, the formation of C(sp*)—C(sp?) or C(sp*)—C(sp?) bonds has attracted
much less attention, with very few examples involving the use of NHC ligands.
The main difficulties with these reactions are slow oxidative addition of alkyl halides,
compared with aryl or vinyl halides, and p-hydride elimination (BHE), which leads to
formation of undesired by-products.’® In a series of publications, Fu and co-workers
demonstrated that these problems can be overcome by employing electron-rich,
sterically bulky phosphine ligands; however, when NHC ligand 6 was employed, no
cross-coupled product was observed.™ The first example of an NHC ligand used in
alkyl-alkyl Suzuki—-Miyaura coupling was reported by Arentsen et al.™¥ in 2004. The
active NHC-based catalyst was generated in situ by combining imidazolium salt
[PreHCI (8 mol%) with Pd,(dba), (4mol%), and was shown to couple various alkyl
bromides with alkyl-9-BBN reagents at 40 °C with modest yields.

In 2008, Valente et al.’®" reported that Pd-PEPPSI-IPr (27) was the first well-defined
pre-catalyst used to efficiently construct both C(sp*)—C(sp?) and C(sp?>)—C(sp?) bonds.
After extensive optimization, the optimal base and catalyst loading were shown to be
K,PO,*H,0 and 4 mol%, respectively, alkylating a variety of alkyl bromides and aryl
bromldes and chlorides at room temperature in high yield. A variety of functional groups,
including phenols, ester, anilines, carbamates, and aldehydes were well tolerated under
the mild conditions. Furthermore, the reaction conditions could also be extended to
include heteroaryl halides, generating interesting drug-like compounds (Scheme 18).

In 2010, Kantchev and co-workers developed a series of palladacycle complexes
of the formula [Pd(NHC)(palladacycle)] and evaluated their activity in Suzuki-
Miyaura coupling.’® Complex 84 was found to be the most active pre-catalyst, effi-
ciently forming a number of C—C bonds, including sp>—sp?, sp>—sp’, sp>—sp?, and
sp*>—sp’, in good-to-excellent yield (Scheme 19). The high reactivity of complex 84 in
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Scheme 18 Reactivity of 27 in alkyl Suzuki-Miyaura coupling
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Conditions: (A) K3PO,4, THF/H,0O, 84 (4 mol%); (B) KOtBu, dioxane/MeOH, 84 (4 mol%); (C) K3PO4-H,0,
dioxane, 84 (4 mol%); (D) K3PO,, dioxane/H,0,100 °C, 84 (5 mol%); (E) NaOH, THF/MeOH,
84 (2 mol%).

Scheme 19 Reactivity of 84 in Suzuki-Miyaura coupling
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J\/\ 29 (2 mol%)
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Scheme 20 Reactivity of 29 in Suzuki-Miyaura coupling of allylboronic acid pinacol
ester derivatives

a variety of Suzuki—-Miyaura couplings was attributed to faster activation of the Pd(II)
pre-catalyst to form the active Pd(0) species.

Another example of a challenging Suzuki—Miyaura reaction is the regioselective
allylation of aryl halides. The difficulty in this transformation lies in controlling the
regiochemical outcome associated with the allylboronate reagent. In 2012, Farmer
et al.' disclosed that Pd-PEPPSI-IPent (29) could effectively catalyze the cross-
coupling of various allylboronate derivatives with a variety of aryl and heteroaryl
halides to generate the desired linear isomer in a highly regioselective manner (i.e.,
>97% o—selectivity) under mild reaction conditions (Scheme 20). Furthermore, in
the case of trisubstituted allylboronates with different substituents on the olefin, only
minor olefin geometry isomerization was observed (E/Z=80/20).

More recently, Lu and co-workers examined the use of [Pd(IPr)(Im)CL] (85) in
aqueous Suzuki—Miyaura coupling of benzyl chlorides with (hetero)arylboronic acids
or potassium trifluroborate salts.”™ Reactions were carried out using 1.5 mol% of com-
plex 85 in neat water at 60 °C. Using this methodology, a variety of diarylmethane
products were generated in high yield. This protocol provided an alternative route for
accessing diarylmethane derivatives, which are important motifs found in many active
pharmaceutical ingredients and supramolecules (Scheme 21).

6.6.4 The formation of (poly)heteroaryl compounds

Heterobiaryls are common motifs found in the structure of many important compounds,
including pharmaceutical agents, ligands in metal catalysis, and functional polymers.
The Suzuki—Miyaura reaction has proven to be one of the most powerful and reliable
techniques for the formation of (poly)heterobiaryls. The major challenge in such
reactions is that heterocyclic motifs often cause catalyst poisoning or deactivation,
which is why high catalyst loadings are often required. While several Pd-phosphine
catalysts have been reported to effectively promote this challenging reaction,’®! the use
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Scheme 21 Reactivity of 85 in the preparation of diarylmethane products using Suzuki—
Miyaura coupling
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Figure 11 Structures of NHC ligands used in the preparation of (poly)heterobiaryls by
Suzuki-Miyaura coupling

of Pd-NHC catalysts for the synthesis of heterobiaryls from heteroaryl halides, in
particular chlorides, and/or heteroaryl boron reagents has been less developed. In 2005,
Andrus and co-workers demonstrated that bis-phenanthryl NHC salt 86 (H,-ICP<HCI,
Figure 11) in combination with Pd(OAc), could effectively couple 2-chloropyridine
with a variety of sterically encumbered arylboronic acids, generating heterobiaryls in
high yield at room temperature.® A year later, Organ and co-workers used the well-
defined Pd-PEPPSI-IPr (27 in Figure 1) to form (poly)heterobiaryls in good-to-excellent
yield under a variety of reaction conditions (Scheme 22).”

Later in 2010, Kantchev and co-workers examined palladacycle 84 in Suzuki—
Miyaura coupling and found it to be a highly active catalyst, forming a variety of C-C
bonds, including the formation of (poly)heteroaromatic compounds at elevated
temperatures (Scheme 19, see above).” Also in 2010, Lee and co-workers developed
amido-N-imidazolium salt 87 and evaluated it in the formation of heteroaromatic
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27 (1-2 mol%)

Condition A-C
HetAr—Br + (Het)Ar—[B] ———> HetAr=—(Het)Ar
RT-60 °C
N MeO
S/ N\ N_N
i N S Meo— N
N N= \ \ —
MeO
X=Cl, 93% X=Br, 98% X=Cl, 92% X=Cl, 98%
[B]=B(OH), [B]=BF3K [B]=BF3K [B]=B(OH),
Condition A Condition B Condition B Condition C

Conditions: (A) KOtBu, iPrOH, 27 (1 mol%), RT; (B) K,CO3, MeOH, 27 (2 mol%,), 60 °C;
(C) dioxane, 27 (2 mol%), 60 °C.

Scheme 22  Preparation of (poly)heterobiaryls using 27

Pd(OAc), (0.001 mol%)
87 (0.001 mol%)
HetAr—Br + (Het)Ar—B(OH), - > HetAr = (Het)Ar
K>CO3(1.5 equiv.)

solvent, 100 °C

(a) solvent: toluene (b) solvent: DMF/H,0
(L, o™ o
N ph OHC
87% 86% 82% 88% 83%
Q N=N
NT Ny NH
N
/ —
” ()
Milrinone Irbesartan

Scheme 23  Preparation of poly(hetero)biaryls and natural products milrinone and irbe-
sartan at low catalyst loadings using 87

compounds via Suzuki-Miyaura coupling.”®! The catalyst system (87/Pd(OAc),) was
found to be extremely active, generating a variety of heterobiaryls using very low
catalyst loadings (as low as 0.0001 mol%). Most notably, pharmaceutical compounds
milrinone and irbesartan were prepared using this methodology (Scheme 23).

In 2012, Tu et al.5¥ demonstrated that robust acenaphthoimidazolydiene PEPPSI-
based Pd-complex 78 (0.5 mol%) could be used to effectively couple (hetero)arylboronic
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78 (0.5 mol%)
base (3 equiv.)

(OH), dioxane or tBUOH, 80 °C

(Het)Ar —Br + (Het)Ar—B (Het)Ar = (Het)Ar

(a) solvent: tBuOH (b) solvent: dioxane

H,N—
OMe ? _< )\
OMe

>99% (Cs,CO3) X=0, 99% (CsF) 68% (CsF) 85% (KOtBu)
X=S, >99% (Cs,CO3)

Scheme 24 Reactivity of 78 in Suzuki-Miyaura coupling

Pd(OAc), (3 mol%)
88 (6 mol%)
Het)Ar— + (Het)Ar— B(OH »  (Het)Ar=(Het)Ar
(HeAr—Cl (Het (OH) K3PO, (3.5 equiv.)
THF/H,0, reflux, 12h

OMe - F =
< 7 O 0 O
\SO S \/ =N S

95% 94% 82% 97% 90%

Scheme 25 Preparation of (poly)heterobiaryls using an in situ generated Pd-NHC
complex Pd(OAc),/88

acids with (hetero)aryl bromides at 80 °C using a various bases and solvents. Furthermore,
this protocol could also be extended to construct other (poly)heterobiaryl compounds
that display important biological activity (Scheme 24).

Also in 2012, Lu and co-workers developed an in situ generated system using
ligand 88 and evaluated it in the formation of sterically hindered biaryls and (poly)
heterobiaryls via Suzuki—-Miyaura coupling.'®! The catalyst system was found to be
highly efficient in coupling (hetero)aryl chlorides with a variety of (hetero)arylbo-
ronic acids generating a variety of (poly)heterobiaryl products in high yield using
K,PO, as the base (Scheme 25).

More recently, Kiiciikbay and co-workers investigated the microwave-assisted
Suzuki-Miyaura coupling of 2- and 3-halopyridines using a Pd(OAc),/benzimidazo-
lium salt catalyst system and K,CO, as the base.” All complexes were reported to
have similar activity with the exceptlon of complex 93, which was found to be the least
active in Suzuki—Miyaura coupling. In general, heteroaryl chlorides were found to be
less reactive than the bromide analogs. In addition, 3-halopyridines were found to
couple more efficiently than 2-halopyridines (Table 4).
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[+ Pr;@

»  HetAr === (Het)Ar Mes
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Scheme 26  Preparation of (poly)heterobiaryls using NHC ligand 94

Also in 2013, Kuriyama and co-workers developed a series of ether-imidazolium
salts 94 for the construction of (poly)heterobiaryls.”"! Pd(OAc),/94 proved to be the
most effective catalyst system, coupling various heteroaryl chlorides and (hetero)aryl-
boronic acids in good yields (Scheme 26).

6.7 Negishi coupling

Since its discovery in 1977, the Negishi reaction has become a highly practical and
reliable method for the construction of C—C bonds.”? The reaction involves the
coupling of an organohalide or pseudohalide with an organozinc compound. Although
organozincs are not as air and moisture stable as their organoboron counterparts, their
high reactivity and excellent functional group compatibility make the Negishi reaction
an attractive alternative to other cross-coupling transformations.!

The first successful NHC-Pd catalyzed Negishi cross-coupling reaction was reported
by Hadei ez al."* in 2005, in which an in situ generated system composed of Pd,(dba),
(2 mol %) and 10 (8 mol%) was used for room temperature alkyl-alkyl cross-coupling.
Pd (dba),/10 proved to be an effective catalyst system, coupling various unactivated
alkyl bromides and alkyl organozinc reagents with a variety of functionality in good to
excellent yields (Scheme 27).

A year later, Organ et al.” reported the synthesis and characterization of well-
defined NHC-Pd pre-catalysts 23, 24, and 27. Pd-PEPPSI-IPr (27) was found to be the
most active, successfully coupling all combinations of alkyl and aryl centers (i.e.,
sp*—sp’, sp>—sp?, sp>—sp?, sp>*—sp?) (Scheme 28). Since the c—donor abilities of
IMes and IPr carbenes are similar, improvements in catalyst performance were attrib-
uted to the increased steric bulk around the metal centre.!® Organohalides (i.e., Cl,
Br, I) and pseudohalides (i.e., triflates, tosylates, mesylates) were used in this study and
proved to be excellent oxidative addition partners, all resulting in high yield of the
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Pd,(dba) (2 mol%)

R'-Br + RZ-ZnBr 10 (8mol%)
THF/NMP (2:1), RT

92% 75%

65% 62%

R == R?

Scheme 27  Reactivity of ligand 10 in Negishi coupling

27 (1 mol%)
THF/NMP or THF/DMI
R'-X + R2-ZnBr/Cl » R'—R?
X =Br, Cl, OTf RT-60°C
w X=Cl, 89%
X=Br, 85%
X=Cl, 96% X=Br, 87%
| 3 OEt
OMe
X=Br, 87% X=Cl, 89% X=0Tf, 98%

Scheme 28 Reactivity of 27 in Negishi coupling

cross-coupled product. Additionally, sterically encumbered biaryls and drug-like
heteroaromatic systems were easily synthesized using this catalyst system. Furthermore,
this well-defined, air stable pre-catalyst (27) was found to significantly increase the
scope, reliability, and ease-of-use of the Negishi reaction relative to in situ generated
systems reported previously.!®®

In 2010, Organ and co-workers investigated the activity of Pd-PEPPSI-IPr (27) and
Pd-PEPPSI-IPent (29) in the synthesis of di-, tri-, and tetra-ortho-substituted biaryl
and heterobiaryl products.’® With a few exceptions, 29 was found to be the optimal
pre-catalyst system, generating various biaryl and heterobiaryl products possessing a
variety of functional groups and/or ortho-substituents (Scheme 29). In particular, a
number of tetra-ortho-substituted biaryl compounds were synthesized in excellent
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27 or 29 (2 mol%)
THF/NMP or THF

Ar'—X + Ar?—ZnBr/Cl Ar m—Ar2
X=Br, Cl RT-70°C
O oTBS X=cl
27.14% 27.3%
OMe  29.97% 29.90%
N.__OMe =
z
\mN/ N\ X
AN N
~  OMe =
27.14% N
29.82% 29. 70% 29.79% 29.98%

Scheme 29 Reactivity comparison of Pd-NHC complexes 27 and 29 in the Negishi
coupling

yield and under very mild reaction conditions. Coinciding with results observed in the
Suzuki—Miyaura cross-coupling, Organ and co-workers concluded that “flexible steric
bulk”!"8! around the Pd center was essential for efficient catalysis in these more chal-
lenging cross-coupling reactions.

During the course of their studies in alkyl-alkyl Negishi coupling with 27, Organ
and co-workers discovered a unique solvent polarity “trigger” that allowed for the
chemoselective coupling of C_,—Br bonds in the presence of C_,—CI bonds. This
encouraged the Organ group to further investigate this unique “trigger” and in 2011
they reported the first the one-pot orthogonal alkyl-alkyl Negishi cross-coupling of
bifunctional and unactivated bromochloroalkanes.”” The selective sequential coupling
was made possible by the leaving group ability of the halide (C—I>C—Br >>C—Cl)
and using the solvent polarity as a “trigger” to permit the chemoselective reaction.
First, the C ,—Br bond was coupled in the presence of the C ,—Cl bond using a 1:2
DMI/THF solvent mixture. Then, by simply increasing the proportlon of DMI in
the reaction medium from 1:2 to 2:1 DMI/THF, the C ,—ClI bond was coupled with
the second alkylzinc halide. Taking advantage of this solvent polarity “trigger” and the
high reactivity of 27 in alkyl-alkyl coupling, a variety of functionalized alkanes were
prepared in moderate to excellent yields at room temperature (Scheme 30).

Later that same year, Larrosa et al.’® published a report highlighting the unusual
reactivity observed with 27 in the Negishi reaction. During their studies towards the
alkylation of 1,4-dibromobenzene with 1 equiv. of n-butylzinc bromide, they noticed
that 27 selectively yielded the double alkylation product (>99.5%) whereas Pd(PPh,),
gave mostly the monoalkylated product (94%) (Scheme 31). Further, the unusual
behavior observed with 27 was not limited to the Negishi reaction. When 1,4-dibromo-
benzene was reacted with 1 equiv. of an organoboron or organomagnesium reagent
under Suzuki-Miyaura or KTC reaction conditions, respectively, difunctionalized
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27 (1 mol%) 27 (4 mol%)
nBuZnBr nBuZnBr
LiBr (3.2 equiv.) LiCl (6.4 equiv.)
B N o) ————— [nBu/\&%/\CI — > YR
DMI/THF (1:2) DMI/THF (2:1)
RT, 24h RT, 24h

49% N

46% o

Scheme 30 One-pot orthogonal alkyl-alkyl Negishi coupling catalyzed by 27
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Scheme 31 Unusual reactivity of 27 in the Negishi coupling of polybromo aromatic
compounds

products were obtained. The authors propose that the selective polyfunctionalization of
polybromo aromatic compounds observed with Pd-PEPPSI-IPr is the result of an ultra-
reactive Pd(0) species, which is generated after the initial reductive elimination step in
the catalytic cycle, being in close proximity to the second oxidative addition site.

6.7.1 Mechanistic studies: investigating the role of additives and the nature
of the active transmetalating species

Until recently, little was known about the mechanism of the Negishi reaction mediated
by NHC-Pd complexes. Over the past decade, the Organ group has studied the Negishi
reaction intensely using its Pd-PEPPSI complexes and many important details about
the mechanism of transmetalation as well as the role of additives and polar co-solvents
have been discovered.
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In 2009, Organ and co-workers studied the mechanism of the alkyl-alkyl Negishi
reaction and, through DFT computations, revealed transmetalation to be the rate-limiting
step and not oxidative addition.”” A key Pd-Zn interaction was also identified in the
mechanism to persist beyond reductive elimination. This interaction, in combination
with the NHC ligand was shown to help facilitate reductive elimination by creating a
highly sterically crowded environment in the Pd coordination sphere.

In 2010, the Organ group studied the role of salt additives in alkyl-alkyl Negishi
cross-coupling.®” From previous work the authors noticed a difference in reaction
outcome when different sources of zinc reagents were used. After conducting a com-
prehensive survey of salt additives, bromide salts were found to be the most effective
promoters while the cation was found to be mechanistically benign. Double titration
studies revealed that until at least 1 equiv. of MX (e.g., M=Li or Mg, X=ClI or Br)
has been added to a salt-free alkylzinc reagent, no coupling is observed and that the
reaction becomes optimal when >1.5 equiv. is employed. The titration study also
revealed that the addition of ZnBr, inhibits formation of the active transmetalator.
These results led the Organ group to propose that the active transmetalating agent is
not the mono-anionic zincate (e.g., RZnX ), as has been suggested for many years,
but actually a higher-order zincate (i.e., RZnX,>) since the reaction appears to become
catalytic in halide ion after 1 equiv. of MX (relative to RZnX) has been added. Mass
spectrometry and NMR spectroscopy provided further evidence consistent with the
existence of higher-order zincates (RZnX,*"). The identity of variously charged zinc-
ates formed on mixing LiBr and n-BuZnBr were analyzed in mixtures of THF, DMI,
and NMP and high dielectric solvents (DMI, NMP) were found to be essential for
stabilizing the higher-order zincate.®!

In 2012, Organ and co-workers were finally able to confirm the presence of high-order
zincates in the alkyl-alkyl Negishi reaction by synthesizing the RZnBr*" zincates and
then subjecting them to Negishi reaction conditions.®?! A variety of cross-coupled
products were obtained in just 2h and in excellent yield (Scheme 32).

Later, in 2014 McCann and Organ investigated the role of halide additives in the
Negishi reaction catalyzed by 29 involving sp*hybridized zinc reagents.! Diarylzinc
compounds were found to couple in low dielectric solvents (i.e., THF) with zero salt
present whereas arylzinc halides failed to couple in THF alone, requiring the addition
of salt. Further, unlike alkyl-alkyl coupling there was no evidence to support the

R'-Br+ R2-ZnBry2 (*NBu,), 22 (4Mol%)  pi_pe
THF, RT, 2h
Ph/\/\/ Ph/\/\/\/ Ph\o/\/\/
% 72% %
92% P N % NCW 99%
94% 98%

Scheme 32 High-order zincates in alkyl-alkyl Negishi coupling catalyzed by 29



168 Ligand Design in Metal Chemistry

involvement of high-order zincates in the coupling of aryl zinc reagents. These results
are in stark contrast with sp*-hybridized zinc reagents, which require salt, a high
dielectric solvent (DMI, NMP), and the formation of high-order zincates for coupling
to occur.

6.7.2 Selective cross-coupling of secondary organozinc reagents

One of the remaining challenges in the Negishi reaction is the reaction between Csp2
and secondary Csp3 centers to yield secondary alkyl aromatic substituents, common
motifs found in the structure of many important active pharmaceutical ingredients.®*
Although a number of groups have developed methods to couple secondary alkyl
halides with sp?—hybridized aryl/alkenyl nucleophiles using Pd catalysis, there have
been few studies published on the cross-coupling of secondary organometallic reagents
with aryl halides, especially those involving secondary organozinc reagents.® One of
the major difficulties in this transformation is controlling the regiochemical outcome
of the reaction. After transmetalation, an undesired BHE/migratory insertion pathway
competes with reductive elimination, leading to isomeric cross-coupled products
(Scheme 33). One way for imparting better regiocontrol has been through ligand
design. Indeed, the use of sterically bulky ligands has been shown to suppress isomer-
ization by increasing the rate of reductive elimination relative to BHE.

In 2011, Calimsiz and Organ were the first to report the use of NHC ligands in this
reaction.® Of the Pd-PEPPSI pre-catalysts screened, Pd-PEPPSI-IPent (29) was
found to be the most active, coupling a wide variety of aryl/heteroaryl halides with
secondary alkylzinc reagents with high selectivity for the non-isomeric, branched
product (Scheme 33). The high regioselectivity imparted by 29 was attributed to
increased ligand bulk in the metal coordination sphere, which reduces the rate of BHE
relative to reductive elimination once transmetalation has occurred. However, oxidative
addition partners possessing ortho-substituents and electron-rich substituents generally
saw a decrease in regioselectivity.

RS
XN R? x
X ZnX 1 1
i 29 (4mol%) R'—— R ——
R1—./X+Rz R3 (4 mol%) A + A
THF/toluene R?
RT R?
n r
R x=cl
X
R
S
NH, T _
N N
R: CN, 80% (n/r: 2.4:1) o
R: OMe, 46% (n/r: 2:1) 92%
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R: OMe, 95% (n/r: 33:1)

Scheme 33 Reactivity of 29 in secondary alkyl Negishi coupling
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Scheme 34 Reactivity of 30 in secondary alkyl Negishi coupling

A year later, a series of new Pd-PEPPSI complexes containing NHCs with backbone
substitution were reported by Pompeo et al.®” and evaluated in the Negishi cross-
coupling of secondary alkylzinc reagents. High regioselectivities were observed when
using NHC ligands substituted with either electron-withdrawing or electron-releasing
groups, leading the authors to conclude that the effect imparted by the backbone substit-
uents is primarily steric in origin. Computational studies were also conducted and were
found to be in accordance with the observed regioselectivities. These studies suggest
that placing substituents on the backbone of the NHC ligand pushes the N-aryl groups
closer to the metal coordination sphere, which in turn increases the rate of reductive
elimination relative to BHE. Pd-PEPPSI-IPent® (30) was identified as the most active
and selective pre-catalyst, leading to virtually one desired isomer (i.e., the branched
product) in the cross-coupling of secondary alkylzincs with a wide variety of electro-
philes containing aldehydes, ketones, esters, amides, and even free amines, alcohols,
and carboxylic acids (Scheme 34). More importantly, sterically hindered and electron-
rich electrophiles could now be coupled with high selectivity for the desired branch
product. However, whereas six-membered heterocyclic halides coupled with high selec-
tivity with a variety of alkylzinc reagents, five-membered ring heterocycles were found
to be stubborn substrates, yielding cross-coupled products with poor regioselectivity.

More recently, Atwater et al.®¥ reported two new increasingly bulky Pd-NHC pre-
catalysts, Pd-PEPPSI-IHept (31) and Pd-PEPPSI-IHept® (32) and evaluated their activity
in the selective cross-coupling of secondary alkylzinc reagents to five-membered ring
heterocycles. Pre-catalyst 32 demonstrated the highest levels of regioselection, coupling
secondary alkylzinc reagents with a wide variety of electrophiles including furans,
thiophenes, benzothiophenes, benzofurans, and indoles substituted at both the 2- and
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Scheme 35 Preparation of alkyl heterocycles using 32

3-position. Moreover, in most instances, non-rearranged cross-coupled products were
obtained almost exclusively demonstrating the high regioselectivity of 32 (Scheme 35).

6.8 Conclusion

The last decade has seen impressive strides being made in the cross-coupling of
organozinc (Negishi), organoboron (Suzuki—Miyaura), and organomagnesium (KTC)
reagents. Especially notable has been the rise of NHC ligands from chemical curiosities
to robust ligands for Pd, where vast improvements in catalytic reactivity have been
observed. It is now routine to be able to couple impressively sterically and/or electron-
ically deactivated oxidative addition and organometallic starting materials. As a
consequence, the number of applications of Pd-NHC catalyzed C—C cross-coupling
reactions has exploded in the areas of medicinal chemistry, materials science, and
natural products synthesis.

Based on results to date, it appears as though the most generally reactive Pd-NHC
ligand complexes for C—C cross-coupling are those adorned with bulky groups at
the 2- and 6-position of the N-aryl substituents off the imidazole-based carbene core.
The notable outliers to this general trend are the spirocyclic pentacycles developed by
Glorius’ group. However, what is common to these quite different looking systems is
that the significant bulk surrounding the Pd center is not rigidly held in place. This
so-called “flexible steric bulk” is key in that it can be moved in toward the metal center
to help promote reductive elimination, yet moved away so as not to negatively impact
on the sterically sensitive steps of oxidative addition and transmetalation.

The relative electron richness of metals bound to NHC ligands when compared with
the corresponding phosphine complexes means that oxidative addition will invariably
be an easy process. Indeed, even aryl chlorides can undergo oxidative addition well
below 0°C. Transmetalation is promoted by an electron-poor metal center, establish-
ing the first major challenge for these electron-rich Pd-NHC catalysts in the catalytic
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cycle. Reductive elimination is also promoted by an electron-poor Pd center, but driven
forward by the pronounced steric bulk of the NHC N-aryl rings and their substituents
that project into the metal’s space. Thus, with bulky NHCs, it can be generally expected
that transmetalation is apt to be the rate-limiting step across all members of the C—C
cross-coupling family of reactions.

As cross-coupling continues its development, one thing that will be necessary is
improved metrics to assess NHC ligand electronic and steric parameters.®” Only
in this way will further, systematic approaches be developed to improve catalyst
performance in these mainstream chemical transformations. For example, the trans-
metalation of organozincs and organomagnesium reagents is facile, and in fact highly
exothermic in some instances concerning the latter reagents. So, attempting to draw
simplified generalizations to apply, for example to organoboron reagents that suffer
from a much more difficult transmetalation, will be very difficult in the absence of
more sophisticated tools to characterize ligand—metal physical parameters. The end-
point of such an exercise will be the development of a systematic, possibly mathematical
approach to match ligand parameters with a particular cross-coupling reaction.
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7.1 Introduction

The properties of a metal complex as a whole are the results of the interaction of the
metal center and its surrounding ligands. To prepare new coordination complexes having
useful applications, the first and most important aspect is to design new multifunctional
ligands. In addition to the ligand functioning as a scaffold to bind a metal ion and to
control the steric and electronic properties at the active metal site, ligands can also be
more actively involved in a catalytic reaction. “Actor ligands™ have one or more additional
functions to control the reactivity of coordination complexes. For example, (i) proton
responsive ligands are capable of undergoing a change of properties on gaining or losing
one or more protons; (ii) ligands having hydrogen bonding donating or accepting
functionalities can imply partial proton transfer to or from a suitable partner; (iii) redox
non-innocent ligands are capable of undergoing a change of properties on gaining or
losing one or more electrons; (iv) photo-responsive ligands are capable of undergoing a
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and Rylan J. Lundgren.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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change of properties on irradiation; and (v) ligands having a molecular recognition
function can recognize certain substrates, metal ions or functional groups selectively.

The main concept is that the metal and the ligand can cooperate in a synergistic
manner, and their interplay modifies the overall properties of the system and improves
its applicability. Hence, from the application point of view (in particular, in the field of
catalysis), development of new cooperative ligands for catalyst development is one of
the most important issues of current catalysis research. Multi-electron reactions tend to
be catalyzed most efficiently by scarce, expensive noble metals as they often tend to
undergo two-electron oxidation state changes. However, with the continuous increase
in price of these metals, cheap and easily accessible base metals are urgently needed as
an alternative. Base metals often tend to undergo one-electron oxidation changes, and
in order to confer nobility to base metal new concepts and approaches need to be devel-
oped. In this respect, ‘“redox non-innocent” ligands are of growing interest. At the same
time, base metals with redox active ligands may enable new reaction pathways, not
available to other metal complexes.

The term “non-innocent” implies an uncertainty and refers to the ambivalence of
oxidation state assignments in complexes bearing both redox active ligands and redox
active metals. Over the past few years, assignment of the correct oxidation state of this
class of ligands when bound to metal ions has been an actively pursued research topic
[1]. More recently, inspired by intriguing radical-type reactions displayed by metallo-
enzymes containing “ligand radicals”, the research focus shifted towards the applica-
tion domain; mainly in bringing about different useful chemical transformations
(catalysis). In conventional approaches, the steric and electronic properties of the
ligands are used to control the performance of the catalyst in which the ligands play a
“spectator” role — the reactivity takes place at the metal center. Recent new approaches
deviate from this concept, and make use of more reactive (“actor”) ligands, that can
play a much more prominent role in the elementary bond activation steps in a catalytic
cycle [2]. This class of ligands has a unique ability to impart novel reactivity to the
adjacent metal complexes by controlling the loss or gain of protons and electrons, thus
permitting the overall framework to adopt a different electronic structure which is key
to achieve new types of reactivity with high selectivity.

Redox transformations of coordination compounds have long drawn considerable
attention in the chemical community, which is to a large extent due to (catalytic)
reduction and oxidation reactions mediated by transition metal complexes. Usually,
when a transition metal complex undergoes electron transfer, the redox event mainly
involves the central metal ion, leaving the coordinated ligand unaffected. In some
cases, the metallo-enzyme active site in particular, the reactivity relies on metal-ligand
synergy wherein the ligands also participate in the redox and/or bond activation
processes. The enzymes galactose oxidase, hydrogenases, and cytochrome P450 are
the best described examples of such systems. In these cases, the ligand is referred to as
being “redox non-innocent” or “redox active” [3]. In synthetic organometallic chem-
istry, the concept of using “reactive redox non-innocent ligands” is still dominated by
stoichiometric examples. However, it is swiftly penetrating into the realm of catalytic
processes to enhance reactivity and steer selectivity of transition catalysts.
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Redox active ligands, both in “spectator” or “actor’” mode, can influence the overall
reactivity and the selectivity of the catalyst. Four main strategies can be distinguished
in this context (Figure 1): (I) As an electronic mediator, the redox active “spectator”
active ligand can modify and control the Lewis acidity of the metal ions by selective
ligand reduction/oxidation, thereby influencing the substrate affinity of the metal as
well as the energy profile of subsequent follow-up reactions. (II) The redox active
ligand can act as a discrete “electron reservoir”, storing electrons from the metal on the
ligand in elementary steps generating excessive electron density, and releasing elec-
trons to the metal in elementary steps generating deficiencies, in all cases avoiding
uncommon oxidation states of the metal. (IIT) Redox active ligands can act as a coop-
erative “actor” ligand, generating reactive ligand radicals during catalytic turnover
which actively participate in the making and breaking of chemical bonds. Cooperative
substrate activation by the redox non-innocent ligand and the metal allows reactions
that are difficult to achieve otherwise. (IV) The last strategy involves (radical-type)
activation of the substrates or modification of the substrate reactivity in cases where
the substrate itself acts as a redox non-innocent ligand. Speaking more generally, redox
non-innocent ligands can either participate in the catalytic cycle by accepting/releasing
electrons (“spectator ligand”, strategies I and II) or by forming/breaking chemical
bonds of the substrate (“actor ligand”, strategies III and IV).

This chapter gives an overview of different types of “redox active” ligands and the
above mentioned four different application strategies. The number of publications on
this concept is growing rapidly, especially over the past few years. Some excellent
reviews and essays on this subject have appeared recently; a Forum issue of Inorganic
Chemistry [4], a Special issue of the European Journal of Inorganic Chemistry [5], a
tutorial review article in ACS Catalysis [6] and some other reviews [7] have been used
in this chapter as a basis for much of the older work on this subject. This chapter also
includes relevant new examples in the field of reactive redox active ligands.

7.2 Strategy I. Redox non-innocent ligands used to modify the Lewis
acid-base properties of the metal

The Lewis acidity or basicity of metal ions plays a crucial role in catalysis. During
catalysis of an organic reaction, Lewis acidic metal ions act as electron pair acceptors
to increase the reactivity of the substrate. Enhanced Lewis acidity of a transition metal
catalyst enables the metal ion (catalyst) to form an adduct with a lone pair bearing an
electronegative atom in the substrate, such as oxygen (both sp? or sp*), nitrogen, sulfur,
and halogens. This leads to partial charge-transfer and makes the lone-pair donor
effectively more electronegative, and thereby effectively activates the substrate towards
nucleophilic attack, heterolytic bond cleavage, or cycloaddition with 1,3-dienes and
1,3-dipoles. Similarly, enhancing the Lewis basicity of a (catalytically active) metal
complex can be beneficial in controlling its (catalytic) reactivity.

In coordination chemistry and catalysis, the surrounding ligands have a
strong influence on the overall electronics and catalytic reactivity of the complex.
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Scheme 1 Ligand oxidation leading to increased Lewis acidity of the metal: oxidation of
H, by a Ir(lll) catalyst containing a redox non-innocent ligand

In conventional approaches, such modifications are typically achieved by introducing
electron-withdrawing or donating substituents at the ligand, which often requires
laborious synthetic procedures. A more straightforward approach involves the use of
redox active ligands. By controlling the redox events of the coordinated redox non-
innocent ligands the Lewis acidic properties of the metal can be tuned in one step
without altering the steric environment of the complex. This concept was recently
applied in the oxidation of H, (Scheme 1) [8].

The complex 1 undergoes ligand centered oxidation by silver tetrafluoroborate
forming compound [1]* containing a one-electron oxidized ligand radical. This in turn
makes the metal a stronger Lewis acid than in the non-oxidized form 1. Therefore [1]*
reacts with H, to produce the adduct [1-H,]*, which undergoes deprotonation by non-
coordinating base (2,6-di-'Bu-pyridine; TBP). Further oxidation by [1]* or Ag", fol-
lowed by yet another deprotonation step completes the catalytic redox process leading
effectively to oxidation of H, by Ag* (Scheme 1). Other than just increasing the Lewis
acidity of the metal ion, the ligand also acts as an electron reservoir; the electrons of H,
actually reduce the oxidized form of the redox non-innocent ligand back to its neutral
form. In the catalytic experiment, 1 (1 equiv.) was found to be able to oxidize 3 equiv.
of H, in the presence of AgBF, (6 equiv.) and TBP (6 equiv.) within 1.5h.

Other catalytic reactions may require an electron-rich metal to facilitate the rate-
determining (slowest) step of the catalytic cycle — Lewis basicity of the catalyst then plays
a key role in substrate activation. For example, oxidative addition of H, is frequently rate
determining in olefin hydrogenation reactions. The rate of alkene hydrogenation catalyzed
by Rh(I)-diphosphinoferrocene complexes of type 2a (Figure 2) are known to increase the
basicity of the phosphine moieties. In conventional approaches this can be achieved by
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Figure 2 Redox non-innocent ligand supported Rh(l) catalysts employed in olefin
hydrogenation

introducing alkyl substituents (R='Bu) instead of phenyl substituents (R=Ph) on the
phosphorus atom. The greater electron-donating ability of the alkyl substituents (R='Bu)
enhances electron density on rhodium, which facilitates the oxidative addition step [9].
In isostructural complexes 2b, a similar rate-enhancing effect on the hydrogenation of
cyclohexene can also be achieved by changing the charge of the redox-active cobaltocene-
based ligand moiety [10]. Both mono- and di-cationic complexes 2b are found to be
active in hydrogenation. Interestingly, in the electron-rich reduced form (2b, charge=+1)
(enhanced basicity), hydrogenation proceeds 16 times faster than with the electron-
deficient di-cationic form of the complex (2b, charge=+2). Some other examples
employing related concepts have been reviewed by Allgeier and Mirkin [11].

7.3 Strategy I1. Redox non-innocent ligands as electron reservoirs

The most direct application of redox non-innocent ligands in catalysis is their ability to
function as electron reservoirs [12]. In homogeneous catalysis, many important trans-
formations involve multi-electron (most typically two) transfer between the metal and
the (activated) substrate (e.g., reductive elimination, oxidation addition). These multi-
electron reactions tend to be catalyzed most efficiently by precious metals (Pd, Pt, Rh,
Ir, etc.), since they typically can undergo multiple oxidation state changes. However, it
is more difficult to achieve with cheaper and more abundant first-row transition metals
(Fe, Co, etc.) which often prefer one-electron redox events. If additional electrons can
be temporarily stored on (or released from) a redox active ligand, the complex as a
whole can mediate multi-electron transformations avoiding uncommon oxidation
states. In other words, redox active ligands in their role as an electron reservoir may be
able to confer nobility on base metals by combining a one-electron ligand centered
redox event with a one-electron redox change at the metal for an overall two-electron
change. In recent years, several useful chemical transformations have been achieved
using this concept of a spectator redox active ligand as an electron sink or reservoir.
Water oxidation is a thermodynamically unfavorable process which involves the
transfer of four electrons. Several catalysts have been developed and simultaneously
several mechanisms for these types of chemical transformations have been proposed
[13]. Binuclear ruthenium complexes have drawn considerable attention in the context
of water oxidation. The anthracene-bridged binuclear Ru bis-hydroxide bis-quinone
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complex 3 shows activity in (electro)catalytic water oxidation, and ligand centered
redox events play a key role in the elementary reaction steps involved [14]. A bridged
peroxo intermediate 4 is formed via a double deprotonation of the coordinated OH
groups with simultaneous reduction of the two coordinated quinine ligands to semiqui-
none. The intermediate 4 then releases one electron each to produce the intermediate §
where the coordinated semiquinone ligands return to the initial bis-quinone state
without affecting the peroxo bridge. Further two-electron oxidation and evolution of
O, with loss of two protons closes the catalytic cycle (Scheme 2).

_‘2+/4H+A 0
RGN (NN oM
SRUCN R N—Ru—N / \>Ru-N
O\ /OOH o/ ;O o‘\ \EO O/ “0

N\
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Scheme 2 Redox active ligand participation in catalytic water oxidation by a binuclear
Ru catalyst containing ortho-quinone/semiquinone ligands
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Oxidized ligand, Co' Reduced ligand, Co!

Scheme 3 Ligand-centered redox event in a tetradentate bis-iminopyridine Co(ll)
complex in catalytic H, evolution

The O—O bond formation step was proposed to involve two Ru(II)/Ru(Ill) redox
steps and two ligand-centered quinone/seminquinone couples. However, careful inves-
tigations by other research groups suggested that all four oxidation steps may actually
be entirely quinoid ligand based, and hence a cycle involving exclusively Ru(Il) is
energetically plausible [12].

The counterpart of catalytic water oxidation to O,, catalytic H, evolution via water
reduction, is of equal importance in the context of water splitting (artificial photosyn-
thesis) [15]. In nature, hydrogenase enzymes show excellent catalytic rates and efficiencies
and can catalyze both proton reduction and H, oxidation. Consequently, several biomi-
metic complexes have been developed which show excellent catalytic activity towards
electrochemical H, production from water.

A cobalt complex 8 containing a redox active tetradentate bis-iminopyridine frame-
work has been reported to support a water reduction catalyst, with activities of observed
rate constant, k,_of 10’M™" s™' derived from voltammetry measurements (Scheme 3)
[16]. Ligand-centered reduction of the coordinated imine function has been proposed
as the first electrocatalytic step followed by protonation. Notably, this compound was
shown to operate even under basic conditions at pH8 (buffer) to give 10 liter of H,
(mol catalyst™! h™!) albeit with a modest Faradaic efficiency of only 60%.

Similarly, the nickel complex 10 based on the 2,6-diiminepyridine ligand (Scheme 4)
also shows electrochemical reduction of water to H,, in which ligand-centered redox
events play a key role [17]. A computational proposal for this process indicates the
energetic accessibility of a proton-coupled electron transfer (PCET) step, which mainly
involves ligand-centered redox events without altering the divalent oxidation state of
the Ni center. The low-lying ligand-centered acceptor orbital (LUMO) of the complex
can be much more easily accessed by the incoming electron than any of the Ni(Il)
orbitals which has been experimentally observed in the low over-potential. Complex
10 undergoes one-electron reduction in the first step to produce the monocationic
intermediate 11 containing a one-electron reduced radical ligand. The radical
intermediate 11 converts to nickel(Il) hydride complex 12 via a PCET process. The H,
release step was proposed to involve protonation of a nickel(Il) hydride in coordinating
solvents to regenerate the resting state 10 (Scheme 4).
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Scheme 4 Ligand-centered reduction in electrocatalytic proton reduction mediated by
a nickel(ll) bisaryliminopyridine electrocatalyst

Similar to catalytic O, or H, evolution, catalytic reduction of CO, into higher energy
products is one of the most challenging topics of research to the chemist in the 21st
century. The cobalt complex 13, [Co(II[)N,H(Br),]*, containing a redox active N, H
macrocyclic ligand (N,H=2,12-dimethyl-3,7,11,17-tetraazabicyclo-[11.3.1]-heptadeca-
1(7),2,11,13,15-pentane), has been used for electrocatalytic CO, reduction in wet
MeCN with a glassy carbon working electrode (Scheme 5) [18]. Even in presence of
large concentrations of water the catalyst preferentially reduces CO, over H* near the
Co()/Co(0) redox couple [E, ,=-1.88 vs Fe(I)Cp,/Fe(0)Cp,]. Systematic characteriza-
tion of the whole catalytic cycle as well as that of the possible intermediates reveal that
the formal Co(I) complex 14, [CoN ,H(MeCN)]J*, is the actual precatalyst for CO,
reduction. Moreover, broken symmetry density functional theory (DFT) calculations
of 14 and 15 are suggestive of a more complicated electronic structure; an open-shell
singlet configuration in which a low-spin Co(Il) ion is antiferromagnetically coupled
to a ligand-based anion radical (N, H~ and N,™) [7d, 19]. The stability of the reduced
N,H™ ligand radical anion as well as the ability of the redox non-innocent ligand back-
bone to accommodate a second redox equivalent has been argued as the main reason
for preferential CO, reduction even in wet MeCN.

Significant progress in the application of this concept has also been made in catalytic
C—C bond formation reactions. Chirik and co-workers recently reported an interesting
case involving [2n +2x] cycloaddition of dienes and enynes using the bis-dinitrogen
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Scheme 5 Preferential CO, reduction by complex 13 in wet MeCN

iron complex 16 as the catalyst (Scheme 6) [20]. The catalyst (16, L=N) reacts with a
diene substrate to form the n-complex 14 with loss of two dinitrogen ligands. Both 16
and 17 contain a dianionic tridendate N.-ligand, which is formally the two-electron
reduced form of the applied redox-active 2,6-diiminepyridine ligand [21]. According to
the authors, complex 17 is in equilibrium with compound 18. The subsequent C—C
coupling step is formally a two-electron oxidative addition process which involves the
oxidation of the reduced ligands in 16 and 17. The electrons required for these transfor-
mations do not stem from the metal but from the dianionic, two-electron reduced 2,6-
diiminepyridine ligand, thus allowing iron to maintain the energetically favorable Fe(II)
oxidation state [avoiding the less favorable Fe(IV) oxidation state]. Subsequently,
intermediate 18 undergoes a formal two-electron reductive elimination reaction to
liberate the product. This process is again ligand based, leading to regeneration of com-
plex 16 containing the two-electron reduced form of the 2,6-diiminepyridine ligand.
The electron storage ability of the ligand allows the metal to maintain its stable Fe(II)
oxidation state instead of a high-energy (unstable) Fe(0) oxidation state. The yield of
the reaction depends on the nature of X (Scheme 6), reaching 95% for X=N-Bu with
turnover frequency >250h'. Related Fe(II) complexes are capable of catalyzing enyne
cyclizations [22], intermolecular [2+2] cycloadditions of alkenes to butadienes [23]
and olefin polymerization [24]. The role of the redox non-innocent 2,6-diiminepyridine
ligand in the latter processes is however less clear and still debatable.
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Scheme 6 The redox non-innocent 2,6-diiminepyridine ligand acts as an electron reservoir
in Fe-catalyzed [2 +2] cycloaddlition ring-closure reactions

Using the same strategy, in a seminal example, Smith et al. [25] reported a C—C
coupling between simple alkyl halides and aryl or alkyl zinc bromides using a relatively
inexpensive Co(IlI) center supported by bis-iminophenolate ligands [7b, 7c, 25].
The square planar triplet cobalt(II) bis-iminophenolate complex 19, upon reaction
with alkyl halide, forms a five-coordinate square pyramidal Co(IIl) species 20 via
pseudo-oxidative addition of an alkyl fragment to the Co(III) center without altering its
oxidation state. The species 20 contains two one-electron oxidized radical ligands
which are reported to remain antiferromagnetically coupled. This step can alterna-
tively be rationalized as ligand-induced nucleophilic abstraction of R* from the alkyl
halide by the metal. These species then undergo a formal R* group transfer either to
aryl or alkyl zinc bromides to yield the C—C coupled products (Scheme 7).

Similar to C—C bond formation, C—C bond cleavage, aromatic C—C bond cleavage
in particular, is a crucial step in the biodegradation of organic compounds such as
catechols, aminophenols, hydroquinones, salicylic acid, and gentisic acid by aerobic
microorganisms [26]. In biological systems, different iron oxygenases such as catechol
dioxygenases, 2-aminophenol dioxygenases, and so on are found to be involved in
catalytic C—C bond cleavage of aromatic compounds. Notably, the electron reservoir
ability of the coordinated catecholate or 2-aminophenolate ligands plays a key role in
catalytic turnover.

Interestingly, the electron reservoir properties of redox active ligands are also found
to be useful to impose one-electron transformation on late transition metals. Rhenium
complexes are known to be powerful oxo-transfer reagents [27]. However, closed-shell
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Scheme 7 Redox non-innocent bis-iminophenolate ligands as electron reservoir in catalytic
C—C bond formation by a Co(lll) complex supported by bis-iminophenolate ligands

rhenium complexes show very little affinity towards (triplet) O, to generate oxo
complexes, which may be attributed to the “spin forbidden” nature of this transforma-
tion. The reactions of metal complexes with O, (even with closed-shell species) tend to
proceed by a series of sequential, metal-mediated one-electron steps, via superoxo
[O,’]” and peroxo [02]2* complex intermediates [28]. Subsequent homolysis of the
oxygen—oxygen bond then gives access to oxo species. Closed-shell d*> Re(V)
complexes have a general tendency to react via two-electron processes rather than
one-electron redox reactions. Therefore, the complex 21 (Scheme 8) has a low proba-
bility to form an [(L*),(O)Re¥'-O-O¢]~ intermediate. However, the above type of
superoxo intermediate is possible with a system capable of undergoing one-electron
oxidation at the ligand center without altering the metal oxidation state. The presence
of two redox non-innocent catecholate ligands bound to the metal allow rhenium to
maintain its +5 oxidation state and give access to the intermediate [(L>")(Ls")(O)Re"—
0-0e]" species 22, containing a one-electron oxidized catechol ligand (semiquinone).
The species 22 produces the bis-oxo d° Re(VII) complex 24 via a bi-metallic
intermediate 23. Thus, the electron reservoir property of the coordinated catecholate
ligands plays a decisive role in the formally “spin forbidden” reaction (Scheme 8).
The overall reaction (21 — 24) requires half an equivalent of oxygen for each complex 21,
which shows that both oxygen atoms are incorporated in the product 24 [29].

The oxo-transfer abilities of complex 24 were also tested by oxidation of Ph.P to
Ph,P=0 [30]. Strong binding affinity of PPh, towards complex 21 (to form 24- PPh )
1nh1b1ts true one-pot catalytic turnover in 0x1dat10n of Ph.P to Ph,P=0. Catalytic turn-
over however can be achieved with less coordinating substrates Complex 21 catalyzes
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Scheme 8 [Electron-reservoir properties of redox active ligands assisting in O, activation

aerobic oxidation of benzyl alcohol to benzaldehyde [31]. However, the coordinated
hydroquinolate ligands are prone to oxidation which is a serious flaw of this catalytic
system. By fine tuning the electronic property of the redox active ligands easy oxidation
of the catalyst can be controlled. Modification of the ligand backbone with electron-
withdrawing groups is one of the possible solutions to this problem which will make
the ligand-centered oxidation difficult. In fact, the analogous complex of 21 containing
the bis(tetrabromocatecholate) as ligands increases the catalytic activity and shows
seven catalytic turnover cycles in oxidation of benzyl alcohol (neat). The interesting
feature of the sequence of reactions shown in Scheme 8 is that the redox non-innocent
ligands do not only act as electron reservoirs, but also seem to play an important role
in lowering the exchange interactions through delocalization of the unpaired electron
generated in the first step of the reaction, thus facilitating spin-crossover in the formally
“spin forbidden” reaction between triplet oxygen and the closed-shell (singlet) d?
Re(V) complex 21.

The ability of redox active ligands to store and release electrons, when required, indeed
enables redox transformations (oxidative addition or reductive elimination) to proceed
even with metal complexes (catalyst) having d° electronic configuration. Unlike the
system described above, this process can also involve electron pairs instead of single
unpaired electrons and thus helps the metal from adopting uncommon oxidation states,
and even allows redox transformations that are simply impossible otherwise.

For example, oxidative addition reaction becomes possible even with d° Zr(IV)
complexes containing redox active ligands capable of releasing electron density [32].
The ortho-diamido Zr(IV) complex 25 catalyzes the disproportionation of diphenyl
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hydrazine (PhANH—NHPh) to aniline (PhNH,) and azobenzene (PhN=NPh) [30].
In the first step of the catalytic cycle diphenyl hydrazine coordinates to zirconium to
produce intermediate complex 26. The next step involves elimination of aniline, which
is a two-electron “oxidative addition” process, thus requiring two electrons. Since the
Zr(IV) has a d° electron configuration, the electrons required for the oxidative addition
step stem from the redox active ligand. The ligand donates two electrons (via the
metal, thus allowing the observed net oxidative addition at the metal site), and hence
the complex converts to the ortho-diimine species 27. In the next step a second
molecule of diphenyl hydrazine reacts with complex 30 to form the aniline adduct 28
with simultaneous elimination of azobenzene. The oxidized form of the ligand (ortho-
diimine form) accepts the two electrons that are released in this step of the catalytic
cycle, and the ligand thereby gets reduced back to the ortho-diamide form in species
28. The +4 oxidation state of zirconium thus remains unaltered throughout the catalytic
cycle (Scheme 9). Elimination of aniline closes the catalytic cycle. Full conversion of
diphenyl hydrazine into aniline and azobenzene (2:1 ratio) has been achieved with
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Scheme 10 Ligand-centered redox events triggering C—C bond reductive elimination

10mol% catalyst loading within 1 day whereas for a lower catalyst loading of 1 mol%
the reaction requires 6 days (yielding the same product ratio).

Similarly, Zr(IV) complex 29 containing redox active bis-aminophenoleto ligands
undergoes ligand-centered redox events in an elementary C—C bond forming reductive
elimination of a biaryl species (Scheme 10) [33]. In the first step of the catalytic reaction
the Zr(IV) complex 30 is formed via two-electron reductive activation of the complex 29.
The two aminophenolato (ap) ligands undergo one-electron oxidation each. The next
step involves reductive elimination of the biaryl species where the oxidized ligands in
complex 31 accept one electron each, transforming the ligand back to the initial two-
electron reduced catecholate form. Oxidations of the analogous dimethyl derivative,
[Li(OEtz)]Z[Zr“’Mez(ap)z], however, do not lead to clean ethane reductive elimination due
to competing methyl radical expulsion pathways. The entire redox events for the formal
two-electron reductive elimination process are shown to be supported entirely by the
redox active ligand with no participation of the metal center.

Related approaches were recently employed in mediating (stoichiometric) “oxidative
addition” and “reductive elimination” reactions at cobalt centers bearing redox active
ligands [7b, 7c, 25, 34]. These reactions also proceed without a change in the d-electron
configuration of the metal.

Another related zirconium complex 32 containing redox active tridentate NNN
pincer ligand catalyzes nitrene transfer reactions from organic azides to fert-butyl iso-
cyanide to form non-symmetrical carbodiimides where the metal maintains the Zr(IV)
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state throughout, while the pincer ligand interconverts between mono- and tri-anionic
forms (Scheme 11) [35]. The organic azide then coordinates to produce the imido
intermediate 34 via N, elimination (stepwise or simultaneously). Kinetic studies
revealed that nitrogen elimination is rate-limiting. During the process of formation of
the imido intermediate (similar to the example in Scheme 9) the ligand gets oxidized,
since the d° Zr(IV) itself has no electrons available to enable this process. In the next
step compound 35 is formed via an intramolecular nucleophilic attack of the imido
nitrogen onto the isocyanide triple bond. Subsequent “reductive elimination” to form
the carbodiimide complex 36 and dissociation of the product closes the catalytic cycle.
During reductive elimination from 35 to 36, the oxidized ligand formed in the initial



192 Ligand Design in Metal Chemistry

imido complex 34 is reduced back to the initial state. Hence, the reductive elimination
is again based on the redox non-innocence of the ligand, and does not lead to a change
of the metal d-electron count. Complete conversion to the corresponding carbodiimide
was achieved from the reaction of ‘BuNC with adamantyl and ferz-butyl azides in 2h,
using 10mol% of the catalyst [36].

7.4 Strategy III. Cooperative ligand-centered reactivity based
on redox active ligands

In the approaches described above (strategies I and II) the reactivity is centered at the
metal. The redox non-innocent ligands act as electron reservoirs enabling first-row
transition metals to undergo multi-electron transformations, but they are otherwise spec-
tator ligands. However, other cases are possible in which the redox non-innocent ligand
plays a more direct and active role, participating directly in the making and breaking of
bonds. Such “actor” ligands play an important role in several enzymatic processes, espe-
cially for metalloenzymes operating via radical-type reactions. Considerable amounts of
related catalytic processes inspired by nature have been reported.

As a mimic of the well-studied galactose oxidase [37], a copper(Il) thiophenol
complex catalyzes the oxidation of primary alcohols to aldehydes in the presence of O,
(Scheme 12) [38]. The latter also promotes the oxidation of secondary alcohols to diols
(Scheme 12). The catalytic cycle starts with the oxidation of copper by O,, leading to
a biradical species. The intermediate 39 is produced from 38 by coordination of two
alkoxide substrates. The rate-limiting step is the formation of 40 from 39 by a hydrogen
atom transfer from the secondary alcoholate to the oxygen-centered radicals of the
aminophenols ligands. The cycle is then closed by radical dimerization which leads
the formation of the diol [39].

An iridium (instead of copper) complex surrounded by nitrogen (instead of oxygen)-
centered ligand radicals, also inspired by galactose oxidase, showed activity in alcohol
oxidation (Scheme 13) [40]. In the first stage of the catalytic cycle, 41 is deprotonated
to form the anionic intermediate 42. One-electron oxidation by benzoquinone (BQ)
leads to the radical intermediate 43. As previously described for the formation radical
intermediates in the galactose oxidase cycle, 43 reacts with the alcoholate substrate.
To facilitate the hydrogen atom transfer from the alcoholate substrate to the nitrogen-
centered ligand radical, the system contains dibenzotropylamino substituents which
play the same role as the tyrosine moiety in galactose oxidase. The aldehyde is then
obtained by a second one-electron oxidation step involving semiquinonate (SQ™) as
the oxidant, thus regenerating the catalyst.

Redox non-innocent ligands have also been employed in other kinds of processes.
For example, a nickel-based system has been used in the purification of ethene gas
streams [41]. The two forms (reduced and oxidized) of the dithiolene complex have
different affinities for olefin, leading to separation of ethene from gas mixtures
(Scheme 14). Intermediate 47 is obtained after electrochemical oxidation of the anionic
nickel complex 46. The oxidized complex 47 reacts selectively with ethylene to form
the adduct 48, thus the non-olefinic contamination of the multi-component stream
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(MCS) remains uncoordinated. It is important to note that on the contrary to what is
typically observed with most other complexes, the olefin does not form an adduct with
the metal center, but reacts directly with the sulfur-based ligand. After reduction of
complex 48 the olefin can be released and complex 46 recovered, thus closing the
cycle. This mechanism of the trapping of ethylene probably involves thiyl-radical
ligands as intermediates.

Another system based on rhenium and thiophosphine ligand is also capable of
reversely binding alkene moieties (Scheme 15) [42]. After electrochemical oxidation
of complex 49, the ethylene is bound by the sulfur atoms of the ligand. As in complex
47, the olefin has a stronger affinity for the oxidized form 49 (i.e., 49* and 49%*) than
for the reduced complex (K,>K,>K)). In the neutral species (non-oxidized forms) the
equilibrium is in favor of 49 over 50 even in a large excess of ethylene. In the case of
the two-electron oxidized species, the equilibrium is in full favor of 50**, with no spec-
troscopic evidence of the presence of 492* Whenever complexes are one-electron oxi-
dized both mono-cationic forms (49* and 50*) are present, the ratio depending on the
applied pressure of ethylene.
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7.5 Strategy IV. Cooperative substrate-centered radical-type reactivity
based on redox non-innocent substrates

Among the different classes of redox non-innocent ligands, the one using intrinsic redox
features of the substrate is perhaps most interesting in view of catalytic turnover. Upon
coordination to a redox active metal, redox active substrates can get reduced or oxidized
by the metal center leading to an organic ligand-centered radical. This behavior has
been recently applied in a variety of organometallic catalytic transformations. The new
properties conferred to the substrate allowed organic transformations which were not
achievable with closed-shell systems. Stoichiometric and catalytic reactions using those
features have been already discussed [6, 7a, 7e, 43]. In this chapter we will focus on
catalytic reactions where metal-activated substrates bear radical-type spin density, thus
leading to an open-shell intermediate with new type of substrate-ligand-radical reactivity.

This idea was demonstrated by using open-shell porphyrin Co(II) complexes
bearing a carbene or a nitrene (Scheme 16). Kinetics, spectroscopic and computational
studies were used to determine the mechanism of the reaction, showing that the
formation of the carbene (or nitrene) radical via loss of N, is the rate-determining step.
The coordinated substrate undergoes one-electron reduction by the metal center
leading to a coordinated organic radical-type moiety and a Co(IIl) center 52. The rad-
ical intermediate can then react further with different organic substrates to produce
intermediates of type 53 (Scheme 16), allowing radical-type cyclization reactions to
form cyclopropanes (54, X=C) [44], or aziridines (54, X=N) [45]. This reaction is
facilitated by the presence of a relatively weak axial Co—C bond [46], which allowed
the regeneration of the catalyst by homolytic Co—C bond splitting simultaneous with
radical-type C—C or C—N bond formation. Moreover, on account of the use of chiral
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Scheme 16 Formation of reactive substrate-based radical ligands in catalytic nitrene or
carbene transfer reactions proceeding via controlled radical-type transformations (dashed
lines represent partial bonds)

cobalt porphyrin complexes high enantioselectivities have been achieved in the cyclo-
propanation and aziridination reaction [45b, 45e, 47]. Nitrenoid intermediates can also
insert in the C—H bond of allylic or benzylic substrates to produce amine products 56
(via intermediates of type 55).

This strategy has been recently employed in the catalytic synthesis of reactive
ketenes 58, involving carbene carbonylation (Scheme 16). The reactive ketenes
could be trapped in situ by different nucleophiles and imines to form esters/imines
59 and B-lactams 60 [48]. Moreover, during this study N-tosylhydrazones (which
upon deprotonation convert to diazo compounds) were found to be compatible with
cobalt catalysis. This opened the way to a new class of reactions, allowing the use of
a broader range of diazo compounds in catalytic reactions involving cobalt-bound
“carbene radicals”. For instance, chromenes 62 were efficiently synthesized in
cobalt-catalyzed radical-type ring-closure reactions involving “carbene radical” and
“vinyl radical” intermediates (Scheme 16) [49].

Interestingly, cobalt porphyrin catalysts tend to prevent carbene dimerization
reactions, and allow cyclopropanation reactions with electron-deficient alkenes. This
feature illustrates the more nucleophilic behavior of the carbenoid species formed
as compared to typical electrophilic Fischer carbenes. The enhanced nucleophilic
character of the carbene reduces its tendency to dimerize and allows reactions with
more electron-deficient olefins.
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In order to improve activity and robustness of the catalyst, cobalt-based porphyrin
complexes have been encapsulated in a supramolecular host (Scheme 17) [50]. The
so-called “molecular flask” (63-Zn@64, 63-Co@64, 63-Zn@65, and 63-Co@65)
prevents catalyst aggregation (ligand-bearing coordinating groups) and deactivation
reactions (e.g., radical-radical coupling or catalyst deactivation via hydrogen atom
transfer). Indeed, the encapsulated catalyst shows higher turnover number than the free
analog in cyclopropanation reaction and Z-selective olefin synthesis using a diazo
compound as the substrate. Moreover, cage modifications allowed cyclopropanation
reactions in aqueous media, and the encapsulated catalysts show size selectivity.
Smaller substrates are converted faster than larger substrates, which penetrate less
easily through the pores of the flask.

A non-heme Fe(II) complex active in amination and aziridination reactions was iso-
lated and characterized using adipyrromethene ligand (Scheme 18) [51]. Mixing 66
with a bulky organic azide (adamantylazide) in toluene reveals interesting reactivity
involving nitrene insertion in the benzylic position of toluene. The optimized reaction
conditions yielded 94% of benzyladamantylamine for a total of 10-12 turnovers at
60°C. The proposed mechanism involves coordination of the organic azide with loss
of N, leading to the formation of complex 68. This intermediate has been isolated and
characterized, and was proposed to be a high-spin Fe(IIT) (d°, S=5/2) center coupled
to a nitrene radical (S=1/2). In this way the intermediate 68 has a total spin of two with
six unpaired electrons. Density functional theory calculations showed a substantial
amount of spin density at the nitrene moiety, which hence adopts “nitrene radical”
character [43a,43b]. Complex 68 can abstract a hydrogen atom from toluene. Subsequent
radical recombination leads to the formation of the aminated organic compound 72 and
regeneration of catalyst. In a recent paper, the reaction was expanded to benzylic and
allylic amination, as well as aziridination reactions, with more functional group toler-
ance [52]. The mechanism was confirmed to proceed via radical intermediates.

More recently, the same catalyst was used to produce cyclic amines with retention
of stereochemistry from a simple linear aliphatic azide [53]. Treatment of a substituted
aliphatic azide by complex 66 afforded the cyclized compound 75, by insertion of the
nitrene moiety in allylic, benzylic, and even in the less reactive tertiary C—H bonds.
The catalyst is inhibited by coordination of the product to the metal center. However,
that can be avoided by using an in situ protecting agent (Boc,O is preferred over Fmoc-
OSuc which leads to catalyst decomposition).

Very recently, a new redox-active NNO pincer ligand bound to a Pd(I) center permitted
an intramolecular ligand-to-substrate electron shuttling, and then reacted with unacti-
vated azide via an unusual “nitrene-substrate radical” (Scheme 19) [54]. Complex 76 has
been synthetized in two steps from the neutral ligand and PAdC1 (NCMe), precursor,
followed by stirring under aerobic conditions in the presence of NEt,. The latter, in the
solid state, is air- and moisture- stable. X-ray analysis, magnetic susceptibility measure-
ments (indicating an S=1/2 ground state), and EPR measurements correlated to DFT
calculations indicate that complex 76 has an open-shell NNO™® ligand radical electronic
structure in which a mono-anionic iminobenzosemiquinonato ligand radical is coordi-
nated to a square planar Pd(II) center. Chemical reduction of 76 with cobaltocene



H,N NH, N N O
Qo O3, OO
1) — -

Fe(X), 8 equiv.
DMF, 70 °C, 16h

6 equiv.

o = Q

H,N NHp o)

[63-Zn@64] (86%), [63-Co@64] (87%) (X = OTF")
[63-Zn@65] (70%), [63-Co @65] (86%) (X = N(Tf,)")

AN Product release
through the CO2Rs
o cage pores R <(
Smaller substrate 2 j;j
Ry Minor product
Ry Ro
S
:Q/\ Entrance of CO,tBu
Ry substrates <{

Ry through the (% 4 @
Larger substrate cage pores [63-Co@65] Major product

Scheme 17 Molecular flask synthesis and application in size selective catalysis. (See insert for color/color represen-
tation of this figure)



Redox Non-innocent Ligands: Reactivity and Catalysis 199

NHAd)

R=Ad, tBu, Ph, p-tBuPh

Scheme 18 Catalytic cycle of nitrene insertion into the C—H bond of organic substrates
proceeding via “nitrene radicals”

afforded the highly air- and moisture-sensitive diamagnetic complex 77. The NNO*?
(amidophenolato dianion) scaffold is able to donate a single electron, and on reaction
with an aliphatic azide N, loss is associated with one-electron transfer from the redox
active NNO*F ligand to the thus formed nitrene substrate, initiating N-centered radical-
type reactivity. The in situ reduction of 76 to 77 with cobaltocene in the presence of
unactivated (4-azidobutyl)benzene and Boc,O leads to stoichiometric formation of the
Boc-protected pyrrolidine 81 (~1 equiv. with respect to 77). Hence, intramolecular one-
electron transfer from the redox-active ligand to the substrate produces an unusual
“nitrene-substrate radical, ligand-radical” Pd(II) intermediate. Similar to the reactions
reported above for the Co(porphyrin) and Fe(dipyrromethene) systems, subsequent
hydrogen-atom abstraction and radical rebound steps lead to C—H bond amination.
Reaction of intermediate 80 with Boc,O was proposed to generate the pyrrolidine
compound 81. Hence, the use of a redox-active NNO ligand enables one-electron reaction
pathways for Pd(II), a metal that more commonly reacts via two-electron (e.g., oxidative
addition, reductive elimination) pathways.
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7.6 Conclusion

To ensure a sustainable society, highly selective and efficient but cheap new catalysts
need to be developed. Using “redox non-innocent ligands” the activity as well as selec-
tivity of a transition metal catalyst can be controlled in such a way that several difficult
chemical transformations can be facilitated. Redox active ligands can be used as
tunable “spectator” ligands in transition metal coordination complexes (“the catalyst”),
allowing redox control of the Lewis acidity/basicity of the metal, hence controlling the
substrate affinity/selectivity of the reactive metal center. As a “spectator”’, redox active
ligands can also influence the overall catalytic process by acting as electron reservoirs
without any covalent interaction with the substrates. Redox active ligands can also play
a more active role in catalysis, allowing cooperative bond making/breaking during
catalytic turnover. As an electron reservoir, redox active ligands can prevent the metal
ions adopting unfavorable oxidation states throughout the whole catalytic reaction.
The ability of this class of ligands to store and release electrons when required, allows
multi-electron transformations (usually favored for noble, late second- and third-row
transition metals) with cheaper first-row transition metal ions (which commonly prefer
one-electron transformations). Hence, nobility may be conferred to base metals
[20a, 55]. This unique ability of redox non-innocent ligands also permits oxidative
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addition processes to take place during the catalytic cycle even with catalysts possessing
d° metal centers. In “actor” mode, the substrate itself can act as a redox active ligand,
forming open-shell ligand-centered radicals during catalysis. Many of such ligand-
centered radical-type reactions proceed in a controlled and selective manner, most fre-
quently leading to metal-carbon and carbon—carbon radical couplings. For the more
sterically hindered systems selective ligand-centered hydrogen-atom abstractions are a
common alternative reaction pathway. These selective ligand-centered radical-type
reactions are synthetically useful in organometallic synthesis. Especially carbene- and
nitrene-substrate-based radical ligands have shown their ability towards selective
radical-type transformations. Completely different reactivity and chemoselectivities
were shown by the one-electron reduced open-shell forms of the carbenes and nitrenes
compared with their closed-shell analogs. Finally, the role of redox non-innocent
ligands in different metabolic/enzymatic reactions in biological systems is now well
documented. Their application is now expanding in the field of synthetic chemistry,
expanding the toolbox of synthetic chemists. Many new discoveries can be expected
from future research in this area, especially in the field of catalysis.
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Ligands for Iron-based Homogeneous
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Hydrogenation of Ketones and Imines

Demyan E. Prokopchuk, Samantha A. M. Smith, and Robert H. Morris

Department of Chemistry, University of Toronto, 80 St. George Street,
Toronto, Ontario, Canada M5S 3H6

8.1 Introduction: from ligands for ruthenium to ligands for iron

8.1.1 Ligand design elements in precious metal homogeneous catalysts
for asymmetric direct hydrogenation and asymmetric transfer
hydrogenation

The asymmetric direct hydrogenation (ADH) of ketones and imines is performed in
the pharmaceutical, agrochemical and fragrance industries to produce valuable enan-
tiopure alcohols and amines. For example, specially designed ruthenium catalysts
containing elaborate enantiodirecting diphosphine and diamine ligands are important
for catalyzing the addition of hydrogen gas to inexpensive arylketones in order to
obtain (§)- or (R)-alcohol products for perfumes or pharmaceutical intermediates.
Scheme 1 shows the ADH of 3-(dimethylamino)propiophenone to the (R)-enantioen-
riched alcohol using a ruthenium complex developed by Ohkuma et al.! This alcohol
is used to prepare (R)-fluoxetine, a potent serotonin-uptake inhibitor used for treating
depression.
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Scheme 1 The ADH of a prochiral phenylalkylketone using (S,S)-trans-[RuCl {(S)-xylbinap}
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Scheme 2 The ADH of a prochiral imine performed on a large scale in industry

Similarly, an iridium catalyst with a specific ferrocenylphosphine ligand (Scheme 2) is
used in the production of the chiral amine (S)-metolachlor, a herbicide, by the asymmetric
direct hydrogenation of a prochiral imine.™

Another useful reduction process is asymmetric transfer hydrogenation (ATH)
where the hydrogen is transferred from the solvent, often isopropanol, to the ketone or
imine function to produce the enantiopure alcohol or amine. For example, Baratta
et al.®) made ruthenium complexes containing the (R,S)-Xyliphos ligand to reduce a
simple ketone to (S)-1-(3-trifluoromethylphenyl)ethanol, used in the synthesis of the
fungicide (5)-MA20565 (Scheme 3).

In these examples the ligands have been carefully crafted for optimum turnover
frequency (TOF) and turnover number (TON). Several design elements for effective
catalysis have emerged in the development of such catalysts.
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Scheme 3 The ATH of methyl(3-trifluoromethylphenyl)ketone using a ruthenium
Xyliphos complex in basic isopropanol (the source of hydrogen)

8.1.1.1 The hydride-metal-nitrogen—proton motif and chiral ligand elements
Jor enantioselectivity

In the foregoing examples a hydride forms on the ruthenium or iridium by the action
of hydrogen gas (in ADH) or solvent and base (in ATH) and then attacks the carbon of
the polar bond. A primary or secondary amino group is often present in the ligand
structure to accelerate the hydrogenation by means of the “NH effect.”*® Here the
proton from the nitrogen hydrogen bonds with the oxygen of the ketone and orients it
to attack by the metal hydride; usually it serves to transfer a proton to the oxygen when
the metal transfers the hydride to the carbon in a low energy barrier transition state.
This is referred to as bifunctional catalysis (Figure 1a). !0

The chiral diamine and diphosphine structures on Noyori-type ruthenium catalysts
(e.g., Scheme 1) each contribute to the chiral environment around the catalyst that
leads to enantioselectivity. Figure 1b illustrates the proposed role of each in the
trans-dihydride complex that attacks the carbonyl of the ketone in the enantio-deter-
mining step.” This model has been supported by recent computational studies.!'!- '
The substituents on the diamine lock the five-membered N-Ru-N ring so that there is
one axial N—H in line with each Ru—H bond. The carbonyl of the incoming ketone
is then aligned for attack. The binaphthyl group locks the P-Ru-P ring so that one
aryl group on each phosphorus, stacked in a rigid fashion against a naphthyl ring,
is held in an axial position. The ketone approaches the H-Ru-N-H motif so that its
bulky aryl group is away from this axial group. As Noyori writes “the enantiofaces
of prochiral ketones are differentiated on the molecular surface of the coordinatively
saturated RuH intermediate. This notion is in contrast to the conventional mechanism
for hydrogenation of unsaturated bonds that requires the metal-substrate complexa-
tion.”"3 (S)-chirality is induced in the product alcohol when the (R)-binaphthyl and
(R,R)-diamine are present in the catalyst.”? The chirality of the diphosphine and
diamine must be matched (R) with (R,R) for high enantioselectivity in the resulting
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Figure 1 The hydride-metal-nitrogen—-proton motif in the catalyst attacking a ketone in
a bifunctional manner (a) and the source of enantioselectivity in the ADH of ketones
catalyzed by trans-RuH ((R)-binap)(diamine) complexes (b)® '/

(8)-alcohol. The (R) with (S,S) combination does not have the required chiral array
of aryl groups in the complex and so has poor selectivity.

8.1.1.2 A nucleophilic hydride and weakly acidic N—H bond in the
H-M-N-H motif

The carbon in a ketone or imine functional group is weakly electrophilic and so a hydride
group must be strongly nucleophilic. A ligand trans to the hydride with high trans
influence!* weakens the metal-hydrogen bond thus facilitating hydride transfer to the
ketone. For ketone hydrogenation catalysts this trans ligand has a donor of low electro-
negativity, either hydrogen (hydride), carbon (e.g., carbonyl, alkyl) or phosphorus
(e.g., phosphine).''>1"! For example, trans-RuHCl(binap)(diamine) with electronegative
chloride trans to hydride does not react with ketones at room temperature while trans-
Ru(H),((R)-binap)(diamine) does (Figure 1b).*!

A neutral or negative charge on the complex also makes a hydride more nucleophilic
than a comparable cationic complex.!'> 18 For example, the energy barrier for the attack
on acetophenone by the cationic complex [Ru(H)(NHC-NH, )(benzene)]* is calculated
to be 16 kcal/mol higher in energy than that of the isoelectronic neutral complex Ru(H)
(NHC-NH,))(C,H,) which is a very active ketone direct hydrogenation (DH) catalyst
(Figure 2, NHC-NH, is an N-heterocyclic carbene ligand with a primary amino group
tethered to it).!'®!

Charge has a large effect on the acidity of metal hydride complexes! although acidity
and hydricity are not necessarily coupled.” Of the complexes [M(P-N-P)H]* where M =
Ni, Pd, Pt, the palladium complex is the most hydridic and one of the strongest acids of the
triad.” However, in general, phosphorus and nitrogen donors make hydrides less acidic
and more hydridic and nucleophilic than r-accepting ligands such as carbonyls.['> 1]

The amine group on ruthenium involved in bifunctional catalysis should have
aliphatic substituents as in Schemes 1 and 3 and Figures 1 and 2. When saturated
carbon(s) is (are) attached to the nitrogen of a primary or secondary amine, respectively,
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Figure 2 Comparing free energy barriers to hydride transfer from ruthenium to aceto-
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Scheme 4 Well defined amido complex 1 and trans-dihydride complex 2 catalyze the
direct hydrogenation of ketones

the deprotonated form of the amine, the amido form, is often basic enough to facilitate
the heterolytic splitting of dihydrogen at ruthenium. Dihydrogen is an extremely weak
acid, but when coordinated in a neutral metal complex with the correct ancillary ligands
it becomes acidic enough to be deprotonated by a strong base. For example, the well-
defined amido complex 1 in Scheme 4 is known to catalyze the efficient DH of ketones
via the heterolytic splitting of dihydrogen at the ruthenium—amido bond and subsequent
bifunctional attack of the hydride and proton on the ketone. When diamines such as
ortho-phenylenediamine or binaphthyldiamine are coordinated in ruthenium phosphine
complexes, the nitrogen of the resulting amido complex is usually not basic enough
to deprotonate coordinated dihydrogen because of the delocalization of the amido
electrons into the aromatic ring. Thus, such diamines have been referred to as poisons
to ruthenium-catalyzed ketone DH."

8.1.1.3 Iminophosphine ligands and early catalyst design

A wide range of ruthenium DH ketone catalysts have been made with phosphorus and
nitrogen ligands.!" 22 The Schiff base condensation of phosphine aldehydes and
amines to generate iminophosphines is an important reaction for providing a range of
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Scheme 5 Synthesis of iminophosphine ligands by Schiff base condensation

imino- and aminophosphine P-N-N-P donor ligands for asymmetric transition metal
catalyzed processes. First discovered in 1973, air stable ortho-(diphenylphosphino)
benzaldehyde (3, Scheme 5)™*2# could be reacted with various amines and diamines
to afford free iminophosphine ligands, a process first exploited by Rauchfuss in 1978
(4, Scheme 5).12> 2 If 2 equiv. of phosphine aldehyde are reacted in the presence of
ethylenediamine, the symmetrical P-N-N-P ligand is generated (5).”?7 It is interesting
to note that in 1984 the first application of this Schiff base condensation for ADH was
with iminophosphine 6 and its reduced aminophosphine derivative; poor activity
and enantioselectivity was observed.””® The diverse reactivity of 3 in Schiff base con-
densation reactions with various transition metals has been reviewed elsewhere;?!
moreover, chiral bidentate PN iminophosphine chelates with the general formula 4
are especially useful for palladium-catalyzed allylic alkylation and have been reviewed
elsewhere.*%

Several years later, it was reported that Ru(OAc),(PPh,), could be reacted with § to
generate the structurally characterized complexes trans-RuCl(P-N-N-P) or trans-
Ru(OAc),(P-N-N-P), depending on the reaction conditions.’" ** Subsequently, the
chiral diamine (S,S)-diaminocyclohexane and 2 equiv. of 3 were reacted to generate the
chiral P-N-N-P ligand 7 and reduction with NaBH, yielded the diamine product P-NH-
NH-P (8).5% At about the same time, Gao, Ikariya, and Noyori went on to synthesize
(S,8)-trans-RuCl,(P-N-N-P) (9) and (S,S)-trans-RuCl (P-NH-NH-P) (10), which are
both precatalysts for the ATH of aromatic ketones in basic isopropanol (Scheme 6).3* 3!
However, complex 9 was poorly active/selective for the ATH of acetophenone (3%
yield, 18% ee after 48 h where ee is enantiomeric excess) while 10 had excellent
activity and selectivity (91% yield, 97% ee after 25 h). Several other chiral derivatives
can be easily synthesized by varying the chiral diamine used in the condensation
reaction, followed by reduction with NaBH,.*>' After this discovery, using ortho-
(diphenylphosphino)benzaldehyde (3) as a ligand synthon became recognized as a
facile way to generate chiral tridentate®* and tetradentate*! aminophosphine
ligands for the ruthenium-catalyzed hydrogenation of polar bonds.



Ligands for Iron-based Homogeneous Catalysts 211

,,/

— NH HN
dmb dmb

&t 8 ¥

//C:Q

— \ st
"/ \\\ N= '/,R \\\ 5 H HG
( \P 6+\ 16

Ru—N—

\
proposed
(S,5)-9 (S,S)-10 transition state
poor activity and selectivity good activity
high enantioselectivity
OH
Q (S,9)- :
9or10 A
= | )\ —_— R @/\
F;/\ (excess) KOtBu
(R)

Scheme 6 Asymmetric transfer hydrogenation of acetophenone derivatives by Ru prec-
atalysts (5,5)-9 and 10 with tetradentate ligands®?

The dramatic difference in activity for diamine precatalysts versus diimines can be
rationalized by the NH effect (Section 8.1.1.1).18 Base was required during catalysis
and it was postulated that its role was to deprotonate the amine (NH) functionality and
generate a reactive metal-amido moiety. This reacts with dihydrogen and then transfers
a proton and hydride equivalent in the outer coordination sphere to ketones in a bifunc-
tional manner, going through a six-membered pericyclic transition state (Scheme 6,
right). However, rigorous mechanistic investigations in recent years have shown that
the nature of proton and hydride transfer is likely to be a two-step process as opposed
to a concerted one in many cases, and this is a subject of ongoing experimental and
computational investigation.[5%->

The ruthenium-catalyzed reduction of polar bonds using H, gas, rather than a sac-
rificial reductant such as isopropanol, is an atom-economical reaction that has been
thoroughly explored.!'>! A key discovery by our laboratory was that neutral, structur-
ally characterized metal-amido complexes such as 11 (Scheme 7) could cleave H,
heterolytically to yield the trans-dihydride complex 12, and that these are crucial
intermediates during catalysis.*”¥38 Once the H-N-Ru-H moiety is in place, proton
and hydride can then be transferred to the substrate. Having methyl groups instead of
hydrogens on carbons alpha to the amido group (beta to the ruthenium) in this case
and in the case of 1 (Scheme 4) was important to allow the isolation of an amido
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Scheme 7 Reaction of ruthenium hydrido-amido complex 11 with hydrogen to give the
dihydride 12 during ketone hydrogenation

species. If hydrogens are present, the ruthenium amido complexes tend to undergo
B-hydride elimination to form catalytically inactive imine complexes.

We also found that the chiral complex trans-RuH(Cl)(P-NH-NH-P) [where P-NH-
NH-P is (§,5)-8] when treated with base was highly active for both ATH and ADH; how-
ever, the activity and enantioselectivity were not the same."*® This suggested that different
catalysts or mixtures of catalysts were forming in solution depending on the reaction
conditions, specifically the amount of added base and the nature of the reductant.

With an understanding of the general mechanism of ketone hydrogenation using
diamine-diphosphine and tetradentate ruthenium P-N-N-P complexes, we were moti-
vated to explore iron-based systems. Attempts by our group to synthesize iron diamine-
diphosphine analogs akin to dihydrides 1 and 12 were unsuccessful, although their
potential as hydrogenation catalysts has been investigated using density functional
theory (DFT). Our rationale was that by using a higher denticity P-N-N-P scaffold,
the ligand might remain more securely anchored to the 3d metal, preventing ligand
dissociation or catalyst decomposition/deactivation. Furthermore, the low cost of iron,
its high abundance, and its reduced toxicity are all desirable catalyst features for the
pharmaceutical, fragrance and agrochemical industries.

8.1.2 Effective ligands for iron-catalyzed ketone and imine reduction

The development of active iron catalysts for ATH and ADH processes followed from
the ligand design principles enumerated above and further principles uncovered from
2008 to the present. Before that time there were reports of poorly active catalysts
based on iron carbonyl cluster complexes for transfer hydrogenation (TH)™-62] ATH %
or iron dicarbonyls with a hydroxyl-functionalized cyclopentadienyl group for DH. 4 63
A breakthrough came in 2008 when our group discovered that monocarbonyl iron
complexes with tetradentate P-N-N-P ligands, when treated with base in isopropanol,
were quite active for ATH.!®! Since that time we have uncovered further ligand design
principles that have led to successively more active and enantioselective catalysts.
The progress can be classified into three generations of precatalyst types as shown in
Figure 3.
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Figure 3 General structures of three generations of successively more active iron ATH
catalysts

The synthesis and properties of these catalysts will be discussed in more detail
below but first some aspects of the structures will be discussed to emphasize important
ligand design features for iron-catalyzed hydrogenation processes.

8.1.3 Ligand design elements for iron catalysts
8.1.3.1 Strong field ligands on iron(Il) keep it diamagnetic

Common to the structures shown in Figure 3 and to those of several other hydrogenation
and hydrosilylation catalysts based on iron complexes!®>-¢7-#2 are the strong ligand field
carbonyl and phosphine ligands. Diamagnetic octahedral iron(II) complexes tend to be
substitution inert and less reactive compared with paramagnetic iron(Il) complexes
which can undergo rapid substitution.®3! In particular, substitution of the chiral groups
in the molecule is undesirable for enantioselective catalysis, which depends on struc-
turally well-defined, single sites for catalysis. Therefore, paramagnetic complexes are
usually not as effective for these applications.

A further advantage of diamagnetic complexes is that the reaction solutions can be
studied by NMR methods in order to obtain mechanistic information. Low coordinate
iron(IT) complexes with nitrogen ligands as shown in Figure 4 are active catalysts for
olefin (13)®4 and ketone hydrosilylation (14)®! as well as asymmetric hydrosilylation
(15).36) However, these highly reactive complexes are paramagnetic and difficult to
study, leaving the nature of the active catalytic species undefined.

8.1.3.2 Strong field ligands promote hydride formation

Hundreds of iron hydride complexes with phosphine ligands have been isolated and
characterized. These complexes are almost always diamagnetic. For example, a spec-
tacularly active electrocatalyst for dihydrogen oxidation is the cyclopentadienyl iron
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13 14 15

Figure 4 Paramagnetic iron complexes 13-15 are catalysts for hydrosilylation
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Figure 5 Examples of diamagnetic (16) and paramagnetic (17) iron(ll) hydride complexes

phosphine hydride complex 16®” shown in Figure 5. Both the chelating phosphine
ligand and the n’-cyclopentadienyl ligands are strong field ligands. This hydride
complex and catalytic intermediate is formed by the extremely rapid reaction of the
iron(I) with dihydrogen gas followed by rapid heterolytic splitting of the H—H bond
to produce the complex shown where the proton and hydride are still interacting in a
dihydrogen bond.®*° Such complexes have been characterized by many techniques
including NMR and crystallography.®”-°! In contrast, paramagnetic hydride complexes
of iron such as 17 are rare and highly reactive.

8.1.3.3 Privileged polydentate phosphorus and nitrogen donor ligands

Tridentate P-N-P and tetradentate P-N-N-P are more effective and selective in iron-
based catalytic hydrogenation than bidentate or monodentate ligands. There have been
attempts by our research group and others to prepare iron analogs to the ruthenium
diphosphine diamine complexes of Noyori shown in Scheme 1. These have so far
proven unsuccessful. Similarly, the complexes RuCl (P-NH,), and RuH(Cl)(P—NHz)Z
where P-NH, is a chelating ligand with phosphine and primary amine donors, are effi-
cient hydrogenation catalysts when treated with base under hydrogen for the reduction
of ketones to alcohols,” imines to amines,*?! and esters to alcohols,® while the iron
complexes are unknown. In contrast, extremely active iron catalysts based on tetradentate
P-N-N-P ligands are known as will be discussed extensively below.
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Figure 6 [ron precatalysts with P-N-P ligands for DH (18, 20) and ADH (19)

Tridentate phosphorus—nitrogen donors have recently been shown to provide active
iron catalysts for DH and ADH. Figure 6 shows three types of iron hydride complexes
that are active catalysts for ketone, imine and ester hydrogenation. Complex 18 is a DH
catalyst for ketones at 4.1 atm H,, achieving TONS for acetophenone hydrogenation of
up to 1720 with a TOF 300 h! at 40 °C."! Complex 19 is a precatalyst and the first
example of an effective iron-based system for the ADH of ketones to (S)-alcohols;
when activated with base under 5 atm H, at 50 °C, this system produces alcohols with
ee up to 85% at TON of up to 5000 and TOF up to 2000 h~.1" Complex 20" and
related derivatives are active catalysts for ester hydrogenation!®® °! and imine hydroge-
nation® as well as other dehydrogenation processes.

8.1.3.4 Optimum chelating ring size

Certain tetradentate P-N-N-P and P-N-NH-P ligands have proven very effective for ATH
with iron (Figure 3). As will be discussed in more detail below, the complexes with five-
membered Fe-P-N- and Fe-N-N- rings are more active than those with six-membered
rings. This has been attributed to flexibility of the six- membered ring allowing for the
formation of iron(0), leading to catalyst decomposition.”! The complexes with five-
membered rings are more rigid and provide higher enantioselectivity to (S) or (R) alcohols
than the ones with six-membered rings.

8.1.3.5 Versatile template synthesis of P-N-P and P-N-N-P ligands

A beautiful aspect of the chemistry of cationic iron(II) complexes is that the metal
center acts as a template and promotes the Schiff base condensation reaction of amine
and phosphine-aldehyde components so that a wide range of tridentate and tetradentate
ligands can be readily assembled on the metal. The metal template effect was first
described by Busch and co-workers!'% 111 and has been used extensively in the syn-
thesis of polydentate ligands directly on the metal when their synthesis off the metal
would be tedious or impossible.!> 19! For example, the ligand for complex 19 of
Figure 6 was created by reacting the precursor of the phosphine-aldehyde PCy,CH,CHO
(see below for more details) with the enantiopure compound (S, S)-PPh, CHPhCHMeNH,
in the presence of FeBr, and CO(g) followed by reduction with LiAH, and quenching
with alcohol to convert the imine to an amine.'*” This is a powerful ligand synthesis
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strategy, allowing the ready exploration of catalyst structure to find the one that yields
the highest activity and selectivity for a particular substrate.

8.2 First generation iron catalysts with symmetrical [6.5.6]-P-N-N-P
ligands

At about the same time that Gao et al.®¥ published their seminal work on the asym-
metric hydrogenation of ketones with tetradentate Ru-P-N-N-P complexes, the achiral
diimine complex trans-[Fe(NCMe),(P-N-N-P)][CIO,], (21) and diamine complex
trans-[Fe(NCMe),(P-NH-NH-P)][CIO,], (22) were synthesized by refluxing free
ligand § (Scheme 5) or its reduced version with [Fe(H,0)][CIO,], in acetonitrile;
however, structural characterization and catalytic activity were not reported.!'™ It was
also known that chiral diaminodiphosphine P-NH-NH-P ligands could be combined
with [HNEt][Fe, H(CO), ] to catalyze the asymmetric transfer hydrogenation of
ketones, but the nature of the active species was not well known.®* Thus, we sought to
synthesize a well-defined system for this application.

Chiral Fe(II) P-N-N-P complex 23 (Scheme 8) can be synthesized by mixing the
free P-N-N-P ligand (R,R)-7 [(S,S)-7 could also be used] with [Fe(H,0)][BF,], in
refluxing acetonitrile or by mixing with FeCl, and then performing a salt metathesis
with NaBF,.[! Complex 23 was structurally characterized using single crystal X-ray
diffraction, confirming that the acetonitrile ligands are in a frans orientation and
the P-N-N-P ligand is coordinating in a tetradentate fashion. This iron complex was
tested for the ADH of acetophenone in basic isopropanol solvent (25 atm H,, 50 °C,
substrate:catalyst:base ratio of 225:1:15) and was found to be somewhat active [TOF =
5 h™', 40% conversion, 27% ee (S)]; nonetheless, it was the first well-defined ADH
catalyst based on iron for the reduction of polar bonds./*® However, it was inactive as
a catalyst for the ATH of ketones.

Next, m-acidic carbonyl and isonitrile ligands were incorporated into the coordination
sphere either by exposing 23 to CO gas (1 atm) or tert-butyl isonitrile (2 equiv.)
to obtain complexes 24 and 25, respectively, in quantitative yields (Scheme 8).

M
ée _| 24 l\llle _l 2+
yall (BF4)2 /'|c|;| (BF )2
= N = N
=N, | N= N | =
/Fe\\ CO(g) or tBuNC '//F \\\“
P” | P —_— p~ Fe~p
Ph, Ph, Acetone Ph, Ph,
N
i L
¢
Me 24L=CO
23 25 L =tBuNC

Scheme 8 The first well-defined iron complexes for the ADH (23) and ATH (24, 25) of
ketones
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We rationalized that the presence of such n-acceptors, much like those found in the
active site of Fe-hydrogenase,!'*-1% might also enhance the catalytic activity of these
systems. Furthermore, the m-acceptor ligand might also encourage the 3d metal to
remain in a low spin configuration, preventing catalyst degradation or decomposition.
Interestingly, complex 24 was found to be inactive for DH but active for the ATH of
ketones as well as TH of aldehydes and an aldimine in basic isopropanol at room tem-
perature with TOFs as high as 1000 h™!, ee of up to 61% (S), and conversions of up
>99% for various ketones. Complex 25 was found to be much less active but more
selective for the ATH of acetophenone under the same conditions, with a TOF of 28 h™,
ee of 76% (S), and conversion of 34%.

8.2.1 Synthetic routes to ADH and ATH iron catalysts

Various chiral and achiral derivatives of the frans-acetonitrile bis(iminophosphine)
[6.5.6]-P-N-N-P iron complexes can be synthesized by a one-pot condensation/
template reaction involving [Fe(H,0),][BF,],, 3 (2 equiv.), and a diamine (26-28) to
yield complexes (29-31) (Scheme 9).l'% 1101 These new compounds were tested for
catalytic activity in the DH of acetophenone to 1-phenylethanol. Low to moderate
conversions were observed in most cases at room temperature and 25 atm H, pressure,
with precatalyst 29 being able to achieve up to 95% conversion at 50 °C in 18 h. Only
complex (R,R)-31 was enantioselective [ee of 61% (S)], but with poor conversion (4%)
at elevated temperatures.

In addition, the tetrafluoroborate salt of P-NH-NH-P complex 22 showed slightly better
activity (95% conversion) than the diimine precatalyst 29 under identical conditions. This

2
NCMe _I N

(BF4)
7\ NCMe =N '// \\\
HN  NHy| © 3 7 [Fe(H0)lBFl, — Pr \P

(2 equiv.)
K NCMe
Ph Ph
— - < en: 29
; m ; en: 30
HoN© NH; » NH, NH, ° HoN  NHy
26 27 (RR)-28 dpen: (R,R)-31
en pn dpen
2+ co
NCMe _l (BF,) (9)
32 (from en) /‘\ 4 acetone
(R,R)-33 (from (R,R)-dpen) —N"/,,F wN=
(S,S)-33 (from (S,S)-dpen) p~ C~p
Ph, ‘ Ph,
Cco

Scheme 9 Synthesis of iron(ll) [6.5.6]-P-N-N-P DH catalysts 29-31 by a one-pot Fe(ll)
template reaction followed by CO exchange to generate ATH catalysts 32 and 33



218 Ligand Design in Metal Chemistry

0] 0 o]
O)J\ ©)k’< CI\©)J\
34 35 36
68%, 63% ee 93%, 96% ee 68%, 45% ee

B!
- H
® ©

37 38
73%, 61% ee 70%,68% ee

Figure 7 The conversion of a variety of ketones to their alcohols with the ee (S) via ATH
catalyzed by (R,R)-33

suggested that the NH functionality was important for catalytic activity and that the imine
group(s) of 29 were being reduced during catalysis. None of the bis-acetonitrile iron
complexes in Scheme 9 were found to be active for the TH of acetophenone in basic
isopropanol.

Stirring the trans-acetonitrile complexes 29, (S,S5)-31 and (R, R)-31 under an atmosphere
of carbon monoxide in acetone cleanly generates the new monosubstituted carbonyl
complexes 32, (S,5)-33 and (R,R)-33.1!!1! Structural characterization of 32 and (S, 5)-33
confirm that the P-N-N-P ligand is in a planar arrangement, with the carbonyl and
acetonitrile ligands occupying the apical positions. These complexes are active for the
ATH of ketones, with the highest TOF and ee observed using (S,5)-33 or (R,R)-33,
reaching a maximum TOF of 2600 h™!, maximum ee of 96%, and maximum conversion
of 93%. A few examples that illustrate the substrate scope using catalyst (R,R)-33 are
shown in Figure 7.

8.2.2 Catalyst properties and mechanism of reaction

The identity of active catalytic species for the TH of ketones with our iron carbonyl
[6.5.6]-P-N-N-P complexes was still unclear. Did the imine or imines on the ligand
get reduced in situ, allowing catalysis to occur through a bifunctional outer sphere
mechanism, as seen with the analogous ruthenium systems? This question drove us
to further investigate the mechanism of transfer hydrogenation with our first genera-
tion [6.5.6]-P-N-N-P systems.

All the iron [6.5.6]-P-N-N-P hydrogenation catalysts require activation by an
external base. The catalytic profile for achiral complex 32 showed that there is an
induction period before rapid catalysis takes place for the TH of acetophenone in basic
isopropanol. Unexpectedly, reacting 32 with sodium isopropoxide in either benzene or
isopropanol yields the pentadentate ferraaziridine complex 39, which was isolated and
structurally characterized (Scheme 10).°! This unusual complex is diamagnetic, with



2+

e ] 2BF,-

TN
=N__ /N_
p—"°>p
th‘ Phy
C
o]
32
Active catalyst in
basic isopropanol

NaOiPr

‘ T“PPh,
C
0
39

Poor catalytic activity,
structurally characterized

BF4 H
s —\N
KOtBu _N\Fe/
—_—
P~ | TTPPh,
Ph, ‘
C
o
40

Poor catalytic activity

|

Excess KOBu, iPrOH, evaluate by 3'P NMR

Detected by 3'P NMR

Scheme 10 The conversion of complex 32 to the ferraaziridine complex 39 and then to electron-rich complex 40
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a tetrahedral alkyl substituent in the apical position, which is singly bonded to iron and
a secondary amine, forming a three membered Fe-C-N metallacycle. The amine ligand
can be deprotonated in the presence of base to form the neutral ferraziridinide complex
40, whose P-P coupling constant is spectroscopically distinguishable from 39 by *'P
NMR spectroscopy.

Both complexes 39 and 40 are poor catalysts for the TH of acetophenone in basic iso-
propanol, suggesting that the protonated or deprotonated form is not within the catalytic
cycle. When a catalytic mixture with 32 is evaluated by *'P NMR, the major species
detected in solution is 40 along with free ligand and oxidized free ligand. Mass balance
experiments, as evaluated by *'P NMR, showed that a maximum of 75% of the iron in
solution is NMR inactive, suggesting that the active species is either NMR inactive or
NMR active and found in extremely low concentrations. Furthermore, an IR spectrum of
a crude solution of 40 revealed two distinct carbonyl stretching frequencies at 1862 and
1870 cm™!, which are indicative of electron-rich iron carbonyl complexes.

With the support of DFT calculations, we proposed that the two observed car-
bonyl stretches below 1900 cm™ belong to ferraziridinide 40 and a reduced Fe(0)
complex, which could serve as a pathway towards NMR inactive iron species
(Scheme 10).°"1 The possibility of an Fe(0) species being responsible for the absence
of 75% of iron-containing compound in our mass balance NMR experiments
pointed to the presence of iron nanoparticles. This led us to discover moderately
efficient nanoparticle-catalyzed ATH as described elsewhere.!'!'"!

8.3 Second generation iron catalysts with symmetrical [5.5.5]-P-N-N-P
ligands

8.3.1 Synthesis of second generation ATH catalysts
8.3.1.1 Synthesis of phosphonium dimers: “protected” phosphine aldehydes

In order to design a ligand system more suitable for iron, we rationalized that the larger
six-membered M-P-N rings containing the orthophenylene moiety needed to be reduced
in size. In 1996, Matt er al.l"'? found that a stable phosphonium dimer could be isolated
under acidic conditions. The use of these phosphonium dimers, which could be converted
to phosphine aldehydes in the presence of base, was a promising route to achieve this
goal. Our group improved the synthesis of the dimers and made a wide variety of alkyl
(Scheme 11, route A) and aryl variants (routes B and C), which are air and moisture
stable.!' 1141 Phosphines with electron-withdrawing groups on the aryl substituents are
not electrophilic enough to undergo dimerization; the diarylphosphinoaldehyde diethyl
acetals were synthesized and used in further reactions (route D).!!>!

8.3.1.2 Template assisted synthesis of iron P-N-N and P-N-N-P complexes

Our group developed a convenient multi-component template synthesis for iron
complexes with ligands that form five-membered M-P-N- metallacycles. It has
been used to make P-N-N, P-N-S, P-N-P mono- and bis-tridentate iron complexes,
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Scheme 11 Syntheses of phosphonium dimers and a-phosphinoacetaldehyde dieth-
ylacetals (DIBAL = diisobutylaluminum hydride)

and tetradentate P-N-N-P iron complexes.!!!> 115118 In contrast to using ortho-
diphenylphosphinobenzaldehyde, a template reaction is required for the synthesis of
the tetradentate P-N-N-P ligands with alkyl-linked phosphinoaldehydes because
the diamine and the phosphinoaldehyde do not condense cleanly without a metal.
Selected examples using (R,R)-diamines are shown in Scheme 12 and the following
discussion will focus on the use of the (R,R)-dpen (28) as the diamine source during
template synthesis.

When the phosphonium dimers were reacted with base in the presence of Fe?*, there
was evidence for the formation of new intermediate iron complexes, which were char-
acterized as bis-tridentate iron complexes when using smaller PR, groups (R = Et, Ph)
on phosphorus (Scheme 12). These complexes were isolated as the BPh,~ salts after
salt exchange of BF,” and FeBr,” by the addition of NaBPh,. When these kinetic
products were left in refluxing acetonitrile for several days, the desired tetradentate
complexes were formed.''%!
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Scheme 12 Template synthesis of the first-formed bis(P-N-NH,) complex and thermody-
namic P-N-N-P product complex

This synthesis was later optimized by using an acetonitrile/methanol mixture as
the solvent at room temperature (Scheme 13). Both (R,R)- and (S,S)-dpen (28) have
been used.!""* !> " These complexes can be isolated by use of NaBPh, but are usually
generated in situ for reaction with CO to generate the ATH catalyst precursors.
The diarylphosphinoaldehyde diethyl acetals 51 and 52 are stable under basic condi-
tions, so an acid promoted template synthesis was developed to accommodate these
phosphinoacetals (Scheme 13).!113)

For the synthesis of the second generation ATH catalysts (see Figure 3 for the general
structure), the bis(acetonitrile) complexes were dissolved in acetone and placed under
CO atmosphere in the presence of KBr to give, after salt metathesis, complexes 64—72
(Scheme 13).1113 115 1171 Alternatively, one acetonitrile can be replaced with CO by
following the same procedure in the absence of KBr to obtain complex 73, which was
tested for ATH with a variety of ketones.*"

8.3.2 Asymmetric transfer hydrogenation catalytic properties
and mechanism

The bis-acetonitrile complexes 55—-63 were not active for either TH or DH of
acetophenone in iPrOH/KOfBu. However, the monocarbonyl complexes 67, 68, 70
and 73 with the correct steric and electronic properties at phosphorus!!'>21 and
nitrogen, 7 121 1221 35 defined in Section 8.3.2.1 were active for TH but not DH as
long as they were first activated with KOrBu in iPrOH. The complexes 67 and 73
with bromide and acetonitrile trans to carbonyl provided the same ATH activity and
selectivity. The bromide complexes were easiest to prepare and were used for most
of the catalyst testing.
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Scheme 13 Template synthesis of [5.5.5]-P-N-N-P bis(acetonitrile) iron complexes (55-73)
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8.3.2.1 The effect of changes of the phosphine on ATH activity

A series of monocarbonyl complexes were tested with phenyl groups on the diamine
and various substituents on the phosphorus atoms (complexes 64—72). The electronic
effects of the ligand can be quantified by use of the carbonyl stretching wavenumber of
the complex while the steric effects can be expressed by the Tolman cone angle for
groups around the phosphorus atoms.!"'! Figure 8 shows a plot of these two parameters
versus the TOF for the ATH of acetophenone in isopropanol at 30 °C catalyzed by
complexes 64-72 (0.02 mol%) which have been activated by KO7Bu (0.16 mol%).
The plot shows that there is a small range of substituent sizes defined by cone angles
from 132 (PEt,) to 150° (PmXyl,) with a small region of electron density as reflected
by CO stretching frequencies in the IR ranging between 1951 cm™ (PEt)) and 1975 cm™
(PPh,) that define active ATH catalysts. The catalyst of maximum activity is 68 with
P(tol), groups and second is 67 containing PPh, groups, which both furnish (R)-
1-phenylethanol with an ee of 82-84%. The third most active is 70 with meta-xylyl
groups, but it is the most enantioselective [90% ee (R)]. The complex with PEt, groups
(64) had very low activity at 30 °C while arylphosphine systems with electron-
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Figure 8 The plot of catalyst activity for the ATH of acetophenone (TOF, h') catalyzed by
complexes 64-72 (0.02 mol%; 0.2 mol% KOtBu) at 30 °C versus CO stretching frequency,
as an electronic parameter, and Tolman cone angle, as a steric parameter. Reproduced
from "5 with permission from the American Chemical Society. (See insert for color/color
representation of this figure)
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withdrawing CF, substituents (71 and 72) or bulky ortho-CH, groups (69) result in no
activity. Similarly, complexes with bulky iPr and Cy groups are inactive.

8.3.2.2 The effect of changes of the diamine on ATH activity

A series of monocarbonyl complexes analogous to 67 with PPh, groups and various
diamines were tested for ATH (Figure 9). Complexes with aryl substituents on the
diamines [using (R,R)-53 or (R,R)-54] provided very active catalysts for the ATH of
acetophenone at 30 °C, with a TOF of 2.0 X 10* h™! at 0.02% catalyst loading and an ee
of 82% (S). The S configuration is consistent with a transition state involving an
H-Fe-N-H attack (see below) that looks very similar to that of the RuH,((R,R)-dpen)
(binap) (Figure 1).

The complex prepared using (R,R)-diaminocyclohexane (76) was four times less
active and produced 1-phenylethanol in only 60% ee (S). The use of ethylenediamine
(75) was even less active and decomposed after 40% conversion, possibly due to
B-hydride elimination from a metal amide intermediate (Section 1.1.4). The diamino-
cyclohexane moiety is quite flat and the ethylenediamine backbone is small, both
leading to less steric interaction with the incoming ketone substrate. The rates for cat-
alysts 77 and 78 with diethylphosphino substituents are lower than those with dia-
rylphosphino substituents. These may form less active catalysts with less acidic NH
groups (cf. Scheme 6). The active forms of complexes 67 and 74 appear to have
optimum hydridicity and NH acidity resulting in high ATH activity.

The diethylphosphino-substituted complexes 77 and 78 are less active for the ATH
of acetophenone and so reactions were conducted at 50 °C (Figure 9).11 The catalysts
decomposed before the reaction equilibrium could be reached. Again, the aryl-
substituted diamine provided the more active catalyst (77 versus 78).[!1%]

R + +
R,/ N \R—l (BPhy) R g ‘R—l (BPhy)
< N
AL RN M — N. \\N
F — 7/ e\ —
| e o | e
Phy | Phe Bt (| Et,
0 o]
67 R = Ph, diamine (R,R)-28 77 R = Ph, diamine (S,S)-28
TOF = 2.0X10%h™" at 28 °C %ee = 81 (S) TOF =2.4X10%h™" at 50 °C, %ee = 57 (R)
74 R = 4-MeOCgH,, diamine (R,R)-53 78R = H, diamine 26
TOF = 2.0X10*h™" at 28 °C, %ee = 82 (S) TOF =735 h" at 50 °C

75 R = H, diamine 26
TOF = 2.1X10%h™'at 28 °C

76 R = -CH,CH,CH,CH,—, diamine (R,R)-54
TOF = 4.9X10%h~" at 28 °C, %ee = 60 (S)

Figure 9 Complexes 67 and 74-76 with PPh, groups''” and 77 and 78 with PEt,
groups'™?" prepared using various diamines
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Figure 10  Bis-ene-amido complexes 79 and 80 and the catalytic intermediate amido(ene-
amido) complex 81

The reaction of complex (S,5)-67 or (S,S)-77 prepared with excess base in benzene
leads to the bis-ene-amido complexes 79"'?* and 80"'** (Figure 10). These are active for
the ATH of acetophenone without the addition of extra base. However, there is still an
induction period in the catalytic reaction profile, which is associated with the reduction
of one of the double bonds in the ligand backbone to produce the active catalyst, an
amido(ene-amido) complex 81 (see below).[?]

8.3.2.3 Mechanism

Kinetic!"®! and DFT studies!?" provided a mechanism for the ATH of acetophenone
catalyzed by (S,5)-67 and base in isopropanol (Scheme 14). The slowest step is activation
of the catalyst by ligand reduction via hydride transfer from coordinated isopropoxide to
afford the amido(ene-amido) complex 81 (Scheme 14, top left). The catalytic cycle is
very similar to that of ruthenium hydrogenation catalysts with H-Ru-N-H motifs as
discussed above (e.g., Scheme 6 and Scheme 7) where an H-Fe-N-H moiety attacks the
ketone in the outer coordination sphere. H-transfer is a stepwise process, with rapid
proton transfer to nitrogen followed by hydride transfer from a stabilized isopropoxide
ion in the outer coordination sphere to the metal, forming the amino-hydrido complex 82.
The turnover-limiting step is hydride transfer from iron to the substrate, followed by
proton transfer from the NH group to the coordinated alkoxide to regenerate 81. More
recently, complexes of the type (S,5)-83 with one imine group reduced were shown to
rapidly react with base to directly enter the catalytic cycle, making the overall catalytic
process much faster.l''¥ In addition the amido(ene-amido) complex 81 and the hydride
complex 82 have been fully characterized by NMR spectroscopy.!!!8!

The bis(amine) complex [Fe(Br)(CO)(P-NH-NH-P)]BPh, was also synthesized and
tested for catalysis, and showed a much lower conversion of only 10% after 2 h.!'?
Thus, the ene-amido portion of the active catalyst is critical for superior activity.

8.3.3 Substrate scope

Complex (R,R)-67 is an excellent ATH catalyst, superior in activity to known precious
metal catalysts under the same conditions. The TOF approaches 30 000 h~! at 30 °C. Its
enantioselectivity in the ATH of a variety of ketones to the (S) alcohols is fair to excellent
as indicated by the examples in Figure 11.1'> The enantioselectivity of (S,5)-67 in the
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Scheme 14 The proposed catalytic cycle for the ATH of acetophenone catalyzed by
(5,5)-67 and KOtBu, or more efficiently by (S,5)-83 and KOtBu in iPrOH and the struc-
tures of the amido(ene-amido) complex 81 and amine(hydride) complex 82

ATH of a range of ketimines is almost perfect. Thus the combination of PPh, groups and
NCHPh groups on the ligand provides an effective ATH catalyst.

8.4 Third generation iron catalysts with unsymmetrical
[5.5.5]-P-NH-N-P’ ligands

The previous mechanistic and experimental studies of our second generation catalysts
for ATH suggested that one of the imine moieties of complex 67 was reduced to an
amido moiety by a hydride from isopropoxide, producing the amido(ene-amido)
complex 81. Thus we decided to target this complex using a new synthetic pathway.

8.4.1 Synthesis of bis(tridentate)iron complexes and P-NH-NH, ligands

New enantiopure P-NH-NH, ligands required for the synthesis of complexes leading
to 81 can by prepared in an iron-template procedure (Scheme 15) that makes use of the
phosphonium dimers described above (Scheme 11).'" After the formation of
bis(tridentate) complexes, they can be released from their template and isolated to
afford enantiopure P-NH-NH, synthons.
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Scheme 15 Template synthesis of enantiopure P-NH-NH, ligands (S,5)-102 and (S5,5)-103

8.4.2 Template-assisted synthesis of iron P-NH-N-P’ complexes

The P-NH-NH, ligands are then condensed with another 0.5 equiv. of phosphonium
dimer in the presence of base and [Fe(H,O)][BF,], to give partially unsaturated
P-NH-N-P frameworks on iron (IT) (Scheme 16). The resulting iron complexes are then
reacted with NaCl under a CO atmosphere to give the iron complexes (S,S5)-104 and
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Scheme 16 Template synthesis of the third generation precatalysts (5,5)-104, (5,5)-105,
and (5,5)-106

($,5)-105. A new dimension of ligand variation can now be incorporated by using a
different combination of phosphonium dimer and P-NH-NH, ligand, as illustrated by
the synthesis of (§,5)-106. This new pathway allows the synthesis of a wide range of
iron complexes with unsymmetrical P-NH-N-P’ ligands.!!!®

8.4.3 Selected catalytic properties

This new generation of iron precatalysts was tested for the reduction of ketones and
imines, in both ATH and, most recently, ADH.!!8 1261 In both cases, no induction period
was observed and high activity was obtained, more so for ATH than DH. To date, these
are the most active ATH catalysts known on the basis of their exceptional TOF for
acetophenone to (R)-1-phenylethanol at 30°C.[8]

8.4.3.1 Asymmetric transfer hydrogenation

Catalysis with 104-106 resulted in the conversion of ketones to the corresponding
alcohols significantly faster than our previous generations of catalysts, even at
28 °C. Unprecedented TOF of over 200 s~! at 50% conversion and TONs of up to
6100 were displayed using 104 for a variety of ketones with ee up to 98% (Figure 12).
The catalyst was tolerant towards pyridyl and furyl functional groups and reduced
38 selectively to the allyl alcohol. The tetradentate ligand system appears to prevent
the pyridyl group in particular from coordinating and poisoning catalysis. Under
standard conditions, the complex that gave the highest TOF was 106 while the high-
est ee was found with the use of 105, consistent with substituent effects previously
observed with second generation iron catalysts.!!!8 Acetophenone (34) was reduced
to 1-phenylethanol with an ee of 88% using 104 and 92% using 105. Similarly,
ketone 108 was reduced with a final ee of 91% using 104 and 98% using 105, with
the product alcohol serving as a precursor to the antiemetic drug Aprepitant
(Emend). These iron-based catalysts are not only faster than the most efficient
ruthenium-based catalysts, but approach enzymatic activity. They also provide an
ee of >99% for certain imines.
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(0.16 mol%) in isopropanol at 28 °C; ADH: 50 °C with 20 atm H,, in THF'?¢

8.4.3.2 Asymmetric direct hydrogenation

Complexes 104 and 105, when treated with 2 equiv. of KOrBu, were found to be active
for the DH of ketones with TOF up to 80 h™."*) Complex 104 with PPh, groups yielded
racemic alcohols under these conditions while (S,S5)-105 with PmXyl, groups gave (R)
alcohols with moderate ee values (Figure 12); in general, the ee of the alcohol products
decreased over time. Side reactions at the higher temperature of ADH (50 °C) versus
ATH (30 °C) seem to cause a loss of enantioselectivity.

8.4.4 Mechanism

When complex 104 is treated with KOBu in THF, the amido(ene-amido) complex 81
of Scheme 14 can be characterized by NMR.!''8l When this solution is subjected to a
hydrogen source, either 2-propanol or H, gas, the active amine iron hydride species 82
(Scheme 14) was detected. Experimental results as well as DFT calculations suggest
that the mechanisms of ATH and ADH for this system are very similar, the major
difference being the reaction of the amido(ene-amido) complex 81 with H, instead of
isopropanol to generate the hydride complex 82. The heterolytic splitting of dihydro-
gen by 81 is the turn over limiting step (TLS) in ADH!"% just as the H*/H~ transfer
from isopropanol to 81 is the TLS in ATH, with the calculated and experimental energy
barrier to ADH being higher than those to ATH.
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8.5 Conclusions

Three generations of successively more active iron catalysts for the ATH of ketones
and imines were developed by optimizing the structure of P-N-N-P and then P-NH-N-P
tetradentate ligands. The procedure for ligand modifications was simplified by the
condensation of amine and aldehyde components to form imines by using iron(Il) as a
template, yielding in most cases only one diastereomer. A wide range of enantiopure
diamines are commercially available to set the chirality of the ligand, while four different
routes were introduced to make new a-diarylphosphinoacetaldehyde and a-dialkyl-
phosphinoacetaldehyde components. An iron-assisted synthesis of enantiopure P-NH-
NH, ligands is also possible, allowing further ligand variation by introducing
unsymmetrical phosphine donors. The flexibility of the synthetic methods means that
catalyst discovery for a particular reduction can be accelerated by the availability of a
wide range of catalyst structures. Tetradentate ligands that form three five-membered
rings ([5.5.5]) with iron(II) are preferable to ones that form more flexible six-membered
rings ([6.5.6]) found in first generation catalysts.

There are similarities and differences between the ligand structures that activate
iron(II) and ruthenium(II) for homogeneous hydrogenation processes. A very important
common element for ketone and imine reduction is an amine group on the ligand that,
along with a cis-hydride in the H-M-N-H motif, efficiently transfers proton and hydride
equivalents to the polar bond in the outer coordination sphere. Providing an amine
function in the tetradentate ligand in the third generation [Fe(Cl)(CO)(P-NH-N-P)]*
precatalysts resulted in much higher activity than in the second generation structures
where an imine had to be converted to an amine function during the inefficient
activation of the precatalyst. The combination of phosphorus and nitrogen coordinated
to a neutral M(II) center along with a hydride (for Ru) or carbonyl (for Fe) trans to a
hydride makes the hydride a potent nucleophile. However, electron-withdrawing sub-
stituents on the phosphines deactivate the iron catalyst. The steric environment may be
more restricted for Fe versus Ru, explaining why only a narrow range of cone angles
at phosphorus yields active catalysts for Fe. The strong field P, H and CO donors
appear to keep the complexes in the catalytic cycle in a low spin electron configu-
ration, even the five-coordinate iron(II) amido(ene-amide) intermediate Fe(CO)
(P-N-NCH=CHP) 81. Often, low coordinate iron complexes are high spin (see
Figure 5). As expected, the amido intermediate Fe(CO)(P-N-NCH=CHP) reacts with
dihydrogen or isopropanol in a fashion similar to ruthenium amido complexes, allowing
the regeneration of the hydride amine complex Fe(H)(CO)(P-NH-NCH = CHP) after
the hydrogenation of the substrate. Thus, these iron complexes can serve as ATH or
ADH catalysts. The iron catalyst appears to be tolerant to nitrogen-donor functional
groups on the substrates because the tetradentate ligand prevents these groups from
coordinating and poisoning the catalyst.

The chiral array of aryl groups presented to the incoming substrate seems very
similar for Ru(H),(diamine)(diphosphine) and Fe(H)(CO)(P-NH-N-P) complexes.
In each case, the complex with a structure derived from the (R, R)-diamine produces the
(8)-alcohol or (S)-amine from prochiral aryl ketones or imines. The origin for this
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selectivity is readily seen by inspecting how the incoming ketone hydrogen bonds with
one NH group which is locked parallel to the M—H bond by the chiral diamine. The
larger substituent on the ketone is kept away from the bulky groups on the phosphorus
donor, biasing the interaction to the pro-(S) face of the ketone (Figure 1).

These and other design principles will continue to be exploited in the on-going effort
to replace chemical processes that are currently catalyzed by precious metal complexes
with more abundant, sustainable and less toxic metals.
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Ambiphilic Ligands: Unusual
Coordination and Reactivity
Arising from Lewis Acid Moieties

Ghenwa Bouhadir and Didier Bourissou

CNRS, Université Paul Sabatier, France

9.1 Introduction

The success of homogeneous catalysis can largely be attributed to the development
of a diverse range of ligand frameworks. This has led to not only highly active
and selective catalysts through judicious choice of metal and ligand, but also to
the discovery of new transition metal mediated transformations. Most commonly,
ligands are based on donor moieties that naturally bind to metals as o-donors.
Lewis acids are also frequently used in transition metal chemistry, either as
co-catalysts or additives, but they have rarely been incorporated within ligands.
Yet, unusual bonding situations and reactivity patterns may be envisioned with
Lewis acids. To study and develop such systems, it is desirable to control the way
Lewis acids are introduced in the coordination sphere of transition metals and
participate in coordination as well as reactivity. To this end, ambiphilic ligands
combining donor and acceptor sites are particularly appealing and fascinating.!
Pioneering contributions in this field were reported in the early 1960s and 1980s,
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but the last decade has witnessed a spectacular upsurge of interest. This was
especially stimulated by the novel and versatile coordination properties evidenced
for phosphine-boranes, the prototypical ambiphilic ligands, as well as the parallel
development of Lewis pair activation/functionalization of small molecules, so-called
frustrated Lewis pair (FLP) chemistry.>

In this chapter, the design and structure of ambiphilic ligands are discussed. The different
ways Lewis acids can participate in coordination are then presented as well as their impact
on the electronic, geometric and optical properties of metal fragments. The reactivity of
complexes deriving from ambiphilic ligands is also described, with special emphasis on the
influence of the Lewis acid moiety on the stoichiometric/catalytic transformations of
interest. Attention has been given to well-defined complexes deriving from preformed
ambiphilic ligands.

9.2 Design and structure of ambiphilic ligands

By design, ambiphilic ligands combine donor and acceptor sites on the same skel-
eton (Figure 1). The basic idea is to use donor sites as anchors to introduce Lewis
acids in the coordination sphere of transition metals. Fine tuning of the structure of
the ambiphilic ligands (coordination sites and linker) gives the possibility to control
the position of the Lewis acid moiety and the way it participates in bonding and/or
reactivity.

Within this general scheme, many variations are conceivable. Representative
structures are given in Figure 2 to showcase the most studied systems and illustrate
their broad diversity.

Hereafter are discussed the most important structural modulations achieved to date.

The number of donor and acceptor sites. Ambiphilic ligands featuring a Lewis
acid and one, two and three Lewis bases have been investigated. The number of
donor buttresses has been used to modulate the constraint associated with chelation
assistance from relatively flexible systems (one donor anchor) to highly rigidified
structures in which the Lewis acid is maintained tightly in the coordination sphere
of the metal (cf. cage complexes deriving from triphosphine-boranes and related
ligands 8).}

Donor sites D. Phosphines have been largely privileged here due to their high
affinity for mid and late transition metals with which Lewis acids have been mainly
associated so far. Practical reasons (easy synthesis and handling, 3'P NMR probe)

linker

7N

Lewis base, D A Lewis acid,
donor site acceptor site

Figure 1 General structure of ambiphilic ligands
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Figure 2 Representative structures of ambiphilic ligands

have also clearly played a role. Nitrogen-based systems, such as the pyridine-
borane 2,* have also been occasionally studied and it is likely that other donor
groups, such as N-heterocyclic carbenes or phosphazenes, will be employed in
future work.

Acceptor sites A. Here, the archetypal Lewis acid is boron and a large majority
of ambiphilic ligands feature a borane moiety, whose behavior can be probed effi-
ciently by using "B NMR. Synthetically, boron can be easily introduced by ionic
coupling from halo-boranes and this methodology has been applied broadly, in
particular for the preparation of rigid C,-bridged phosphine-boranes 1,> bisphosphine-
boranes 7° and triphosphine-boranes 8.%° Hydroboration also provides an efficient
entry to ambiphilic ligands, and flexible C -bridged phosphine-boranes 4, have
been prepared from vinyl-phosphines. Here, the ligand can be assembled before
coordination or in the coordination sphere, depending on the sequence of hydroboration/
coordination.” Varying the substituents at boron provides a means of modulating
its behavior (by tuning Lewis acidity and steric shielding), although the incorpo-
ration of highly electrophilic boranes remains limited and this certainly represents
a challenge for future work. So far, ambiphilic ligands featuring electron-
withdrawing C F, groups at boron are limited to rare examples (such as C,-bridged
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phosphine-borane 4).7¢ Another way to increase Lewis acidity at boron is to incor-
porate it in a formally anti-aromatic borafluorene fragment (BFlu), and this strategy
has been applied to an ortho-phenylene bridged phosphine-borane 1.5 Replacement
of boron for heavier group 13 elements, in particular aluminum, has drawn
significant attention. Alanes are generally highly Lewis acidic, even when substi-
tuted by simple alkyl/aryl fragments, and are thus expected to interact more strongly
with metal fragments. Because of synthetic limitations, the variety of corresponding
ambiphilic ligands is still relatively limited, but significant contributions have been
reported with the C -bridged phosphine-alane 3® as well as ortho-phenylene bridged
di- and tri-phosphine alanes of types 7/8.° Besides unsaturated fragments of the
group 13 elements, heavier group 14-16 elements can also act as Lewis acids due
to their ability to form hypervalent structures.'®

Linker L. Ambiphilic ligands have been built up on different types of organic
linkers. The key features here are the length and flexibility of the backbone that
directly influence the relative position of the donor and acceptor sites, and thus their
coordination behavior. Essentially short linkers (C, and C)) have been used, with the
aim to introduce the Lewis acid moiety in the first coordination sphere of the metals.
In this regard, the nature of the linker and in particular its rigidity play a key role, and
the ortho-phenylene linker proved particularly well-suited. The corresponding ligands
are preorganized so that the donor and acceptor sites point in the same direction, and
at the same time, they retain some flexibility so that the Lewis acid can accommodate
its environment. A few extended systems have also been investigated. Here, the Lewis
acid usually remains pendant and it may be used to anchor substrates in the second
coordination sphere of the metals (see Section 3.1).

Donor— acceptor (D — A) interactions. The combination of donor and acceptor
sites raises the possibility of D — A interactions (intramolecular and intermolecular).
In most systems, such D — A interactions are prevented by the steric demand of
the substituents (steric frustration) and/or the nature of the organic linker (geometric
frustration). Noticeable exceptions are illustrated in Scheme 1: (i) the C -bridged
phosphine-alane 3 adopts a head-to-tail dimeric structure and is usually reacted in the
presence of an additional Lewis base to displace the P — Al interactions;'! (ii) the di- and
tri-phosphine boranes 7 and 8 equilibrate in solution between open and closed forms
which were unambiguously identified in the solid state by X-ray diffraction analyses;®
(iii) the pyridine-borane 2 exists in solution as a mixture of closed monomeric form
and head-to-tail dimeric structure, but N — B interactions are readily cleaved upon
coordination to Ru.*

Most typically, the formation of D — A interactions is disfavored by rigid C,-
linkers (it would result in strained four-membered rings). The corresponding open
forms (free of D — A interactions) are usually the ground-state structures or lie only
slightly higher in energy than the corresponding closed forms. Conversely, some
linkers are incompatible with ambiphilic behavior due to enforced D — A interac-
tions. This is the case of 1-phosphino 2-boryl naphthalenes 9 which feature strong
P — B interactions even in the presence of very bulky substituents at phosphorus
and boron (Figure 3).!2



Me, Closed monomer

——AlMe,
Me, Al P

Me,

Head-to-tail dimer

3

Operf lgure3 Represen@,gggcftr ucture Cy, B Head-to-tail dimer
of é) SHFQIJ)QZ bory/ naphtha- % \

Scheme 1 Intermolecular and intramolecular donor — acceptor



242 Ligand Design in Metal Chemistry
9.3 Coordination of ambiphilic ligands

The coordination properties of ambiphilic ligands have been thoroughly investigated.
Depending on the role of the Lewis acid, four different situations can be distinguished
and they have all been authenticated experimentally (Figure 4). Representative exam-
ples will be discussed in the following sections. Special attention will be devoted to the
three coordination modes in which the Lewis acid site actively participates.

9.3.1 Complexes featuring a pendant Lewis acid

Early contributions on ambiphilic ligands relate to this coordination mode. Kagan and
Jacobsen explored in parallel boraDIOP ligands and soon after, Landis investigated
ferrocenyl bisphosphines featuring a benzoxaborolidine moiety.”* In both cases, the
idea was to introduce a remote borane moiety in the second coordination sphere of
transition metals. This pendant functionality was expected to act as an anchor for
incoming substrates, seeking to facilitate their coordination and control their orienta-
tion. Corresponding Rh, Pd and Pt complexes (Figure 5) were prepared, spectroscopi-
cally characterized and evaluated in a few catalytic transformations. Unfortunately, no
clear improvement was observed compared with the corresponding boron-free sys-
tems, probably due to the weak Lewis acidity of the involved borane moieties.

More recently, complexes featuring pendant Lewis acids were prepared from C,-bridged
phosphine-boranes (Figure 6). As mentioned above, the ortho-phenylene linker usually
favors the participation of the Lewis acid in coordination, but in the Pd complex 13, this
effect is counterbalanced by the bulky Mes which prevents interaction of the boron center
with the metal fragment. Despite smaller substituents at boron, the Ru complex 14 adopts
the same coordination mode.” The flexibility of the CH,CH, linker probably comes into
play here (the phosphine-borane ligand adopts antiperiplanar conformation).

& N N &
D A D A

D A D A

Y N A v |

ML, M L,M—X ML, X
L,

Figure 4 Coordination modes of ambiphilic ligands

th o Ph, :
N /CI
Ph- B r\ ﬁ @B\ f Q, Ph, B/O
O '//
1

Fe A
Phy M) R
L 12 [M]=PiMe,,
M = Pd, Pt P B ooy
R=H, Cl, CF, Ph, (nbd),

R = Me, Ph, p-CgH,Cl

Figure 5 Rh, Pd and Pt complexes featuring pendant Lewis acids
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iPryR BMes, PhoP. cl

\K\Pd—CI , \Z

Figure 6 Pd and Ru complexes featuring pendant Lewis acids
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Figure 7 Schematic representations of two-center, two-electron M — B interaction

To date, the ability of external Lewis bases to bind to the pendant Lewis acid
(anchoring effect) has not been structurally substantiated, but '"H/''B NMR evidence
has been reported in a few instances using N-based donors.'3*!14

9.3.2 Bridging coordination involving M — Lewis acid interactions
9.3.2.1 Concept of c-acceptor, Z-type ligand

The ability of Lewis acids to bind to transition metals as c-acceptor ligands was
recognized early on" and the common classification of ligands as L (two-electron
donor) and X (one-electron donor) was extended to Z (two-electron acceptor).'®
In the latter case, the metal behaves as a Lewis base and engages in dative M — Z
interactions. Figure 7 provides a simplified orbital diagram for the corresponding
two-center, two-electron interaction.!”

For a long time, complexes involving M — LA interactions remained chemical curi-
osities, but chelating assistance has enabled significant progress over the last decade.
In particular, borane complexes, long considered as putative species, were unambiguously
authenticated and better knowledge has been gained on the nature and magnitude of
M — B interactions.'® The advent of phosphine-boranes has clearly played a major
role here, providing straightforward access to M — B interactions (in addition to the
formation of borane complexes upon coordination of hydrido-borates, as pioneered by
Hill)." Progressively, the concept of c-acceptor ligands has been developed and
M — LA interactions have been exemplified with a great variety of metal fragments
(group 8-11 metals, with coordination numbers from 2 to 5, and electron counts from
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14 to 18). Lewis acids can also be varied broadly, from group 13 elements to heavier
group 14-16 elements. It is not the purpose of this section to describe all the complexes
featuring M — LA interactions. Only representative examples will be presented and the
key features of M — LA interactions will be discussed.

9.3.2.2 Bridging coordination of phosphine-boranes

Gold complexes 15 nicely illustrate the ability of ambiphilic ligands to support M — Lewis
acid interactions (Figure 8).>* Two phosphine-boranes differing in the Lewis acidity of
the boron were studied and the Au— B interaction was found to strengthen from BCy, to
BFlu. The first indication came from "B NMR, with a high-field shift of about 10 ppm
of the BFlu signal upon formation of complex 15b. Geometric data, as determined by
X-ray crystallography, provide further insight. Both complexes adopt T-shaped geom-
etry. The PAuCl skeleton is almost linear (which prevents interaction of B with Cl instead
of Au) and the boron atom comes close to gold, all the more so as the Lewis acidity of
the borane increases. The two AuB distances fall well within the sum of the van der
Waals radii (3.7 A). A convenient and normalized descriptor is the ratio r between the M/
Lewis acid distance and the sum of the corresponding covalent radii. The pyramidaliza-
tion of the boron environment (as estimated from the sum of CBC bond angles, referred
to as XB ) is another useful indicator for M — B interactions. The values of r (1.2-1.3)
and XB_ (356-358°) indicate the presence of relatively weak Au— B interactions in
complexes 15. Valuable information can also be gained from density functional theory
(DFT) calculations. Second-order perturbation theory analyses (NBO calculations) are
particularly suited for the description of D — A interactions. Accordingly, donation from
an occupied d orbital at Au to the vacant 2p orbital at B was found. The corresponding
delocalization energy increases with the Lewis acidity of boron (AE,, from 5kcal/mol
in 15a to 13kcal/mol for 15b). The bonding interaction between Au and B is clearly
apparent from the associated natural localized molecular orbital, a bonding combination
of d(Au) and vacant 2p(B). Since M — B interactions are associated with a transfer of
electron density from the gold center to the borane fragment, one can also refer to atomic
charges. Accordingly, the charge at gold was found to increase by 0.06 to 0.16 e upon
coordination to BCy,/BFlu, using the corresponding boron-free complex as a reference.

iPraPy_BR%
Au
e
15a 15b
BR’, = BCy, BR’, = BFlu
AuB =2.903(6) A  AuB =2.668(8) A
¥Ba = 358.6° »Ba = 355.8°

Figure 8 Phosphine-borane Au complexes and associated natural localized molecular
orbital. (See insert for color/color representation of this figure)
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9.3.2.3 M — LA interactions supported by bisphosphine-boranes and related
ambiphilic ligands

A variety of d® fragments have been shown to engage in M — B interactions and form
square-pyramidal complexes. The Rh complex 16a (Figure 9) offered the first representa-
tive of such complexes and its bonding situation was analyzed thoroughly.® The ''B NMR
signal is shifted upfield by ca. 30 ppm upon coordination. The boron atom occupies an
apical position, with a short RhB distance (r=1.02) and pronounced pyramidalization
(£B,_=339°). Density functional theory calculations support the presence of a relatively
strong D — A interaction between the occupied d 2 orbital at rhodium and the vacant 2p
orbital at boron (AE, ) 86 kcal/mol).

Consistently, Lewis bases such as DMAP or CO do not interact with the boron center
of 16a but rather split the chloro bridge to give mononuclear complexes (cis complex
16b and trans complexes 16¢).5° Due to the n-accepting character of CO, the Rh center
of 16c¢ is less electron-rich and thus forms a slightly weaker Rh — B interaction. In turn,
the v stretching frequency is shifted to higher energy by 35cm™ upon coordination of
Rh to boron, indicating that the borane moiety exerts a substantial withdrawing effect
on the metal.

The corresponding Pd and Pt dichloro complexes adopt similar square-pyramidal
structures, but the M — B interaction weakens significantly from Rh to Pt and Pd, in line
with the decrease of the Lewis basicity of the metal.?® Despite the presence of ortho-
phenylene linkers, the bisphosphine-borane ligands are remarkably flexible. They can
accommodate facial as well as meridional coordination and the two phosphine anchors
support but do not impose M — B interactions.

Related Au complexes 17 (Figure 10) have attracted most interest.?! The presence of
a second phosphine sidearm was shown to significantly strengthen the Au — B interac-
tion (8 '"B~26ppm, r~1.03, ZB_~342°) compared with the corresponding mono-
phosphine-borane complexes 5. According to DFT calculations, complexes 17 feature
strong Au— B interactions (AE,  ~ 55 kcal/mol), but the transfer of electron density is
not large enough to consider that gold is oxidized from Au(I) to Au(Ill), as established
unequivocally by '”Au Mossbauer spectroscopy. The square-planar geometry of 17 is
unprecedented for Au(I) complexes, demonstrating that the coordination of Lewis
acids may challenge the basic rules dictating the geometry of complexes. The related

Ph
Q\B//Q QBE‘Q Q\
/PrzP\Rt//P/Prz + iPry p\ *Q

IPI’ZP\Rh/PIPI’Z Rh—piPr.
C'\2 DMAP~ ¢l 2
16a 16b 16¢
RhB = 2.306(3) A RhB = 2.295(5) A L, L' =CO,Cl
=B, = 338.8° =B, = 340.3° RhB = 2.374(3) A

3B, = 342.6°

Figure 9 Bisphosphine-borane Rh complexes
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Figure 10 Bisphosphine-borane Au and Cu complexes
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Figure 11 Triphosphine-borane complexes featuring M — B interaction

copper complexes 18 display completely different structures.”? Because of the more
electron-deficient character of Cu, the bisphosphine-borane is tilted and the central
BPh moiety adopts a new n>-BC coordination mode. The ability of aryl-boranes to
engage into multi-center BC and BCC coordinations is quite general®® and opens inter-
esting perspectives in reactivity.

Gold complexes 17 were used as models to vary the nature of the Lewis acid and
study its influence on M — LA interactions. Replacement of boron for heavier group
13 elements (Al and Ga) leads to zwitterionic complexes as the result of chloride
abstraction from Au (see Section 3.4).°*?* Heavier group 14—16 elements are signifi-
cantly less Lewis acidic, but nevertheless, they are prone to coordinate Lewis bases and
form thereby hypervalent compounds. Such a situation with metals (Au, Pd, Pt) acting
as Lewis bases was illustrated with Si and Sn,'®® Sb and Bi,'%¢ as well as Te.'*"

9.3.2.4 M — LA interactions supported by triphosphine-boranes and
related ambiphilic ligands

The presence of three donor buttresses increases further chelating assistance and
results in cage complexes. In this respect, triphosphine-boranes have attracted most
attention and a broad variety of metallaboratranes have been reported. First, a compre-
hensive study was carried out on complexes of the group 10 and 11 metals 19
(Figure 11).>% The cage structure enforces in all cases transannular M — B bonding,
but the system retains flexibility and the magnitude of this interaction varies signifi-
cantly from one metal to the other. Accordingly, group 10 metals form stronger M — B
interactions than group 11 metals, and M — B interactions strengthen from 3d to 5d
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Figure 12 Triphosphine-borane Fe, Cu and Co complexes

elements, especially for the coinage metals.” The strongest interactions were met with
Pt and Au, which are more Lewis basic than their lighter congeners due to relativistic
effects (5d orbitals are raised in energy). This work revealed another interesting feature
of M — B interactions concerning UV-vis properties. Indeed, coordination of the Lewis
acid induces a significant bathochromic shift as the result of the introduction in the MO
diagram of a low-lying vacant orbital (corresponding to the antibonding combination
of the 2p orbital at B with the d 2 orbital at M).

A series of Fe complexes 20 were then described by Moret and Peters,? illustrating
the ability of the triphosphine-borane to accommodate different electronic configura-
tions, from low-valent N, to high-valent imido species (Figure 12). All complexes
adopt cage structures but the central Fe — B interaction showed high plasticity (the
FeB distance varies from 2.293 to 2.608 A). Similar observations were made recently
for related Cu complexes 21.”” The triphosphine-borane was shown to accommodate
three different oxidation states of the metal (Cu*, Cu and Cu), with CuB distances
varying from 2.198 to 2.495 A. The neutral species is most remarkable as it features a
l-electron Cu— B interaction with spin density located mostly on B (57%).
Paramagnetic Co complexes 22 were also reported and boron was found to facilitate
exchange between end-on N, and side-on H, at Co.*®

Nakazawa extended the variety of metallaboratranes to Rh/Ir and isolated neutral,
cationic as well as anionic complexes 23 (Figure 13).% The neutral species 23b
undergoes unusually facile and reversible CO/phosphine exchange, illustrating strong
trans influence and labilizing effect of the borane.
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Figure 14 Cage complexes with heavier group 13 elements

A few cage complexes with heavier group 13 elements coordinated as c-acceptor
ligands have also been reported (Figure 14).2*3° Despite the larger size of Ga and In,
triphosphine gallane and indane were found to engage in strong Au— Ga and Pd — In
interactions. In addition, Lu and co-workers developed a novel aluminatrane platform
featuring three pendant phosphine arms and zerovalent complexes 25 featuring strong
M — Al interactions (M =Ni, Co and Fe) were thereby obtained.?!

9.3.3 Bridging coordination of M—X bonds

Interaction of the Lewis acid moiety with a co-ligand at the metal (typically a halogen or
a hydride) gives rise to chelate coordination of the ambiphilic ligand. This coordination
mode was found in particular with the iPr,(o-C,H,)BCy, ligand. The corresponding
chloro complexes of Pd and Rh 26 (Figure 15) were studied both experimentally and
theoretically.> Characteristic features for the Cl — B interactions are the high-field shift
of the "B NMR resonance signal, short CIB distance and noticeable pyramidalization of
the boron environment. The pyridine-borane Ru complex 27 provides another example
of such M—Cl bridging coordination.*

Bridging coordination of M—X bonds (M =Rh, Pd, Pt; X=Cl, Br, I) with a tridentate
phosphine-thioether-borane ligand has been extensively investigated by Emslie. Close
inspection of the [Rh(CO)X] complexes 28 (Figure 16) indicated that the boron center
interacts more strongly with Cl and Br than with 1.*
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Such bridging coordination of M—X bonds with ambiphilic ligands is expected to be
associated with some degree of bond activation. M—X bond lengths proved hardly
informative in that respect, but computational studies, including comparison with
related Lewis acid-free complexes, have clearly evidenced substantial weakening of
M—CI bonds upon interaction with boron.*

Recently, the bridging coordination of phosphine-boranes has been extended to
metal hydrides (Figure 17). Kameo and Nakazawa® first described the bisphosphine-
borane Rh hydride complex 29. The presence of a Rh—H—B bridge was unambigu-
ously established by using ''B NMR and X-ray diffraction analyses. Comparing the
V., stretching frequency with that of the related boron-free complex [RhH(CO)(PPh,),]
revealed a noticeable shift to higher energy (by 24 cm™), indicating that the borane
moiety exerts a significant withdrawing effect on Rh upon coordination to the hydride.
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In addition, several RuH complexes 30 deriving from phosphine-boranes of type 4
have been reported by Ostapowicz et al.’® Taking advantage of the possibility to
assemble the CH,CH,-bridged ligands before or after coordination, the Lewis acidity
of boron was varied. All compounds adopt bridging coordination in the solid state, but
only the B(CF,), moiety forms strong Rh—H—B interactions in solution, as clearly
apparent from 'H and ''B NMR.

Brigding coordination of M—X bonds by ambiphilic ligands opens interesting
perspectives. It can contribute to facilitate the activation of o-bonds and can participate
in reversible abstraction/transfer of atoms.

9.3.4 Ionization of M—X bonds

The bridging coordination of M—X bonds represents a preliminary stage in their intra-
molecular activation and may ultimately lead to zwitterionic complexes upon heterolytic
cleavage. Such a process has been observed and unambiguously authenticated with
simple phosphine-boranes of type 4 as well as di- and tri-phosphine derivatives of the
heavier group 13 elements 7 and 8.

Fischbach et al.” reported the zwitterionic complexes 31 (Scheme 2). Coordination
of the phosphine to Ni is accompanied by the abstraction of a Me group at Ni by the
borane moiety. This results in a formal insertion of the phosphine-borane ligand into a
Ni—Me bond.

In the meantime, we studied the coordination of the bisphosphine-alane of type 7 to
gold and obtained thereby the zwitterionic complex 32 (Scheme 3).°* The transfer of
chloride from gold to aluminum was established crystallographically. The coordination
mode of 32 markedly contrasts with that of the related bisphosphine-borane complexes
17 (neutral square-planar complexes with Au— B interactions). The difference between

\P/ Ph, _
Ph2P\/\BR Ni(dmpe)Me, [ \ +i/P\/\FT,’R2
2 P/ "Me Me
BR, = BCy,, 9-BBN /\ 31

Scheme 2 Formation of zwitterionic Ni complexes upon coordination of monophosphine-
boranes

cl
cl Cl cl cl |
\/ \/ Ga
Al Ga = [}
iPr,P —Au—PjP,
iPryP — Au—FPiPr, iPryP — Au—PiPr, P A H T
+ + Ci
32 33a 33b

Scheme 3  Coordination of bisphosphine-alane and galane to Au
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Al and B was investigated by computational means. Accordingly, the zwitterionic
structure is favored with aluminum due to stronger affinity for CI-, while the neutral form
is favored with borane due to stronger Au— B interactions. Using the related bisphosphine-
gallane ligand, it was possible to observe directly by NMR the chloride shift between the
metal center and the Lewis acid.? Indeed, in this case, the zwitterionic and neutral forms
33a,b coexist and slowly interconvert in solution. But the presence of a third phosphine
sidearm inhibits the transfer of Cl- between Au and Ga. Indeed, the two coordination
isomers of the corresponding triphosphine-gallane complex were found to be separable
and not to interconvert.

Zwitterionic complexes were also obtained upon coordination of triphosphine-
alane and indane ligands 34 to gold (Figure 18).%>*° In addition to chloride abstraction,
the aluminum and indium centers engage in weak Au*— Lewis acid interactions
(enabled by the ability of heavier group 13 elements to form hypervalent structures).
This is apparent geometrically (short AuAl and Auln contacts; trigonal bipyramidal
geometry around Al/In) and computationally (D — A interactions were identified by
NBO analyses).

9.4 Reactivity of metallic complexes deriving from ambiphilic ligands

So far, the potential of ambiphilic ligands in reactivity and catalysis has only been
scarcely investigated. The kinetic, thermodynamic and even the outcome of metal-
mediated transformations can be influenced by the presence of a Lewis acid in the
coordination sphere. As discussed hereafter, the first studies performed in this area are
very promising and further developments are certainly to be expected.

9.4.1 Lewis acid enhancement effect in Si—Si and C—C coupling reactions

Ambiphilic ligands were investigated early on in Si—Si and C—C coupling with the
aim to substantiate the beneficial influence the introduction of boranes or alanes may
have. Although the exact role of the Lewis acid moiety during catalysis remains gener-
ally unclear, comparison with Lewis acid-free systems has often revealed significant
improvments in terms of activity and/or selectivity.
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9.4.1.1 Dehydrogenative coupling of silanes catalyzed by phosphine-alane
Ni complexes

In the early 2000s, Fontaine and Zargarian'' used the dimeric phosphine-alane
(Me,PCH,AlMe,), 3 instead of the common MAO cocatalyst for the dehydrogenative cou-
pling of phenylsilane (Scheme 4). The bifunctional PAI cocatalyst was found to increase
the activity of the reference Ni complex [(1-Melnd)Ni(PPh,)Me] 35 by factor of 50.

The phosphine-alane is expected to displace PPh, at Ni, but no reaction takes place in
the absence of substrate due to strong intramolecular P — Al interactions. Lewis bases
such a triethylamine are able to split the head-to-tail phosphine-alane dimer and consis-
tently, further increase catalytic activity. The precise role of the Lewis acid moiety in the
catalytic cycle remains unknown. It is supposed to interact with the methyl group at Ni
and to facilitate methyl/silyl exchange. The key active species 36a could not be charac-
terized, but its Lewis base adduct 36b was identified by NMR (Figure 19).

Subsequent studies by Fontaine and co-workers on related Rh complexes have provided
further insight. Complex 37a featuring a DMSO — Al interaction was characterized
spectroscopically (Scheme 5).* Fast exchange between the Me groups at aluminum and
rhodium was unambiguously evidenced by 'H NMR upon addition of AlMe; to trap
DMSO. This supports reversible abstraction of Me at Rh by the alane moiety, and the
corresponding zwitterionic complex could be trapped by PMe, and ethylene.

. cat., RT .
PhSiH ’ HfSuHPh}H — > (PhSH
® TAUNI = 1/1 e (PhSiH),
O Me Me
Catalytic system: t@ 2 2
35/ P~—AMe; 35/ P~—AMez Nkt (xs)
I b4 i 3
_Nie Me, A~ P Me,Al™ P
Ph3P Me M92 Me2
35
TOF(h™): 11 554 1760

Scheme 4 Dehydrogenative coupling of silanes. TOF =turnover frequency

!
_Nie

|
_Ni
Me,P Me Me,P Me
\\AI/ kAI « NEt3
Me; Me,
36a 36b

Figure 19 Active species proposed to account for dehydrogenative coupling of silanes
and its Lewis base adduct
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Scheme 5 Exchange between the Me groups at aluminum and rhodium

9.4.1.2 ortho-Boryl phosphines versus biaryl-phosphines in Pd-catalyzed
Suzuki-Miyaura cross-coupling

As mentioned above, ortho-phenylene phosphine-boranes possess versatile coordination
properties. The presence of a boryl moiety in ortho-position to phosphorus also opens
interesting perspectives in catalysis. The prototypical ligand Ph,P-(o-C H,)-BMes, 1a
was initially evaluated in Rh-catalyzed hydroformylation of 1-octene and compared with
the boron-free Buchwald-type biaryl-phosphine 38 (Figure 20).>> Modest activities and
branched:linear selectivities were obtained in both cases, with no beneficial influence of
the BMes, group. But the similar catalytic properties unexpectedly observed between the
two ligands stimulated further studies.

The air-stable phosphine-borane 1a* was evaluated in the Pd-catalyzed Suzuki—
Miyaura reaction.*” Typically, 4-bromoanisole and phenyl boronic acid were efficiently
coupled using 1 mol% of Pd(OAc), and 2 mol% of ligand 1a (Scheme 6). The BMes,
moiety is compatible with the cross-coupling and it actually improves catalytic
activity (under the same conditions, PPh, gives a notably lower yield). Interestingly,
a catalytically competent Pd(0) complex 39 was isolated and fully characterized.
The phosphine-borane adopts a new coordination mode: besides phosphorus, the Pd
center is coordinated by one of the Mes groups at B (nz—Cimeomw interaction).
This weak = interaction, which is reminiscent of those commonly encountered with
biaryl-phosphines,® is likely to stabilize the electronically unsaturated Pd fragment
and enhance its catalytic performance.

Given the importance of cross-coupling reactions for the preparation of heterobiaryl
compounds, phosphine-borane Pd complexes were then applied to the reaction of
chloro-pyridines and related N-heterocycles. The Lewis acid site of the ligand may
anchor and eventually activate these substrates via N — B interactions prior to oxidation
addition of the C—Cl bond. For a large scope of substrates, the desired cross-coupled
products were obtained in high yields (>90%) within 20 h at 100°C, using 1 mol% of
PdCl,(cod) (where cod=1,5-cyclooctadiene) and 2 mol% of 1a (Scheme 7). The reac-
tion even tolerates free amino groups, and the phosphine-borane ligand actually
gave better results than PPh, and the biaryl-phosphine 38 in the coupling of 4-amino-
2-chloropyridine (92%, versus 11 and 79% yields, respectively).

The phosphine-borane/Pd catalytic system was also used to achieve sequential cross-
coupling of a 2,6-chloropyridine. In contrast to the biaryl-phosphine 38, mono-coupled
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Scheme 6 Suzuki-Miyaura cross-coupling mediated by phosphine-borane Pd complexes
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Scheme 7 Synthesis of heterobiaryl compounds catalyzed by phosphine-borane Pd
complexes

products of 2,6-dichloro,3-nitropyridine were obtained with good selectivity (~70%)
with 1a. Accordingly, the two regio-isomeric unsymmetrical pyridines 40a and 40b
could be readily prepared, using phenyl- and ortho-tolyl-boronic acids, simply chang-
ing their order of reaction (Scheme 8).

Recently, Liu extended further the variety of ortho-phenylene phosphine-boranes and
Pd-catalyzed transformations.* The boron center was incorporated in a 1,4-azaborine
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moiety, and the ensuing ligand 41a was evaluated in the catalytic hydroboration of
enynes, using Pd,(dba), as precursor (Scheme 9). Beneficial influence of the Lewis acid
group on activity and selectivity was substantiated here also by comparison with a related
boron-free biaryl-phosphine 41b.

9.4.2 Hydrogenation, hydrogen transfer and hydrosilylation reactions
assisted by boranes

9.4.2.1 Boranes as hydride shuttles: hydride shift from boron to transition metals

It was recognized early on that boranes may act as hydride shuttles in the first
coordination sphere of transition metals.*' Such a behavior opens interesting possi-
bilities in a broad range of catalytic transformations, starting from hydrogenation
and hydrogen transfer. The associated elementary processes, namely hydride transfer
between boron and transition metals on the one hand, and between boron and organic
residues on the other hand, have drawn much interest. In this context, flexible
scorpionate ligands proved particularly valuable. Crossley and Hill** investigated
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platinaboratranes 42 derived from tri(methimazolyl)borohydrides and evidenced
reversible locking/unlocking of the cage structure as the result of hydride transfer
between B and Pt (Scheme 10).

In the meantime, Owen and co-workers studied the coordination of the tri(azaindolyl)
borohydride to rhodium and iridium (Scheme 11). The presence of strong bridging
M—H—B interactions in complexes 43a,b was indicated by X-ray diffraction, IR and
'H NMR data. However, hydride migration can be induced by modifying the
coordination sphere of the metal. The Ir complex 43a reacts with carbon monoxide to
give the corresponding metallaboratrane 44a. The reaction probably proceeds via
dissociation of one of the double bonds of cod, followed by hydride migration from B
to Ir and insertion of the coordinated olefin into the Ir—H bond.*® A similar process was
substantiated for a related Rh complex, with rearrangement of norbonadiene into
nortricyclyl (as the result of a C—C coupling reaction).*

The catalytic properties of the Rh and Ir complexes 43a,b towards transfer hydrogena-
tion of ketones were evaluated using iPrOH as reducing agent (Scheme 12).* The two
complexes exhibit similar profiles and require the presence of KOH. Although it is
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difficult to understand the role and influence of the boron center in these transformations,
they highlight the potential application of such systems in catalysis.

Related catalytic studies were performed recently by Kameo and Nakazawa®*® on
bisphosphine-borane Rh and Ir complexes (Scheme 13). Accordingly, transfer hydro-
genation of ethyl phenyl ketone could be successfully achieved with the Rh complex
29 at 70°C in the absence of any base. Complexes featuring M — B interactions proved
significantly less active. Comparison with the related boron-free complex 45 highlights
the important and beneficial influence of M—H—B bridging interaction.

Besides acting as a hydride relay, the Lewis acid fragment can also participate in
substrate activation. This possibility was first illustrated by Owen and co-workers
while investigating the reactivity of the Rh complex 44b with sterically demanding
phosphines (Scheme 14).* No reaction is observed in the absence of H,, but under
2.5bar of H,, rhodium hydride complexes 43c,d are formed along with tricy-
clo[2.2.1.0*%]heptane. This transformation involves the addition of H,, the cleavage of
the Rh — B interaction and the formation of a C—H bond (presumably via reductive
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Table 1 Representative examples of nitrile reductions® catalyzed by 46¢

Substrate Product n equiv. NaBH, Reflux (h) Yield (%)
HoN
ol por e ; b
OMe OMe
NG @owle HQNLG OMe 8 12 87
NC HoN
@Br x@sr 8 14 85
HoN
NC/@ 2 77/@ 4 8 56

o

25 mol% 46c, n equiv. NaBH,, 1 equiv. NaOtBu, MeOH, reflux.

elimination from an intermediate hydride nortricyclyl Rh complex). Such a behavior is
appealing for olefin hydrogenation, and indeed, complex 44b was found to efficiently
catalyze the reduction of styrene and cyclooctene at 85°C and 2.5bar. Using 1 mol%
catalyst loading, conversions are complete after 18 h.

The ability of boranes to coordinate and activate an incoming substrate was also
proposed recently by Lu and Williams.* The di(pyrazolyl)borohydride was first coordi-
nated to ruthenium. Chloride abstraction in acetonitrile then afforded the imido com-
plex 46c¢ as a result of intramolecular hydroboration of the CN triple bond (Scheme 15).
The process is amenable to catalysis using excess of NaBH, and 1 equiv. of NaOrBu
(Table 1). A broad variety of electron-poor and electron rich-aromatic nitriles were thereby
reduced into primary amines using 5 mol% of 46c. With electron-rich heterocycles,
hydration instead of hydrogenation is observed and amides are obtained.

9.4.2.2 Cooperative activation of H, and silanes across M — B and transfer
to alkenes/ketones*

Further progress in the Lewis acid assisted activation of H, was achieved by Harman and
Peters* with bisphosphine-borane Ni complexes. An ideal balance between accessibility,
stability and reactivity was met in the diamagnetic Ni(0) complex 47a. Obtained by
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Scheme 16 Reduction of styrene catalyzed by bisphosphine-borane Ni complex

reduction of the corresponding Ni(I) bromide complex, it adopts a pyramidal geometry
with n3-BC,.prm coordination of the central BMes moiety and rapidly reacts with H,
(Scheme 16). The reaction is equilibrated (K, ~5 under 1 atm at 25°C) and reversible.
According to multi-nuclear NMR spectroscopy, the ensuing dihydrido nickel species 48a
adopts square-planar geometry and trans arrangement, with one hydride engaged in a
Ni—H—B bridging interaction. The Mes group at boron proved to be critical. When it is
replaced by a Ph ring, the Ni complex, which binds a THF molecule and features strong
n2—BCW coordination, no longer reacts with H, even after days at 60°C. Complex 48a
readily transfers H, and converts styrene into ethylbenzene. The process is amenable to
catalysis and allows for efficient hydrogenation under mild conditions (complete reaction
within 1 h with 1 mol% catalytic loading).

Soon after this discovery, Zeng and Sakaki* studied the whole catalytic cycle com-
putationally (Scheme 17). Activation of H, was confirmed to give a frans dihydrido Ni
complex stabilized by Ni—H—B bridging interaction. In the initial stage of the reaction,
H, coordinates to Ni in a side-on fashion. The formation of the square-planar complex
48a releases the strain associated with n>-BCC coordination and this plays an important
role in the exothermicity of H, activation (AG=-4.2kcal/mol from 47a). Then styrene
coordinates to Ni and inserts into the terminal Ni—H bond. The resulting alkyl complex
49a is stabilized by p-agostic interaction and further evolves by reductive elimination,
with cleavage of the Ni—H—B bridge and regeneration of complex 47a. The active role
played by the borane site was further emphasized by considering a related boron-free
system (with a CHMes central moiety).

Further insight into the mechanism of H, activation and into the role of the borane
was gained with the bisphosphine-borane featuring iPr groups at P and a Ph ring at
boron.”® The corresponding Ni(0) complex 47b was isolated as an end-on N, adduct
with relatively strong nz-B,Cipm interaction (Scheme 18). In this case, reaction with H,
to give the trans hydrido-borohydrido Ni complex 48b is quantitative but requires
hours at room temperature. This enables NMR characterization of the side-on H, com-
plex 50b (the first 6-H, complex of Ni to be authenticated) as an intermediate towards
complete H, activation. More insight into the mechanism of H, oxidative addition
across Ni— B was obtained from kinetic and computational studies. Accordingly,
cooperation between the nickel center and the borane moiety significantly lowers the
activation barrier for H, cleavage (by 9 kcal/mol). This situation is reminiscent, albeit
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Scheme 18 Preparation of trans hydrido-borohydrido Ni complex 48b

electronically reverse, to that encountered upon activation of H, across M—X bonds
(X being an element with a lone pair such as N and O).”!

Such cooperativity between Ni and borane was then extended to the activation of
Si—H bonds and applied to catalytic hydrosilylation (Scheme 19).>> Complex 47a rapidly
reacts with phenylsilane and diphenylsilane at room temperature to give the borohydrido-
silyl complexes analog to 48a. Once activated, the silane can be transferred to aldehydes
and a range of para-substituted benzaldehydes could be catalytically reduced into the
corresponding silyl ethers under mild conditions (5mol% of 47a, room temperature).
Although it is not possible to provide a comprehensive picture of the catalytic cycle at
this stage, mechanistic studies support the intermediacy of a borohydrido-siloxyalkyl Ni
complex 51 (resulting from the insertion of the aldehyde into the Ni—Si bond).
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Scheme 20 Reversible activation of H, across Fe — B

Table 2 Catalytic hydrogenation of alkenes and alkynes mediated by 52°

Substrate Time (h) TOF (h™)
Ethylene 144 15
Styrene 2 0.27
Phenylacetylene 4 0.16

2Conditions: substrate/catalyst=30, room temperature, 1 atm H,

Another example of bifunctional metal-borane catalysis was reported with triphosphine-
borane iron complexes.>* Despite the rigidity associated with the cage structure, activation
of H, proceeds with cleavage of the Fe — B interaction and replacement with a Fe-H-B
bridge (Scheme 20). Under excess H,, the dinitrogen co-ligand at iron is displaced to give
the corresponding dihydrogen complex 52. The process is reversible and 54 gives back 53
and then 52 when exposed to vacuum and then N,. The borane moiety not only stabilizes
the dihydrido species but it also acts as a hydride shuttle and promotes the hydrogenation
of alkenes and alkynes. Indeed, complexes 52-54 efficiently catalyze the conversion of
ethylene into ethane and of styrene/phenylacetylene into ethylbenzene (Table 2).

9.4.2.3 Lewis acid enhancement upon n-coordination of arylboranes, application
to the catalytic hydrogenation of imines

Besides cooperative activation of H, across M — B, bisphosphine-borane complexes have
been used to mediate H, activation and transfer in a FLP-type manner.* Starting from
[RuCl,(PPh,).], the cationic ruthenium complex 55 was readily prepared by phosphine
displacement and chloride abstraction. The phenyl group at boron is n°-coordinated to Ru
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Scheme 21 Heterolytic cleavage of H, upon reaction with bisphosphine-borane Ru
complex 55

and despite the presence of a free borane moiety, complex 55 behaves as a C-centered
Lewis acid upon treatment with H, and bulky phosphines. A hydride is delivered at
the ortho or para positions of the Ph ring to afford neutral complexes 56a,b (Scheme 21).
The cationic complex 55 can be recovered by hydride abstraction with the trityl cation and
similarly to B(C,F.),, it was shown to catalyze the hydrogenation of imines. This requires
high H, pressure (102atm), but complete conversions could be achieved within a few
hours at room temperature using 1-5mol% catalyst loadings.

9.4.3 Activation/functionalization of N, and CO
9.4.3.1 From CO to C, fragments

Introduction of a Lewis acid in the second coordination sphere of transition metals was
shown early on to facilitate migratory insertion of CO.” In the context of syngas
conversion into useful organic compounds, pendant boranes were also envisioned to act
as hydride acceptors to promote CO reduction at transition metals.>® For this purpose,
Labinger and Bercaw investigated the reaction of the bis(phosphine-borane) Rh complex
57 with hydride donors such as NaBEt,H or [PtH(dmpe),]* (Scheme 22). The Lewis acid
moiety facilitates hydride transfer and promotes C—C coupling to give the anionic
boroxy(boroxymethyl)carbene complex 58. It is unlikely to make such a process catalytic,
given the strength of B—O bonds, but these results nicely illustrate the ability of pendant
boranes to act as hydride shuttles and to promote thereby reductive coupling of CO.

Another process involving reductive coupling of CO was discovered with bisphosphine-
borane iron complexes (Scheme 23).5” A series of carbonyl complexes were prepared,
substantiating once again the ability of the ambiphilic ligand to accommodate different
electronic configurations. The borane moiety is engaged in 1>-BC coordination in the
neutral Fe(0) complex 59, while the corresponding mono and dianionic complexes 60
feature two-center Fe — B interactions. Reduction of 60 with excess potassium following
by treatment with trimethylsilyl triflate results in double O-silylation and affords the
novel dicarbyne complex 61 in which one of the Fe = C(OSiMe,) carbyne moiety interacts
with the boron center. C—C coupling does not occur spontaneously but is readily induced
by addition of H, at room temperature to give the bis-silylated enol ether derivative 62
with complete Z selectivity. The overall process stands as a rare example of reductive
coupling and functionalization of CO promoted by iron.



Ambiphilic Ligands 263

B® /\BQT

Php”

PhP &
0C. 1O HPmpOlPF:  oc%l o
'Re’ — =5 Re“>CH
oc| co or NaHBE, oc Qe
PhoR
g 25

57 @ 58

Scheme 22 Reduction and coupling of CO assisted by a pendant borane at Re

L Tl
B R,P
[ Ph i) Excess K 2 >||:|TEC—OSiMe3

RP—Fe 2 T P
co ij) TMSOT 2

R=iPr CO | 61
59 OSiMe,

K
©\ 15-C-5 l1 atm Ho, rt
B—Ph™~ , ,
A MesSiO  OSiMes
2 >Fe—CO ==

P

R, | H H
co 62 (43%

n[K(15-C-5)]* (43%)

60 (n=1, 2)

Scheme 23 Reductive coupling and functionalization of CO at bisphosphine-borane Fe
complexes

9.4.3.2 Activation/functionalization of N,

Low-valent Fe complexes of bisphosphine-boranes are also interesting as nitroge-
nase models.” Reduction of the Fe(I) bromide complex 63a under N, atmosphere
gives the binuclear N -bridged complex 63b (Scheme 24). In the presence of 1,2-
bis(chlorodimethylsilyl)ethane, the N, atom undergoes bis-silylation to give the
amino-imido complex 63c. The central borane moiety participates in coordination
via ?-BC (63a) or n*-BCC (63b,c) coordination. Subsequent reaction of 63¢ with
phenylsilane occurs via silylation of N_and cleavage of the BPh/Fe interaction.
Such Si—H bond activation parallels that observed across Ni— B and takes
advantage of the flexibility of the borane moiety (the ensuing trisilyl-hydrazido
complex 64 is stabilized by Fe—H—B bridging coordination). Triphosphine-borane
Fe complexes were also studied in this context and mono as well as bis-silylation
reactions of N were observed.*®
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9.4.3.3 From N,to NH’

These reactivities encouraged the investigation of N, reduction into NH, and spectac-
ular results were obtained with triphosphine-borane Fe complexes. Various N-bound
Fe complexes 65 relevant to the catalytic reduction of N, into NH, were prepared.®
Most significant are the protonation of the [Fe]-NH, complex into [Fe]-NH,* and the
reductive displacement of NH, by N,, which are the final steps proposed to account for
the fixation/reduction of N, at Fe (Scheme 25). This stoichiometric reaction sequence
was adapted into a catalytic transformation.®' Treatment of the anionic complex 65d
with excess H* and KC; at —78°C results in NH, production. Under these conditions,
up to 7 NH, molecules were generated per Fe complex and more than 40% of the
furnished protons were delivered to N,. The borane moiety plays a major role in this
process, being capable of accommodating the various [Fe(N H )] species involved in
the catalytic cycle due to its versatile coordination properties. This is further supported
by the inability of the related triphosphine-silyl complex to promote the reduction of
N, under similar conditions.

9.5 Conclusions and outlook

The research on phosphine-boranes and related ambiphilic ligands is still in its infancy,
but their coordination properties are particularly appealing and open interesting possi-
bilities in reactivity. Depending on the role of the Lewis acid, four different situations
can be distinguished:
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Scheme 25 Catalytic reduction of N, into NH at a triphosphine-borane Fe complex
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1.

The Lewis acid may not participate in coordination and remain pendant. As such,
it can play the role of an anchor for incoming substrates and promote their reaction
with metal fragments.

Lewis acids may act as o-acceptor ligands. This type of metal — ligand interaction
no longer appears as a chemical curiosity but represents a new way to modulate the
properties of metal fragments. Recent achievements have highlighted the flexibility
and lability of such M — LA interactions. Most promising is the cooperative
activation of small molecules that may occur across such M — LA interactions, as
clearly evidenced experimentally and computationally with H, for example.
Lewis acid may engage in M—X — LA bridging coordination (X: co-ligand such as
Cl, Br, H, ...). This behavior may activate metal fragments, as proposed in the case
of Ni-catalyzed dehydrogenative coupling of phenylsilane.

Lewis acid may activate M—X bonds with complete abstraction of the X co-ligand,
leading to zwitterionic complexes. This behavior may represent a valuable alternative
to the use of external Lewis acids, as recently illustrated for PAl gold complexes.®

The structural modularity of ambiphilic ligands will undoubtedly be extended further
in the future. New bonding situations and reactivity patterns involving appended Lewis
acids will also certainly be discovered. In particular, important developments are
expected in several directions of major catalytic relevance such as substrate anchoring,
activation of inert bonds by metal-ligand cooperation, in situ generation of zwitter-
ionic complexes or atom/group shuttling.
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10.1 Introduction

The development of commercially useful polymers in the early 20th century ushered
in an era where mass-produced, organo-polymeric materials have become a ubiquitous
part of daily life.!"! Sixty years after the Nobel prize-winning discovery by Ziegler and
Natta,” the scale of worldwide polyolefin production is massive. The current estimated
annual global production of polyolefins is over 150 million metric tons.”! However, the
inherent chemical inertness of these substances causes them to persist in the environ-
ment centuries after they have been discarded.™ The detrimental environmental impact
of a man-made waste problem of this scale has generated an interest in commercially
viable, biodegradable alternatives.™

The ring-opening polymerization (ROP) of cyclic esters can be used to generate bio-
degradable polyesters such as poly(caprolactone) (PCL), poly(hydroxybutyrate) (PHB),
and poly(lactic acid) (PLA) in a controlled fashion. Of these polyesters PLA is the most
widely used, for applications ranging from food packaging to automotive parts.®

Ligand Design in Metal Chemistry: Reactivity and Catalysis, First Edition. Edited by Mark Stradiotto
and Rylan J. Lundgren.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.



Ligand Design in Enantioselective Ring-opening Polymerization of Lactide 271

The ROP of lactide affords high molecular weight PLA polymers with better control
of the polymerization process relative to polycondensation. These advantages can be
directly attributed to the fact that ROP can be a living polymerization process. Living
polymerization is a chain-growth polymerization where chain termination is absent
and is characterized by a linear relationship between the monomer to initiator ratio and
the experimental molecular weight, and narrow dispersity (D,,) [D,, indicates the
molecular weight distribution of the polymers and is the ratio between the weight
average (M) and the number average molecular weights (Mn)].m With some systems
in ROP, an exogenous chain transfer agent such as an alcohol can be added to grow
multiple polymer chains — a process known as immortal polymerization.” This allows
the use of lower catalyst loadings and can be used for polymer functionalization. These
advantages make ROP a powerful technique in polymer synthesis.

10.1.1 Tacticity in PLA

Three possible stereoisomers of lactide (LA) exist; D-, L- and meso-lactide (Figure 1).
A racemic mixture of D- and L-lactide is referred to as rac-lactide (rac-LA).1'"
The stereochemistry of these monomers, when incorporated into a polymer chain,
creates material with a certain stereocomplexity or tacticity."'!? The tacticity of a given
PLA sample may be defined by two parameters: P_ [probability of forming adjacent
stereocenters with the same chirality or a meso (m) linkage] and P_[probability of
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Figure 1 Microstructures and properties of PLAs. (See insert for color/color representation
of this figure)
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forming adjacent stereocenters with the opposite chirality or a racemic (r) linkage],
which can be statistically calculated using 'H and *C NMR spectroscopy. Hence, in
the polymerization of rac-lactide a perfectly isotactic polymer sample will have P_=1
and a perfectly heterotactic sample will have P =1. Alternatively, in the polymeriza-
tion of meso-lactide a perfectly heterotactic polymer sample will have P_=1 and a
perfectly syndiotactic polymer sample will have P =1. To calculate the P_ and/or P,
value(s) of a PLA sample a homonuclear decoupled 'H{'H} NMR spectrum of the
methine region of the material is obtained to remove the scalar coupling between the
methyl and methine protons. For the polymerization of rac-lactide, five distinguish-
able resonances corresponding to mmm, mmr(rmm), rmm(mmr), mrm and rmr tetrad
sequences (four adjacent stereocenters) can be observed. The relative integrations of
these resonances are substituted into a set of equations derived from Bernoullian
statistics to determine P_ and P_values.!"”

The tacticity of the polymer chain has an enormous impact on the bulk properties of
the resulting material."*! This fact becomes apparent when taking into account the
melting points of PLA polymers with differing tacticities (Figure 1). PLA with irreg-
ular microstructure, known as atactic PLA, is amorphous and is not very useful for
most applications.!'"¥ Heterotactic PLA, which is formed through the incorporation of
alternating single monomer units of D-lactide and 1-lactide, is also amorphous although
the polymer chains contain clear stereoregularity.!’” Heterotactic PLA can also be
generated from meso-lactide."? Isotactic (PLLA/PDLA) and syndiotactic PLA formed
from D-, L-, or meso-lactide, respectively, are crystalline and have melting tempera-
tures (7' ) of 180 and 152 °C, respectively.'> "I

Lactide derived from natural sources is composed of>90% L-lactide with small
amounts of D-lactide and meso-lactide.!'! Polymerization of this mixture with a simple
homoleptic catalyst such as tin(Il) 2-ethylhexanoate, Sn(Oct),, or aluminum isopro-
poxide, Al(OiPr),, produces isotactic PLA with T =165-170°C depending on the
exact composition of the monomer feedstock. ! These initiators do not impart stere-
oselectivity during polymerization. Stereoblock PLA (PLLA-b-PDLA), where a single
polymer chain contains two distinct regions with opposite stereochemistry, can be gen-
erated through coupling of homochiral chains,'® the sequential addition of enantiopure
D- and r-lactide,!'” or via the polymerization of mixtures of D- and L-lactide with a
highly stereoselective catalyst.!"? Due to stereocomplex formation PLLA-b-PDLA
microstructures give higher melting points (>200°C) than the optically pure isotactic
polymers (PDLA/PLLA) and better mechanical properties that are commercially desir-
able.?! Hence, the ability to control tacticity during the polymerization of racemic
lactide represents one of the most important and fundamental aspects of this field.

10.1.2 Metal catalysts for the ROP of lactide

The generally accepted mechanism for the metal-catalyzed ROP of lactide is a
coordination—insertion mechanism (Figure 2), which was proposed by Dittrich and
Schulz.”? In this mechanism, the lactide is activated after coordination to a metal
center through the carbonyl oxygen. Then an initiator, such as an alkoxide, attacks the
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Figure 2 Coordination—insertion mechanism for the polymerization of lactide by a metal
complex with an alkoxide initiator

carbonyl carbon and eventually leads to the ring-opening of the lactide ring and the
formation of a new metal-alkoxide bond. This metal-alkoxide bond will act as the
initiator for the incoming monomer to turn over the catalytic cycle.''™ The thermody-
namic driving force for the polymerization reaction is the release of the —23 kJ/mol
ring strain in the lactide molecule.*

Stereocontrol in polymerization can arise from either chain-end control, where the
stereochemistry of the chain-end determines the configuration of the incoming
monomer, or enantiomorphic site control, where the chirality of the ligand imparts
stereoselectivity.” However, these two mechanisms are not mutually exclusive, and
often act in concert in a given system.!*

Numerous metal-based catalysts, bearing a diverse array of ligand architectures, as
well as families of organocatalysts have been reported for the ROP of lactide.[5 24261
The simple homoleptic complex Sn(Oct), catalyzes lactide polymerization both in
solution and in the melt at temperatures >130 °C and is the most widely used catalyst
for lactide polymerization industrially."'>! As previously mentioned, commercially
available lactide with >90% L-LA polymerized with Sn(Oct), will generate ~90%
isotactic PLA. While this material has commercial applications, its thermal and
mechanical properties are not suitable for many applications where polyolefins are
typically used. > One way to improve the polymer properties is by increasing the
isotacticity or forming isotactic stereoblock PLA through stereoselective polymeriza-
tion of L- and D-LA mixtures.”® However, this cannot be achieved with Sn(Oct), and
other simple initiators.!">

Since the bulk properties of PLA are highly dependent on the stereoregularity or the
tacticity of the polymer,”” the development of catalysts for rac-lactide (or meso-
lactide) polymerization has been focused on achieving stereoselectivity.>: 262 28
Numerous organocatalysts such as N-heterocyclic carbenes (NHCs)™?! and phosphine-
based compoundsP” have been investigated for the controlled ROP of lactide.
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Organocatalysts are an attractive option due to their ability to generate PLA without
residual metal contaminants; however, a highly stereoselective organocatalyst remains
elusive.® The vast majority of efforts on developing stereoselective catalysts have
been focused on metal-based catalysts with diverse ligand designs.! 24 261

10.1.3 Ligand design in the enantioselective polymerization of racemic lactide

The enantioselective metal-catalyzed polymerization of racemic lactide to form high
melting stereoblock PLA remains a benchmark goal in the development of higher-
value PLA material. A wide array of ligands with different donors and denticities to
support metal-based initiators has been reported for the ROP of racemic lactide.?# 26 281
As commonly seen in asymmetric catalysis, diverse ligand architectures, with modular
donor and stereoelectronic properties, allow for the development of a broad range of
catalysts for a given reaction. Ligand modifications can alter the electrophilicity of the
metal center as well as enhance or diminish the steric crowding within the catalyst.
While examples of enantioselective catalysts for the ROP of lactide featuring bidentate
ligands can be found in the literature, their control of tacticity is mainly based on
chain-end control.?* 3! Tri- and tetradentate ligand supports are more widely used
with success in metal-catalyzed ROP of lactide and these will be discussed in this
chapter in some detail.['>-24281 This text is not a comprehensive review of the literature
but instead seeks to highlight important contributions to the field of lactide polymeri-
zation within the broad classifications of tri- and tetradentate ligand architectures.
The following discussion has been organized into sections by ligand type, starting with
tridentate ligands (Sections 1.3.1-1.3.5) followed by tetradentate ligands (Sections
1.3.6-1.3.8) and finally ending with a more in depth discussion of important indium
and zinc catalysts featuring tri- and tetradentate aminophenolate ligands developed by
the Mehrkhodavandi group (Sections 2 and 3).

10.1.3.1 Tripodal homo- and heteroscorpionate ligands

Neutral and anionic tripodal homo- and heteroscorpionate ligands have been used suc-
cessfully as supports for a variety of metals in the stereoselective ROP of rac-lactide.
The homoscorpionate Mg complex, [HB(3-'Bupz),]MgOEt, featuring a bulky zerz-butyl
substituted tris(pyrazolyl)borate ligand can polymerize L-LA forming isotactic PLA
without epimerization (Figure 3).%% Tt undergoes the typical coordination insertion
mechanism with acyl bond cleavage, as evidenced by the presence of ester end groups
in the '"H NMR spectra of the polymers. Controlled molecular weights and low D,
(~1.2) are observed up to 1000 equiv. of monomer. Analogous Mg,*¥ Znl*3 and Cal*¥
complexes featuring both tris(pyrazolyl)borate and chiral tris(indazolyl)borate ligands
with a variety of alkoxide and amide initiator groups have been reported (Figure 3). The
selectivity of the tris(pyrazolyl)borate Ca complex (P ~0.9) is higher than the related
Mg or Zn analogs (P_~0.5).%* The selectivity is completely lost in complexes without
sufficient steric bulk, and the lack of bulk leads to formation of homoleptic CaL., due to
arapid Schlenk equilibrium.**! These systems have been reviewed extensively.?
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Figure 3  Tris(pyrazolyl)borate, tris(indazolyl) borate and tris(pyrazolyl) methane complexes
of Zn, Mg, Ca and Y
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Figure 4 Magnesium and zinc complexes bearing bis(pyrazolyl)methane ligands with
amidinate pendant arms

Yttrium® and Cal®"! cationic and zwitterionic complexes bearing tris(pyrazolyl)
borate and the related tris(pyrazolyl)methane ligand systems have also been reported.
The Y dicationic complex is much less active than the related neutral Mg and Ca
complexes for the ROP of rac-LA and forms atactic PLA.’% The formally zwitterionic
Ca analog is heteroselective with a P_value up to 0.80 at room temperature and up to
0.90 at lower temperatures (Figure 3).537

Heteroscorpionate ligands based on bis(pyrazolyl)methane systems with various
pendant arms as supports for Mg,*8 Zn, 38 391 A1 101 and rare-earth metals™! have been
reported. Mg and Zn complexes bearing amidinate-based ligands having either iso-
propyl or fert-butyl/ethyl groups on the amidinate pendant arm and either methyl or
tert-butyl pyrazolyl substituents have been reported (Figure 4).[38 38 3%. 421 Most of these
complexes show no epimerization in the polymerization of L-LA, producing isotactic
PLA with generally well-controlled molecular weights and low D, ;s (1.04-1.2). There
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Figure 5 Enantiopure Zn complexes with bis(pyrazolyl)methane ligands bearing chiral
myrtenyl-substituted cyclopentadienyl and alkoxy pendant arms

are stark contrasts in the activity of the systems based on the ligand substituents; the
Mg analogs with the less bulky methyl substituted pyrazolyl groups are much less
active than their bulkier analogs with tert-butyl substituents.# %! The trends in the
selectivity of these systems in the polymerization of rac-LA are related to their steric
bulk, with all analogs featuring the bulkier fert-butyl pyrazolyl substituents showing a
preference for the formation of heterotactic PLA (P =0.60-0.79) and all analogs with
the less bulky methyl pyrazolyl substituents forming atactic PLA.[38 38 3%

Other notable examples of catalysts bearing tripodal ligands containing
cyclopentadienyl®#*-3< and alkoxy™®***4 pendant groups are the enantiopure Zn complexes
based on chiral myrtenyl-substituted arms, with the cyclopentadienyl version showing
excellent isoselectivity in the polymerization of rac-LA (P_=0.73 — 0.77) (Figure 5).5
Related dimeric Zn complexes featuring myrtenyl-substituted alkoxy pendant arms, with
either alkyl or alkoxy/thioalkoxy initiators, show a shift in the selectivity from heterotactic
(P =0.77) to isotactic (P_=0.71-0.73).°****! These are rare examples of Zn initiators
capable of producing isotactic PLA from rac-LA.

10.1.3.2 Tridentate diamidoamino and related ligands

Variously substituted diamidoamino ligands have been used as supports in ROP
catalysis for a range of metals in various oxidation states. A series of Al, Ga, and In
compounds with tridentate diamidoamino ligands were reported in 1998 (Figure 6).*!
Of the large number of compounds reported, only the AI—CH, and Al—H compounds
were active for the polymerization of rac-LA, converting 50 equiv. to 37 and 76%
conversion in 5 and 7 days, respectively. Activation of the analogous cationic aluminum
chloride complex with propylene oxide forms a reactive alkoxide in situ that can
convert 46% of 50 equiv. of rac-LA to PLA in 5 days. The selectivity of these systems
was not reported. Related Zn, Sm, and Sn compounds with these ligands are active for
the copolymerization of lactide and glycolide."*

A series of ALM™! In,“ and Ti*"' complexes coordinated by a similar tridentate
sulfonamide ligand system has been reported (Figure 7). The aluminum ethyl complex
in the series is the least active and controlled, polymerizing 100 equiv. of rac-LA
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(toluene, 70 °C) to only 20% conversion in 72 h, with higher than expected molecular
weights and high D, (1.47). In comparison, the related aluminum alkoxide complexes
reach >70% conversion in the same time frame with controlled molecular weights and
low D,, (1.12), although they produce only atactic PLA."*! The related indium alkyl
complex has a comparable rate under the same conditions.* The related titanium
alkoxide complexes are more active than their Al or In counterparts; however, the
catalysts become inactive at longer reaction times and high conversion of monomer
cannot be reached.™”

Related monometallic, dimetallic, and cationic Zn complexes supported by tridentate
bis(pyrazolyl)amine ligands have been reported for the polymerization of rac-LLA and
methyl methacrylate (Figure 8).M% All three complexes are active for the polymerization
of rac-LA, reaching conversions of >90% in 30h (unoptimized time) at room tempera-
ture. Whereas the ethoxide complex is slightly more active and better controlled than the
ethyl and cationic complexes, it produces atactic PLA.
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10.1.3.3 Tridentate diamidoether and linked bis(phenolate) ligands

Tridentate diamidoether (N,O,N) ligands have been used as supports for a series of
Al and Ga complexes with amide and alkoxide initiators (Figure 9).! The Al “ate”
complexes polymerize rac-LA with moderate heteroselectivity (P .=0.65-0.67).14%
In comparison, the related neutral alkoxy dimer requires more forcing conditions to
reach high conversions and is isoselective (P_=0.62)."! The related aluminum and
gallium amido complexes are more active than the alkoxide and can generate PLA with
P =0.70.14"!

mSeveral Ti complexes supported by bis(phenolate) ligands and bridged by chalcogen
donors for use in the polymerization of several cyclic esters, including lactide, have
been reported (Figure 10).°” Among the reported complexes, the polymerization of
lactide was investigated with only the Te- and S-bridged species. The Te-bridged
complex was active for the polymerization of L-LA in toluene, anisole and dioxane,
producing isotactic PLA (no epimerization) with controlled molecular weights and
low D, (~1.1). The controlled nature of the reactivity of the complex also allowed for
the copolymerization of L-LA and e-caprolactone.

Tridentate bis(phenolate) ligands bridged by NHCs have been reported as supports
for Ti and Zr complexes (Figure 10).5Y Both the Zr and Ti complexes show relatively
controlled molecular weights with low D, (<1.1); however, the Ti complex produces
atactic PLA whereas the Zr analog produces highly heterotactic PLA witha P >0.95.5"
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Figure 9 Aluminum and gallium complexes bearing tridentate diamidoether ligands
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Figure 10 Complexes bearing bis(phenolate) ligands with chalcogen and NHC bridges
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Figure 11 Group 3 complexes bearing bis(naphtholate) and bis(phenolate) ligands
bridged by pyridine or thiophene groups

The Zr catalyst is versatile and able to polymerize unpurified commercial rac-LA,
carry out melt polymerization of rac-LA, and catalyze the immortal ROP of LA with
BnOH with little change in performance or selectivity.

Similar group 3 complexes bearing bis(naphtholate) and bis(phenolate) ligands
bridged by either pyridine or thiophene groups are all highly active in the polymerization
of rac-LA at room temperature and show some intriguing trends in reactivity and
selectivity (Figure 11).5% In the series with bis(naphtholate) ligands, all compounds
polymerize rac-LA to produce heterotactic PLA with controlled molecular weights
and reasonably low D, (1.32-1.90) in a few hours in either toluene or THF; however,
the polymerization rate is faster in toluene. The selectivity is highest in THF; polymers
formed in toluene are atactic while those formed in THF have varying degrees of
heterotacticity. The thiophene-bridged complexes are less selective than the pyridine-
bridged complexes. There is also a strong dependence on steric bulk: in complexes
with Si'BuMe, groups the selectivity increases with decreasing ionic radius of the
metal center (P 0.93 for Sc, 0.84 for Y, and 0.50 for La), while in the related SiPh,-
substituted ligands the Sc complex is the least selective (P =0.65) and the Y and La
complexes have similar selectivity (P ~0.9).°* The related bis(phenolate), pyridine-
bridged Y complex is more selective than the bis(naphtholate) analogs producing
heterotactic PLA in toluene (P =0.55-0.60) and THF (P =0.94-0.96); the same trend
of increased selectivity in THF over toluene is also seen with this complex.5?!

10.1.3.4 Ketiminate ligands

Lin and co-workers have studied ketiminate ligands with a third amine donor arm for
use in Mg, Zn, Al and Ca complexes for the polymerization of lactide (Figure 12).5%
Studies of dinuclear Mg complexes with simple aminoketiminate ligands show that the
bulkiest complexes promote dissociation of the dimers to a greater extent, and there-
fore elicit higher reactivity. There is a contrasting electronic effect with electron-
withdrawing CF, substituents: these promote decreased nucleophilicity of the OBn
groups, thereby reducmg their ability to initiate polymerization.5

Lin and co-workers also investigated a related ligand system derived from 4-benzoyl-3-
methyl-1-phenyl-2-pyrazolin-5-one (Figure 12). The related magnesium and zinc benzy-
loxy-bridged complexes are all active for the controlled polymerization of lactide, with
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Figure 13 Tin(ll) complexes ligated by iminophenolates and diamidophenolates

P values ranging from 0.6 to 0.87. No significant substituent effects were observed.>**>
Similar aluminum dimethyl and CaL., homoleptic complexes were active in the presence
of benzyl alcohol and reach high conversions in 3—14h, although they are considerably
less active than the related Mg and Zn alkoxides. 533!

10.1.3.5 Iminophenolates and related ligands

In 2004 Nimitsiriwat et al.5 reported a series of Sn complexes bearing tridentate
iminophenolate ligands formed either from reaction of Sn(NMe,), and iminophenol
pro-ligands or from the respective iminophenolate tin chloride complexes and LiNMe,
(Figure 13).* The systems show a range of reactivity based on ligand substitution, but
the selectivity is unchanged by the different ligand motifs and mildly heterotactic PLA
is obtained in all cases (P _~0.62).

Lin and co-workers have studied half-salen iminophenolate ligands with hemilabile
side arms as supports for Zn and Mg complexes (Figure 14).55 The Mg complex was
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Figure 14 Complexes with tridentate iminophenolate ligands

more active than the Zn analog and shows a strong solvent dependence on selectivity; it
is heteroselective (P =0.57) in THF at room temperature, but is isoselective (P_=0.54—
0.67) in toluene or dichloromethane at room temperature or below. The Zn analog is
isoselective (P_=0.75) in dichloromethane at room temperature.

A large family of analogous Mg and Zn half-salen complexes, without the hemila-
bile arm and bearing an ethylene diamine backbone, has also been reported by Lin
and co-workers (Figure 14).5 Darensbourg et al.’” have reported closely related Ca,
and Zn complexes bearing similarly functionalized iminophenolate ligands
(Figure 14). The Zn and Mg complexes with ethylene diamine backbones show sim-
ilar reactivity and substituent effects.* Substitution of the ligand backbone with var-
ious electron-donating or withdrawing groups has some effects on reactivity. Changing
the imine substituent from H to Me/Ph in the Zn complexes increases the rates of
polymerization, whereas in the related Mg complexes changing from Me to Ph sub-
stituents had a detrimental effect on the polymerization rate. Some Zn complexes
with ethylene diamine or chiral diamine backbones showed moderate heterotacticity
(P =0.59-0.83).156+ 3057574 The related Ca complexes were more active than the Zn or
Mg complexes, although the polymerizations were carried out in the melt (110 °C)
and are thus not comparable.* 5! The bulkier and more electron-donating ligand
backbones led to slower polymerization rates. Bulky Ca compounds formed mildly
heterotactic PLA in chloroform (P =0.66) at room temperature; less bulky systems
produced only atactic PLA.



282 Ligand Design in Metal Chemistry

10.1.3.6 Tetradentate tripodal ligands

The facially coordinating, tetradentate, tripodal ligand design with three coordinating
linkers attached to a central atom capable of binding to a metal center has been widely
used to support metal-based catalysts in lactide polymerization, especially for group 4
metals.”® The donor atoms of the linkers and the central donor atom are usually
nitrogen or oxygen.

Several reports in the literature describe the use of tripodal ligands that exclusively
contain nitrogen donors (Figure 15). In 2009 Schwarz et al.®® reported titanium and
zirconium isopropoxide catalysts supported by sulfonamides for the ring-opening poly-
merization of rac-lactide and e-caprolactone. The Zr catalyst was more active than the
Ti analog for lactide polymerization. However, neither system was stereoselective and
generated atactic PLA. Another example describes a five-coordinate aluminum alk-
oxide catalyst bearing the same ligand.™ It has been shown spectroscopically that the
amine moiety and the pyridyl group compete for the fifth coordination site. The catalyst
was less active than the Zr analog but showed excellent molecular weight control for
melt polymerization of lactide. An In analogue was reported by Blake et al.*' This
catalyst polymerized 300 equiv. of lactide in 2h under melt conditions; however, no
stereoselectivity was achieved.

Tripodal ligands containing both nitrogen and oxygen donors have been widely
used to support group 4 metal catalysts in lactide polymerization, though other metals
have also been investigated. In 2002 Kim et al.” reported the first use of titanium alk-
oxides in the ROP of lactide with a family of aliphatic and aromatic titanatranes
(Figure 16). The authors rationalized the use of this ligand design by evoking possible
trans effects by the nitrogen donor to labilize the trans axial alkoxide, which would
promote high catalytic activity. While all the titanatranes polymerized lactide
under melt conditions (130°C) only the five-membered titanatranes polymerized

Figure 15 Metal catalysts bearing tripodal nitrogen donor ligands for lactide ROP
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Figure 16 Examples of titanatranes for lactide ROP
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lactide in solution (toluene, 70 °C). This indicated higher activity in the more strained
compounds in this study. Overall this family of catalysts showed moderate activity
requiring ~15h under melt conditions to achieve >90% monomer conversion when
polymerizing 300 equiv. of lactide.

The same amine tris(phenolate) ligand design was extended to Zr by Kol and
co-workers who observed higher activity compared with the Ti analogs for lactide
polymerization.'® Chmura et al.'! reported a family of tetravalent metal catalysts
bearing amine tris(phenolate) ligands for the ROP of lactide (Figure 17). The authors
reported that the Ti complex, which was active only under melt conditions, polymer-
ized 300 equiv. of lactide in under an hour to generate atactic PLA. The Zr and Hf
catalysts, while showing similar reactivity, gave heterotactic PLA with P_values of
0.96 and 0.88, respectively. While both catalysts slowed down considerably in solution
(toluene, 25 °C), requiring >48 h to polymerize 100 equiv. of lactide, the heterotactic-
ity increased in both cases (P =0.97 and 0.98 for Hf and Zr, respectively). The Ge
analog previously reported by the group was a slower initiator, requiring up to 24 h to
polymerize 200 equiv. of lactide and achieved only moderate heteroselectivity
(P ~0.80) in comparison.”” In another report of group 4 catalysts with amine
bis(phenolate) ligands, this research group reported that while the Ti catalyst was not
stereoselective, the Zr and Hf systems were able to generate PLA with an isotactic bias
reaching up to P_ ~0.75 under melt conditions.*

In an extension of this ligand architecture to group 3 and lanthanide catalysts,
Mountford and co-workers reported several Y, La, Nd and Sm complexes with bridging
borohydride and chloride ligands (Figure 17).%4 The Y, Sm and Nd complexes
generated heterotactic PLA in THF with the Y and Sm catalysts imparting the highest
stereoselectivity of P =0.87 and 0.72, respectively.

In 2004, Carpentier and co-workers reported several isostructural Y, La and Nd
complexes with alkoxyamino bis(phenolate) ligands for the ROP of lactide.’®
These were highly active catalysts capable of polymerizing 200 equiv. of lactide in
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Figure 17 Examples of amine bis- and tris(phenolate)-ligand-based catalysts for lactide ROP
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20 min. Several of these complexes generated heterotactic PLA with P_values up
to 0.90. The utility of these catalysts for immortal polymerization of lactide to
grow multiple polymer chains by adding an exogenous alcohol has also been
demonstrated.”® In addition, they have been extended to the stereoselective ROP of
B-butyrolactone.®”

10.1.3.7 Macrocyclic ligands

While macrocycles have not been used widely as ligands in lactide polymerization,
several examples of nitrogen- and oxygen-containing macrocycles used to support
metal initiators have been reported (Figure 18). The use of metal porphyrin catalysts
for cyclic ester polymerization, pioneered by Inoue and co-workers, represents one
of the earliest examples of a macrocyclic ligand in metal-catalyzed lactide polymer-
ization.!®®! This is an extension of the work carried out by the same group where
metalloporphyrins were used for the copolymerization of carbon dioxide and
epoxides.®'In 1987 an aluminum alkoxide complex supported by a porphyrin ligand
was described by this group for lactide polymerization."™ The authors employed
rigorous conditions to facilitate polymerization of lactide (heated to 100°C in a
vacuum sealed tube with the reactants dissolved in CH,Cl,). The polymerizations
were well controlled with good agreement between theoretical and experimental
molecular weights and narrow D, ;. There was broad monomer scope for aluminum
porphyrin catalysts with other lactones.!”"

In 2011 Okuda and co-workers reported a series of metal catalysts supported by a
tetradentate cyclen-derived ligand for lactide polymerization (Figure 18).?! Notably,
these catalysts were highly active at room temperature for the ROP of meso-LA and
polymerized 100 equiv. of monomer in 30min. However, the reactivity decreased
when rac- or L-LA was used. The magnesium variant achieved modest isoselectivity
with rac-LA (P_=0.64)."

An example of a macrocycle with oxygen donors to support a Ti catalyst for lactide
polymerization has been reported by Frediani et al.’®! The authors described several
titanium chloride complexes bearing calix[4]arene ligands, which act as catalysts for
solvent-free lactide polymerization (Figure 18). These complexes acted as dual-site
catalysts with two polymer chains growing from one metal center.
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Figure 18 Examples of macrocyclic metal catalysts used for lactide polymerization
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10.1.3.8 Salen-type ligands

Salen ligands are tetradentate, Schiff base bis(phenolate) compounds that are tradition-
ally made via the condensation of a diamine and a salicylaldehyde (Figure 19).7* They
are widely used in asymmetric transformations, such as enantioselective epoxida-
tions.” While both tripodal and macrocyclic ligands have been investigated for the
stereoselective ROP of rac-lactide with some success, salen-type ligands have by far
been much more successful in achieving isoselectivity with a variety of metals. Other
derivatives of salen ligands, namely the reduced bis(aminophenolate) form (salan) and
the asymmetrically reduced form (salalen), have also been used in lactide polymeriza-
tion.’® Since many variations of the classic salen ligand architecture incorporating
different donor atoms have been reported in literature, the following discussion on
salen-type ligands will be organized according to donor atoms.

The seminal work in using the classic salen ligand design in lactide polymerization
was described by Spassky and co-workers, who had previously used a series of
aluminum salen compounds in the polymerization of epoxides and p-butyrolactone
(Figure 20)." They described an aluminum methoxide catalyst supported by an achiral
salen ligand for the ROP of L- and rac-lactide. Although this system requires elevated
temperatures (70-100°C in toluene) and has poor control over the polymerization
process with dispersities ranging from ~2 to 4, this catalyst is an important milestone
in catalyst design for lactide polymerization. This report was a prelude to a landmark
publication by this group, in which a highly stereoselective aluminum SalBinap (salen
ligand with a Binap linker) catalyst for the ROP of lactide was described (Figure 20)."®
The enantiopure (R)-catalyst was highly competent at chiral resolution of rac-lactide,
reaching ~50% conversion at 70°C in toluene by almost exclusively polymerizing
L-lactide. A study of the rates of polymerization of L- and D-lactide with the (R)

R =H, alkyl
— R\ — /R R\ -
—N N= N N N N
Salen Salan Salalen

Figure 19 Examples of salen, salan and salalen ligands
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Figure 20 Aluminum salen complexes
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enantiomer of the catalyst showed a k /k, of ~20, which indicated a highly site-selective
system. Subsequently, evidence of extensive transesterification during polymerization
was reported using MALDI-TOF mass spectrometry.™

Subsequent to this work, a series of highly influential publications described studies
of the polymerization of rac-lactide with aluminum SalBinap complexes in detail.
Coates and co-workers improved the synthesis of the catalyst by substituting the
methoxide ligand with an isopropoxide initiator to prevent the formation of unwanted
aggregates.!'> 2% This catalyst was stereoselective for the ROP of rac- and meso-
LA. 1224 80 Though initially thought to form stereocomplex PLA, the polymerization
of rac-lactide with the racemic aluminum SalBinap catalyst was shown to generate
isotactic stereoblocks with a melting point of 179 °C.1%-81 Duda and co-workers were
able to use the same system to generate isotactic stereoblock PLA with a melting
point approaching 210°C through a two-step chiral ligand exchange mechanism.®*
Zhong et al.® reported an aluminum isopropoxide initiator bearing a Jacobsen salen
ligand, which also generated highly isotactic PLA (Figure 20). The racemic catalyst
generated isotactic stereoblock PLA with rac-lactide in toluene at 70°C with a
P _~0.93 at 85% monomer conversion. This high isoselectivity was also maintained
in melt polymerization at 130 °C to generate PLA with a P_~0.88.

In a mechanistic study of this system Chisholm et al.™*> 84 reported significant solvent
effects on isoselectivity. They highlighted the difficulty in assigning the mode of ste-
reocontrol to exclusively enantiomorphic site-control or chain-end control, and argued
that the chiral environment of the catalyst, the chirality of the chain-end, the helicity of
the n*-chelate, A or 8, and the solvent all affect stereoselectivity to varying degrees.
In a recent report, Pilone et al.®> described an aluminum salalen catalyst for lactide
polymerization and highlighted the contribution of chain-end control to systems with
chiral ligands.

The mechanistic complexities of stereoselectivity is further evidenced by a recent
report by Maudoux et al.® who describe a chiral aluminum salen catalyst that gener-
ates highly isotactic PLA from rac-lactide (P_~0.90). In this example, the kinetics
indicated a dominant chain-end control mechanism, which contrasts to other chiral
aluminum salen catalysts where enantiomorphic site control is thought to predomi-
nate.3% 831 A]] the previously mentioned chiral aluminum salen alkoxide systems
require multiple days at elevated temperatures to polymerize ~200 equiv. of lactide.
The low activity of chiral aluminum salen systems towards lactide polymerization is a
major drawback of these systems.

Several Al catalysts supported by achiral salen ligands for isoselective lactide poly-
merization have been reported (Figure 21). After their initial publication,””* Spassky
and co-workers reported a series of aluminum salen alkoxide catalysts that were used
to generate crystalline PLA with T_~144-159°C."*") In one example, the authors also
described decreased reactivity upon changing the ethylene bridge to a rigid phenyl
moiety. Profound effects on reactivity and selectivity were observed by Nomura and
co-workers when the ethylene linker was changed to a propylene functionality
(Figure 21).%% The ethylene-bridged catalysts polymerize 100 equiv. of lactide to 19%
conversion (70 °Cintoluene) in 3 days to generate isotactic PLA (P _~0.79,T _~163°C).
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Figure 21 Examples of achiral aluminum salen catalysts for enantioselective ROP of
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Figure 22 Examples of aluminum salen and salan catalysts for lactide ROP reported by
Hormnirun et al.®”

In contrast, the analog with a propylene linker not only achieves 95% monomer
conversion under identical conditions in 14 h but also improves the isotacticity of the
polymer (P_~0.92, T ~192°C). After a series of incremental modifications to the
linker as well as the aromatic substituents, Nomura and co-workers discovered that
geminal methyl groups on the propylene linker lead to a catalyst with very high
isoselectivity (P_~0.98, T ~210°C), which is the highest isotacticity reported with an
achiral catalyst.® Several highly isoselective aluminum salen isopropoxide catalysts,
with the same 2,2-dimethylpropylene linker, but with different aromatic substituents,
have been described by Tang et al.”*-°® and more recently by Chen et al.'**)
Hormnirun er al.®! described a series of aluminum alkyl complexes supported by
achiral salen ligands, which were used with benzyl alcohol for the ROP of lactide
(Figure 22). The authors observed isoselectivity in many of their catalysts up to
P_=0.86 and described the dependency of the degree of isoselectivity on the bridging
ligand backbone and the aromatic substituents. A more profound change was observed
when achiral salan (reduced-salen)-type ligands were used to prepare several aluminum
catalysts (Figure 22).°* When an unsubstituted salan ligand was used (R=H), PLA
with P_~0.79 was produced. However, when chloride substituents were incorporated
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Figure 23 Examples of Al catalysts supported by salen-like ligands for lactide ROP

(R=Cl) the stereoselectivity switched to generate heterotactic PLA (P ~0.96).
Du et al.® observed a similar effect with chiral aluminum salan complexes.

While the classic salen ligand design contains a bis(salicylidene) moiety, several
recent examples describe the use of pyrrolic, enolic and alkoxide Schiff base frame-
works to form tetradentate salen-like ligands, which were used to develop Al catalysts
for lactide polymerization (Figure 23). Du et al.® reported an aluminum isopropoxide
catalyst with a (N,N,N,N) salen-type ligand with pyrrole donors which generated
isotactic PLA (P_~0.75) from rac-lactide. An aluminum salen catalyst with
enolate donors, which showed isoselectivity (P_~0.80), was reported by Pang et al, .
Bouyahyi er al.’® described several chiral and achiral aluminum salen-type catalysts
comprising fluorinated alkoxide donors. These catalysts gave isotactically enriched
PLA (P_~0.70-0.81) from rac-lactide in the melt. The less rigid achiral versions
showed higher activity compared with the chiral analogs (30 min versus 72 h to achieve
similar conversions under similar conditions). However, there was no change in selec-
tivity between the two systems, which suggested a chain-end control mechanism for
the catalysts. The mixed alkoxide-phenolate ligand based Al catalyst is also capable of
isotactic enrichment of PLA in solution (P_ ~0.81 in toluene at 60 °C).""!

Trivalent metals other than Al have also been used with salen/salen-type ligands in
lactide ROP (Figure 24). Ovitt and Coates!'? reported a dinuclear yttrium SalBinap
catalyst for the ROP of lactide. In stark contrast to the Al counterparts, no stereocontrol
was achieved in the polymerization. A bismuth alkoxide complex bearing a Jacobsen
salen ligand was reported by Balasanthiran er al.'®, which generates heterotactic PLA
(P ~0.9) from rac-lactide. Recently, several indium catalysts bearing salen-type
ligands have been reported by Carpentier and co-workers, but these, unlike their Al
analogs, generated atactic polymer.’°1 A recent example by the same group described
a bimetallic Li/Y catalyst bearing a fluorinated SalBinap ligand, which generated
heterotactic PLA (P_~0.99).I'"



Ligand Design in Enantioselective Ring-opening Polymerization of Lactide 289

— - -
F3C\\ \/CF, o "o
S,|\/|e3 CF3 SiMe;

FsC CF3 F4C CF3

"N\/\\/N
N/\// N/

Fgc CF, F3C CF,

Figure 24 Examples of trivalent metal catalysts with salen-type ligands for lactide ROP

Group 4 metals have also been used widely in conjunction with salen-type ligands
(Figure 25). In 2006 Gregson et al.'®" reported several chiral and achiral titanium
salen alkoxide complexes for the ROP of lactide. All catalysts reported were modestly
active and heteroselective (P ~0.51-0.57). Several achiral Ti and Zr salan catalysts
were reported by Gendler er al.™ for melt polymerization of lactide. While no
stereoselectivity has been reported for either system, the Zr complexes were more
active towards lactide ROP than the Ti analogs.

Saha et al."™ reported zirconium and hafnium alkoxide complexes bearing a
Jacobsen salen ligand (Figure 25). Notably, these complexes were bimetallic with each
metal center coordinating to the ligand in a k?>-coordination mode. While these systems
were active for melt polymerization of lactide (200 equiv. in under 1h) both generated
atactic PLA. Several bimetallic and monometallic achiral Zr salen catalysts (Figure 25)
reported by Tsai et al.'®! showed polymerization activity but again failed to achieve
the high stereoselectivity of the Al analogs.

Broderick and Diaconescu® have reported a family of catalysts supported by
ferrocene-based bis(phenolate) ligands (Figure 26). A Ce(IV) catalyst was highly
active for the ROP of lactide with 300 equiv. of L-lactide being polymerized in under
20min at room temperature. The Y analog showed redox-controlled polymerization
behavior where a change in catalyst activity was observed depending on the oxidation
state of ferrocene. Similar behavior was reported for a ferrocene-based titanium
salen catalyst reported by Gregson et al.' (Figure 26). In 2012 Bakewell et al.!1%!
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reported the use of a 'Y catalyst bearing a P-containing Schiff base ligand, referred to
as a phosphasalen ligand (Figure 26). Catalysts supported by such ligands containing
an ethylene diamine linker showed high reactivity (polymerizing 1000 equiv. of lactide
in 45s at ambient temperature in THF) and high heteroselectivity (P_~0.9). The authors
were able to maintain this reactivity and achieve isoselectivity (P_~0.8) by modifying
the ligand backbone to prepare a pentadentate ligand system.!'%! This ligand promoted
isoselectivity with other metals such as Lu.!1”!

Okuda and co-workers used a family of 1,w-dithiaalkanediyl-bridged bis(phenolate)
(OSSO)-type ligands with a range of different metals to develop catalysts for the ROP
of lactide (Figure 27). While these ligands may not strictly fall into the category of
salen-like ligands they coordinate to metals in a similar fashion. Several aluminum
alkyl complexes bearing (OSSO)-type ligands were used as catalysts for lactide poly-
merization with an added alcohol.!'® While the complexes with an ethylene diamine
backbone generated atactic PLA, the modification of the linker to a —CH PhCH,—
moiety afforded modest heteroselectivity (P ~0.65) in the system. Dinuclear indium
alkoxide analogs were active in the ROP of L-lactide.''®! In contrast, group 3 metal
catalysts (such as Sc and Y) with these (OSSO)-type ligands were heteroselective.
Scandium and yttrium amido analogs were highly heteroselective (P =0.95 and 0.88,
respectively).l''” When group 4 metals were used with achiral (OSSO)-type ligands,
modest isotactic enrichment (P_~0.6) was achieved.!"'"
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Figure 28 Reduced and oxidized forms of thiolphan-ligand-based group 4 complexes

In a recent report, Wang er al.'''?! described two S-containing bis(phenolate) thiol-
phan ligands featuring ferrocene backbones (Figure 28). These ligands are used with
Zr and Ti to form redox switchable catalysts, as discussed above, whose polymeriza-
tion behavior changes based on the oxidation state of the ferrocene. The Zr complex
was active for lactide polymerization in its reduced form but inactive in the oxidized
form, which was in direct contrast to its polymerization of e-caprolactone, where it
showed the opposite behavior. While the Zr system failed to generate block copoly-
mers of PLA and poly(caprolactone) in a one-pot synthesis via redox switching, the Ti
analog was able to successfully carryout the block copolymerization.

10.2 Indium and zinc complexes bearing chiral
diaminophenolate ligands

10.2.1 Zinc catalysts supported by chiral diaminophenolate ligands

In 2003 Williams et al.'''¥ reported a highly active Zn catalyst for the polymerization of
lactide based on a tridentate diaminophenolate ligand (L) (Figure 29). This complex,
synthesized from the protonolysis of a precursor zinc alkyl complex, was highly active
for the controlled polymerization of rac-lactide at room temperature, reaching high con-
versions in ~5min to produce atactic PLA. Mechanistic investigations supported a
mononuclear propagating species, formed upon dissociation of the dimer in solution.

These promising results with Zn complexes bearing an achiral diaminophenolate
ligand (L) encouraged us to develop a related chiral tridentate diaminophenolate proli-
gand H(N, N, O_) (Figure 29) by adapting a synthetic methodology first reported
by Mitchell and Finney."''¥ The synthesis of Zn complexes using this ligand™'> was a
first indication of the differences between the parent achiral ligand and the new chiral
ligand set. The synthesis of the achiral zinc alkoxide analog was carried out via a
simple alkane elimination reaction of the proligand HL and Zn(Et), to yield (L)ZnEt
(Figure 29). A subsequent alkane elimination reaction with ethanol formed the target
ethoxy-bridged Zn catalyst.!!'!3
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Figure 30 Synthesis and reactivity of Zn complexes bearing a chiral diaminophenolate
ligand

When we utilized the chiral H(N, ,N,, O ) proligand in an identical reaction, we
discovered that the second protonolysis reaction does not proceed with ethanol or other
aliphatic alcohols (Figure 30).!'") In fact, there was a direct correlation between the
pK, of the alcohol (in organic solvent) and its reactivity with (N, /N, O )ZnEt. Thus,
a reaction of (N N O, )ZnEt with phenol formed the phenolate initiator
(NN 0,5 )ZnOPh which was only mildly active for lactide polymerization.
We attributed this lack of reactivity, in part, to the need for the terminal amine arm to
dissociate in these compounds to open a coordination site for the incoming lactide.
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New studies with analogous In complexes suggest that the central tertiary amine
substituent in these complexes may also be important (see below).!!®

10.2.2 The first indium catalyst for lactide polymerization

In 2008, we reported the first indium catalyst for the ROP of lactide,""” [(N,, N, O )
InCl],(p-Cl)(p-OEt) (1), supported by the chiral diaminophenolate ligand framework
discussed above.[''8 Subsequently, a family of compounds (Figure 31) was synthesized
by expanding to different halides [(N,, ,N, O )InX],(p-X)(p-OEt) (X=Br, I) and
forming bis-ethoxide-bridged dimers [(N,, N, O )InI(p OE)],.""" These catalysts can
be synthesized in two steps (Figure 31).018 o) A salt metathesis reaction of the diami-
nophenolate salts K(N,, N O.) with indium trihalides InX, forms (N, N O)InX,,
which react with different equlvalents of NaOEtin a second salt metathesis reaction to
form the dimeric mono-ethoxide-bridged [(N O )InX],(u-X)(n-OEt) or bis-
ethoxide-bridged [(N,, ;N O )InX(p-OEp)],.

All the ethoxide complexes isolated in thls series are dinuclear in the solid state.[!!8:119]
Their solution structures were determined by pulsed gradient spin-echo (PGSE) NMR
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Figure 31 Synthesis of In complexes bearing chiral diaminophenolate ligands
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spectroscopy and their calculated solution hydrodynamic radii, where available, are
consistent with those obtained in the solid state.!''™ The dinuclear motif is the thermo-
dynamically stable form of these ethoxide-bridged In compounds; although they are
reactive and can undergo exchange with various species (H,O, ROH), the resulting
products are invariably dinuclear.!"!’

Enantiopure (RR and SS) as well as racemic versions of the compounds were
developed.!'"® When the racemic ligand is used in the synthesis of the compounds, the
mono-ethoxide-bridged complexes are invariably a mixture of homochiral enantiomers
(RR/RR)- and (SS/55)-[(N,, ,N,O)InX],(p- X)(p OEt), while the bis-ethoxide-bridged
complexes are heterochiral (RR/SS)-[(N,, N O )Inl(u-OEt)],. A mixture of homochi-
ral bis-ethoxide-bridged complexes (RR/RR)- and (SS/SS)- [(NMez 4O Inl(u-OE)],
forms the heterochiral species in solution in a few hours at room temperature.

10.2.3 Polymerization of cyclic esters with first generation catalyst

The first reported complex in this series, [(N,, ;N O )InCI] (u-Cl)(u-OEt) (1), is
highly active for the polymerization of lactide, showing first-order rates of
polymerization, and displaying excellent control of PLA molecular weight and molec-
ular weight distribution. Modestly isotactic PLA (P_~0.6) is obtained (Figure 32).!"'*
In particular, complex 1 is highly controlled for the living polymerization of lactide
(LA) with two consecutive additions of 200 equiv. of LA resulting in similar rates of
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polymerization for both additions and a monomodal GPC trace for the resulting
polymer with an M, value corresponding to 400 LA units. Complex 1 is similarly
active and controlled for the living polymerization of -butyrolactone (BBL), yielding
high molecular weight polymers with low molecular weight distributions (Figure 32).12
The living behavior of catalyst 1 allows for the formation of block copolymers, such as
PLA-PHB-PLA triblocks, by sequential addition of different monomer feedstocks.!!

10.2.4 Ligand modifications
O

We sought to improve upon the modest isoselectivity (P_~0.6) of [(N,, N.O_
InCl],(p-Cl)(p-OEt) (1) in the polymerization of rac-LA by making a number of ligand
modifications, including changes to the terminal amine substituents, central amine
substituent and the phenolate substituents (Figure 33).!16- 121]

A number of important observations were made regarding the effects of these modi-

fications on the activity and stereoselectivity of these complexes in the polymerization

Terminal amine Central amine

"Pr P n n UabuiaN /N
O oty R 65
VAL o __//
\ /CI'> / R—/’N—\In/cwkln/—N—R
H—N—In\m “In—N_—H S i@/ \
/ \o / \ o OL 0:@
, - k Bu Bu By
Bu u
(£)-[(Np2NyO1,)INCl]y(1-Cl)(u-OEL) (F;t)'[LNnﬁanotBu)lnC']z(u'Cl)(H'OEt)
=H, Me

Backbone = ethyl, cyclohexyl

Phenolate

Nll|
\l /C|//n

n\C| In
}:’ 0/ \o

(£)/(RR)-[(Nye2N{OR2)INCl5(1-Cl)(u-OEt)
R, = Me, R, = SiPh,

R1 = tBU, R2 =Ad

Ry = R2 = C(CHa),Ph (Cm)

Figure 33  Ligand modifications made to dinuclear In complexes for rac-LA polymerization
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of lactide: (1) increasing the steric bulk of the terminal amine substituents (Me to "Pr)
led to dissociation of the catalyst during the polymerization of rac-LA and a subsequent
decrease in the isoselectivity of the system (P_~0.5);!"*' (2) changing the central amine
donor from a secondary (R=H) to a tertiary (R=Me) amine had a profound effect on
the activity of the complexes (more than two orders of magnitude drop in activity for
tertiary amine donors), which was independent of whether a chiral cyclohexyl or achiral
ethyl backbone was utilized;"'® and (3) modifications of the phenolate substituents to
include ortho-adamantyl or cumyl, C(CH,),Ph, substituents had little effect on catalyst
activity or stereoselectivity (P_~0.6), while increasing the steric bulk further to include
ortho-SiPh, substituents again led to dissociation of the complex during polymerization
and a corresponding decrease in the isoselectivity of the system (P_~0.5).1'*!"!

10.3 Dinuclear indium complexes bearing chiral salen-type ligands

10.3.1 Chiral indium salen complexes

As discussed above, Al catalysts supported by salen ligands are some of the most
isoselective catalysts for the polymerization of racemic lactide.!?**738%881 However,
slow polymerization rates and high water/air sensitivity preclude their use in an
industrial setting.['> 8% We were interested in exploiting chiral indium salen complexes
to achieve high activity, selectivity and control over the polymerization process.
Although achiral indium salen complexes had been reported previously,!'??! prior to our
work there was only one example of a chiral indium salen complex, which was not
used as a catalyst for polymerization.!'**!

Deprotonation of the racemic or enantiopure salen proligand featuring a trans
cyclohexyldiamine backbone (ONNO) and subsequent salt metathesis with indium
trichloride and sodium ethoxide in a three-step process involving an indium chloride
intermediate yields racemic or enantiopure indium ethoxide complex [(ONNO)
In(p-OEv), ], (2) (Figure 34).1'*4

Alternatively, a one-pot reaction can be used to synthesize chiral indium ethoxide
complexes bearing a salen ligand with a Binap backbone (SalBinap) (Figure 35).!'>)
Similar to the corresponding Al analog,"* a mixture of [(u-k>-SalBinap)In(p-OEt),], (3a)
and [(x*-SalBinap)In(u-OEt),], (3b), with different ligand binding modes, is formed.

10.3.2 Polymerization studies

Complexes (x)- and (R,R)-2 are highly active and controlled for the polymerization of
rac-LA yielding a linear relationship between the observed PLA molecular weights and
the added monomer, assuming both alkoxides initiate the polymerization, with low
molecular weight distributions (Figure 36).'** The rate of polymerization with these
complexes is first order in lactide concentration with k , values comparable with the tri-
dentate diaminophenolate indium complexes described in Section 2.[118 111 The rates of
polymerization are much faster than any of the known chiral aluminum salen systems,
which require elevated temperatures and days to reach full conversion.[!> 24 78 80. 8]
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Figure 34  Synthesis of chiral salen indium complexes with cyclohexyl backbones

Polymerization of rac-LA with (+)- and (R, R)-2 yields isotactic polymers (P_~0.75)
with a stereogradient microstructure. Catalyst (R,R)-2 shows a preference for the
polymerization of L-LA over D-LA (k/k,~5), as well as a V-shaped P_ versus
conversion plot for the polymerization of rac-LA, where the PLA tacticitiy reaches a
minimum at 50% conversion. In contrast, catalyst (+)-2 shows similar rate constants
for rac-, L- and D-LA polymerization and shows no variation in P_ values as a function
of conversion in the polymerization of rac-LA. These observations are indicative of
enantiomorphic site control being the dominant mechanism of selectivity in this
system and are in line with the analogous aluminum salen systems, which carry out
the polymerization with greater selectivity but at lower rates.

In contrast, polymerization of rac-LA by the SalBinap complexes [(p-k*-SalBinap)
In(u-OEt),], (3a) and [(x*-SalBinap)In(u-OEt),], (3b) is slow, requiring elevated temper-
atures and 8 (3b) to 30 days (3a) to reach full conversion (Figure 37).'>! Complex 3a is
not well-controlled producing atactic PLA with higher than expected molecular weights
consistent with poor initiation, which coupled with its low activity suggests that initiation
and propagation are both very slow for this catalyst. This is similar to its aluminum
analog [(u-x*>-Salbinap)Al(u-OMe)],, which is inactive for lactide polymerization.'"*!
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Figure 35 Synthesis of chiral salen indium complexes with Binap backbones
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Figure 36  Polymerization of rac-LA by complex [[ONNO)In(u-OEt),], (2)
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Figure 37 Polymerization of rac-LA with [(u-x*-SalBinap)In(u-OFEt) ], (3a) and [(k*-
SalBinap)In(u-OFt),], (3b)

Similar to its analog complex 2, complex 3b is well-controlled for lactide polymer-
ization displaying good agreement between theoretical and experimental molecular
weights, albeit with higher dispersity values. In contrast to complex 2, complex 3b
shows a moderate heterotactic bias (P ~0.6), suggesting chain-end control, not
enantiomorphic site control, is responsible for the moderate selectivity of the system
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Table 1 Tacticity data for the polymerization of rac-LA with indium
and aluminum salen catalysts

Catalyst P
1 [(p-K2-5a|Binap)ln(p-OEt)2]2 (3a)? 0.48
2 [(K“-SalBinap)ln(u-OEt)z]2 (3b)2 0.40
3 (x*-SalBinap)Al(O'Pr) >0.9
4 (ONNO)AI(OPr)* 0.93
5 [(ONNO)In(p-OFt), 1, (2)4 0.74

Polymerizations were carried out in THF at 80°C, [catalyst]~1mM; P_ were determined
by "H{'H} NMR and Bernoullian statistics.

bCarried out in toluene at 70°C, [catalyst] =1 mM, reported by Ovitt and Coates.!"?!
Carried out in toluene at 70°C, [catalyst] = 13 mM, reported by Zhong et al.1#3¥
ICarried out in CH,Cl, at 25°C, [catalyst] ~ T mM. 24

(Table 1). This may be due to the increased steric bulk of the BINAP backbone relative
to the cyclohexyl backbone in complex 2, which may also be responsible for the low
activity of the system. Interestingly, the same trend is not observed with the analogous
Al complexes (k*-SalBinap)Al(O'Pr) and (ONNO)AI(OPr), which have polymeriza-
tion rates within the same order of magnitude and produce highly isotactic PLA.[% 83

10.4 Conclusions and future directions

The need for high performance biodegradable materials will grow in the future. New
developments in this field must reconcile the need to identify new, inexpensive, and
biorenewable sources of monomer and the possibility of converting them into biode-
gradable materials with comparable properties with the ubiquitous polyolefins. Metal-
based catalysts for ROP of strained esters are an excellent tool in reaching this goal.

This chapter discussed different families of tridentate and tetradentate ligands for
use in supporting various Lewis acidic catalysts for cyclic ester polymerization, and
assessed their efficacy in controlling polymer macro- and microstructure. Although it
is difficult to generalize, from the evidence obtained to date, the use of tridentate
ligands tends to form heteroselective catalysts, whereas tetradentate ligands exert more
control over catalyst selectivity and can generate both highly hetero- and isoselective
catalysts. In particular, salen ligands and similar tetradentate ligands have shown some
of the highest isoselectivity for lactide polymerization to date.

Despite all the progress in this field, it is clear that selectivity is unpredictable and
highly metal dependent. For example, a comparison of Al and In complexes in our work
shows that while the former have the potential for great selectivity, they are not suitable
for commercialization due to slow rates of polymerization and low tolerance to monomer
impurities. In contrast, In-based catalysts are more active than their Al counterparts and
show great promise in the area of controlled and selective polymerization of cyclic esters,
although they have not reached the selectivity of their Al counterparts.



302

Ligand Design in Metal Chemistry

The Lewis acidic nature of these catalysts often renders them prone to aggregation.
New venues in ligand design in this field can focus on ligand architecture that controls
aggregation, while promoting reactivity.
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11.1 Introduction

The successful development of organometallic chemistry and modern coordination
chemistry in the last half century is undoubtedly related to the design of a plethora of
ligands that has provided the metal center with the electronic and/or steric properties
envisioned by the researchers.! The most popular ligands in that time span have
been phosphines (phosphanes, PR,)* either mono- or polydentate, cyclopentadienyls
(Cp"),! N-heterocyclic carbenes® (NHCs), and trispyrazolylborates (Tp*, Scheme 1).*
However, from the perspective of the use of transition metal complexes as catalysts, a
large difference in their uses is noted: the number of catalytic systems based on Tp*-
containing complexes is much lower than those involving the other three classes of
ligands. This is probably the result of a more sterically congested metal center
and stronger metal-ligand bonds in the case of the Tp*M core, at variance with more
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Scheme 1 Types of ligands frequently employed in transition metal complexes
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Scheme 2 Geometries for group 11 Tp*M and (NHC)M catalysts

flexible M—P or M—Cp* units that allow dissociation—association processes in the
former or several hapticity equilibria in the latter.

Interestingly most of the catalytic systems based on Tp*M units contain a coinage
metal such as copper or silver.’ This is also observed for NHC-based catalytic
systems, with the addition of gold to those metals.® This similarity can be explained
in terms of a common feature of both Tp*M and (NHC)M moieties with those
metals: they leave just one coordination site for the catalytic reaction to occur.
A second coordination site may also accessible in some cases, for example with
Cu(II)-based systems where five-coordinate geometries are available. In the case of
(NHC)M systems (M=Cu, Ag, Au), the linear complexes can accept an incoming
ligand (reactant) through the transient formation of three-coordinate intermediates
(Scheme 2).

In this chapter the current state of the art of the use of copper and silver complexes
containing trispyrazolylborate ligands in homogeneous catalysis is presented. As men-
tioned above, no related examples with the gold analogs have been described, in spite
of the synthesis of several Tp*AuL. complexes.” After a brief introduction about the
ligands, the use of Tp'ML (M=Cu, Ag) complexes as catalysts will be presented
according to the type of reaction: carbene transfer reactions from diazocompounds
(addition or insertion); nitrene transfer reactions from hypervalent iodine compounds;
oxo transfer reactions; and atom transfer radical reactions.
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11.2 Trispyrazolylborate ligands: main features

Although this class of ligands is well known by the scientific community, a brief
account of the main features is provided in this section for the sake of completeness.
These ligands were designed and prepared by Trofimenko in the mid 1960s,® and
since then more than 200 ligands have been reported.* The common route for their syn-
thesis is the direct reaction of KBH, and the corresponding pyrazole in excess, although
several variations have been described (Scheme 3).* The variety of groups that can be
attached to the pyrazolyl rings provides a versatility that currently rivals those of Cp*
or NHC ligands, only phosphines being by far more developed in terms of substituents
than Tp*. The availability of an array of R groups in the ligand skeleton allows the con-
trol of the steric and electronic properties of the resulting metal complex, with the
corresponding influence in the catalytic reaction outcome.

As shown in Scheme 3, the R' group, located in the vicinity of the metal center,
influences markedly the catalytic pocket. The steric hindrance provided by the ligand has
been defined in terms of the cone angle and the wedge angle, usually derived from X-ray
data from TITp* complexes. However, the nature of the metal center in each particular
complex affects such angles, particularly the cone angle, and therefore those values must
be employed with reservation, only providing a trend within the series of ligands.

The measurement of the electronic nature of Tp ligands can be readily performed
using the well-known probe of metal carbonyls and infrared spectroscopy. Series of
Tp*M(CO) M =Cu, Ag) complexes have been prepared providing a collection of 1(CO)
values from which the relative electron-donating capabilities of the pyrazolylborate

Cone angle = 360-a Wedge angle =

Scheme 3 The syntheses and steric hindrance of Tp* ligands
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ligands can be inferred.”!° The general trends can be described as in the following. First,
with the same Tp* ligand, the silver complex displays a higher v(CO) value than the
copper analog, that in some cases exceeds that of free CO. These are the so-called non-
classic metal carbonyl complexes, where n-backbonding is very low or null. Values up to
2166cm™! have been found for some Tp*Ag(CO) compounds.!! Within the same metal,
the electronic nature of the R'-R? substituents is transferred to the donor capabilities of
the three N-donors. Thus, alkyl substitution in the pyrazolyl ring induces high electron
density donation, as inferred from low v(CO) values (ca. 2050-2060cm™ in the copper
complexes).'? The use of electron-withdrawing groups as R'-R? affects the electronic
nature at the metal center in such a way that when fluorinated® or brominated" substitu-
ents are employed, high ¥(CO) values are found.

11.3 Catalytic systems based on Tp*ML complexes (M =Cu, Ag)

Herein we describe an account of the use of copper and silver and Tp-based catalytic
systems from the perspective of the reaction class, in an attempt to organize this
chemistry from a rational point of view. A large number of those systems correspond
to the catalytic transfer of an E ligand bonded to the metal center by a multiple bond.
This M=E moiety is generated in situ with the aid of the appropriate reagent. Carbene,
nitrene or oxo ligands stand for E, their generation being induced by the direct reaction
of the Tp*ML precursor and a diazo compound, a hypervalent I(Ill) reagent or an
oxidant such as H,O,, respectively. Scheme 4 gives a very general picture of these
transformations. The transient TpM=E intermediate, electrophilic in nature, reacts
with a nucleophile with the subsequent transfer of the X group and the net functional-
ization of that nucleophile. An array of substrates such as olefins, alkynes, arenes,
alkanes (including the gaseous series C,—C,), polyolefins, both saturated and unsatu-
rated, or haloalkanes have been functionalized in this manner.

A second type of reaction that involves the formal addition of a carbon—halogen
bond to a double carbon—carbon, both inter- and intramolecularly, will also be
discussed. These are the atom transfer radical reactions, and also include the polymer-
ization of some olefins such as styrene or acrylates.

E Precursor
Tp*M
Nu-E - CR'R2 N,CR'R?
NR LG=NR (LG = Arl, N,)
Nu
[TpM=E] 0 H,0,, ROOR'

Scheme 4 General functionalization of organic substrates by “E” transter with Tp*ML
catalysts
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11.3.1 Carbene addition reactions

There are examples of all metals from groups 8 to 11 to catalyze the transfer of a
carbene group from a diazo compound to organic substrates.®® One of the most
studied transformation is the olefin cyclopropanation reaction,' for which the use of
Tp*ML catalysts has provided valuable improvement. Thus, the diastereoselectivity
of this reaction, that usually leads to mixtures of both cis and trans isomers, was
directed toward the cis-cyclopropane with the complex Tp™Cu(thf) (hydrotris
[3-mesitylpyrazolyl]borate) as the catalyst, affording a 98:2 cis:trans mixture with
styrene (Scheme 5) and ethyl diazoacetate (EDA) as the carbene source.'> Other
olefins were also cyclopropanated with the preferential formation of the cis isomer.
The catalysts can be prepared in situ by mixing a Cu(I) source and the MTp* salt.'®
Also, the Tp®*Cu(NCMe) complex has been employed as catalyst in a fluorous phase
for the styrene cyclopropanation reaction.'”

The catalytic capabilities of the TpML complexes for this transformation have
also been applied to the functionalization of macromolecules such as polyolefins.
Thus polybutadienes (Scheme 6a)'® or styrene-butadiene rubbers (Scheme 6b) '
have been modified upon addition of carbene units from EDA that were incorporated
into the unsaturated C=C bonds of the polymeric chain, providing interesting
features to the isolated materials: the incorporation of polar groups provided distinct
properties regarding their potential use as adhesives, but maintaining the structure of
the parent polymer.

Silver complexes have also been described for the cyclopropanation reaction.
When using benzene, the use of TpC™?Ag(thf) (where Tp“™?2=hydrotris(3,
5-bis(trisfluoromethyl)pyrazolyl)borate; for the rules of nomenclature of Tp* ligands
see ref*?) provided products derived from the addition of the carbene moiety to the
arene ring (Scheme 7a), followed by ring expansion into a cycloheptatriene, in the

/Y
H™ CO,Et

TpMsCu(thf) | rt

H._ CO,Et

Ph
97% yield
98:2 cis:trans

Scheme 5 Preferential cis-cyclopropanation of olefins using Tp™Cu(thf) as catalyst.
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n TpB3Cu(NCMe)
o Py T

n Nz=CHCOzEt

(b) /,YYW\ . \/P/\\v, P
0000
CO,Et

Scheme 6 Modification of macromolecules by carbene addition

EtO,C

CO,Et CO,Et
Tp<CF3 2Ag(thf) © Tpracu(NCMe)
75% 60%
[cat]:[EDA]:[benzene] = 1:20:100 [cat]:[EDA]:[benzene] = 1:20:200

Scheme 7 Addition of carbene units from ethyl diazoacetate (EDA) to benzene cata-
lyzed with copper and silver Tp*-containing complexes

so-called Buchner reaction.”® This reaction had been previously described with the
TpB*Cu(NCMe) complex (where Tp®?=hydrotris(3,4,5-tribromo)pyrazolylborate)
with benzene or alkylbenzene substrates (Scheme 7b).%!

The asymmetric version of the olefin cyclopropanation reaction has also been
described with a chiral trans-TpP™Cu complex (Scheme 8), that led to enantiomeric
excess (ee) values in the 80-85% range for both cis and trans isomers in the reaction
of styrene and EDA.*

In an example differing from regular olefins, furans have also been functionalized
with this methodology. Several Tp*CuL. complexes were found to promote the cyclo-
propanation of one of the double bonds of these substrates that were obtained along
with their ring-opening products.? The reaction could be driven toward the latter upon
treatment with elemental iodine. Also, the synthesis of ostopanic acid was described as
a practical example (Scheme 9a).

The related addition reaction to alkynes produces cyclopropenes, and it has also
been developed with copper-based Tp*CuL catalysts. Both terminal and internal
alkynes were converted into these three-membered rings in good yields with
activities at least comparable with those of the well-known Rh,(OOCR), catalysts
(Scheme 9b).%*
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Ph H™ “CO,Et

(trans-TpP™Cu(NCMe) | —N2

Etogo"A”Ph EtOZCnAnH

H H H Ph
trans-TpP™
cis-1R,2S trans-1R,2R
85%ee 81%ee
46% yield

60:40 cis:trans

Scheme 8 The asymmetric cyclopropanation of styrene with the chiral trans-TpP™ ligand

H

/@ TpMsCu(thf) COEt o,k
L L) B ; . o:(_\=< . N,
(@ R™ o N,CHCO,Et R o)

rt
35% 51%

Overall yield 86%

OYCu(NCMe) ~CO,Et
Tp~YCu(NCMe N
RI— R2 - /A\ + N2
N,CHCO,Et R! R2
(b) R'=H, alkyl
R2? = Alkyl, aryl Yield = 87-97%

Tp® = hydrotris(3-cyclohexyl-pyrazolyl)borate

Scheme 9  Furan functionalization (a) and alkyne cyclopropenation (b) by carbene addition

11.3.2 Carbene insertion reactions

In addition to the unsaturated substrates, saturated bonds are also suitable for function-
alization by formal carbene insertion, following the general process shown in Scheme 4.
This strategy has been applied not only to highly polar N—H, O—H and C—Cl bonds,
but also to the less nucleophilic C—H and Si—H bonds which have been modified with
a series of Tp*ML catalysts (Scheme 10).

Amines® and alcohols?® were readily functionalized with copper-based catalysts
containing Tp* ligands upon reaction of several diazo compounds under very mild
conditions. In the case of the former, this strategy led to the formation of amino acids
and peptides, the catalyst activity competing with that of the previous rhodium-based
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T H ? N chHrire
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Scheme 10 Functionalization of saturated bonds by carbene insertion with Tp*ML catalysts

catalysts. In the case of alcohols, a series of ethers were obtained due to the inser-
tion of the carbene group into the O—H bond, even with unsaturated alcohols. It is
worth noting that for these two reactions no special requirements for the Tp* ligand
in the catalyst were observed: the reaction proceeded quite well with a variety of cata-
lysts, a slight improvement being detected with those bearing less donating pyrazolyl
groups.

In contrast with the examples above, less nucleophilic C—H and Si—H bonds required
electron-poor metal centers to enable the targeted carbene insertion, with the best
catalysts being those containing Tp* ligands bearing electron-withdrawing groups,
mainly halogenated. Thus, linear and branched as well as cyclic alkanes were function-
alized in a general manner with EDA as the carbene source at room temperature with
Tp'™M cores. TpMCuL?” and TpB*CuL'® complexes provided the first series of results,
although only secondary and tertiary sites of linear alkanes were modified with the
latter. Primary sites were later consecutively modified with the TpB2Ag(NCMe)*® and
Tp©?Ag(thf)* catalysts. Scheme 11 provides a comparison of the activity and selec-
tivity of these catalysts referred to hexane as substrate. The difference in reactivity was
explained with the aid of theoretical calculations that showed a much lower barrier for
the silver catalyst.*® The mechanism of the EDA dimerization with these complexes
has also been studied from a computational point of view.! The C—H functionalization
reaction occurs with the formation of a metallocarbene intermediate that reacts with
the alkane in a single, irreversible step where the regioselectivity is decided (Scheme 11).
In all cases, and as the main drawback of this methodology, mixtures of products
were obtained when more than one type of C—H bond was present in the substrate.
The design of regioselective catalysts remains a goal in this chemistry.

The strategy of carbene insertion into C—H bonds as a functionalization tool was also
employed with polyolefins such as polyethylene or polypropylene that preferentially
underwent incorporation of the carbene moiety into the tertiary sites (Scheme 12).%
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(a) e catalyst

Catalyst | N,CHCOEt, —N, TpBSCu  TpBBAg  Tp(CFI2Ag

D SV
CO,Et n.d. 1 1
+
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. O COfEt
\/\40025 1 14 0.9
(b)“ E (kcal/mol) B ¥ OB
Br \ o B

Scheme 11 (a) The functionalization of hexane with EDA catalyzed by Tp*M complexes.
(b) Calculated reaction pathway for this transformation

</k/ TpB3Cu(NCMe)

- . — - -
> EDA excess

n m

rt CO,Et

Scheme 12 Polyolefin functionalization by carbene insertion catalyzed by Tp®?Cu(NCMe)
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Scheme 13 The second generation of poorly donating pyrazolylborates
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Scheme 14 Functionalization of methane and ethane using silver-based catalysts and
supercritical carbon dioxide as the solvent

The second generation of catalysts for this transformation was based on fully fluorinated
trisindazolylborates, leading to highly electrophilic metal centers. A series of five new
ligands were prepared® (Scheme 13) and their silver complexes synthesized and tested as
catalysts for the alkane functionalization reaction.'! In addition to excellent activities, they
were employed in fluorous biphasic conditions, allowing a ready separation of products
from the catalyst, and the subsequent recycling of the latter.

These fluorinated catalysts were also employed in the functionalization of the first
members of the series of alkanes, from methane to butane.’** To that end, the reaction
was carried out in supercritical carbon dioxide, mixed with the alkane, in a fluid mix-
ture that also dissolved the catalyst and EDA (Scheme 14). In this manner, a significant
amount of methane (and the other alkanes) was available to react with the in situ gen-
erated metallocarbene intermediate, with no other C—H bond in the reaction mixture.
Methane has been converted into ethyl propionate with turnover numbers up to 750 at
40°C, and a total pressure of 250 atm.

The intramolecular version of this methodology, that is the insertion of a carbene
moiety into a C—H bond of the molecule also bearing the diazo group, has been achieved
with Tp*CuL catalysts, affording lactams and lactones (Scheme 15a, b).* The function-
alization of Si—H bonds using this strategy has been induced with the Tp®*M (M=Cu, Ag)
complexes with good yields, the silver case being the first example of such a reaction
(Scheme 15¢).%7

The highly electrophilic silver—carbene intermediates can react with carbon—halogen
bonds. This reaction was first described with the Tp“™®?Ag catalyst,*® and later with
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Scheme 15 The intramolecular version of the C—H functionalization reaction by car-
bene insertion (a, b) and the intermolecular modification of silanes and EDA (c)
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Scheme 16 Haloalkanes as substrates in the reaction with ethyl diazoacetate

the Tp®=-containing analog (See Scheme 6).* In this manner, the carbon-halogen
bond was modified by the formal insertion of the CHCO,Et unit from EDA
(Scheme 16a). Interestingly, mechanistic studies showed that the reaction proceeded
through the transfer of the carbene group to the halogen atom and the formation of an
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ylide that later rearranged with the intermediacy of the silver center. The reaction was
found to be general for several polyhalomethanes as well as for haloalkanes. For those
bearing an alkyl chain, the dehydrohalogenation reaction was observed, thus producing
an olefin and haloacetate (Scheme 16b). In the case of unsaturated substrates,*’ a
2,3-sigmatropic rearrangement of ylides has also been described (Scheme 16¢).

11.3.3 Nitrene addition reactions

A related transformation to the previous carbene transfer reaction involves a nitrene
ligand bonded to the metal center, in a metallonitrene intermediate in situ generated
upon the appropriate selection of the catalyst and the nitrene precursor.*! As shown in
Scheme 17, some transition metal complexes react with such a precursor to generate
an unsaturated intermediate, generally electrophilic in nature, which might react
with olefins or C—H bonds affording aziridines or amines in a catalytic manner.*
The most employed nitrene sources are hypervalent I(III) compounds such as
PhI=NTs, chloramine-T or organic azides.

Tp*CuLL complexes catalyze both reactions shown in Scheme 17. The aziridination
reaction with such catalysts was discovered using Tp"*Cu(C,H,) and PhI=NTs as the
nitrene source (Scheme 18).2* The influence of the hapticity of the Tp* ligand and the
oxidation state of the copper center were later studied demonstrating that tricoordination
of the ligand and +1 as the copper oxidation state were the best choices.** The use of the
fluorinated version of the above catalyst, that is Tp“**Cu(C,H,) also proved effective.*
Moreover, the already mentioned Tp®*Cu(NCMe) complex induced the aziridination
reaction not only with the frequently employed olefins (styrene, 1-hexene, cyclooctene)
but also with acrylates and using a stoichiometric mixture of olefin and PhI=NTs.%

The potential of this family of catalysts has been extended to more elaborated sub-
strates. Tp ML (M=Cu, Ag) complexes have been employed as catalysts in the
aziridination of dien-1-ol substrates.* As shown in Scheme 19, with Tp*®'Ag as the
catalyst, the aziridination took place in the double bond vicinal to the OH group in a
regioselective manner, with high conversion, and with complete stereospecificity.
Further ring opening provided useful products, that with the appropriate side chain
led to the synthesis of sphingosine.

ML, | | H PhINTs
T ® Q
Na ,N_ﬁ
\c|:/NHR ¢ o
| Chloramine-T

Scheme 17 The catalytic nitrene transfer reaction to olefins and C—H bondls
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Scheme 19 The selective aziridination of dien-1-ols as a synthetic tool
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Scheme 20 The general mechanism of the Tp*M-catalyzed aziridination reaction

It is worth mentioning that mechanistic studies on the olefin aziridination reaction with
Tp™ML complexes have shown that this transformation occurs throughout a complex
pathway (Scheme 20) that involves metallonitrene intermediates in the triplet state as well
as both singlet and triplet reaction pathways, which intercross several times along the
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Scheme 21 The synthetic route to 1,2-dihydropyridines through furan aziridination
catalyzed by Tp®?Cu(NCMe) as a representative example

reaction coordinate. This proposal explained the somewhat contradictory experimental
data obtained with different, traditionally employed mechanistic probes.¥’

The use of furans as substrates led to an unknown transformation while pursuing the
synthesis of corresponding aziridines, using several Tp*ML catalysts, with both copper
and silver derivatives. The best results in terms of yields were obtained with the
Tp®3Cu(NCMe) complex. The low stability of such strained molecules triggered the
spontaneous ring opening and subsequent reaction with a second molecule of furan
through an aza-Diels—Alder reaction with inverse electronic demand. The reaction
provided 1,2-dihydropyridines*® as the final products, in a complex sequence of
reactions involving four consecutive catalytic cycles (Scheme 21), with at least three
of them being promoted by the metal complex.

11.3.4 Nitrene insertion reactions

As shown in Scheme 17, C—H bonds are also prone to be activated by formal nitrene
transfer from a metal center in a catalytic manner. Tp ML complexes have also
induced this transformation, with both sp? and sp* C—H bonds. The first results
were obtained employing Tp®2Cu(NCMe) as the catalyst for the functionalization
of the C—H bonds of the alkyl substituents of arene substrates (Scheme 22). In
addition to the benzylic sites, that can be considered as activated by the arene ring,
the C—H bonds at the P-carbon in substrates such as ethylbenzene or cumene
were also functionalized to a certain extent.* The use of the silver-based Tp*®'Ag
catalyst afforded™ the functionalization of unactivated alkanes such as hexane or
2,3-dimethylbutane among others. These systems lack selectivity, a mixture of
products derived from the insertion of the nitrene group into all available sites being
obtained. It is worth noting that nitrene sources such as PhI=NTs, chloramine-T
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Scheme 22 The functionalization of alkylic or aromatic C—H bonds by nitrene insertion
catalyzed by Tp*ML

or even a mixture of TsNH, and PhI(OAc),>' have been employed with these Tp*ML
catalysts. Benzene or other arenes with substituents without C—H bonds have also
been functionalized leading to products resulting from the formal insertion of the
nitrene unit into the sp> C—H bond (Scheme 22).4

11.3.5 Oxo transfer reactions

A third reaction related to the general process shown in Scheme 4 consists of the formal
transfer of an oxo unit from sources such as a peroxodisulfate or hydrogen peroxide.*?
Compared with the previous carbene or nitrene counterparts, the examples with Tp*M-
based catalyst remain scarce, and limited to copper as the metal center. The first example
involved olefins as substrates, and potassium peroxodisulfate (Oxone®) as the oxidant
(Scheme 23a).% Interestingly, the system could be rendered heterogeneous upon fixation
of the catalyst onto silica gel, therefore providing a ready catalyst separation and recy-
cling. This is a unique example of olefin epoxidation with a Tp*M core as catalyst with
M being a coinage metal. Epoxides have been later obtained with Tp®*Cu(NCMe) as the
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Scheme 23 (a) The Tp*Cu-catalyzed styrene epoxidation with oxone. (b) The catalytic
conversion of aldehydes and ethyl diazoacetate into epoxides

catalyst in the reaction of benzaldehyde, phenyl diazomethane and Me,S, although this
reaction occurs through the catalytic transfer of a carbene group to the sulfide that further
passes such a unit to the benzaldehyde (Scheme 23b).5*

The direct oxidation of benzene into phenol constitutes one of the challenges in
chemistry to substitute the cumene process at the industrial level. Such oxidation has
also been achieved with several Tp*Cu complexes as catalysts, leading to moderate
yields and high selectivity toward phenol, in a transformation using hydrogen peroxide
as the oxidant and at moderate temperatures.” The same catalytic system has been
employed for the selective oxidation of anthracenes into anthraquinones (Scheme 24).

The controlled oxidation of alkanes into alcohols also attracts attention from an
industrial point of view. Copper-based catalysts containing Tp* ligands have been
employed as catalysts for this reaction that led to a very interesting as well as unprece-
dented transformation with copper. Thus, when cyclohexane was reacted with H,O, in
the presence of these catalysts, cyclohexane was partially converted into cyclohexanol
and cyclohexanone, as expected. However, a certain amount of cyclohexane underwent
dehydrogenation affording cyclohexene, in the first example of a copper-mediated
alkane dehydrogenation process. Part of the cyclohexene was epoxidized in the reaction
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Scheme 24 The direct oxidation of aromatic C—H bonds with hydrogen peroxide with
Tp*Cu catalysts
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Scheme 25 The alkane dehydrogenation reaction catalyzed by Tp*Cu

mixture (Scheme 25). A similar reaction, although at a lower yield, was observed with
hexane.* It is worth noting that the silver analogs proved to be non-active in all these
oxidation reactions.

11.3.6 Atom transfer radical reactions

This class of reactions corresponds to the current development of the initial Kharasch
reaction, in which HBr is added to olefins in an anti-Markovnikov manner (Scheme 26a),
with a peroxide as an initiator.”’” In the 1990s, this reaction was revived when transition
metal complexes were employed as initiators or as a radical-controlling agent.™®
Scheme 26b contains a general cycle for the atom transfer radical addition (ATRA)
reaction in which a C—X bond of a polyhalogenated molecule adds to a double bond,
the metal center being responsible for halide abstraction, radical generation and final
radical trapping. Related transformations are atom transfer radical polymerization
(ATRP) and atom transfer radical cyclization (ATRC).

Complexes of type Tp*Cu have been employed to promote this class of reactions.
In contrast with the previous transformations where electrophilic centers were
preferred, these ATRA and related reactions require electron-rich metal centers.
Therefore, the best catalysts were those bearing donating alkyl groups in the pyrazolyl
rings. Also, to avoid decomposition upon dinuclear interactions, bulky substituents at
the 3-position of the pyrazolyl ring are also desirable. Catalyst design with such
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Scheme 26 (a) The Kharasch reaction. (b) The commonly proposed mechanism for
atom transfer radical addition reactions
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Scheme 27 The Tp*Cu-catalyzed atom transfer radical addition reaction

features are readily available when working with Tp* ligands, due to the accessibility
to different R groups in the pyrazolyl rings. This characteristic makes this family of
catalyst easier for tuning. Also, the tridentate nature confers a certain stability, at vari-
ance with some of the diamine-based catalysts reported for these transformations.
Thus, very good yields for the ATRA reaction of styrene or methyl methacrylate with
CCl, were obtained with Tp®*"Cu(NCMe)** and Tp"®*Cu(NCMe) as the catalyst pre-
cursors (Scheme 27). The latter could be employed without an added reducing agent,*
at variance with the majority of catalytic systems for this reaction. Also, a complete
mechanistic study, including theoretical calculations, provided the overall picture for
this transformation with these catalysts.°!

The use of a Tp*Cu complex for the ATRP reaction was described with the simple
TpMe2Cu complex,®? using styrene or n-butyl acrylate as the monomer. However, high
values of the polydispersity were found (M /M =3.82-4.63). Later, the bulkier
Tp™?Cu(NCMe) catalyst provided much better results with acrylates, with polydisper-
sity index values as low as 1.09 and lacking the need for additives (Scheme 28).5
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Scheme 28 Atom transfer radical polymerization catalyzed by Tp*Cu
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Scheme 29 Atom transfer radical reactions involving the formation of cyclic molecules
catalyzed by Tp*Cu complexes

A third type of reaction catalyzed by these compounds is the ATRC reaction in which
the addition of the carbon—halogen bond to the C=C also triggers the formation of a
ring (Scheme 29a).%* The synthesis of more complex structures such as 2-azabiciclo[3.3.1]
nonanes has also been achieved with these catalysts upon using reactants having both
the double bond and the carbon—halogen bond (Scheme 29b).%

11.4 Conclusions

Copper and silver complexes bearing trispyrazolylborate ligands have shown catalytic
activity towards several organic transformations involving the functionalization of
unsaturated carbon—carbon bonds or several saturated E—H bonds, particularly of
carbon-hydrogen bonds. The tunability of this class of ligands from both steric and
electronic perspectives allows the control of those catalytic capabilities. On the basis
of the work already described, the potential for their use on other, yet unreported trans-
formations seems feasible.
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12.1 Introduction and scope of the review

The solution chemistry of the 4f series of elements, the lanthanide metals (Ce-Lu, Ln),
is dictated by electrostatic interactions between Ln cations and coordinated ligands [1].
As Ln cations typically exhibit the +3 oxidation state and are electropositive, suitable
ligands often exhibit highly electronegative donor atoms and are commonly anionic.
Ln(III) cations are extremely oxophilic, hence Ln complexes lacking O-donor ligands
are very oxygen and moisture sensitive and must be handled under strict anaerobic
conditions. In electron donor—acceptor systems dominated by electrostatics the number
of coordinated ligands is maximized to that allowed by steric constraints, with no
directionality imposed by coordinated ligands.

The dominance of ionic bonding and the +3 oxidation state in 4f complexes is
attributed to the “core-like” nature of the valence 4f orbitals [1]. From the parent Ln
electronic configuration, [Xe]6s*5d'4f" (n=1-14), the 6s and 5d electrons are easily
ionized to give [Xe]4f" Ln** configurations. For several of the Ln series, notably Yb,
Sm, and Eu, the molecular chemistry of the +2 oxidation state is rich and well
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developed but this is not the case for most Lns. As 4f orbitals do not extend far
enough from the nucleus, electrons in these orbitals are often chemically inacces-
sible and do not appreciably engage in covalent bonding. Ce is a notable exception
as Ce(IIT) has a [Xe]4f' configuration and since it is at the start of the Ln series
where the f orbitals are at their highest energy its valence electron is more easily
removed to leave a stable closed shell electron configuration. As a result, Ce has a
rich and well developed +4 oxidation state chemistry compared with the other Ln
metals.

As Ln(III) cations are relatively large [Ce(III) coordination number, CN 8, 1.143 A;
Lu(Ill) C N 8, 0.977A] [2], high CNs are commonplace, typically 8-9 for small,
neutral c-donor ligands and up to 11-12 for multidentate ligands [1]. Ionic radii of
Ln(IIl) cations decrease steadily across the Ln series as the valence 4f orbitals are
filled, hence heavier Lns often have lower CNs than lighter Lns. Ligands in contem-
porary Ln chemistry are usually anionic and sterically demanding to impose low CNs
and prevent unwanted decomposition and oligomerization pathways. Ln complexes of
these ligands are often highly reactive and exhibit unusual bonding modes, which can
be exploited in their further chemistry.

As the +3 oxidation state and ionic bonding dominates the solution chemistry of the
group 3 elements, Sc, Y, and La, they are chemically similar to the Ln elements [1].
Further to this, Y(III) has a similar ionic radius to Ho(III) (C N 8; 1.019 and 1.015A,
respectively) and La(IIl) (CN 8, 1.16A) is of a comparable size to Ce(IIl) (CN 8,
1.143A) [2]. As a consequence, discussions of the chemistry of the group 3 metals are
often amalgamated with Ln chemistry, as they will be in this chapter. Together with the
Ln series, these are commonly referred to as the “rare earths” (REs) for historical
reasons arising from the collective discovery of these elements. Sc(IIl), due to its high
charge density (CN 8, 0.87 A) [2], has chemistry that is distinctive from most of the RE
series but it will be discussed herein for completeness. Despite slight differences in
their precise definitions, the terms RE and Ln will be used interchangeably throughout
this chapter for brevity.

It follows from basic concepts that ligand design in Ln chemistry, to impart specific
oxidation states, coordination numbers and geometries for future exploitation, has to
be extremely well considered. Important attributes of Ln chemistry to consider when
designing ligands are summarized as:

e Kinetics — As crystal field splitting energies are small, and the bonding is
predominantly ionic, ligands in Ln complexes are typically labile and can undergo
ligand exchange readily, hence hard electronegative anionic donor atoms are often
utilized to increase electrostatic attraction and reduce lability.

¢ Thermodynamics — Ligands with multiple coordination sites are abundant as the
gain in entropy from chelate and/or macrocyclic effects increase the thermodynamic
stability of the system.

¢ Limited multiple bonding and absence of back-bonding.

e Large ionic radii and irregular coordination geometries that are dictated by
sterics.
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Sterically demanding and/or multidentate ligands are often employed to saturate the
Ln coordination sphere, imparting control and thwarting common decomposition
pathways, including:

¢ Oxophilicity — Ln complexes that do not contain O-donors are often highly air and
moisture sensitive as a result of their latent oxophilicity, hence Schlenk line and
glove box techniques are required for manipulation.

e Ligand scrambling — Heteroleptic complexes may convert to homoleptic complexes
by Schlenk-type equilibria.

e Solvation — Vacant coordination sites may be occupied by donor organic solvents,
increasing complex solubility.

e Aggregation — Dimerization and oligomerization can occur readily.

e Occlusion — Salt metathesis methodologies are often used to synthesize target Ln
complexes, but in the presence of hard alkali metal cations ate complexes often
form. Ate complexes are aggregates composed of the target Ln complex with one
or more equivalents of the alkali metal salt by-product included in the primary Ln
coordination sphere rather than eliminated. Occlusion occurs most readily for the
hardest alkali metal cation Li*, where electrostatic interactions between anions
and cations are strongest, holding the ate complex together and preventing salt
elimination.

e (-hydride elimination — Ln alkyls must not contain -hydrogens as the formation of
Ln hydrides and elimination of alkenes is usually facile.

The employment of judiciously selected ligands in non-aqueous Ln chemistry has
transformed this discipline from one dominated by a small handful of ligands, bonding
modes, and redox chemistry into a vibrant and dynamic field. The increasing speed of
this progress is well illustrated by the rapid expansion of low oxidation state Ln chem-
istry. The +2 oxidation state was limited to Sm, Eu, and Yb for most of the last century [1]
but in less than 20 years this has been achieved for all the remaining RE elements,
save radioactive Pm [3]. Such remarkable and rapid advances are an underlying theme
of this research area.

This chapter will focus on selected ligand systems that have imparted unusual properties
and novel functionalities in Ln complexes. It is designed to be concise and representative
of a burgeoning area rather than comprehensive and structurally characterized complexes
are given preference over poorly defined systems. The preparation of Ln complexes
without Ln—O bonds is a significant synthetic challenge in itself due to the oxophilic
nature of Ln cations [1]. For this reason, most ligands included herein lack O-donors and
the review is essentially divided into C-, N- and P-donor ligands, with a fourth section on
multiple bonds separated for ease of reference. Review articles referenced throughout this
chapter are included to stimulate further reading on specific areas to gain a more compre-
hensive knowledge of the literature if required.

The aqueous chemistry of the lanthanides is well developed and as such is covered
comprehensively in general f-element textbooks [1]; therefore, a detailed discussion of
this field is beyond the scope of this chapter. However, it should be noted that considerations
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of ligand design described herein are applicable and transferable to aerobic solution
chemistry for the stabilization of unusual oxidation states and bonding regimes, leading to
myriad applications in synthesis and as functional materials. These uses include, but are
not limited to: reactivity towards unsaturated substrates; olefin polymerization; MRI con-
trast agents; NMR shift reagents; single molecule magnets; lasers; phosphors;
luminescence; and imaging agents. Some of these applications will be discussed in more
detail as appropriate as they are encountered throughout this chapter.

12.2 C-donor ligands

12.2.1 Silylalkyls

Ln alkyl complexes are typically prepared by salt metathesis methodologies from lan-
thanide halides and alkali metal transfer agents but are often prone to oligomerization
and decomposition [4]. These reactions are often carried out in solvents of intermediate
polarity such as THF, as a compromise between the low solubilities of Ln halides in
non-polar solvents and the instability of group 1 and Ln alkyls in highly polar solvents.
Bulky alkyl groups are employed to circumvent ate complex formation, whereby addi-
tional equivalents of group 1 alkyls are occluded within the coordination sphere of the
Ln alkyl complex, blocking coordination sites and hindering future reactivity. Many of
the decomposition pathways of Ln alkyls involve deprotonation and ring-opening of
THEF, hence Ln alkyls that have experienced most widespread use as both starting
materials and ancillary ligands have some resistance to these unwanted side-reactions.
The most frequently used Ln alkyl starting materials are [Ln(CH,Ph),(THF),] (Ln=Ce
1a, Pr 1b, Nd 1¢, Sm 1d, Gd 1e, Dy 1f, Ho 1g, Er 1h, Lu 1i, Sc 1j, Y 1k, La 11) [5]
and [Ln(CH,SiMe,),(THF),] (Ln=Sm 2a, Tb 2b, Er 2¢, Tm 2d, Yb 2e, Lu 2f, Sc 2g,
Y 2h) [6] and related derivatives. The latter series of complexes may only be iso-
lated for relatively small REs as they are all prone to thermal decomposition by the
a-elimination of SiMe, and the larger congeners are more vulnerable to this pathway
as they are coordinatively unsaturated [6].

Alkyls with increased steric bulk have been developed to exclude THF from the
coordination sphere of the Ln, generating homoleptic alkyl complexes [4]. The most
frequently used alkyls of this class in Ln chemistry are { CH(SiMe,), } and {C(SiMe,), }"
(trisyl), with complexes of the general formula [Ln{CH(SiMe,),},] (Ln=Ce 3a, Pr 3b,
Nd 3¢, Sm 3d, Er 3e, Lu 3f, Sc 3g, Y 3h, La 3i) [7] most often prepared by a circuitous
route from Ln aryloxides for larger Ln(III) cations to prevent ate complex formation
(Scheme 1). The first members of this series to be isolated, 3g and 3 h, represented at
the time the first neutral, donor solvent-free, homoleptic RE alkyl complexes and were
instrumental in the development of organometallic Ln chemistry [7c]. XRD data
revealed that 3a, 3d, 3h and 3i are structurally analogous, all exhibiting pyramidal
geometries in the solid state with three additional short Ln-**Cy distances [7a,c].
Density functional theory studies on models of 3d and 3i concluded that these short
distances were a result of agostic Ln***Si—Cp interactions rather than agostic
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3 [LI{CH(SiMeg)y],

Ln.,,
t Pentane -0 'CH(SIMeg),
[LN(OCeHBU26)s] — > (MesSHC  Yop(Siwe,),

Ln = Ce (3a), Pr (3b), Nd (3c),
Sm (3d), Er (3e), Lu (3f),
Sc (39g), Y (3h), La (3i)

+3 [Li(OCGH3BUt2'2,6)]

Scheme 1 Synthesis of the homoleptic Ln(Ill) alkyls 3a—i [7]

Benzene /Ln\
Lnly+2 [K{C(SiMeg)sl] ————>  (Me,Si)sC C(SMeg)s + 2 Kl

Ln = Sm (4a), Eu (4b), Yb (4¢c)

Scheme 2 Synthesis of the homoleptic Ln(ll) alkyls 4a—c [9]

Ln--+H-Cy contacts [8]. These agostic interactions are considered to be the major
influence on 3g and 3h adopting pyramidal rather than planar geometries, with mini-
mizing steric repulsion between ligands a minor factor.

Perhaps the most remarkable series of homoleptic Ln alkyl complexes prepared to
date are [Ln{C(SiMe,), },] (Ln=Sm 4a [9a], Eu 4b [9b], YD 4c [9c]), prepared directly
from Lnl, and [K{C(SiMe,),}] in benzene (Scheme 2). The choice of solvent is
important in this synthesis as ethereal solvents such as diethyl ether are cleaved to give
decomposition products such as dimeric [Yb{C(SiMe,),}(OEt)(Et,0)], [9c]. At the
time of publication, 4¢ represented the first structurally characterized example of a
2-coordinate f-element complex, and this CN is still rare [9c]. Compounds 4a—c all
exhibit bent C—Ln—C geometries [4a ca. 143.43°; 4b 136.0(2)°; 4¢ 137.0(4)°], with
two or three agostic interactions between the Ln and methyl group C—H bonds
observed in the solid state depending on metal size, although '"H NMR spectroscopy of
4c indicated equivalent proton environments in solution even at —95 °C [9c]. The Ln—C
distances in 4a—c are relatively long to minimize interactions between some of the
trisyl methyl groups.

The preference for bent rather than linear geometries in f-element complexes has
been scrutinized by computational studies to determine whether this inclination stems
from steric [10] or electronic [11] factors. All of these studies concluded that the energy
difference between these geometries is small. The C—Ln—C angles are similar for 4b
and 4c, despite discrepancies in mean Ln—C distances [4b 2.609(7) A; 4¢ 2.496(9) A]
that stem from differences in Ln(II) cation sizes. From this data it would appear that
the deviation from linearity for 4a—c is electronic in origin and this has been attributed
to some involvement of Ln 5d orbitals in the bonding scheme [9b].

The synthetic utility of 4a—c and closely related derivatives has been explored.
Compound 4c reacts with methyl iodide in diethyl ether to afford the dimeric
“Ln Grignard” reagent [Yb{C(SiMe,),}(un-D(OEt,)], 5 by o-bond metathesis [9c].
Compound 5 is remarkably stable to Schlenk equilibria in diethyl ether solutions and
may alternatively be prepared by the treatment of 4c with 1,2-diiodoethane or from the
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oxidative addition of trisyl iodide to Yb metal in diethyl ether [9c]. Compounds 4a—c
have proved effective in the polymerization of methyl methacrylate (MMA) and acry-
lonitrile, in common with related Ln(II) systems [9a,12]. Compound 4¢ was found to
give exceptional results in the production of poly(methyl methacrylate), yielding a
high molecular weight (M , number average molecular weight=5.1 x 10°gmol™)
polymer with low polydispersity index (PDI, M /M =1.1; M_=weight average molec-
ular weight) in excellent yield with 97 % isotacticity [12].

12.2.2 Terphenyls

In contrast to the salt metathesis methodologies that dominate much of Ln organome-
tallic synthesis, the most common routes to Ln(II) aryl complexes have been redox
transmetalation reactions using organomercury reagents [13]. Although Ln(II) aryls had
been known since the 1970s and the further chemistry of these complexes was being
exploited, solid state characterization of this class of complex remained elusive for some
time. The first structurally characterized Ln(Il) terphenyl complexes were prepared by
utilizing {CH,Ph,-2,6}" less than 15 years ago, where [Yb(C H, Ph,-2,6)(D)(THF),] (6)
was prepared by the oxidative addition of the terphenyl iodide IC H,Ph,-2,6 to Yb metal
in THF [14] (Scheme 3). Donor solvents are required to prevent ligand scrambling and
in aromatic solvents the Schlenk equilibrium shifts to favor the rearrangement of 6 to
[Yb(CH,Ph,-2,6),(THF),] (7a) and [YbIL(THF) ]. Heteroleptic terphenyl complexes of
larger Ln such as Eu could not be isolated even in THF, with [Eu(C H,Ph,-2,6),(THF),]
(7b) and [Eul (THF),] belng the only tractable products due to the larger ionic radius
of Eu(Il) [Eu(II) CN 8, 1.25A vs. Yb(II) CN 8, 1. 14A] (2] making the heteroleptic inter-
mediate more susceptible to ligand scrambling (Scheme 3) [14, 15].

The first structurally characterized heteroleptic Ln(III) terphenyl complexes, [Yb(C H,
Mes -2,6)(Cl),(N-Melm),(py)] (8; Mes=C H Me,-2,4,6, N-Melm=N- methyhmldazole)
and [Yb(C6H3M6s2-2,6){N(SiMe3)2}(p-Cl)Z{Ll(THF) }1 (9) were prepared, prior to the
isolation of 6, 7a, and 7b, by salt metathesis methodologies from YbCI, and group 1
transfer agents (Scheme 4) [16]. The sterically demanding supporting ligand in 9,
{N(SiMe,), }", together with the terphenyl ligand, reduces the CN of Yb to 4, although
LiClI occlusion has not been prevented. Terphenyl chemistry has been expanded to
include N-Melm- and LiCl-free heteroleptic terphenyl complexes of Sc(Ill), Y(III),
and Tm(III) but is currently limited in scope to the smaller Ln [17].

Ph
Ln, ph | Ln =Yb, toluene THF
THF | THF Ln=FEu THF e
ICgH5Ph,-2,6 —> LNy P—— Ln =+ [Lnlx(THF) 4]

| STHE ™
Ph THF Ph Ph

Ln =Yb (6) Ln = Eu (7a), Yb (7b)

Scheme 3 Synthesis of the Ln(ll) terphenyls 6, 7a, and 7b. Reproduced from [14] with
permission of American Chemical Society and [15] with permission of John Wiley & Sons, Ltd
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Ph
N o
Yo—PY  +LiCl
. c’ L
(i) THF or
(ii) Toluene, py, (8)
; N-Melm
YbCly + [LiCgHzPhy-2,6] _ py = pyridine,
(i) THF Ph L = N-methylimidazole
/N( Mes),
(ii) [K{N(SIMeg),] YbrC
N~ _THF +KCl
CI—'I_I|
Ph THF

9)

Scheme 4 Synthesis of the Yb(lll) terphenyls 8 and 9. Reproduced from [16] with per-
mission of American Chemical Society

12.2.3 Substituted cyclopentadienyls

Ln cyclopentadienyl (C,H,", Cp) complexes have been known for over half a century
and as such these ligands dominate non-aqueous Ln chemistry [1, 18]. In non-polar
solvents, substituted Cp ligands are often employed, typically with alkyl or silyl groups,
to impart higher solubility in non-polar solvents and prevent oligomerization. Notable
examples include those substituted by multiple methyl groups (e.g., {C,Me_}-, Cp*;
{C,Me H}"), larger alkyl/aryl groups (e.g., {C,H.Bu'-1,3}", Cp*; {C.H,Bu',-1,2,4},
Cp") and trimethylsilyl groups (e.g., {C,H,SiMe,}-, Cp’; {C.H,(SiMe,),-1,3}-, Cp”;
{C,H,(SiMe,)-1,2,4}", Cp”).

Substituted Cps have proved to be the most effective ligand systems in stabilising
molecular Ln(II) complexes to date [19]. The chemistry of [Sm(Cp*),], 10, and its
THF-solvate, [Sm(Cp*),(THF),], are perhaps the most developed of any organome-
tallic Ln(IT) complex [19]. Compound 10 was originally prepared by the reaction of
Sm vapor with 2 equiv. of Cp*H in hexane, followed by recrystallization from THF
and sublimation to remove coordinated THF (Scheme 5) [20]. Compound 10 and
its Lewis base adducts are all highly reactive reducing agents towards a wide variety
of substrates but the unsaturated coordination sphere of 10 gives it an enhanced
reactivity profile [19]. Compound 10 exhibits a bent structure in the solid state
(Cproia—Sm—Cp_ . =ca. 140.1°), postulated to derive from favourable dipole—
dipole interactions that grow in contribution on deviation from linearity [10].
Noteworthy reactions of 10 and its adducts include the activation of N, to yield [{Sm(
Cp*),},(n-n*n*N,)], 11, which exhibits side-on coordination of a bridging di-reduced
N,> unit [21], and the reaction with CO to afford ketene-carboxylate aggregates
such as [{Sm(Cp*),},(n*-0,CC=C= 0-k*-C,0,0",0”),(THF),], 12 by reductive
homologation (Scheme 6) [22]. At the time of its publication, 11 represented the first
structurally characterized example of an f-element dinitrogen complex.
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(i) hexane, —Hy(q, \ WTHF A,107°Torr \
Sm+2CsMegH ———— > &m E—— Sm

(i) THF \%\THF -2 THF \%
(10)

Scheme 5 Synthesis of the Sm(ll) metallocene 10. Reproduced from [20] with permission
of American Chemical Society

*

Cp* p

p\ \.\\\\O/,' ‘ o\\Cp*

% */Sm\C,C—O-Sm\ Cp* = {CsMes}
\ N, Na(g) 4CO(g) Cp \\C Q\
0.5 || / Sm > (0.25 A\ C
\ toluene THF 0 A ﬁp*
S SR N
(S:m—O—C.,/ \\\‘\-Sm\

w R S < P

Scheme 6 Reaction of 10 with N, and CO to afford 11 and 12. Reproduced from [21, 22]
with permission of American Chemical Society

Molecular Sm(II), Eu(II) and Yb(II) chemistry is well developed as divalent halide
starting materials are readily available [1, 19, 23]. The recent disclosure of solid state
structures of Tm(II) [24], Dy(Il) [25] and Nd(II) [26] halides has opened up their
divalent chemistry but other molecular Ln(II) complexes may only be accessed by
reduction of Ln(III) precursors and are typically highly reactive and unstable [1, 19, 23].
Strong reducing agents such as alkali metals are required to promote these reductions
due to large negative Ln(IIT) — Ln(II) standard reduction potentials for most Lns [27].
The first structurally characterized La(Il) and Ce(Il) complexes, [K(L)][La(Cp”),]
(L=18-crown-6 and EtO or 2.2.2-cryptand, 13) and [K(18-crown-6)(Et,0),]
[Ce(Cp”),]-[Ce(Cp”),] 14 were prepared by reduction of [Ln(Cp”),] (Ln=La, Ce)
with K mirrors in coordinating solvents (Scheme 7) [28].

This chemistry was extended over the next few years and [K(L)][Ln(Cp"),] (L=18-
crown-6 or 2.2.2-cryptand; Pr 15a, Gd 15b, Tb 15¢, Ho 15d, Er 15e, Lu 15f, Y 15g)
were prepared by a modified procedure using low temperature potassium graphite
columns to complete the series of structurally characterized Ln(Il) complexes, with
the exception of radioactive Pm (Scheme 7) [29]. Compounds 15a—g are unstable
above —30°C and are prepared and stored under argon as they will react rapidly with
dinitrogen in THF to afford [{Ln(Cp"),(THF)},(u-n*n*-N,)] [19, 30]. Such complexes
of the general formula [{Ln(A),(THF) },(u-n*n*N,)] (A=supporting anionic ligand,
e.g., Cp*, CMeH, Cp’, Cp"; x=0-2) are typically synthesized by alkali metal
reduction of [Ln(A),] precursors under dinitrogen atmospheres and have been in some
cases been shown to form via Ln(II) intermediates [19, 30].
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Et,0+L Meg Mes
Cof= L = 18-crown-6, n = 1
p"=Cp” L =2.2.2-cryptand, n =0
a ,
[Ln(Cp™)s] + K/KCq Ln = La (13), Ce (14) ([Ce(Cp")s)
Et,0 + L Cp” = {CsHa(SIMe3),-1,3}

CpR - Cp/

[K(L)] [ Me \CCF?

WX,

L = 18-crown-6 or 2.2.2-cryptand
Ln = Pr (15a), Gd (15b), Tb (15¢), Ho (15d),
Er (15e), Lu (15f), Y (159)

Cp’ = {CsH4(SiMeg)}

Scheme 7 Synthesis of the Ln(ll) complexes 13, 14, and 15a-g [28, 29]

12.2.4 Constrained geometry cyclopentadienyls

Heterogeneous Ziegler—Natta catalytic olefin polymerization mediated by group 4
metal compounds has been of widespread industrial importance since the 1950s,
despite the mechanism of polymer chain growth not being fully understood for decades
[31]. Structural characterization of group 4 Ziegler—Natta catalysts was a long-term
scientific target, to give information on this mechanism for scientific curiosity and to
facilitate the design of more efficient and selective catalysts. Despite this interest,
precise solid state structures of active olefin polymerization catalysts remained elusive
despite developments in homogeneous catalysis. These advances included the prepara-
tion of ansa-metallocene early d-transition metal pre-catalysts, where the two Cp
ligands are bridged by a linker, often a silyl group (e.g., {C.R,-SiMe,-C_R,}*) [32]. In
efforts to prepare RE analogs of ansa-metallocenes with less crowded coordination
spheres, bridged amido-Cp ligands such as {C,R,-SiMe -NR}*" were developed [31c].
These investigations furnished the first structurally characterized half-sandwich single
component constrained geometry catalyst (CGC), [Sc(n’:n'-C ,Me,SiMe NBu")(PMe,)
(u-H)], 16, prepared by hydrogenolysis of the precursor [Sc(n’n'-C ,Me,SiMe NBu')
{CH(SiMe,),)] in the presence of trimethylphosphine (Scheme 8) [33].

It was found that 16 exhibited regiospecific oligomerization of propene, 1-butene,
and 1-pentene to yield linear atactic polymers as “head-to-tail” coupling of monomer
units is favored by this catalyst [33]. The polymer chain grows by a p-hydride elimina-
tion mechanism, which competes with phosphine coordination, leading to a relatively
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Scheme 8 Synthesis of the Sc(lll) olefin polymerization catalyst 16. Reproduced from
[33] with permission of American Chemical Society
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Scheme 9 Mechanism of olefin oligomerization by 16. Reproduced from [33] with
permission of American Chemical Society

slow chain growth (Scheme 9). Although propene oligomerization was found to be
sluggish due to its low solubility in toluene at 25°C, 1-butene was found to give
polymers made up of around 71 monomer units (M _=4000gmol™) with a PDI of 1.7
at 0.1 mol% of 16.

Since the publication of the solid state structure of 16, research in ligand design in RE
and group 4 half-sandwich CGCs and well-defined ansa-metallocene Ziegler—Natta
catalysts has been prolific due to their industrial importance [31, 34]. It has been shown
that the metal coordination sphere may be altered by tuning the amido-Cp ligand frame-
work, facilitating the preparation of specific polymers with useful properties. These
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advances have been reviewed thoroughly elsewhere so for the sake of brevity only the
salient advantages of CGCs such as 16 over related catalysts are given here: (1) more
accessible coordination spheres, that derive from relatively small C__~—M—N bite

centroid

angles (typically 25-30° smaller than C . —M—C . bite angles in analogous
metallocene systems); (2) metal centers that are more Lewis acidic than those in ansa-
metallocenes as amido-ligands are not as electron rich as Cps, which increases the
activity of the catalyst and suppresses undesired chain transfer reactions; and (3)
relatively high thermal stabilities, allowing polymerizations to be performed at higher

temperature to increase rates [31].

12.2.5 Benzene complexes

The field of Ln-arene complexes has quickly blossomed since the first structurally
characterized example, [Sm(nf’-CGMe6)(A1CI4)3] 17 was reported less than 30 years
ago [35]. As such this area has already been reviewed thoroughly [36]. Compound 17
was obtained as a minor product by refluxing toluene mixtures of SmCl,, AICl,, Al
foil and hexamethylbenzene, following analogous procedures to those employed in
the preparation of related U(III) mono-arene complexes (Scheme 10) [37]. This
methodology was extended by several groups to prepare a wide range of complexes
of the general formula [Ln(n‘-arene)(AlX,),] (arene=C H,, C.HMe, C H Me 1,3
and CH,Me,-1,2,4,5; Ln=Pr, Nd, Sm, Gd, Eu, Yb, Y, La; X= Cl Br D [38]
Although the formation of a Sm(II) complex by partial reduction of Sm(III) was
postulated to explain the low yield of 17, this could not be isolated [35]. In contrast, the
tetrameric Eu(Il) complex, [Eu(nﬁ—CéMeﬁ)(A1C14)(p—AlCl )], 18, could be prepared
under analogous conditions (Scheme 10) [39]. Analysis of the solid state structures of 17
and 18 determined that the arene ligands are flat and carry no charge [17 Sm(III)-C__
2.89(5) A mean; 18 Eu(I)-C__ 2.99(3) A mean]. In conjunction with spectroscopic
measurements it is evident that these systems are Lewis-base adducts of [Ln(AICl) |,
with m-electron density donated into vacant Ln valence orbitals from the aromatic rings

“OlAl - AC,

cr” o
‘Q bn=Sm Ln=Eu cl \CI c/|\0|
SI Al A x LnClg + A 2 )
m, e ]
AN

. y CeMeg + ———> Al Al
“Cl4Al C,H /\ ‘-
AC™ Yol (7) 78 ZACh e (< cl e
E/ \\‘Cl/, A|/C| \
Yo e

CL, Al AICI
(18)

Scheme 10 Synthesis of the Ln-arene complexes 17 and 18 [35, 39]. Reproduced from
[35] with permission of American Chemical Society
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Scheme 11 Synthesis of the Ln benzene dianion complexes 19a-d. Reproduced from
[40] with permission of American Chemical Society
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Scheme 12 Synthesis of the formal La(ll) complex 20. Reproduced from [41] with
permission of American Chemical Society

[35, 36, 37, 38, 39]. The strength of the essentially electrostatic Ln—arene interactions in
these systems is enhanced by the electron-withdrawing tetrahaloaluminate anions and
electron-rich arenes, increasing the stability of 17 and 18 and their analogs.

Reduction of [Ln(Cp”),Cl] or [Ln(Cp”),] by excess potassium in benzene and 18-crown-6
afforded the first structurally characterized examples of Ln complexes coordinated by
a benzene dianion, [K(18-crown-6)][Ln(Cp”),(p.n*n*-CH,)] (Ln=Ce 19a, Pr 19b, Nd
19¢, La 19d) (Scheme 11) [40]. The formation of 19d was shown by EPR spectroscopy
to proceed via a transient La(Il) intermediate “[La(Cp”),]”, which is relatively stabilized
by its bulky Cp ligands [40b]. Compounds 19a—d are intensely colored due to consid-
erable ligand—metal charge transfer and their solid state structures reveal puckered
benzenide dianions in boat conformations, with two short [e.g., 19a 1.350(8) and
1.352(9) A] and four long [e.g., 19a 1.442(8)-1.464(7) A] C-C distances. The {CH}*
unit is therefore best described as a cyclohexa-1,4-dienide, which is confirmed by
hydrolysis of 19a—d to liberate cyclohexa-1,4-diene [40].

As solid state characterization of Ln(II) complexes could not be obtained from 19a—d
reduction mixtures, attention switched to related Cp" systems. Reduction of [La(Cp"),]
with excess potassium in benzene and 18-crown-6 gave an intermediate complex,
postulated as being analogous to 19a—d. The reaction mixture was left for a further
week, depositing crystals of the formal La(Il) complex [K(18-crown-6)(1n>*-C «Ho),l
[{La(Cp"),},(u.n°n>-CH] 20 (Scheme 12) [41]. Compound 20 exhibits a planar
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bridging {C,H,}" unit with six approximately equal C—C distances [1.42(1)-1.45(1) Al,
and was assigned as a monoanion coordinated to La(II) cations based on a comparison
of literature Ln(II)/Ln(III)++-C distances with those observed for 20 [La—C
2.75(1)-2.79(1) A].

centroid arene

12.2.6 Zerovalent arenes

A series of formally zerovalent Ln bis(arene) complexes, [Ln(C.H,Bu',-1,3,5),]
(Ln=Pr 21a, Nd 21b, Sm 21c¢c, Gd 21d, Tb 21e, Dy 21f, Ho 21g, Er 21h, Lu 21i,
Sc 21j,Y 21Kk, La 211) were prepared by the reaction of Ln vapors, generated using
electron beams, at 77K with 1,3,5-tri-fert-butylbenzene (super-mesitylene,
Mes*H) (Scheme 13) [42]. The bulky Mes*H ligands are essential for the stabi-
lization of 21a-1 and less sterically demanding arenes are not fit for this purpose
with the exception of Sc complexes, as Sc(III) has a much smaller ionic radius than
the other REs (see Section 12.1) [2]. Even with the support of Mes*H ligands, 21a,
21c, and 211 were more unstable than others in the series and the Ce, Eu, Tm
and Yb analogs could not be isolated at 77K [42b]. In the case of 21j C—H
activation readily occurs and a formal Sc(II) complex, “[Sc(C,H ,Bu',-1,3,5){n°,
n'-C,H,(CMe,CH,)-1,Bu',-3,5)(H)]”, was postulated based on EPR spectroscopic
data [42d].

The various stabilities of these complexes were later rationalized by analysis of
differences in the Ln 4f"6s> — 4f*'5d'6s* promotion energies, Ln—C__ bond
enthalpies and Ln ionic radii [43]. Compounds 21a-1 were characterized by
various spectroscopic and magnetometric methods but solid state structures were
only obtained for 21d and 21g, revealing eclipsed arene rings and staggered tert-
butyl groups, and approximate D,, symmetry. Metrical parameters confirmed that
the two coordinated nS-arenes are neutral donors, with planar, fully delocalized
arene rings [e.g., 21d C__—C__ 1.400(6)-1.426(5) A; Gd—C,___ 2.630(4) A
mean] [42a, 42b].

arene

t
Ln + 2 Mes*H BU

Mes*H = CgHzBu'5-1,3,5

Ln = Pr(21a), Nd (21b), Sm (21c), Gd (21d),
Tb (21e), Dy (21f), Ho (21g), Er (21h),
Lu (21i), Sc (21j), Y (21k), La (211)

Scheme 13 Synthesis of the Ln bis(arene) complexes 21a-I [42]
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12.2.7 Tethered N-heterocyclic carbenes

Immediately following the disclosure of the first structurally characterized isolated
N-heterocyclic carbene (NHC) [44], a raft of solid state structures of Ln-NHC complexes
were reported [45]. Progress in this field withered briefly, due to the relatively weak
binding of these neutral 6-donors to Ln cations, before the introduction to Ln chemistry
of NHC ligands with pendant anionic groups [46]. The first structurally authenticated
examples of tethered NHC Ln complexes, [Ln(T'-NHC-x*-C,N)(N”),] (Ln=Sm 22b,
Y 22d; T'-NHC= { BuNCH,CH,[1-C(BuUNCHCHN)]}"; N”={N(SiMe,), }) were syn-
thesized by protonolysis of [Ln(N"),] by the LiBr-occluded pro-ligand T'-NHC-H*LiBr
(Scheme 14) [47]. Single crystal XRD studies showed relatively short Ln—C_
distances in 22b and 22d [2.588(2) and 2.501(5) A, respectively] compared with
literature examples and the strength of these interactions was confirmed by the '*C
NMR spectrum of 22d. This revealed a C_,  resonance at 186 ppm, with the 'J,.
coupling constant (54 Hz) larger than any other C o-donor ligand reported at that time
in Y chemistry. The field of tethered NHC Ln complexes has blossomed and the Nd
(22a) [48] and Eu (22¢) [49] homologs and many other related Ln complexes have
since been prepared by analogous procedures (Scheme 14) [46].

Oxidation of the Ce(III) tethered alkoxide-NHC complex [Ce(T>-NHC-x*-C,0),] 23
(T>-NHC = {OCMeZCHZ[l-C(PriNCHCHN)]}‘) with benzoquinone and 1 equiv. of
[K(T>-NHC)] yielded the first Ce(IV) carbene complex, [Ce(T>-NHC-x*-C,0),
(T>-NHC-x-0),] 24, in excellent yield (Scheme 15) [50]. The solid state structure of 24
revealed two bound and two free carbenes [Ce—C 2.673(7) A mean], which were

carbene

E(Ut Bu! N(EMeg),
N Br CoHg, A Ny— "
/ | - l N( Me3
[Ln{N(SiMeg),}5] + 0.5 [)-»U _HN(SMeg),, ~LiBr <\¢N N\But

\/N Ln = Nd (22a), Sm (22b),
B! 5 Eu (22¢), Y (22d)

Scheme 14  Synthesis of the Ln tethered NHC complexes 22a-d [47, 48, 49]
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Scheme 15 Synthesis of the Ce(lV) tethered NHC complexes 24 and 25 from 23.
Reproduced from [50] with permission of Royal Society of Chemistry
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Scheme 16 Synthesis of the neodymium-gallyl complex 26. Reproduced from [52] with
permission of American Chemical Society

found to interchange rapidly in solution asone C_ resonance was observed at 212 ppm
in the *C NMR spectrum. The reaction of 24 with 2 equiv. of 9-BBN (9-borabicyclo[3.3.1]
nonane) yielded [Ce(T*-NHC-«*-C,0),(T>-NHC-9-BBN-k-0),] 25 (Scheme 15). Two of
the carbenes in 25 bind strongly to 9-BBN [B-C__ 1.639(3) A mean)], nullifying the
dynamic fluxional behavior of free and bound carbenes in the solution phase that were
observed for 24, although C_, _—B resonances were not observed in the ?C NMR spec-
trum of 25 [50]. The highly ox1d121ng +4 oxidation state of Ce in 24 and 25 is stabilized
by modification of the tethered NHC ligands to incorporate pendant alkoxide groups
instead of amido moieties. The degree of hardness of the 4f Ce(IV) cation in 25 was
emphasized by comparison with an analogous 5f U(IV) complex, which exhibited an
additional relatively soft U—C beng interaction in the solid state despite the similarities in
ionic radii of Ce(IV) (CN 8, 0. 97A) and U(IV) (CN 8, 1.0A) [51].

The further synthetic utility of Ln tethered-NHC complexes was demonstrated by
the first structurally characterized bond between gallium and an f-element.
[Nd{Ga[N(Dipp)CH)], }(T*-NHC-«*-C,N)(N")(THF)] (Dipp=CH Pr' -2,6; T>-NHC=
{Bu'NCH,CH,[1-C{Bu'NC(SiMe,)CHN}]}~; 26) was prepared by a salt metathesis
reaction between [Nd(T*-NHC-«*-C,N)(N"”)(u-1)], and the Ga(I) complex [K(TMEDA)]
[Ga{N(Dipp)CH},] (TMEDA =N,N,N’,N'-tetramethylethylenediamine) in THF
(Scheme 16) [52]. The sterically demanding ligand frameworks in 26 are essential for
kinetic stabilization of both the +1 oxidation state of gallium and the polarized Nd—Ga
bond. The necessity of bulky supporting ligands in the stabilization of Ln—metal bonds
is a common theme in the literature [53]. To date there are few structurally character-
ized examples of Ln—metal bonds for comparison, but the Nd—Ga bond distance in 26
[3.2199(3) Al is longer than the sum of covalent radii for the two elements (Nd—Ga
2.89A) [54] and a computational study of a model complex showed that the bond is
essentially comprised of donation of a formal 4s4p? hybridized Ga(I) lone pair into a
vacant Nd 5d orbital, with a calculated Wiberg bond order of 0.827 [52].

12.3 N-donor ligands

12.3.1 Hexamethyldisilazide

The bulky silylamide hexamethyldisilazide (hmds, N”) has been the most frequently
employed amide ligand in Ln chemistry to date [55]. These ligands were introduced to
Ln chemistry in 1971, with a series of homoleptic complexes [Ln(N"),] (Ln=Ce 27a,
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Scheme 17 Synthesis of Ln silylamides 27a—p, 28a and 28b [56, 57, 58, 59, 60, 61, 62, 65]

Pr 27b, Nd 27¢, Sm 27d, Eu 27e, Gd 27f, Ho 27i, Yb 271, Lu 27m, Sc 27n,Y 270, La
27p) prepared from LnCl, and 3 equiv. of LiN” (Scheme 17) [56]. To avoid LiCl occlu-
sion and ate complex formation [57], these procedures have since been modified to
typically use sub-stoichiometric quantities of LnCl, and NaN” or KN " instead of LiN",
such as in the synthesis of [Ln(N"),] (Ln=Tb 27g [58], Dy 27h [59], Tm 27k [60]).
Other strategies have included the use of Ln(OTf), (OTf=triflate), such as in the
synthesis of [Er(N”),] (27j) [61] or protonolysis of alkyl precursors with HN” [7c].
Structural characterization of most of 27 a—p followed subsequently [59, 62] and in all
cases they were found to be three coordinate and pyramidal, with additional agostic
interactions, even in the gas phase for 27a, 27b, and 27n [63]. As with 3a-i the
deviation from planarity of 27a-p is attributed mainly to agostic Ln***Si—C, interac-
tions, which predominate over steric effects [8, 62b, 64]. These complexes and closely
related variants have been used extensively as starting materials and are important pre-
cursors to a wide range of complexes, such as in the synthesis of 22a—d (see above)
[47, 48, 49] and the rare Ce(IV) amides [Ce(N”),(X)] (X=CI 28a; Br 28b), which are
prepared by oxidation of 27a with 0.25 equiv. of TeCl, or equimolar PBr Ph,, respec-
tively (Scheme 17) [65].

Ln silylamide chemistry was expanded by the discovery that reduction mixtures of
27a-p and KC; in the presence of N, in THF gave the corresponding bridged
dinitrogen Ln(III) complexes, [{Ln(N"),(THF)},(p-n*1*-N,)] (Ln=Nd 29a, Gd 29b,
Tb 29¢, Dy 29d, Ho 29e, Er 29f, Tm 29g, Lu 29h, Y 29i) (Scheme 18), which have
N=N bond distances that are consistent with a N.>* dianion [N—N distance range
1.172(6)-1.305(6) A] [66]. In the case of the largest Ln, dinitrogen complexes
could not be isolated and [M(THF) (Et,0) ][Ln(N”),] (Ln=Ce, M=Na, n=35,
m=1; Ln=Pr, La, M=K, n=6, m=0) complexes formed except for in the case of
samarium, where the previously reported Sm(II) ate complex [Sm(N"),(K)] was
generated [67]. In most cases, these reactions proceed through short-lived Ln(II)
intermediates, though when stable Ln(II) precursors are available, an alternative
synthetic route direct from Lnl, is possible (Scheme 18) [68]. For some of the Ln
dinitrogen complexes with relatively small Ln ionic radii and high magnetic anisot-
ropy, further reduction by KC; was performed in the presence of 18-crown-6 to yield
[K(18-crown-6)(THF), |[{Ln(N"),(THF)},(p-n*n*N,)] (Ln=Gd 30a, Dy 30c, n=0;



346 Ligand Design in Metal Chemistry
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Scheme 18 Synthesis of Ln silylamide N, complexes 29a—~i and 30a-e [66, 69]

Ln=Tb 30b, Ho 30d, Er 30e, n=2), WhiCl;l contain N23* radical trianionic bridges
[N—N distance range 1.3940(3)-1.4085(3) A] and exhibit interesting magnetic prop-
erties (Scheme 18) [69].

It has been proposed that Ln single molecule magnets (SMMs) have numerous
potential magnetic applications as they can exhibit high magnetic anisotropies and
therefore increased barriers to molecular spin inversion [70]. Fast quantum tunneling
relaxation pathways, which result from predominantly electrostatic bonding and
consequently weak magnetic exchange coupling, tend to dominate in these systems.
This leads to decreased blocking temperatures, defined as the temperature at which
magnetization is lost over a set time period (typically arbitrarily set at 100s). These
blocking temperatures are often at cryogenic temperatures, precluding many of the
magnetic applications of Ln SMMs [70]. The enhanced magnetic properties of 30a—e
derive from the diffuse radical spin orbitals in the bridging N *~ unit mediating strong
magnetic exchange coupling between Ln centers [69]. Comparison of magnetic data
for 30a—e with their parent N>~ complexes demonstrated the extent of this increased
coupling directly. The strong coupling promoted by the N *~ unit increases the energy
barrier towards fast zero-field relaxation pathways, favoring a thermally induced
relaxation mechanism at low temperatures [69]. The strongest magnetic exchange
coupling was observed for 30a, which has a calculated intramolecular coupling
constant, J, of =27 cm™, the strongest coupling observed for any gadolinium complex
at the time of publication [69a]. Compound 30a is not an SMM as it contains two
isotropic Gd(II) f” ions but 30b—e all contain anisotropic ions and are all SMMs with
relatively high blocking temperatures, the highest being the 100s blocking tempera-
ture of 13.9K for 30b [69].

Recently, bulkier analogs of N” have been introduced to Ln(II) chemistry, with
THF-free [Sm{N (SiPri3)2} ,] (31) prepared from [SmL(THF),] and 2 equiv. of
[K{N(SiPri3)2}] (Scheme 19) [71]. Compound 31 is the first near-linear bis(amide)
f-block complex, with an N—Sm—N angle of 175.52(18)° in the solid state, and four
electrostatic interactions are observed between methine groups and the Sm(II) center.
The authors performed calculations on a theoretical Dy(IIl) cationic analog of 31,
[Dy{N(SiPr'),},]*, and found that the model Dy(III) complex would be an SMM with
a blocking temperature higher than 77 K, providing a synthetically feasible target for
a liquid nitrogen-stable Ln SMM.
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Scheme 19  Synthesis of the Sm(ll) silylamide complex 31. Reproduced from [71]. http://
pubs.rsc.org/en/content/articlehtml/2014/cc/c4cc08312a CC BY 3.0 public domain
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Scheme 20 Synthesis of the homoleptic Ln(ll) complexes 32a-c [73, 74]

12.3.2 Substituted trispyrazolylborates

A review of stabilizing N-donor ligands in Ln chemistry would be incomplete without
a section on the widespread trispyrazolylborate (Tp) ligand class, but these are only
discussed briefly here as they have been reviewed thoroughly elsewhere [72]. Ln
complexes containing unsubstituted Tp ligands have been known for nearly 50 years
and are often even stable in water, but these complexes are typically insoluble in non-
polar solvents, reducing their further synthetic utility. Tuning the substituents at the
3- and 5- positions of the pyrazolyl rings has allowed the synthesis of a wide range of
substituted Tp Ln complexes with increased solubilities and steric restraints, pro-
moting low CNs [72]. One of the simplest modifications, tris(3,5-dimethylpyrazolyl)
borate, Tp™2, has been widely utilized and is effective at stabilizing Ln(II) complexes
[72]. Perhaps the most widely utilized Ln(Il) Tp"** complexes are [Ln(Tp"*),]
(Ln=Sm 32a, Eu 32b, Yb 32c¢), which are easily synthesized by salt metathesis strat-
egies from LnX, (X=ClI, I) and MTp"** (M=Na, K) (Scheme 20) [73]. Compounds
32b and 32c¢ may alternatively be prepared by a sodium amalgam reduction of Ln(III)
triflate precursors [Ln(Tp™**),]O,SCF, (Scheme 20) [74].

Compounds 32a—c are insoluble in non-polar solvents and in the solid state the Ln(II)
centers of 32a and 32c¢ are bound by six N-donors and exhibit trigonal antiprismatic
geometries and S, symmetry elements [73, 74]. Reactivity studies of 32a have been exten-
sive and include the reduction of unsaturated organic substrates and of d-transition metal
carbonyl complexes [72]. The facile oxidation of 32a is highlighted by its reaction with
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Scheme 21 Reactivity of 32a with I, and O, to form 33 and 34 [75, 76]. Reproduced
from [76] with permission of American Chemical Society
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Scheme 22 Synthesis of the heteroleptic Ce(IV) amide complex 35. Reproduced from
[77] with permission of American Chemical Society

relatively mild oxidants such as 0.5 equiv. of L, yielding the salt [Sm(Tp*) ][I] (33),
with a non-coordinating iodide anion (Scheme 21) [75]. The reaction of 32a with O,
yielded the first structurally characterized Ln superoxo complex [Sm(Tp"¥?),](n*-O,)]
(34), in which the O, anion was found to coordinate to Sm(III) in a side-on fashion and
the O—O distance [1.319(5) A] and various UV-Vis, Raman and IR spectroscopic '*O
labeling studies confirmed mono-reduction of dioxygen (Scheme 21) [76].

12.3.3 Silyl-substituted triamidoamine, [N(CHZCHZNSiMezBu‘)S]z"

The oxidation of the Ce(III) complex [Ce(NN")] (NN’={N(CH,CH,NSiMe Bu'),}*)
with 0.5 equiv. of molecular iodine yielded [Ce(NN")(D)] (35), which at the time of
publication was the first structurally characterized Ce(IV) amide complex (Scheme 22)
[77]. This reaction is in itself exceptional, given that iodine is not an overly strong oxi-
dant (standard reduction potential in acidic solution, E°® I, — I'=0.535V) and Ce(IV)
is itself a strong oxidant (E° Ce(IV) — Ce(Ill)=1.76V) [27]. These potentials were
overcome by the large Ce—I bond enthalpy and it was proposed that the rigid trigonal
pyramidal arrangement of the NN’ scaffold in [Ce(NN")] renders the Ce(IIl) center
more oxidizable as minimal ligand reorganization is required upon oxidation to 35
[77]. Apart from the sterically demanding silyl groups providing kinetic protection of
the Ce(IV) oxidation state in 35, the NN’ ligand has stabilized Ce(IV) electronically as
it has donated considerable electron density to Ce, preventing its reduction by I~
Compound 35 is also stabilized by the strong Ce—I bond enthalpy, which would not be
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Scheme 23  Synthesis of the Yb(ll) complex 36. Reproduced from [79] with permission
of Royal Society of Chemistry

compensated by weak [—-Ce(IIl) dative bonds formed upon reduction. In the solid
state the unique Ce(IV)—I distance of 35 is 3.1284(6) A and the complex was found to
be diamagnetic, confirming its closed shell [Xe]4f° conformation.

12.3.4 NacNac, {N(Dipp)C(Me)CHC(Me)N(Dipp)}~

The NacNac ligand, {N(Dipp)C(Me)CHC(Me)N(Dipp)}-, has been extensively
employed as an ancillary ligand in f-element chemistry and this area has been
reviewed elsewhere [78, 79]. Recently, the NacNac ligand has been used to stabilize
an approximately tetrahedral Yb(II) cluster complex [{Yb(NacNac)(THF)},{p-
Yb(Fp),}1 (36; Fp=[Fe(Cp)(CO),]"), that unusually exhibits four Fe—=Yb bonds to
the same Yb(II) center. Compound 36 was initially isolated as a minor product from
the decomposition of [Yb(NacNac)(I)(THF)(p-Fp)], in a non-coordinating solvent,
however it was found that 36 could be rationally synthesized by the 2:1 reaction of
[Yb(NacNac)(I)(THF)(p-Fp)], with [Yb(Fp),(THF),], [80] (Scheme 23).

12.4 P-donor ligands

12.4.1 Phospholides

Given the preference of Ln cations for hard donor atoms, it would be anticipated that the
Ln coordination chemistry of P-donor ligands is poorly developed in comparison with
O-, N- and C- donor ligands. Although this is generally the case, the phospholide ligands,
{PC,R,}” (R=variously H, Me, Bu, etc.), are noteworthy exceptions that have rich and
well developed Ln coordination chemistry that has been comprehensively reviewed pre-
viously [81]. A comprehensive discussion is beyond the scope of this chapter but Ln
phospholide coordination chemistry is included briefly for completeness. Phospholides
are monophosphorus-substituted analogs of Cp ligands and interest in Ln phospholide
chemistry derives from both their similarity to Cp ligands and ease of synthesis.
Phospholides may bind either through the heteroatom lone pair (') or w-system (1°),
with the preferred binding mode often dictated by substitution of bulky groups in the
aromatic ring [81]. As phospholides are relatively soft, they have found specific utility
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Scheme 24  Synthesis of the Tm(ll) homoleptic phospholide 37. Reproduced from [82]
with permission of American Chemical Society

Tml, + 2[K{PC,Bu',-1,4,Me,-2,3}]

37)

in the stabilization of Ln(I) complexes. With sufficiently bulky substituents, mononu-
clear Ln metallocene complexes may be isolated, for example [Tm{P[C(Bu)C(Me)],},]
(37) [82]. Compound 37 was synthesized by a salt metathesis methodology from Tml,
and [K{P[C(Bu')C(Me)],}] in diethyl ether followed by removal of coordinated solvent
in vacuo, and at the time of publication 37 was the first structurally characterized homo-
leptic Tm(II) complex (Scheme 24). In the solid state the phospholide ligands in 37 coor-
dinate in a staggered conformation in an approximate n’- fashion with two additional
agostic interactions between Tm(II) and methyl carbons of the ters-butyl groups. The
phospholide ligands adopt a p,n':n° binding mode in the dimeric Sm(II) analog of 37 as
the larger Sm(II) cations would have unsaturated coordination spheres in the absence of
an additional dative interaction.

12.5 Multiple bonds

The preparation of terminal unsupported Ln=E (E=p-block element, e.g., C, N, O, P)
multiple bonds is of considerable synthetic interest, given the wealth of applications of
TM=E (TM =d-transition metal) complexes in synthetic transformations and catalysis
[83]. However, highly polarized Ln=E bonding and orbital energy mismatch (e.g., Ln
5d, 4f and O 2s, 2p) often renders these species highly reactive and unstable with respect
to oligomerization and various decomposition pathways due to the build-up of electron
density on formal E*- fragments [84]. As a result, the field of Ln=E multiple bonding
is poorly developed to date, although this field has started to gather considerable
momentum in the last ten years. A variety of sterically demanding and electronically
stabilizing bespoke ligand frameworks have been employed to prevent decomposition
of Ln=E groups, and some highlights in the literature are discussed below [84].

12.5.1 Ln=CR,

Although the field of Ln carbene chemistry lags far behind that of related early TM sys-
tems, there are more examples of Ln complexes exhibiting formal Ln=C multiple bonds
than any other Ln=E group [84,85]. In the absence of stabilizing R groups, Ln=CR,
complexes (Ln alkylidenes/carbenes), tend to form cluster complexes, with methy-
lidene CH,> units bridging to multiple metal centers [85]. This bonding motif is
analogous to early TM methylidene chemistry, such as that observed in Tebbe’s reagent,
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Scheme 25 Synthesis of the Sm methanediide complex 38. Reproduced from [87] with
permission of American Chemical Society
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Scheme 26 Resonance forms of the {BIPM™"}?~ ligand [85, 88]

[Ti(Cp),(n-CH,)(p-CI)(AlMe,)], which contains a “trapped” reactive Ti=CH, fragment [86].
The first structurally characterized supported Ln carbene complex, [Sm(BIPM™S)
(NCy,)(THF)] (BIPM™3={CPPh,NSiMe, }*", 38) was prepared by a double deproton-
ation of BIPMH, by [Sm(NCly,),] at elevated temperatures (Scheme 25) [87].

In the solid state 38 exhibits a typical “open-book” conformation of the { BIPM™S$}2-
framework and a formal Sm=C double bonding interaction [Sm—C 2.467(4) Al
which was much shorter than the majority of previously reported Sm—C distances
(mean 2.743A) [87]. A number of different resonance forms can be depicted for the
{BIPM™S$}2-ligand (Scheme 26), meaning that the ligand can be described alternatively
as a carbene, carbodiphosphorane, or methanediide, but the dipolar geminal methane-
diide resonance form with two anionic amides dominates [88]. The { BIPM™5}2-ligand
in 38 fixes the formal methanediide R,C*" dianion in close proximity to the Sm(III)
cation by additionally bonding to samarium through its iminophosphorano N lone
pairs. The carbanion stabilization energy of the PH, group has been calculated to
be —89.1kJ mol™" hence by extension the P(V) substituents in the { BIPM™S}2- scaffold
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Scheme 27  Synthesis of the Y methanediide complexes 39-41 [90]

are vitally important for stabilization of the methanediide as they provide considerable
electronic stabilization through negative hyperconjugation as well as kinetic stabiliza-
tion from their steric bulk [89].

As no reactivity studies of 38 were reported, facile and general routes to [Ln(BIPM™S)
(R)] complexes were required and this was addressed by the syntheses of [ Y(BIPM™S)
(CH_SiMe,)(THF)] (39), [Y(BIPM™®)(CH,Ph)(THF)] (40) and [ Y (BIPM™®)(I)(THF),]
(41) from yttrium alkyl precursors at room temperature (Scheme 27) [90]. It was shown
that 41 could alternatively be synthesized by deprotonation of [Y(BIPM™SH)
(D,(THF)] with benzyl potassium [91]. These synthetic techniques have since been
employed to synthesize a wide range of Ln methanediide complexes and this area has
been reviewed thoroughly [85]. Computational studies on 39-41 revealed as expected
localized electron density at the methanediide centers corresponding to approximately
two lone pairs of electrons in frontier orbitals that do not interact appreciably with
vacant Y orbitals (<5 % Y orbitalo contribution) [90]. The Y—C__ . ~distances in
39-41 [range 2.35?(3)—2.406(3) A] are similar to the Y—C__ . ~distances [range
2.406(4)-2.408(3) A] but computational studies revealed higher Y—C__ . Wiberg
bond orders (range 0.61-0.66) than Y—C__ . (range 0.35-0.51) [90]. These studies
concluded that the Y—C __ . ~linkages in 39-41 can be regarded as latent Y=C
bonds in an analogous fashion to the latent Ti=C bond in Tebbe’s reagent.

Detailed reactivity studies were carried out on 39-41, showing that the polarized
bonding in these systems engenders a reactivity profile that complements and con-
trasts related TM carbene systems [90, 92]. The highlight of these studies showed that
39 effects a site-specific, regioselective and sequential C—H activation and C—C
and C—O bond formation with 3 equiv. of benzophenone, Ph,CO, to form the coordi-
nated substituted iso-benzofuran complex [Y(BIPM™SH){OC(CH,SiMe,)Ph }O-
{(CPh,)(OCPh)CH,}] (42) (Scheme 28) [92a]. Detailed mechanistic studies
showed that 42 is formed by initial 1,2-migratory insertion of Ph,CO into the Y—C
bond to form [Y(BIPM™®){OC(CH,SiMe,)Ph,})(THF)], which could be isolated,
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Scheme 28 Reaction of 39 with Ph,CO to form 42. Reproduced from [92a] with permis-
sion of American Chemical Society
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Scheme 29 Synthesis of the Ce(IV) carbene complex 43. Reproduced from [93] with
permission of John Wiley & Sons, Ltd

showing that the most reactive site on 39 is the metal-alkyl group. The second Ph,CO
molecule coordinates and an ortho-H on a phenyl ring is deprotonated by the methane-
diide, forming a methanide and a carbanion that attacks the ketyl carbon of the third
molecule of Ph,CO, which rearranges to form 42. The reactivity of 39 is in contrast to
related TM carbenes, which undergo Wittig-type reactivity with ketones to form
alkenes and metal oxides [83], therefore the further investigation of Ln=CR, complexes
is expected to generate more novel metal—carbene reactivity profiles in future.

The first structurally characterized Ce(IV)=CR, complex [Ce(BIPM™)(ODipp),],
43, was recently prepared by the oxidation of a Ce(IIT) ate complex, [Ce(BIPM™S)
(ODipp),(K)]_,, with AgBPh, (Scheme 29) [93]. The Ce(IV) oxidation state in 43 is
stabilized by both the bulky ligand frameworks and the aryloxide donor atoms and at
the time of its publication, 43 represented the first structurally authenticated
Ln(IV)=E multiple bond. The Ce(IV)=C bond in 43 was predicted to have a greater
degree of covalency than the Ln(III)=C bonds in related complexes, rendering its
description as a carbene more appropriate than a methanediide, and all characteriza-
tion data concur with this hypothesis. A resonance at 324.6 ppm ('J,.=148.7Hz) in
the *C NMR spectrum of 43 was assigned to the carbene, which is similar to those
observed in TM carbene complexes (range 6 200—400 ppm) [83] but is far downfield
of those observegl for ionic 39-41 (range & 10-40ppm) [90]. The Ce—C_,  distance
of 43 [2.441(5) A] is one of the shortest Ce—C bonds reported to date and computa-
tional studies yielded a Nalewajski—-Mrozek bond index of 1.1, much higher than the
Y—C,_ . aicc PONd orders calculated for 39-41 (see above) and significant Ce orbital
contributions to both ¢ (13%) and & (12%) bonds. This covalent contribution is still
modest and the bonding in 41 is predominantly electrostatic and best described as
ionic-covalent [93].
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Scheme 30 Synthesis of the Sc carbene complex 44. Reproduced from [94] with permis-
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In parallel with studies of Ln alkylidenes stabilized by the {BIPM™S}* ligand,
numerous investigations into the synthesis of Ln alkylidenes using the analogous
{C(PPh,S),}* (SCS) dianion have been undertaken [85]. The SCS scaffold exhibits
similar stabilization properties to { BIPM™S}2- though the thiophosphinoyl arms offer
less kinetic protection. The SCS ligand was utilized to prepare the first structurally
characterized Sc-carbene complex [Sc(SCS)(Cl)(py)] (py=pyridine, 44), prepared
directly by a salt metathesis strategy from [Sc(Cl),(THF),] and Li,SCS using pyriodine
to displace THF (Scheme 30) [94]. The Sc—C_ ~distance of 44 [2.2072(1) A] is
comparable with Sc—C single bond lengths in the literature but a comparatively high
Wiberg bond order of 0.60 was calculated as well as considerable ¢ and & overlap of
the formal carbene lone pairs with the Sc 3d orbital. Direct experimental evidence for
a significant covalent contribution to the bonding in 44 was evidenced by its reaction
with benzophenone to afford the expected metallo-Wittig products (Ph),C=C(PPh,S),
and “ScOCI”. This reaction was found to be sluggish, taking several days at elevated
temperatures to reach completion and an unusual Sc p-oxo tetranuclear intermediate,
[{Sc(p-SCS)(THF)(p-Cl),(1*-0) } {Sc(THF) }],, could be isolated from reaction mixtures
if sub-stoichiometric quantities of Ph,CO were added [94].

12.5.2 Ln=NR

To date, no terminal unsupported Ln-imido complexes, Ln=NR, (Ln=Ce-Lu) have
been isolated and characterized in the solid state, despite the comparative fertility of
this area for related early TMs [83]. Structurally authenticated Ln-imido and -phos-
phinidene complexes in the literature, typically prepared by the deprotonation of
Ln—NHR and Ln—PHR precursors, form dimers in the solid state with bridging
{NR}* and {PR}* fragments [84]. It is noteworthy that the transient existence of
unsupported Ln=NR and Ln=PR linkages had previously been observed, though
could not be isolated [95]. In the case of the RE, the first terminal Sc-imido com-
plex, [Sc(=NDipp)(T!-NacNac-k*-N,N’,N”)(DMAP)] (T'-NacNac = { N(Dipp)C(Me)
CHC(Me)N(CH,CH,NMe,) }-; DMAP = 4-dimethylaminopyridine, 45), was recently
prepared, which is stabilized by a bespoke tri-coordinate variant of the ubiquitous
NacNac ligand [96].

Compound 45 was synthesized from the [Sc(T'-NacNac)(Cl),] starting material by
alkylation with 2 equiv. of MeLi followed by protonolysis with 1 equiv. of DippNH, to
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Scheme 31 Synthesis of the Sc imido complex 45. Reproduced from [96] with permis-
sion of Royal Society of Chemistry

form the [Sc(NHDipp)(T!-NacNac)(Me)] precursor, which yielded 45 by methane
elimination upon addition of DMAP (Scheme 31) [96]. The Sc=N bond length of 45
[1.881(5) A] was at the time the shortest Sc—N distance ever recorded and the almost
linear Sc—N, .. —C angle [169.6(5)°] also suggested considerable covalent overlap as
the two 2p-orbitals on N need to be approximately orthogonal to the Sc—N axis for
efficient m-overlap with the Sc 3d orbitals. Computational analysis of the Sc=N bond
of a model of 45 showed two & bonds compared with one in a model of [Sc(NHDipp)
(T'-NacNac)(Me)] and a large Wiberg bond order for 45 (1.32) that was approximately
double the value of that calculated for the parent anilide (0.66). Since the isolation of
45, Sc-imido chemistry has started to flourish, with Sc=N bonds being supported by
a variety of ligand systems and their further chemistry being investigated, though a
detailed analysis is beyond the scope of this chapter [84b].

12.5.3 Ln=0

The chemistry of unsupported terminal Ln=0 bonds remains unexplored to date, as
unlike Ln=CR, and Ln=NR chemistry there is an absence of bulky R substituents in
these linkages to prevent dimerization to pi-oxo species [84]. The first supported Ln=0
bond was recently reported, however, in [Ce(L),(H,O){p-(0):-*HN(H)C(O)Me}],
(Lo =[Co(Cp){P(O)(OEL), },I7, 46), in which the terminal oxo linkage is supported by
hydrogen bonding to bridging molecules of acetamide [97]. The bulky oxygen-rich L
tripodal ligands are ideally suited to stabilizing the trapped Ce=O0 group in 46 as they
have proven utility in stabilizing M(IV) complexes in aqueous conditions [98]. Compound
46 was initially prepared in low yield (<5%) by the treatment of [Ce(L,),(Cl),] with
Ag,O in acetonitrile, but it was realized that the acetamide derived from oxidative hydro-
lysis of acetonitrile. As such, yields of 46 greatly improved upon addition of water and
acetamide to reaction mixtures (Scheme 32) [97]. The Ce-O distance of 46 [1.857(3) A]
is the shortest reported to date and computational analysis verifies covalent contributions
from Ce to the 6 (8.6% Ce 5d, 16.0% Ce 4f) and = (5.4% Ce 5d, 7.6% Ce 4f) components
of the predominantly electrostatic and localized bonding in the Ce=O0 linkage in 46.
Preliminary reactivity studies of 46 with the unsaturated substrates CO, CO, and BuNCO
led in each case to the formation of Ce(IV) carbonate complexes, highlighting the
oxidizing reactivity profile of the supported Ce=0O bond [97].
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12.6 Conclusions

Given the wide variety of ligands in modern non-aqueous Ln chemistry, it would be an
enormous task to discuss the merits of each system in detail. As such, this Chapter has
focused on selected ligands that have engendered remarkable properties to Ln
complexes to illustrate what can be achieved through considered ligand design and
selection. The ligands discussed within this chapter have variously stabilized:

e unusual Ln oxidation states;

e Jow CNs;

e remarkable coordination geometries;
e novel bonding regimes.

The synthesis of new lanthanide—element single and multiple bonds has opened up
new classes of complexes and huge vistas to explore in future. Reactivity studies on
these complexes have shown interesting and unusual profiles that complement and
contrast with related s- and d-block systems. These advances are of fundamental
interest and potential industrial applications for these complexes in catalysis and mate-
rials are being realized, driving future investigations.

Within the last 50 years, major advances in non-aqueous Ln chemistry have been
achieved with increasing regularity. This can be directly correlated to the growing
number of research groups exploring the frontiers of this vibrant and exciting research
field. Despite this rapid progress, our understanding of non-aqueous L.n chemistry still
lags behind that of the d-transition metals. Most of the ligands that have found most
success to date in Ln chemistry have first been of widespread utility in s- and d-block
chemistry. The ligands that have proved most transferable are those that are anionic
and sterically demanding and have multiple coordination sites and at present, examples
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of bespoke ligand systems for the Lns are few. As Ln—E bond energies are well
established and are crucial in predicting the stability of complexes, the design and
selection of suitable stabilizing ligands should utilize these data [99]. To conclude,
further fundamental studies on complexes of existing and modified ligands are essential
to deepen our understanding so that rational ligand design in Ln chemistry can be
performed more readily in future.

Notes

Since this Chapter was submitted there have been many notable advances in molecular
Ln chemistry. Several highlights are listed here to provide some context for the reader,
in the approximate order that ligands have been discussed in this Chapter:

i) The synthesis of homologues of compound 15 for the entire Ln series (save Pm)
have allowed the preference for 4**! or 4"5d' configurations for various Ln(II) sys-
tems to be rationalized, and their magnetic anisotropy has been investigated [100].

ii) Dinuclear La(Il) and Ce(Il) complexes supported by a bridging direduced
benzene unit have extended the range of ligands that stabilize La(II) and Ce(II)
centers [101].

iii) The synthesis and physical properties of near-linear Eu(Il), Tm(II) and Yb(II)
homologues of compound 31 have been reported, with the Tm(II) complex exhib-
iting remarkable stability towards dinitrogen [102].

iv) Ln BIPM™S chemistry has been extended to include a Dy(III) SMM with a large
energy barrier and a Ce(IV)=C complex with comparable covalency to a U(IV)=C
homologue [103].

v) The first terminal unsupported Y=NR and Lu=NR bonds have been stabilized by
a bulky Tp ligand [104] and a Ce(IV)=NR bond has been supported by a
tris(hydroxylaminato) ligand and a capping potassium cation [105].

vi) The reactivity of compound 46 with a range of substrates has now been
reported [106].
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13.1 Introduction

Ligand design and development for early transition metals has resulted in controlled
and selective chemistry with these oxophilic, reactive metal centers. The most pre-
dominant ligand scaffold utilized with early transition metals is cyclopentadienyl
(Cp), as well as its common derivatives (Cp*, indenyl, etc.). [1] Monoanionic Cp
ligands can be up to six-electron donors while formally occupying up to three
coordination sites, as is the case when this ligand is in the most common n’-binding
mode. These electron-rich ligands are ideal for the generation of organometallic
complexes of these electropositive, high oxidation state metal centers. The electronic
features and steric bulk of this ligand can be varied with the installation of substitu-
ents, although only monosubstituted variants of Cp are easily prepared. Unfortunately,
further modification of this ligand framework can be synthetically challenging. [2]
While Cp ligands have yielded a bountiful amount of productive chemistry, alternative
ligand motifs are being explored, especially with an emphasis on monoanionic ligands
that are easily prepared and are of modular design to allow for facile variation of steric
and electronic properties. [3]

Ligand Design in Metal Chemistry: Reactivity and Catalysis, First Edition. Edited by Mark Stradiotto
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© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.



Tight Bite Angle N,O-Chelates. Amidates, Ureates and Beyond 365

M M M M M
/N _R’ /N _R’ /N /N
o N g N o NR, QN /N
| L L vy Os  N-R
R R >~ R R R\ _ \|/
1 2 3 R 4 R 5
6-membered 5-membered 4-membered
metallacycles metallacycles metallacycle

Figure 1 Bidentate, monoanionic N,O-chelates are commonly used ligands for the
generation of six-, five- and four-membered metallacycles

Bidentate, monoanionic N,O-chelating ligands are ideal supporting scaffolds for
catalytically active early transition metal complexes, as they can accommodate the
changes in coordination number as catalytic transformations proceed. The hard,
electron-rich nitrogen and oxygen atoms are very effective at stabilizing the high
oxidation states of hard, Lewis acidic, oxophilic early transition metal centers. Such
N, O-chelating ligands commonly generate six-, five- and four-membered metallacycles
(Figure 1). One particularly notable ligand set that has been extensively investigated
for olefin polymerization catalysis is the Salen-type phenoxy-imine chelate (1), which,
upon coordination, generates six-membered metallacycles. [4] The related p-ketoimi-
nate (2) motif has been extensively investigated for supporting a variety of electrophilic,
early transition metal centers. [5] Five-membered metallacycles can be readily accessed
from amino acid precursors (3), [6] donor-substituted alkoxides (4), [7] and amido
ether ligands. [6, 8] Such supporting ligands have been explored for a variety of early
transition metal catalyzed reactions including olefin polymerization and hydroamina-
tion. [3, 9] Both five- and six-membered metallacycles are favored cyclic structures
with minimal ring strain. Thus, such ligands strongly prefer a bidentate binding mode
and the sufficiently long tethers between the donor atoms ensure that they can coordi-
nate to metals with minimal distortion of the anticipated bond angles in classical
coordination geometries, such as octahedral metal centers. [4c]

Of particular interest here is a class of N,O-chelating ligands that generate four-
membered metallacycles with tight bite angles upon chelation. These N, O-chelates are
an underexplored class of ligands that have recently been used to advantage in several
early transition metal catalyzed transformations described here: terminal alkene poly-
merization; [10] ring-opening polymerization (ROP); [11] hydroamination; [12]
hydroaminoalkylation; [13] and hydroalkynylation (enyne formation). [14] This class
of tight bite angle ligands is directly related to bidentate, monoanionic N, N-chelates
that have been extensively investigated (Figure 2): amidinate (6), [15] aminopyridinate
(7), [16] and guanidinate (8) ligands. [15] While the chemistry of such N,N-chelates
has been under extensive investigation by a variety of research groups around the world
for over two decades, it is surprising that N,O-variants have been largely overlooked
until the early 2000s. [10a]

The N,O-chelating motif does offer some inherent challenges in that an asym-
metric ligand set affords the opportunity to access multiple isomers (see below). [17]
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Figure 2 Related tight bite angle N,N-chelates that have been extensively explored in
combination with early transition metals
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Scheme 1 Modular one-step proligand syntheses ensure that steric bulk and electronic
properties can be easily varied

Furthermore, there are minimal opportunities for providing steric protection about the
O-donor of the chelate, which is known to engage in bridging interactions (see below),
thereby promoting the formation of ill-defined aggregate species. [18] As a core aspect
of our work in this field we sought to explore the fundamental coordination chemistry
of this simple N, O-chelating ligand set on early transition metals.

13.1.1 N,O-Proligands

One of the most attractive features of this ligand set is the fact that they are readily
synthesized and have tunable steric and electronic parameters by varying the R and
R’ substituents in the proligand. [19] For example, the amidate ligand (5) can be
generated by deprotonation of the organic amide proligand, which in turn is easily
synthesized from simple and commercially available acid chlorides and amines
(Scheme 1). By varying the nature of the amine and acid chloride reagents, a broad
range of amide proligands can be rapidly prepared.

Initial work focused on the exploration of just amidate complexes, however, a variety
of related N,O-chelates can also be accessed (Figure 3). [20] More recent work has
exploited the use of complementary monoanionic species including ureate, [21]
pyridonate, [22] phosphoramidate, [23] and sulfonamidate ligands. [24] The various
scaffolds contain multiple sites for ligand modification and optimization (e.g., R, R’,
Figure 3) and therefore the steric and electronic properties of these ligands can probe
a broad range of parameters. The straightforward modification of these modular
ligand scaffolds is a particularly attractive quality for catalyst development work,
in that such flexible approaches allow for rapid tuning and optimization of a
particular metal-ligand combination to suit the transformation, substrate combination,
or selectivity required.
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Figure 3 Related bidentate, monoanionic ligands with N,O-donors

The monoanionic ligands in Figure 3 have similar characteristics but are sterically
and electronically unique. The ureate ligand class, closely related to the amidates, con-
tains an amino substituent on the backbone that is capable of engaging in resonance
interactions. This alters the electronic properties of the system, improving electron-
donating abilities of these ligands via n-donation of the backbone nitrogen lone pair.
In the 2-pyridonate ligand system, the nitrogen is part of an aromatic ring and is, there-
fore, both sterically and electronically distinct from the acyclic amidate and ureate
ligands. Furthermore, this cyclic ligand motif reduces one degree of conformational
freedom as the ligand itself is conformationally rigid, unlike the parent amide proligand
that can adopt cisoid- and transoid-geometries. Finally, the substituents R and R’ are
slightly more removed from the N and O donor atoms of the chelate of pyridonate in
comparison with the amidate. Thus the steric bulk imposed by the ligand is farther away
from the metal center than in the parent amidate system, resulting in a more sterically
accessible reactive site. The sulfonamidate and phosphoramidate ligands contain the
tetrahedral phosphorus or sulfur atom in the backbone, rather than the planar carbon of
the amidate, ureate, and pyridonate backbones. These phosphorus- and sulfur-containing
ligands are attractive since they have increased electron-withdrawing properties
compared with the amidate, ureate, and pyridonate ligands and thus they modify the
electronic features of the resultant complexes from those previously mentioned. These
ligands also have increased steric shielding ability due to the bulky substituents on
the tetrahedral S or P atoms in comparison with the planar amidates.

Synthesis and characterization of this class of tight bite angle N, O-chelating ligands
will be described with an emphasis on the amidate ligand set, which has been most
extensively explored to date.

13.1.2 Preparing metal complexes

The modular synthesis of complexes is a desirable quality for ancillary ligands in
catalytic systems. Previous to our investigations, however, tight bite angle N,O-
chelating ligand classes were not extensively investigated as tunable auxiliary ligands;
instead, many of the initial examples of amidate or ureate metal complexes were
products of insertion reactions. Examples of this include the preparation of ureate
complexes by insertion into metal-amido bonds [25] or amidate complexes from
insertion into metal-alkyl bonds (Scheme 2). [26] However, this is a laborious
approach which demands the synthesis of reactive metal amido or metal alkyl reagents
as precursors, significantly limiting the modularity of the synthetic approach.
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Figure 4 Protonolysis (a) and salt metathesis (b) approaches can be used, with proto-
nolysis being the most generally applicable

Furthermore, the complexes formed are also susceptible to further isocyanate inser-
tions leading to product mixtures. [27]

A more attractive and modular route to the synthesis of complexes bearing N,O-
chelating ligands is through protonolysis or salt metathesis procedures (Figure 4).
The neutral proligand for all of the aforementioned classes of ligands contains a proton
of sufficient acidity for a protonolysis reaction with metal alkyl or metal amido starting
materials. This approach can be used to advantage for the one-step synthesis of metal
complexes (Figure 4a). The by-products of the protonolysis approach are volatile
alkanes or amines that can be easily removed from the reaction mixture under reduced
pressure, thereby simplifying the workup and purification procedures. This reaction
can be carried out in a broad range of solvents including non-coordinating hexanes,
[19] aprotic donor solvents such as tetrahydrofuran (THF), [17] and polar solvents
such as dichloromethane. [28] Furthermore, many early transition metal amido
complexes are cost-effective, commercially available precursors.

Another commonly used synthetic strategy involves deprotonation of the proligand
with alkali metal bases to generate a ligand salt that can then react with metal halide
precursors via salt metathesis (Figure 4b). [23] Unfortunately, this traditional approach
for the synthesis of organometallic complexes is of limited usefulness for the prepara-
tion of this class of compounds with early transition metals. This synthetic limitation
may rationalize why such N, O-chelated complexes have not been extensively explored
in the past. Over time we have observed that this method for installing N, O-chelating
ligands is very sensitive to the steric bulk of the ligand, counter-ion effects and solvent
effects. As a result, at present, reactivity trends remain unpredictable. Notably, groups
3 and 4 metal salts often yield ill-defined aggregate species with alkali metal salts
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remaining in the coordination sphere. [29] Successful syntheses have employed sodium
counter ions rather than lithium, and bulky bases, such as hexamethyldisilylamide
(e.g., NaHMDS) over the more nucleophilic metal alkyl reagents. [21b] While groups
3 and 4 metal complexes have presented challenges when employing salt metathesis,
group 5 complexes can be reliably prepared using this approach. [23] This is fortuitous
as group 5 metal salts are commercially available but their metal alkyl and amido
starting materials are less common and often must be prepared. [30]

A significant challenge with these tight bite angle N,O-chelates is the fact that the
resultant metal complexes can contain the ligands bound in a variety of ways. The most
common of these binding modes include monodentate, O- or N-bound, chelating N, O-
bound, and a bridging motif involving multiple metal centers (Figure 5). [20] While such
variable binding modes can be identified by X-ray crystallography and even NMR spec-
troscopy (by using the diagnostic "*C signal of the chelate backbone), [31] it must be
noted that equilibria can exist and it can be difficult to rigorously assign the coordination
environment about the metal center in the solution phase. While such equilibria present
challenges for the careful characterization of the resultant complexes, we postulate that
such coordinative flexibility is advantageous in catalysis (see below).

Groups on both the carbonyl and the nitrogen of the amidate ligand contribute to the
coordination geometry of the resultant metal complex, exemplified by ligands with
lower degrees of steric bulk having a greater likelihood of dimer and oligomer formation.
Consequently, to minimize this possibility, a sufficient degree of steric bulk must be
maintained in the ligand design to encourage discrete single-site metal catalysts.

The electronic and steric asymmetry induced by the presence of the N,O-donor
atoms can also result in ligand hemilability (Figure 6). [32] Hemilabile ligands display
dynamic coordination behavior of the more weakly bound donor atom allowing for
the generation and control of vacant sites at the metal center. The use of specifically
k>-bound, four-membered metallacycles in this family of complexes results in a
propensity for such hemilability, due to the significant ring strain of the chelated

O—[M] O O\ O—[M] o/[M]
R~ R~ R=( M R R\
N N—[M] N N—[M] N M
R R R R/
Monometallic Bimetallic

Figure 5 Variable coordination modes of N,O-chelating ligands accessible

N
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x2-bound O\ /N o Q k!-bound
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Figure 6 Hemilability schematic for metal complexes supported by an asymmetric
bidentate ligand, leading to protected coordination sites
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heterometallacycle. [17] Furthermore, the oxophilic metal centers of the early
transition metal series and the strategic inclusion of steric bulk into the N-donor atom,
suggests that these ligands are most likely to be labile while retaining contact to the
metal center preferentially through oxygen (x'-bound). This fluxional behavior of the
ligand is particularly advantageous for catalytic applications; the hemilabile ligands
add stability to the metal catalyst while retaining the potential for revealing open
coordination sites required for desirable reactivity. The ligand can also assist in the
associative displacement of coordinated products to regenerate the active catalyst.
Ligand hemilability can be difficult to observe, as it is ruled by subtle energy differ-
ences and is difficult to control; however, it provides yet another facet of ligand design
that can be tuned and optimized. We postulate that ligand hemilability is a key feature
in the observed reactivity of these systems and is a powerful ligand design approach
to consider when generating new systems for catalysis. [33]

13.1.2.1 Amidate ligands

With these aspects of ligand synthesis and resultant coordination chemistry taken into
consideration, a summary of reactivity trends within the early transition metal series
is provided. [20] Although the salt metathesis synthetic route has been used with
limited success, it has successfully generated mixed bis(amidate)dichloro complexes
of group 4 metals (Scheme 3). However, this methodology can result in intractable
mixtures of products, including bridged, dimeric, or ill-defined multi-metallic species.
[11, 20, 21b] To date, only bis(ligated)dichloro complexes have been prepared
(Figure 7) and unfortunately all attempts to use such bis(amidate)dichloro complexes
as starting materials for the preparation of alkyl reagents via salt metathesis have not
been successful.

Alternatively, protonolysis is a reliable route to prepare a variety of groups 3, 4, and
5 metal amidate complexes. In most cases, adjusting the ligand to metal stoichiometry
allows for the selective generation of targeted early transition metal complexes. Group
3 mono-, bis-, and tris(amidate) (Figure 8) yttrium complexes have all been prepared
and characterized. The amidate ligands are all bound in a k2-N, O-chelating motif with
a neutrally bound THF solvent molecule in the coordination sphere. In the case of
group 4 complexes tetrakis-, tris- and bis-ligated complexes can be prepared by
controlling the amide proligand stoichiometry; [34] however, all attempted syntheses
of mono(amidate) complexes of group 4 metals have not been successful and ligand

0 P cl
1) NaHMDS, THF, rt R—« M
Group 4 )J\ _R’ ) > N ~ClI
N 2) 0.5 equiv. TiCl,(THF), N
H or ZrCly, toluene R/,
M =Ti, Zr

Scheme 3  Bis(amidate)dichloro complexes can be prepared via salt metathesis
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Figure 7 ORTEP representation of one of two independent molecules (ellipsoids plotted
at 50% probability, toluene molecule and hydrogen atoms omitted for clarity) with selected
bond lengths (A) and angles (°) averaged between the two molecules: Ti-N1, 2.074(5);
Ti~O1, 2.038(4); Ti-N2, 2.062(4); Ti-O2, 2.036(5); Ti=Cl1, 2.246(2); Ti-Cl2, 2.235(2);
CI1-N1, 1.315(8); C1-O1, 1.306(7); C2-N2, 1.314(8);, C2-0O2, 1.308(7); N1-Ti-O1,
63.9(2); N2-Ti-O2, 63.9(2); Cl1-Ti-Cl2, 98.81(8); N1-C1-O1, 112.4(6); N2-C2-O2,
111.4(5). (See insert for color/color representation of this figure)

Figure 8 ORTEP diagram of the solid-state molecular structure of one independent mole-
cule of [(THF)Y(Nap[O,N](i-Pr) ,Ph) , with the probability ellipsoids drawn at the 50% level.
Naphthyl groups (except for ipso-carbon), carbon atoms of the THF groups, and hydrogen
atoms omitted for clarity. (See insert for color/color representation of this figure)
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redistribution is observed. Under such conditions of ligand redistribution, the
bis(amidate)bis(amido) and the homoleptic metal amido complexes result preferen-
tially, although a mixture of products is observed. [34]

Another complicating feature of these asymmetric ligands is the fact that multiple
geometric isomers can result. For example, for the preferentially formed monomeric
bis(amidate) group 4 complexes, there are five possible geometric isomers that can
result, as shown in Figure 9. This large number of potential isomers complicates
spectral assignments and could be another reason why tight bite angle &, O-chelates
have been largely overlooked as auxiliary ligands. However, with the incorporation of
large substituents, we typically obtain crystalline products that display characteriza-
tion data consistent with the formation of a single C,-symmetric product, generally
with cis-labile ligands (L) and either N,N-trans or, as shown, O,O-trans geometries
(Figure 10). [19]

Very sterically crowded group 4 metal complexes bearing three or four amidate
ligands can be synthesized via protonolysis (Figure 11). [34] The tris(amidate)

NR NR (\ o) R L R L
O// oL Cg\ \\\\L RN” ok CN/, \\N> CN// \\O>
RN |\ O’I\L RN |\ /|\ /|\N

(_NR R

Figure 9 Possible isomers of bis(amidate) complexes. L=chloro, alkyl, amido

Figure 10 ORTEP representation of the structure of bis(N-t-butylperfluorophenylamidate)
titanium-bis (diethylamide) at 50% probability ellipsoids. Selected bond lengths (A), and
bond and torsion angles (°): Ti—=N(2), 2.356(7); Ti—O(4), 2.044(6); T—N(9), 1.887(7);
N(2)—C(3),1.272(11); O(4)—C(3), 1.307(10); O(4)—Ti-N(2), 59.6(2); N(2)—C(3)—O(4),
117.4(7); O(4)—Ti—O(7), 155.6(3); N(2)—Ti—N(9), 147.9(3); N(2)—C(3)—C(10)—C(15),
94.2(12). (See insert for color/color representation of this figure)
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complexes can display different coordination modes depending upon the size of the
metal center. The complex containing the smaller titanium metal, which is less able to
accommodate expanded coordination numbers and high steric crowding, contains two
k>- and one k'-O-bound amidate ligands. The larger zirconium and hafnium metal
centers are capable of accommodating three and even four k2-bound amidate ligands,
resulting in complexes with expanded coordination numbers.

Tantalum bis- and mono(amidate) complexes have been prepared using a proto-
nolysis route from the commercially available Ta(NMe,), starting material (Figure 11).
In this case the mono(amidate) complex bears a k*-bound ligand (9) while the
bis(amidate) complex has both a x*>-bound and a k'-O-bound amidate ligand. [35]
Variable temperature NMR spectroscopy has shown that these ligands are fluxional
and change binding mode on the NMR timescale. [35]
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Figure 11 Observed coordination modes for early transition metal complexes contain-
ing amidate ligand(s) synthesized via protonolysis with organic amide proligands
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13.1.2.2 Ureate ligands

To date, work with ureate ligands has been limited to group 4 metals. The salt metathesis
and protonolysis routes with urea proligands are analogous to those utilized for preparing
amidate complexes. The synthesis, structure, and reactivity of titanium and zirconium
bis(ureate) complexes bearing alkyl, [36] chloro, [21b] and amido ligands have all been
reported (Scheme 4). [21a] The ureate ligands examined include both tethered and
untethered bis(ureate) complexes. Studies show that the tethered ligand is often much
more successful in generating well behaved coordination complexes by eliminating the
fluxional behavior and coordination isomerism observed with the untethered bis(ureate)
complexes. [21b] The tethered motif also increases steric accessibility to the metal
center (10), which is particularly attractive for catalytic applications, by enforcing an
equatorial disposition of the ligand. The chloro complexes formed are electron-deficient
complexes and often retain a neutral donor ligand; either the dimethylamine by-product
when mixed amidochloride metal precursors are used or, alternatively, coordinating
solvent. [37] Larger alkyl ligands, for example benzyl groups, allow for the synthesis
of complexes without a coordinating neutral donor ligand by affording greater steric
protection of the metal center. [37]

These complexes have been extensively characterized and the metrical parameters in
the solid-state molecular structures provide firm evidence that the ureate ligands bind
more tightly to the metal center than their amidate counterparts, resulting in shortened
metal-ligand interactions (J. Pacheco et al, manuscript in preparation). The ureate
ligands are observed to be consistently bound in the k>-chelating motif irrespective of
the steric bulk of the ligand. The solid-state data for the tethered complexes reveal
planar sp* geometry of the backbone nitrogen, consistent with lone-pair donation into

Lo a
Pr,N )J\ N'Pr,

NH HN

Ti(NMe,),Cl, or
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Scheme 4 Synthesis of bis(ureate) chloro, alkyl, or amido complexes of group 4 metals.
DME=1,2-dimethoxyethane
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the mt-system. This is not always consistent with solution-phase NMR spectroscopy that
shows magnetic equivalence of the iso-propyl methyl groups in 10, suggesting weak
electron donation by the distal nitrogen, allowing for free rotation about the C(carbonyl)—
N(Pr), bond in solution. [21a]

13.1.2.3 Pyridonate ligands

Until recently, use of the aromatic 2-pyridonate ligand motif with early transition metals
has been scarce, [38] though extensively investigated with late transition metals, [39]
including in the assembly of classic paddlewheel dinuclear complexes that feature
variable metal-metal bonding motifs. Preliminary examples of early transition metal
systems include mixed pyridonate/cyclopentadienyl complexes that display both che-
lating and k'-O-binding. [39b] Using the protonolysis methodology, a variety of group
4 complexes have been synthesized, including titanium alkoxide complexes supported
by 3-substituted and 6-substituted 2-pyridonates, [22b] as well as bis(pyridonate)
bis(amido) zirconium and titanium complexes (Scheme 5). [40] These complexes all
display a k>-N, O-chelating motif with long metal-nitrogen contacts resulting in a formal
assignment of the bonding in these systems being best described as aryloxide neutral
imine donors. [22b] This is also consistent with the multiple bond character of the C—N
bond, due to the aromatic pyridonate ring. One of the key features of pyridonate ligands, and
indeed any cyclic N,O-chelate, is the fact that cis/trans isomerization of the k'-O-bound
species is not possible due to the fact that the carbonyl and N-substituents are tethered.
This removes one degree of freedom from dynamic isomerization processes.

Group 5 pyridonate complexes are also readily prepared by salt metathesis and proto-
nolysis routes to access both mono- and bis(pyridonate) tantalum complexes (Figure 12).
[41] Such complexes can be difficult to rigorously characterize in the solid state as they are
much more soluble than their group 4 pyridonate, or their group 5 amidate, counterparts.

R! 0 R! o
¢ PTi(OR%), 1T|(NMe2)4 ) M(NMe2 <\ M(NMe),
“ohore 2 S NH T2viNme,

R2  M=Ti, Zr
Scheme 5 Synthesis of bis(pyridonate) alkoxide or amido complexes of group 4 metals
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Figure 12 Tantalum mono(pyridonate) (11, left) and bis(pyridonate) (right) complexes
[22d, 41]
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13.1.2.4 Sulfonamidate ligands

Sulfonamidates, also termed sulfonamide and sulfonamido ligands, have a rich
history as ancillary ligands in titanium complexes for application in synthesis. [24a]
The majority of these ligand motifs are the bis(tosyl) ligands based on a chiral
diamine backbone (Figure 13). These tethered ligands are chiral and, therefore, have
the potential to afford enantioenriched products through catalytic asymmetric
transformations. Indeed, these ligands have been extensively studied for the titanium-
catalyzed asymmetric addition of dialkylzinc reagents to aldehydes. [42]

The initial studies used an in situ based procedure to generate the chiral catalyst and
proposed an active bis(sulfonamidate) titanium species. Extensive solution phase and
mechanistic investigations have since been performed, as well as extensive structural
studies on the bonding of these bis(sulfonamidate) systems with titanium; [24a, 43]
common coordination motifs observed during these studies include k*-bound complexes
(Figure 13). The addition of the sulfur into the backbone does significantly alter the
coordination geometries of these complexes compared with the amidate, ureate, and
pyridonate complexes discussed in the above sections. The most evident difference is
the preferential binding to nitrogen in these systems; typically the Ti—N bond distance
is shorter than that of the Ti—O bond. [43b] Notably in these systems the N, O-chelate
can be highly fluxional as the tetrahedral sulfur center is substituted by two oxygen
atoms. This fluxionality contributes to an even more coordinatively flexible system
than the previously presented N,O-chelates. Zhang et al. [44] have also described
axially chiral bis(sulfonamidate) group 5 complexes.
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Figure 13 Representative early transition metal systems containing sulfonamidate and
sulfonamide ligands. Mes =mesityl
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Scheme 6 Salt metathesis can be used for the preparation of phosphoramidate-supported
organometallic complexes

13.1.2.5 Phosphoramidates

Phosphoramidate ligands afford another N, O-chelating motif that incorporates a tetra-
hedral heteroatom into the ligand backbone. In this case, however, there is only one
phosphorus—oxygen multiple bond, thereby defining the nature of the N,O-chelate.
These ligands can be prepared from readily available chlorophosphates and amines via
nucleophilic substitution or phosphites and azides via a Staudinger reaction. [23]
The resultant phosphoramidate proligands are acidic with pK_values of approximately
20 in DMSO; [45] thus, the proligand can be used in combination with homoleptic
amido complexes to access phosphoramidate-supported amido complexes by proto-
nolysis. Alternatively, salt metathesis can be used effectively with these ligands. [23]
Using this approach, mixed phosphoramidate-chloro-ligated species can be formed
and, most interestingly, by using organometallic precursors as shown in Scheme 6,
phosphoramidate-supported organometallic species have been isolated (12). [23] Such
complexes can be prepared on multigram scale, although the methyl derivatives have
proven to be both thermally and light sensitive.

The preceding overview provides a summary of a variety of N, O-chelating ligands that
can be readily prepared from simple commercially available starting materials. The key
features of modular synthesis, hemilability, and coordinative flexibility have been used
to advantage in developing complexes that can be reliably prepared on multigram scale.
The rigorous characterization of these systems in the solid state as well as in solution
phase has provided valuable insight into reactivity trends. These tunable, electrophilic,
early transition metal complexes have been utilized in the development of new reactivity
profiles and desirable catalytic activity for the selective synthesis of C—C and C—N
bonds. Such reactivity has been applied toward industrially relevant polymerizations as
well as selective small molecule synthesis, specifically amine synthesis. Specifically, this
chapter will present advances in catalytic ROPs of lactones, alkene polymerizations and
hydrofunctionalization reactions including hydroamination and hydroaminoalkylation.

13.2 Applications in reactivity and catalysis

13.2.1 Polymerizations

The ability of early transition metals to initiate polymerizations has been known and
utilized since the mid-20th century. [46] Such Ziegler—Natta catalyst systems with
homoleptic and simple Ti and Al compounds have paved the way to the development
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of new catalysts, in large part consisting of metallocene complexes of Ti, Zr, and Hf,
but also in recent years branching into complexes bound by a variety of ligands,
including N, O-chelates. [4c, 47] In addition to these early transition metal promoters,
alkyl aluminum compounds, such as MAO (methylaluminoxane), are necessary to
form active catalytic species. [48]

These advances in reactivity have encouraged the plastic industry of the mid-1900s
to further expand potential polyolefin products. [49] More recently, alternative
biodegradable polymeric materials that can be degraded and destroyed in an environ-
mentally benign manner have been targeted. [SO] Just as early transition metals played
a key role in alkene polymerization, they have been employed in the ROP of cyclic
esters to prepare biodegradable polymers. [51] Notably, complexes bearing amidate,
pyridonate, and sulfonamidate ligands have been applied in the synthesis of these
environmentally friendly materials. [11, 22b, 24b, 52]

13.2.1.1 Alkene polymerization

The polymerization of a-olefins progressed beyond homoleptic chloro and metallocene
complexes to N,O-chelates in the 1990s by employing the phenoxyimine class of
ligand, forming a six-membered metallacycle (Figure 1). [53] Mono- and bis-ligated
phenoxyimine complexes of group 4 metals have experienced success in this applica-
tion, as outlined elsewhere. [4c] In addition to those wider bite angle N, O-chelates,
there are recent examples of four-membered metallocycle N,O-chelated titanium
complexes that have been utilized for this transformation. [10]

An early example of amidate ligands being utilized with early transition metals was
reported in 2001 by Giesbrecht et al. [10a] A tethered bis(amidate) ligand was used to
prepare a dimeric species (Figure 14), which was tested for ethylene polymerization.
In the presence of 500 equiv. of MAO at 1atm ethylene gas only modest catalytic
activity was observed. [10a]

A more recent and in-depth polymerization study of a tight bite angle N, O-chelated
early transition metal being utilized for alkene polymerization was presented by Sun’s
group [10b] in 2010. A set of bis(chloro)mono(cyclopentadienyl)mono(amidate)
titanium complexes, in a half-sandwich configuration, were synthesized. Electronic
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Figure 14 Tethered bis(amidate) titanium complex for preliminary studies as initiators
for ethylene polymerization. Ar=4-tert-butylphenyl, X=NMe, or Cl [10a]
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effects were probed as the para-position of the phenyl group attached to the carbonyl
carbon of the amidate was modified with electron-donating and electron-withdrawing
groups. Additionally, both Cp and Cp* (C,H, and C,Me,) were utilized in select cases
(Scheme 7).

These complexes were used as catalysts for ethylene polymerization with MAO as
a cocatalyst under optimized conditions of 1500:1 Al:Ti ratio and 10atm of ethylene
at 30°C. [10b] The ligands had a clear effect on the catalytic activities: the Cp*
analogs outperformed their Cp counterparts, while electron-donating substituents on
the amidate phenyl led to higher catalyst activity. Thus, the compound with the more
electron-donating para-methoxyphenylamidate and Cp* ligands was found to be the
ideal candidate with the highest activity [2170kg (polyethylene)/mol (Ti)/h]. [10b]
Notably, the preferred complex highlighted above, with MAO, could also catalyze the
copolymerization of ethylene and either 1-hexene or 1-octene with approximately
15 mol% incorporation of the larger terminal alkene. However, the related larger bite
angle N, O-chelates, such as phenoxyimine ligands, commonly achieve activities two
orders of magnitude higher than these titanium amidate catalysts. [4c]

In 2013, Harkness et al. [10c] reported a set of titanium ureate catalysts that were
found to have activity for ethylene polymerization. Both a mono(cyclopentadienyl)
mono(ureate)dichloro titanium complex and a bis(ureate)dichloro titanium complex of
the same ureate ligand were synthesized. An interesting ureate ligand was employed,
bearing the N-heterocyclic carbene IMes on the backbone ureate nitrogen, in an imine-
type moiety (Scheme 8).

B ®
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-
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Scheme 7 Modification of mixed Cp/Cp* titanium amidate complexes to probe ligand
effects upon alkene polymerization [10b]
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Scheme 8 Titanium ureate complexes for application as ethylene polymerization
catalysts.Reproduced from [10c] with permission of American Chemical Society
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The polymerization of ethylene was tested with 1000 equiv. of MAO, with only
latm of C,H, and at room temperature. Under these conditions however, both the half-
sandwich ureate complex and the bis(ureate) complex showed markedly lower activity
than the half-sandwich titanium amidates previously described, with only 60kg
polymer/mol catalyst. [10c]

These examples demonstrate that tight bite angle N, O-chelates of titanium can be
used for alkene polymerization. However, the area is largely unexplored and investiga-
tions have not extended to other early transition metals that have also been commonly
used for this application such as zirconium and hafnium.

13.2.1.2 Ring-opening polymerization of cyclic esters

Alternatively, syntheses of specialty biodegradable polymers, prepared by ROP, have
also been explored using tight bite angle N,O-chelating ligands on a variety of early
transition metals. The prominent monomers used for ROP are lactide, a cyclic six-
membered ring diester, and e-caprolactone, a seven-membered ring ester (Figure 15).
Lactide is also a biorenewable polymer monomer, derived from plant sources such as
corn. [51] Lactide has two stereocenters and therefore, depending on the stereochemistry
of the monomer, the resultant polylactide material can have distinct materials properties
that can be varied through control of the microstructure of the polymer backbone.
Additionally, copolymerization of lactide and e-caprolactone can be used for varying
polymeric properties. [22b]

@ —

Figure 15 Ring-opening polymerization of cyclic esters to make biodegradable poly-
mers: (a) ROP of e-caprolactone; (b) ROP of one enantiomer of lactide to give isotactic
polymer; and (c) ROP of rac-lactide to form polymers of variable tacticity
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Early transition metals utilized for this transformation include groups 3 and 4 metals
such as yttrium, titanium, and zirconium. A number of N, O-chelates are also already
being used to access this type of reactivity, including some wider bite angle N,O-
chelates, [51] but also amidate, pyridonate, and sulfonamidate ligand sets (see below).

Group 3 elements have emerged as being useful Lewis-acidic metal centers for the
ROP of cyclic esters. While these elements are highly reactive for this transformation,
one significant challenge remains — the extreme water sensitivity of yttrium and other
group 3 metals. [52b]

The first report of a group 3 metal bearing a tight bite angle N, O-chelate for the ROP
of a cyclic ester was by Schafer’s group in 2008. [11] These yttrium amidate complexes
were used for ROP of e-caprolactone. The trivalent metal was used to make homoleptic
yttrium complexes, however depending on the synthetic route, monomeric or dimeric
species were obtained. When starting with a tris(amido) complex and using 3 equiv.
of amide proligand in THF, a monomeric yttrium amidate is formed (Figure 11).
The THF-coordinated monomeric complexes of three different amidate ligands were
screened for ROP of e-caprolactone, with a monomer:initiator ratio of 225:1, at 25°C
for 15 min. Moderate to good yields were obtained for these reactions (up to 91%) with
average molecular weights of around 3—4 X 10° g/mol. Comparing the amidate ligands
involved for the three complexes, it was found that electron-withdrawing groups on the
para-position of a phenyl group off the carbonyl carbon of the amidate detracted from
the effectiveness of the initiator.

In a follow up report from Schafer’s group [52a] in 2012, largely focused on studying
the viscoelastic behavior of the polymer, a modified tris(amidate) yttrium complex was
used to initiate ROP of e-caprolactone. This slightly bulkier complex with a diisopro-
pylphenyl on the nitrogen instead of dimethylphenyl, gave lower molecular weight
polymers of just under 1x 10°g/mol, but of a narrower polydispersity index (PDI) of
around 1.5 compared with the values of between 2 and 2.5 achieved in previous studies.

In 2011, Zi’s group [52b] reported two different yttrium amidate systems based on the
idea of incorporating a neutral pendant donor off the nitrogen substituent of the amidate
(Figure 16). Polymerization studies with rac-lactide of these two complexes showed
comparable reactivities, yielding high to quantitative yields over 0.5-2h at 20-40°C,
with molecular weights of 6.5-7.0x 10* g/mol and PDI values of 1.2—1.3. The tacticity
of the polylactide could be determined by NMR spectroscopy. These two initiators could
be used to make polymers with a homotactic bias.

In a follow up report from Zi’s group [52c], a very related set of two more yttrium
mono- and bis(amidate) complexes were reported for their ROP reactivity. Not surpris-
ingly their reactivities as initiators led to very similar polylactide formation, however
with slightly less control over the stereoregularity of the polymer.

In 2012, Sun’s group [10b] reported the use of the same amidate ligands that they
had used on titanium for terminal alkene polymerization, on yttrium for ROP of e-cap-
rolactone. [52d] Going through a salt metathesis route, a highly aggregating series of
complexes were isolated, involving three yttrium atoms. Four differently substituted
amidate ligands were separately installed and all reactivities were found to be
comparable. Interestingly, addition of benzyl alcohol in a 1:1 ratio with the initiator led
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Figure 16 Yttrium amidate complexes for ring-opening polymerization give polylactide.
Reproduced from [52b, 52c] with permission of Elsevier

Figure 17 A titanium sulfonamidate complex for polylactide synthesis

to slightly decreased average molecular weights (9.3 X 10* g/mol down to 5.8 X 10* g/mol)
but largely improved PDIs (from 2.7 to approximately 1.6). [52d]

A report in 2013 by Zhao’s group [52e] described similar types of yttrium amidate
aggregate species for the ROP of rac-lactide. While the molecular weights and
distributions were comparable with previous yttium amidate initiated ROP of rac-
lactide, the selectivity interestingly contrasted with other reports. These initiators
showed a higher likelihood of heterotactic bias.

In addition to the more generally reactive group 3 elements, examples of group 4
metals with amidate, pyridonate, and sulfonamidate ligands have been reported for
ROP of cyclic esters. Such group 4 metals, and in particular titanium, are attractive due
to their low cost, low toxicity, and high earth abundance. Furthermore, such complexes
are known to be more robust than rare earth element complexes and thus less sensitive
to the purity of the monomeric feedstock that is used for ROP.

In 2010, Zi’s group [24b] reported ethanoanthracene-based ligands bound through
two sulfonamidate arms, with two different binding modes (Figure 17). Polymerization
of rac-lactide formed polylactide in quantitative yield with 0.4 mol% catalyst loading at
70°C for 24 h. Average molecular weights were 3.2 X 10* g/mol depending upon reaction
solvent with consistent PDI values of 1.23. [24b] Additionally, a good homotactic bias
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was measured, making these titanium complexes selective for isotactic polylactide but
with less than half the average molecular weights than those initiated by the yttrium
complexes developed by the same group, as described above.

In two reports, Mountford’s group [52f, 52g] reported a series of sulfonamidate
titanium and zirconium complexes and their reactivities toward ROP of both
e-caprolactone and rac-lactide. In this series of complexes, the nitrogen atom of the
sulfonamidate ligand is bound to the metal center; however, only zirconium displays
structural evidence for N,O-chelation of the sulfonamidate in the solid state as seen in
an example in Figure 18. These multipodal ligands were varied and the labile ligands
were substituted to access a wide variety of complexes and identify their reactivities.
General trends unrelated to the sulfonamidate ligand include noting that isopropoxide
rather than dimethylamido labile ligands results in a more controlled polymerization
of e-caprolactone, and zirconium analogs bearing the same ligands are more reactive
than their titanium counterparts. [52f] The zirconium amido complexes bearing these
sulfonamidate ligands achieved average molecular weights of 5.2-7.8 kg/mol with
PDI values of 1.18-1.19 after 1 h at 100 °C.

For the ROP of rac-lactide, the titanium complexes were poor initiators, not leading
to high conversions, while zirconium complexes were more successful, managing high

Figure 18 Zirconium sulfonamidate complex for ring-opening polymerization of
e-caprolactone and rac-lactide. Reproduced from [52f] with permission of American
Chemical Society. (See insert for color/color representation of this figure)
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conversions with molecular weights of 1.3-2.9 X 10* g/mol and PDI values from 1.38
down to as low as 1.08 with 1 mol% initiator. The researchers concluded the least bulky
sulfonyl substituents led to the most active initiators for the ROP of rac-lactide. [52g]
For all studies with rac-lactide, the polymer material was found to be predominantly
atactic.

In 2013, Schafer’s group [22b] reported titanium bis(amidate) and bis(pyridonate)
complexes for the homopolymerization of rac-lactide and e-caprolactone, and also the
formation of a random copolymer of the two. These complexes form pseudo-octahe-
dral six-coordinate species, which were characterized in the solid state. Complexes
were synthesized by first installing 2 equiv. of the ligand on homoleptic Ti(NMe,),
followed by protonolysis of dimethylamido ligands with 2 equiv. of alcohol (Figure 19).

All complexes were used for homopolymerization studies where moderate to good
yields were obtained with a 1:300 [Ti]:monomer ratio, at 100-130 °C over 16-24h.
[22b] For the homopolymerization of rac-lactide, the atactic polymer was obtained
with average molecular weights of 1.4-2.5x 10* g/mol and PDI values of 1.16-1.22,
and for the homopolymerization for e-caprolactone, average molecular weights of
2.0-3.9%x 10* g/mol were obtained with PDI values of 1.28-1.48. Interestingly, for
polylactide, titanium initiators bearing amidate ligands led to higher molecular weights
while a trend existed within the 2-pyridonate ligands where more bulk in the 3-position
and less bulk in the 6-position next to nitrogen led to higher molecular weights.
Curiously, this trend was reversed for the polymerization of e-caprolactone.

The efficiency that this set of initiators showed for both types of polymerization
reactions, and the displayed influence of the bound N, O-chelating ligand, led to testing
for copolymerization of the two monomers. Impressively, the titanium pyridonate
complexes led to a random copolymer with a nearly 1:1 ratio of monomers. These
random copolymers have average molecular weights of 1.8-2.2 X 10*g/mol with PDI
values of 1.29-1.41.

While the differences in reactivities of the N,O-chelated complexes used for
polymerization initiators is often influenced by the metal (e.g., yttrium is typically
more active than group 4 metals), the reactivity trends for the N, O-chelates show that
the ligand has a profound effect on the polymerization. These examples show that
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Figure 19 Titanium pyridonate and amidate complexes for the copolymerization of
e-caprolactone and rac-lactide. Reproduced from [22b] with permission of Royal Society
of Chemistry
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N, O-chelating ligands offer the support to fine tune initiators to not only give improved
activities but, just as importantly, access to more challenging products through stereo-
control and copolymerizations.

13.2.2 Hydrofunctionalization

The most high-profile application of these complexes is as precatalysts for hydro-
functionalization reactions. These are atom-economic transformations that proceed
via E-H activation and selective addition across carbon—carbon multiply bonded
species. In these reactions all of the atoms in the reagents are retained in the product,
eliminating the production of wasteful by-products. With the push toward more
environmentally benign methodologies and the inherent economic advantages of
minimized waste production, such technologies are attractive alternatives to catalytic
transformations with expensive, toxic late transition metals. Furthermore, the
challenge of realizing regioselective and stereoselective transformations when reacting
across carbon—carbon multiple bonds presents opportunities for expanding reactivity
profiles in hydrofunctionalization reactions. Such reactions with early transition
metals have been characterized to proceed through the generation of M—E bonded
species, or may function simply as Lewis acids, as in ROP as illustrated above. Here
we summarize the application of such N,O-chelated complexes in hydroamination,
[52b, 54] hydroaminoalkylation, [31, 55] and hydroalkynylation, [14] and provide
mechanistic insights that illustrate the usefulness of N,O-chelating ligands for
modulating and expanding reactivity and selectivity in these transformations.

13.2.2.1 Hydroamination

Early catalytic investigations with this family of complexes focused on the C—N bond-
forming reaction, hydroamination, which proceeds via N—H addition across alkynes
and alkenes (Figure 20). [9, 56]
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Figure 20 Catalytic inter- and intramolecular alkyne and alkene hydroamination (A-D)
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Hydroamination is an attractive methodology for the synthesis of higher value amine
products, with increased molecular complexity, from readily available starting mate-
rials. The amine compounds produced are relevant to a variety of applications including
pharmaceutical drugs, agrochemicals, and natural product synthesis. Hydroamination
is kinetically challenging, due to the difficulty of bringing together the electron-rich
amine and alkene/alkyne reaction partners and the intermolecular variant of this
transformation has a minimal thermodynamic driving force (A and C in Figure 20).
Thus, initial investigations focused on intermolecular variants of the reaction and more
recently have grown to include expanded substrate scope and realizing stereoselective
transformations.

Transition metal catalysts from across the periodic table have been investigated for
this transformation. [56b, 57] Early transition metal catalysts [58] are of particular
interest due to their high reactivities, with reduced air and moisture sensitivity com-
pared with the rare earth metal systems, and lower cost and toxicity compared with
the late transition metal catalysts. The N,O-ligands generating tight four-membered
metallacycles described above have been studied as precatalysts for hydroamination
methodologies that display promising substrate scope and reactivity.

The bis(amidate)bis(amido) complexes of titanium are a broadly applicable class of
precatalysts for hydroamination. The titanium complexes are the most active for the
hydroamination of alkynes [19] and complex 13 has been identified as an efficient
catalyst for the intramolecular [19] reaction and a regioselective system for the inter-
molecular hydroamination of alkynes, [59] giving the aldimine products selectively
(Scheme 9). This catalyst can also be used with internal alkynes to give good regiose-
lectivity for installation of the amine at the more sterically accessible position. [60]
This titanium catalyst functions well with both aryl- and alkylamines, displays good
tolerance to esters, silyl-protected alcohols, and aryl halide functional groups, and
promotes excellent regioselectivity. The reactive aldimine products can be further
elaborated using one-pot procedures to synthesize aldehydes, [S9] substituted amines,
[59] a-cyano amines, [61] a-amino acids, [61] piperazines and morpholines, [62] and
tetrahydroisoquinoline and benzoquinolizine alkaloids. [S9b] The catalyst is air and
moisture sensitive, but can be prepared and stored in a glovebox or can be prepared in
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situ using simple syringe techniques to give the desired products in excellent yield.
[60] Complex 13 is now commercially available. [63]

The majority of group 4 catalyzed hydroamination reactivity has been proposed to
occur via a [2+2] cycloaddition mechanism (Scheme 10) involving a catalytically
active metal-imido species (A). [64] Mechanistic investigations for the bis(amidate)
catalysts are consistent with this proposal, supported by the lack of reactivity observed
with secondary amine substrates. [64e, 64f, 64 g, 65] Furthermore, titanium terminal
imido complexes supported by amidates have been stoichiometrically prepared
(Scheme 11) and have shown identical catalytic reactivity to the precatalyst 13. [S9b]
The regioselectivity observed with complex 13 is unique among terminal alkyne
hydroamination catalysts and has been postulated as arising due to the hemilabile ami-
date ligand, which can become k'-bound during the catalytic cycle and accommodate
the sterically demanding intermediate metallacyclic product (B). [60]
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Scheme 10 [2+2] Cycloaddition mechanism for alkyne hydroamination catalysis
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Scheme 11 Preparation of catalytically competent terminal titanium imido complex
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Figure 21 Reported early transition metal complex for hydroamination containing the
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Scheme 12 Intramolecular hydroamination of primary aminoalkenes with neutral
bis(amidate) zirconium complexes. Reproduced from [64e] with permisssion of American
Chemical Society and from [65a] with permission of John Wiley & Sons, Ltd

Bergman and co-workers investigated the application of a sulfonamidate complex
(Figure 21) for the hydroamination of alkynes and allenes. [66] These complexes are
significantly more reactive and regioselective compared with Ti(NMe,), or Cp,TiMe,
precatalysts, [64b, 67] which can be attributed to the increased electron-withdrawing
properties of the sulfonamidate ligand. The sulfonamidate titanium complexes
are also proposed to proceed via the [2+2] cycloaddition mechanism shown in
Scheme 10. [66Db]

Group 4 bis(amidate)bis(amido) complexes have also been identified as precatalysts
for the more challenging hydroamination of alkenes. The majority of investigations in
this field focus on the intramolecular cyclization of aminoalkenes with zirconium-based
catalysts. [64e] Neutral group 4 bis(amidate) zirconium amido or imido complexes are
efficient precatalysts for the intramolecular cyclization of primary amines to form
pyrrolidine and piperidine products (Scheme 12). The monomeric imido complex can
be generated by reaction of the bis(amido) complex with 2,6-dimethylaniline and
trapped with triphenylphosphine oxide. [64e] The bis(amido) and imido complexes
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show comparable half-lives for the cyclization reactions, which is consistent with both
precatalysts sharing a common catalytically active species.

The asymmetric version of this transformation, producing enantioenriched a-chiral
amines, is an attractive goal. Following a report by Bergman’s group [68] of neutral
bis(amido) zirconium precatalysts displaying enantiomeric excess values of up to
80%, Schafer’s group [65, 69] described the use of neutral biaryl bis(amidate)
zirconium complexes for this transformation that are proficient in the cyclization of
aminoalkenes with enantiomeric excesses up to 93%. Related chiral tethered
bis(amidate) complexes of Ti and Zr have been reported by others, [70] although no
broadly useful enantioselective catalyst has been developed using this family of cata-
lysts. The rigid nature of the chiral tether was determined to be critical to accessing
high enantioselectivities, as chiral biphenyl backbones afforded improved enantiose-
lectivities over more conformationally flexible chiral binapthyl tethers.

The reaction involves initial formation of the zirconium-imido species, followed by
[2+2] cycloaddition with the C—C unsaturation (Scheme 13). This is consistent with
the observation that bis(amidate) complexes do not mediate hydroamination with
secondary amine containing substrates. The cyclic transition state of the intramolec-
ular reaction determines the regioselectivity of the reaction followed by successive
protonation of the intermediate metallacycle and release of product to regenerate the
catalytically active imido species.

Interestingly, by switching from bis(amidate) to bis(ureate) bis(amido) complexes, a
broader scope of reactivity can be realized in intramolecular alkene hydroamination.
[28] Reactivity studies indicate that the tethered zirconium bis(ureate) precatalysts are
more reactive for intramolecular alkene hydroamination than the titanium analogs,

/NMGQ
NMe2
2 HoN Q&/\
2 HNMe,
[Zr1=N

B

Scheme 13 Simplified [2+ 2] cycloaddition mechanism for the bis(amidate) zirconium-
catalyzed intramolecular cyclization of aminoalkenes
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Scheme 14 Proposed catalytic cycle for hydroamination using zirconium precatalyst 10
in which the key step is a proton-assisted C—N bond formation

consistent with what has been observed with the amidate systems. [64e] The tethered
systems show drastically improved activity compared with the untethered systems. [21a, 21b]
Complex 10 (Scheme 14) was determined to be a broadly applicable hydroamination
precatalyst. [21a] This system is applicable for the intramolecular hydroamination of
alkynes as well as the intramolecular hydroamination of aminoalkenes. Heteroatoms
are also tolerated and most notably this system functions well with a broad variety of
primary and secondary amine substrates. The reactivity with secondary amines is
particularly interesting, as this implies that the bis(ureate) ligand is active via a different
mechanistic pathway than that followed by most group 4 hydroamination catalysts.
Extensive mechanistic studies support the catalytic cycle shown (Scheme 14) which has
been independently corroborated by computational studies. [37, 71] The key step of this
mechanism is a proton-assisted C—N bond formation via transition state A (Scheme 14).
This novel reactivity has been attributed to increased nucleophilicity of the equatorial
amido ligand because of the electron-rich ureate ligand, as well as the sterically
accessible metal center that can readily accommodate seven-coordinate species.
This expanded coordination number is critical for coordinating a neutral amine that
participates in proton transfer. [37, 71]

Bis(pyridonate) zirconium complex 14, bearing sterically demanding pyridonate
ligands, can be synthesized via protonolysis (Scheme 15), and is an active precatalyst
for the intramolecular hydroamination of aminoalkenes to generate pyrrolidine and
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Scheme 15 Bis(pyridonate) bis(dimethylamido) zirconium complex 14 that promotes
both hydroamination and hydroaminoalkylation

piperidine products. Substrates that are more challenging for hydroamination, such as
those without gem-disubstituents, can undergo both hydroamination and an unexpected
intramolecular hydroaminoalkylation reaction (see below) resulting in undesirable
product mixtures. [72]

By exploiting the variability of the N, O-chelating ligands, a family of hydroamina-
tion catalysts have been developed. To date, these systems display impressive substrate
scope, accommodating intra- and intermolecular alkyne hydroamination and intramo-
lecular alkene hydroamination. Outstanding regioselectivities can be realized and
impressive enantioselective transformations have been achieved. Intermolecular alkene
hydroamination is an outstanding challenge in the field broadly, and has not been
reported for N,O-chelated complexes. With the synthetic flexibility accessible with
these complexes, and the fact that recent mechanistic insights have shown that both
[2+2] cycloaddition and proton-assisted C—N bond formation are accessible to these
complexes, new approaches for enhancing reactivity are under investigation.

13.2.2.2 Hydroaminoalkylation

Catalytic hydroaminoalkylation is an emerging 100% atom economic C(sp*)-C(sp?)
bond forming strategy, involving the addition of a C(sp*)—H bond adjacent to nitrogen
across a C=C bond (Scheme 16). [55b] While the early transition metal community
refers to this transformation as hydroaminoalkylation, this transformation is the same
as the late transition metal catalyzed C—H alkylation reaction which has attracted
significant attention over the past decade. [16d, 73] One notable difference between the
early transition metal variant and the late transition metal reaction is the fact that late
transition metals require the installation of directing and/or protecting groups to direct
the site of C—H activation (presumably via oxidative addition), while early transition
metals require secondary amines to first form M—N bonded species which then undergo
C—H activation o to nitrogen. The use of inexpensive early transition metal (Ti, Zr, Ta, Nb)
catalysts of low toxicity hold promise in the development of hydroaminoalkylation catalysts.
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Scheme 17 Proposed catalytic cycle for the hydroaminoalkylation of secondary amines
with tantalum precatalysts

Such transformations were first reported in the 1980s, [74] although it was not until
2007 that the synthetic potential of the reaction was further explored. [75]

Catalytic hydroaminoalkylation was first reported in 1980 by Clerici and Maspero
[74b], when dimethylamine or diethylamine was observed to undergo a-alkylation at
high temperatures (160-200°C) in the presence of simple alkene substrates with
catalytic amounts of homoleptic dialkylamido zirconium, niobium and tantalum
complexes. Later, Nugent et al. [74a] used deuterium labeling studies to show that this
reaction proceeds via a catalytically active metallaziridine complex (A, Scheme 17),
which is formed upon hydrogen abstraction. Alkene insertion into the reactive M—C
bond of the metallaziridine results in the formation of the five-membered metallacycle
B, which can then undergo protonolysis to give a new bis(amido) poised for hydrogen
abstraction and product elimination.

This mechanistic proposal is consistent with recent reported results for hydroaminoal-
kylation. [35, 76] Furthermore, metallaziridines are an interesting class of organometallic
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Scheme 18 Synthesis of bis(amidate) tantalaziridines

Figure 22 ORTEP plot of the solid-state molecular structure of a bis(amidate) supported
tantalaziridine. Reproduced from [31] with permission of John Wiley & Sons, Ltd.
(See insert for color/color representation of this figure)

compounds in their own right. [77] As shown in Scheme 18, the protonolysis reaction of
sufficiently bulky amide proligands with pentakis(dimethylamido) tantalum results in the
generation of 3 equiv. of dimethylamine and results in the room temperature formation
of the tantalaziridine (Figure 22). Notably, this tantalaziridine is also a competent inter-
molecular hydroaminoalkylation catalyst, although reactivity is sluggish for this sterically
bulky system. [31]

Considering the sluggish reactivity of these systems, and the promising reported
reactivity of simple Ta(NMe,)), [75] and [TaCl,(NMePh),], [78] for intermolecular
hydroaminoalkylation, less sterically congested mono(amidate) complexes were tar-
geted. The axially chiral biaryl-based bis(amidate) ligands support catalytic systems
that are generally less reactive than their mono(amidate) counterparts but promote
enantioselective hydroaminoalkylation with enantiomeric excesses reported of up
to 93% (Scheme 19). Group 5 mono(amidate) complexes have been successfully
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Scheme 20 The diastereoselective direct C—H alkylation of six-membered N-heterocycles

prepared and in particular, mono(amidate) tantalum complex 9 is a broadly applicable
precatalyst for the intermolecular hydroaminoalkylation of terminal alkenes.

Complex 9 remains one of the most broadly applicable catalysts for this reaction,
catalyzing hydroaminoalkylation with N-arylalkylamines, including controlled
monoalkylation of dienes. This reactive catalyst 9 even displays tolerance of oxygen-
containing substrates. Most importantly, this remains the only catalytic system
capable of the direct C—H alkylation a to N of unprotected heterocyclic amine
substrates. Such products are potentially important structural motifs for exploration in
medicinal chemistry. In all cases this precatalyst shows regioselective hydroaminoal-
kylation to generate the branched product, and excellent diastereoselectivity when
applicable (Scheme 20). [79]

An investigation of factors in N, O-chelate design and how it affects hydroaminoal-
kylation have resulted in some general trends that suggest that the hemilabile chelating
motif is favorable for enhancing reactivity. [35] Furthermore, the nature of the N,O-
chelate can be varied and can include amidate, ureate, pyridonate and sulfonamidate
ligands. [80] The comparison of various ligands with different steric bulk and electronic
features in the preferred test reaction of 1-octene with N-methylaniline showed that
sufficient steric bulk must be incorporated into the reaction, presumably to promote
dissociation of the product upon hydrogen abstraction of the bis(amido) intermediate
C (Scheme 17). [31] Also, increasing the electron-withdrawing character of the
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N, O-chelate resulted in improved reactivity. [31] Throughout these investigations, ele-
vated temperatures were required to realize meaningful reactivity within 24 h. Thus, by
taking the insights provided through the ligand structure/catalyst function investiga-
tions described above, we targeted an N, O-chelate that could realize catalytic turnover
at reduced reaction temperatures. Such catalysts would be more amenable toward
application in practice as temperatures in excess of boiling points of common solvents
(e.g., toluene, 110°C) are undesirable.

New catalyst development efforts have exploited the incorporation of a tetrahedral
phosphorus heteroatom in the backbone of the N, O-chelate to generate a new modular
class of tantalum precatalysts. [23] The phosphoramidate tantalum complex 15
(Figure 23) displays significantly improved reactivity for the hydroaminoalkylation of
secondary amines eliminating the need for high reaction temperatures, catalyzing the
hydroaminoalkylation of 1-octene with para-methoxyaniline in 86% yield after 20h at
room temperature. [23] This reactivity has been attributed to the increased electron-
withdrawing nature of the phosphoramidate ligand, combined with the chloride ligand
to give a more electropositive and reactive metal center.

Complex 15 illustrates the importance of incorporating an N, O-chelate of sufficient
steric bulk on an electrophilic metal center to achieve overall improved reactivity.
While these room temperature transformations are promising, this complex is not
thermally robust and thus displays limited substrate scope. In particular, heating to
promote reactivity with unstrained internal alkenes or challenging N-heterocyclic
substrates results in no appreciable product formation and catalyst decomposition, as
noted by *'P NMR spectroscopy.

Doye’s group [81] showed that a dinuclear titanium-sulfonamidate complex
(Scheme 21), with a tetrahedral sulfur in the ligand backbone, can be used for intermo-
lecular hydroaminoalkylation as well. This system gives mixtures of branched and
linear products, although to date there has been no mechanistic rationale provided for
the reduced regioselectivity of group 4 metal complexes in this transformation. There
has been one report by Zi’s group [44] that describes axially chiral bis(sulfonamidate)
tantalum and niobium complexes for application as precatalysts for hydroamination
and hydroaminoalkylation. Unfortunately, these complexes did not show any reactivity
for either of these reactions.

Our attention turned toward the challenge of developing an alternative, robust N, O-
chelated complex for improved substrate scope. A mixed 2-pyridonate-Ta(NMe,),Cl

o)
\/O\ A N
O/PQ‘N /TaCIMeS

ot

Figure 23  Phosphoramidate tantalum alkyl precatalyst for room temperature hydroami-
noalkylation
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Scheme 22 2-Pyridonate Ta complex for the first example of hydroaminoalkylation with
unstrained internal alkenes to give branched products

complex (16, Scheme 22) was prepared using a simple salt metathesis route with
Ta(NMe,),Cl, as a starting material. [22d] This mixed chloride pyridonate is suffi-
ciently robust to tolerate elevated temperatures and most importantly, it can handle
challenging substrates such as internal alkenes. [22d] To date, this N,O-chelated com-
plex is the only example of hydroaminoalkylation (or C—H alkylation) using internal
alkenes to give branched products. The increased accessibility to the metal center in
this complex is postulated to result in a system that can handle the increased steric
demands of cyclic alkenes and both cis and trans internal alkenes. [22d]

Catalytic challenges that are currently being targeted in intermolecular hydroaminoal-
kylation include the development of catalyst systems that require only modest reaction
temperatures for the direct alkylation of N-heterocycles. Another area of interest is
the preparation of new chiral complexes suitable for enantioselective transformations.
The development of a broadly useful, yet regioselective and stereoselective catalyst will
be of interest to the synthetic community.

An interesting observation in these investigations is the fact that intermolecular
hydroaminoalkylation catalysts are not viable for application in intramolecular reactions.
Furthermore, there are no catalysts that are effective for the intramolecular hydroamino-
alkylation of secondary aminoalkenes and all high yielding examples of intramolecular
hydroaminoalkylation are restricted to primary aminoalkenes. Meanwhile, intermolec-
ular hydroaminoalkylation with primary amines has not yet been reported.

Early examples of intramolecular hydroaminoalkylation were reported as side-
products accessed unexpectedly during hydroamination investigations using group 4
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Scheme 24  Bis(2-pyridonate) Zr-catalyzed hydroaminoalkylation

metals. [82] In fact, when intermolecular hydroaminoalkylation catalysts are explored
for intramolecular hydroaminoalkylation, hydroamination products result (Scheme 23).
[44,83] Early efforts to explore the application of N,O-chelated early transition metal
complexes using 2-pyridonate ligated zirconium metal complexes resulted in mixtures
of hydroamination and hydroaminoalkylation products. [72] The ratio of hydroamina-
tion to hydroaminoalkylation products is substrate controlled, such that substrates with
reduced activation barriers to cyclization undergo hydroamination to give a racemic
mixture of substituted piperidines and azapanes, while other more challenging sub-
strates undergo hydroaminoalkylation to give amine-substituted cyclopentanes and
hexanes as a mixture of diastereomers (Scheme 24).

As mentioned above, only primary aminoalkenes are suitable substrates for hydroami-
noalkylation and it is known that many group 4 complexes invoke catalytically active
imido complexes for hydroamination. Such imido complexes are also known to access
bridged bonding motifs, which are commonly observed in a broad range of early
transition metal complexes, including some examples of rigorously characterized N, O-
chelated early transition metal bridged imido complexes (Figure 24). [37] Furthermore,
such bridged species are proposed to be catalytically inactive for hydroamination.
However, an unexpected hydrogen abstraction from such a bridged imido resulted in the
preparation of a bridged metallaziridine complex (Figure 25). [72]

The formation of such bridged metallaziridine species rationalizes the selectivity for
primary amines and suggests that dimeric species may be key catalytic intermediates. This
is further supported by experiments that illustrated that increasing catalyst concentration
results in an increase in hydroaminoalkylation product versus hydroamination product.
[72] Therefore, we proposed that catalyst-controlled chemoselectivity for hydroaminoal-
kylation (C—C bond formation) versus hydroamination (C—N bond formation), could be
achieved by designing catalyst systems that promote the formation of bridged species.
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Figure 25 A bridged metallaziridine with another bridging imido, u-amidate and two
terminal k*-amidate ligands. (See insert for color/color representation of this figure)
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Scheme 25 Intramolecular hydroaminoalkylation catalyst with excellent chemoselectivity

To this end, a titanium bis(2-pyridonate) complex (17) has been developed. [22c] These
catalytic systems promote catalyst-controlled selectivity for hydroaminoalkylation over
hydroamination and for the first time amine-substituted cyclopentanes can be prepared
preferentially over piperidine hydroamination products (Scheme 25).

The working hypothesis for this catalyst-controlled selectivity is presented in
Scheme 26. Catalyst systems that favor the formation of terminal imido complexes are
proposed to promote the formation of hydroamination products with substrates that
can do either hydroamination or hydroaminoalkylation.
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Scheme 26 Simplified proposed mechanism for hydroaminoalkylation promoted by
dimeric complexes via a bridging metallaziridine

Intramolecular hydroaminoalkylation presents a unique challenge in that the two tar-
geted reactions, hydroamination and hydroaminoalkylation, are proposed to be accessed
from the same reactive intermediate. Mechanistic investigations provide insight in how
to toggle between the two reactivity profiles. The flexibility of the N,O-chelating
ligands, with their easily tunable features, provide opportunity for designing catalyst
systems with specific structural features and in this case, promoting the formation of
dimeric species in situ. This is another example of how these simple ligands that are
easily prepared can be used to advantage in targeting selected transformations.

13.2.2.3 Hydroalkynylation — enyne formation

Terminal alkynes can undergo dimerization via hydroalkynylation to give enynes. [14]
While many metal-based catalysts are known to mediate such reactivity, [84] control of
regiochemistry and stereochemistry remains a challenge, as many reactions give mixtures
of products (Scheme 27). Interestingly, the Zr complex 10 that was originally developed
for hydroamination catalysis was noted to dimerize phenylacetylene to give selectively the
Z-enyne product in high yield when aniline was used as an additive in the reaction
(Scheme 28). [14] In the absence of amine additive there is no catalytic reaction.

The selective formation of specifically Z-enynes has been rarely reported, [84b, 85]
and presents an interesting mechanistic question, as previous catalytic syntheses of
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enynes using group 4 metal catalysts have yielded mixtures of products with gem-
enynes being preferentially formed. [84e, 84f] Investigations of this transformation are
on-going and preliminary work suggests that dimeric bridging imido species may be
key reactive intermediates here as well. [14] Similar dimeric species have been postu-
lated as key reactive intermediates in the selective formation of Z-enynes with rare
earth metal catalysts. [84b]

Z-Enynes are useful synthetic building blocks that can be assembled in an atom-
economic fashion by hydrofunctionalization. Future work on this transformation aims
to develop further mechanistic insight and use these observations to enhance catalyst
development efforts. With a more detailed understanding of the nature of the Zr—C
bonded intermediates involved in this transformation and the exact role of the aniline
additive, alternative reactivity profiles will be targeted.

13.3 Conclusions

The N, O-chelating ligands such as amidates, ureates, phosphoramidates, sulfonamidates,
and pyridonates represent modular ligands with easily varied steric and electronic prop-
erties. While the ligands themselves are derived from common organic small molecules,
this family of early transition metal complexes has only been carefully investigated over
the past decade. Fundamental insights into the limitations in preparing complexes, and
the complicated equilibria that have been observed for these systems have been
established in fundamental coordination chemistry investigations. Organometallic reac-
tivity investigations have provided foundational insights toward reactivity trends with
these coordinatively flexible complexes. The ease of synthesis of a variety of related
ligands allows for facile tuning and optimization of catalytic reactivity. Applications of
these systems range from terminal alkene and cyclic ester ROPs through to various
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hydrofunctionalization transformations. Notably, these complexes have been used to
address challenges in the catalytic synthesis of selectively substituted amines from
simple amine and alkene starting materials. Such 100% atom-economic transforma-
tions are attractive targets for developing new synthetic methodologies.
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Index

c-acceptor 243-244
acceptor sites, ambiphilic ligands
238-239

acetonitrile 258
acetophenone 209

catalyst activity 224

derivatives 211
achiral catalysts, aluminum 287
acid base concept

Lewis, see Lewis ...

Pearson’s 8
acid esters, -arylamino 97
acid-labile groups 58
acidity, metal hydride complexes 208
acrylonitrile, CM 28
activation

cooperative 258-261

N, and CO 262-264

reversible 261
active transmetalating species 166—168
activity

ATH 224-226

structure—activity relationship 26, 144
“actor ligands” 176-179
acyclic diaminocarbene-based catalysts 31
acyclic diene metathesis (ADMET) 18
adamantyl-activated catalysts 37, 39
adamantyl-based chelates 41
adamantylazide 197

addition

anti-Markovnikov 324

ATRA 324-325

carbenes 312-314

nitrenes 319-321

oxidative, see oxidative addition
aerobic oxidation, benzyl alcohol 188
Ag, see silver
air-stable ligands 109-112, 115-116, 253
alcohols

benzyl 188

functionalization 314

primary 194

secondary 193
aldehydes

epoxidation 323

Pd-catalyzed umpolung allylation 87

“protected” phosphine 220

racemic 2-substituted 81-82
alkanes

dehydrogenation 324

transfer hydrogenation 258-261
alkenes

carboamination 98

catalytic hydrogenation 261

hydroamination 384, 387

polymerization 377-379
alkoxide bis(pyridonate) complexes 374
alkoxide initiator 273
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alkyl-alkyl Negishi coupling 165-167
alkyl-alkyl Suzuki-Miyaura coupling 156
alkyl complexes 333
alkyl heterocycles 170
N’-alkyl NHCs 28
alkyl precatalyst, tantalum 394
(alkyl)(amino)carbene-based catalysts,
cyclic 30
alkylation
diastereoselective C-H 393
1,4-dibromobenzene 165
direct C-H 393
alkylic C-H bonds 322
alkylidene ligands 38
alkylidenes 350
alkyls, homoleptic Ln(II) 334
alkylzinc reagents 168
alkynes
catalytic hydrogenation 261
[2 + 2] cycloaddition 386
cyclopropenation 314
enyne formation 399
hydroamination 384
reductive coupling 88
allenes 97-98
allylation 87
allylbenzene 24, 28-29, 31
allylboronic acid 158
allylic amination 95-97
allylic cyclization 97-98
alternative NHC ligands 29-31
aluminum, achiral catalysts 287
aluminum complexes 277-278, 285-286
salen 285-286
Alzheimer’s disease treatment,
rivastigmine 81
ambiphilic ligands 237-269
coordination 242-251
general structure 238-239
amidate complexes
tantalum 372
titanium 383
Y 381
amidate ligands 369-372
amidates 363-404
amide proligands 372
amido complexes 209
bis(pyridonate) 374

amidophenolato dianion 199
amination
BHA 104-105, 108-112
Pd-catalyzed allylic 95-97
sp> C-H 200

Index 407

amine-aldehyde components 215

amine derivatives 135
amines
aromatic 92
o-chiral 388
functionalization 314
secondary 391
aminoalkenes 387-388, 396

aminobiphenyl palladacycles 112

aminophosphine ligands 77

ammonia, monoarylation selectivity

108-117
amorphous PLA 271
ancillary ligands 4
C(sp?)-bonding 105-107
imidazole-based 120
in situ arylation 128
modification 125-127
N, O-chelates 366
“repurposing” 110
Andersson’s quadrant model 60
anilines
as synthons 117

diphenyl hydrazine disproportionation 189

pharmaceutical 108

anionic ligands, variation 31-32, 38—40

ansa-metallocenes 338

anti-bacterial pharmaceuticals 123

anti-depressants 117
anti geometry 22
anti-Markovnikov addition 324
anti-metallacycles 42
apical position 220
arenes, zerovalent 342
aromatic amines 92
aromatic C-H bonds 322
direct oxidation 324
aryl bromides 148
aryl groups
variation 40-41
fluorinated 123
aryl halides 104, 123-129
KTC coupling 147-148
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p-aryl p-ketoesters 80
N-aryl NHCs 28
aryl pseudohalides 104
nucleophilic fluorination 123-129
aryl transfer 125
aryl triflates 124-125
B-arylamino acid esters 97
arylation
in situ 128
Rh-catalyzed 86-87
Suzuki-Miyaura 156
2-arylaziridines 156
arylboranes 261-262
asymmetric catalysis 66—103
asymmetric cyclopropanation, styrene 314
asymmetric direct hydrogenation
(ADH) 205, 212
catalytic properties 230
asymmetric hydrogenation 205-236
Ir-catalyzed 46-65
rhodium-catalyzed 47
spiro ligands 73-84
asymmetric Suzuki—-Miyaura coupling
153-155
asymmetric transfer hydrogenation
(ATH) 206-207, 212
activity 224-226
catalytic properties 229-230
atom transfer radical reactions 324-326
atorvastatin 123
Au, see gold
auto-aggregation prevention 77
axial chiral biarylphosphite moiety 54
2-azabiciclo[3.3.1] nonanes 326
azides
organic 191
unactivated 200
aziridination 319-320
furans 321
azlactones 89
azobenzene 189

B-H bond insertion 95
backbones
Binap 299
cyclohexyl 298
fused hetero spiro 68
modification 139-140
spiro[4.4]nona-1,6-diene 72

base-sensitive functionalities 114
bases, Lewis, see Lewis bases
bent geometries, lanthanides 334
benzene 313, 340-342
benzo spiro rings 71-72
benzoquinone 192
benzyl alcohol, aerobic oxidation 188
BHA (Buchwald—Hartwig amination)
104-105, 108-112
biaryl ligands 69
biaryl monophosphine ligands 112-113
biaryl monophosphines, XPhos-type 118
biaryl phosphines, Suzuki-Miyaura
coupling 253-255
biaryl products, ortho-substituted, see
ortho-substituted biaryl products
biarylphosphite moiety 54
bicyclic pyridine-phosphinite ligands 61-62
bidentate N,O-chelates 364
Binap backbones 299
binaphthyl compounds 153-155
binuclear Ru catalysts 182
biodegradable polyesters 270
biodegradable polymers 379-383
biodegradation, organic compounds 186
bioxazoline-derived NHC ligands 149
{BIPM™S$}2- ligand 351
BippyPhos 110-111, 130
hydroxylation of (hetero)aryl halides
121-122
bis-ene-amido complexes 226
bis-iminophenolate ligands, non-
innocent 187
bis-iminopyridine Co(II) complex 183
bis(amidate) complexes, isomers 371
bis(amidate) tantalaziridines 392
bis(amidate) titanium complex 377
bis(amidate)dichloro complexes 369
bis(diphenylphosphino)methane, see dppm
bisphosphine-borane Rh complexes 245
bisphosphine ligands 9
bis(pyrazolyl)methane ligands 275
bis(pyridonate) complexes 374
bis(sulfonamidate) titanium species 375
bis(ureate) complexes 373
bond insertion 91-95
bonding
alkylic/aromatic C-H bonds 322
C-C 8591, 140-141, 184, 190



carbon-heteroatom 91-98
covalent bond classification 2—4
C(sp?)- 104-133
C(sp*)-C(sp®) 390
elementary concepts 2—4
ionic 331
metal-ligand 1
multiple 350-356
Nalewajski—-Mrozek bond index 353
0-0 183
polar 211, 352
proton-assisted C-N 389
saturated bonds 315
sp*-sp*/sp>-sp? bonding 156-158
transannular 246
boranes 255-262, 244
boron-free Buchwald-type ligand 254
boronic acid 149
ortho-boryl phosphines 253-255
“bottom-bound” pathway, metallacycles
19-21
bridged metallaziridine species 396-397
bridging coordination 243-248
M-X bonds 248-250
bromides
aryl 114
cyclohexylmagnesium 147
(hetero)aryl 127-128
isopropenylmagnesium 148
Pd-catalyzed cross-coupling 119
see also halides
3-bromo-5-phenylpyridine 120
2-bromoarylacetylenes, functionalized 110
bromomesitylene 121
Biichner reaction 313
Buchwald-Hartwig amination (BHA)
104-105, 108-112
Buchwald palladacycles 112-114
Buchwald-type ligand, boron-free 254
buried volume (V, ) 11-12, 137, 152

C-C bonding
cross-coupling 140-141
redox non-innocent ligands 184
reductive elimination 190
spiro ligands 85-91
C-donor ligands 333-344
C-H alkylation 393
C-H bonds, functionalization 322

Index 409

C-N bonding, proton-assisted 389
C,-symmetric ligands 47
CAAC:s (cyclic (alkyl)(amino)carbenes) 30
cage complexes 248
e-caprolactone 379-383
carbenes
addition 312-314
Ce complexes 353
Fischer 196
insertion 314-319
Ln 350
NHC, see N-heterocyclic carbenes (NHC)
Pd-N-heterocyclic complexes 134-175
scandium complexes 354
TEP values 7
transfer 196
transition metal 15
carboamination 98
carbodiimides 191
carbon dioxide, supercritical 317
carbon-heteroatom bonding 91-98
carbonyl compounds 86-87
carbonyl groups 114
carboxylic acids
heterocyclic 76
unsaturated 57-58, 75-78
carboxylic esters 63
carboxylic ketones 63
Carnegine 74-75
catalysis
asymmetric 66-103
coinage metal 308-329
N, O-chelates 376-399
redox non-innocent ligands 176-204
catalysts
achiral 287
acyclic diaminocarbene-based 31
adamantyl-activated 37, 39
(alkyl)(amino)carbene-based 30
asymmetric hydrogenation 205-236
binuclear Ru 182
catechol-based Z-selective 35
CGC 338-339
chiral, see chiral catalysts
constrained geometry 10, 338-340
Crabtree 60
cyclometallated Z-selective metathesis
36-42
deactivation pathway 51
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catalysts (cont’d)
dithiolate-based Z-selective 34-36
Fe, seeiron ... 213-216
first-generation 25-26
fluorinated 317
hydrosilylation 261
ill-defined 16
lactide ROP 282-283
mesityl-activated 37, 39
monophosphate metathesis 32
monopivalate Z-selective 36
nitrate-substituted 40
Noyori-type Ru 207
oxazoline-based 53-54
phosphanyl oxazoline-derived 55
phosphonium alkylidene 21
pivalate-substituted 40
reactivity of Z-selective 42
Rh-, see rhodium ...
ROP 272
Ru-, see ruthenium ...
Sc, see scandium ...
Schrock’s olefin metathesis 8
second-generation 25-26
Sharpless’ epoxidation 8
SIPHOX-based 55-57, 69-70
structure 15-45
thiazolium-based 29
thiophenolate-based Z-selective 33
Ziegler—Natta 376
Zr, see zirconium ... 399
“catalytic pocket” 310
catechol-based Z-selective catalysts 35
cationic iridium complexes 75
cationic iron complexes 215
cerium complexes
carbene 353
oxidation 348
oxo 356
tethered NHC 343
CGC (constrained geometry catalysts) 10,
338-340
chalcogen bridges 278
chelates
adamantyl-based 41
iridium complexes 55
N,0- 363-404
optimal ring size 215

chemoselectivity 115-117, 397
a-chiral amines 388
chiral auxiliaries 67
chiral biarylphosphite moiety 54
chiral binaphthyl compounds 153-155
chiral catalysts, “privileged” 66, 71
chiral diaminophenolate ligands 292-297
chiral indium salen complexes 297
chiral inducing models 89
chiral ligand elements 207-208
“chiral pocket” 70
chiral proligands 293
chiral spiro ligands 66-72
chloramine-T 319
chlorides
aryl 114
Pd-catalyzed cross-coupling 119
see also halides
cholesterol, treatment of high
cholesterol 123
ciprofloxacin 123
cis-cyclopropanation olefins 312
cis-1,4-diacetoxy-2-butene (CDAB)
24,29, 31
cyclometallated metathesis 36-37
cis—trans selectivity 15-45
CM, see cross metathesis
cobalt complexes 183, 186—-187
coinage metal catalysis 308-329
complexes
Ag 309
alkoxide 374
aluminum 277-278, 285-286
amido 209, 374
Au 246-247, 251
bis-ene-amido 226
bis-iminopyridine Co(I) 183
bis(amidate) 371
bis(amidate)dichloro 369
bis(pyridonate) 374
bis(ureate) 373
cage 248
cationic iridium 75
cationic iron 215
Ce 343, 348
Ce carbene 353
chelate, see chelates
chiral indium salen 297



cobalt 183, 186—-187
coordination 176

copper 246-247, 309
diamagnetic iron 213-214
dianion 341

dimeric 398

dinuclear Pd 146
dinuclear titanium-sulfonamide 395
ethoxide 294

Ga 278

hafnium alkoxide 289
indium 294-297

Ir 61, 63

iron, see iron complexes
Ln-arene 340-341

Ln benzene 340-342

Ln bis(arene) 342
Ln-imido 354-355
magnesium 275

metal, see metal complexes
metal hydride 208
naphthoquinone 142
neodymium-gallyl 344

Ni 183, 250

open-shell porphyrin 195
oxidation states 177

oxo 187,356
paramagnetic iron 214
Pd, see palladium ...
pendant Lewis acids 242
pentadentate ferraaziridine 218-219
pincer ligands 10, 191, 197
Re 187-188

reactivity 251-264, 256
SalBinap 298

salt metathesis 376

Sc carbene 354

Sm methanediide 351
square planar 6

tantalum amidate 372
tantalum pyridonate 374
tethered bis(amidate) titanium 377
Ti amidate 383

Ti imido 386

Ti pyridonate 383

Ti sulfonamidate 381

Ti ureate 378

transition metal 309

Index 411

triphosphine-borane 246
v 336-338
Y amidate 381
Y methanediide 352
Zn 275-277,292-294
Zr, see zirconium ...
see also ligands
condensation, Schiff base 210
cone angle
ligands 11, 136
Tolman 136, 224
conformation, “open-book” 351
conjugate ketones 79
constrained geometry catalyst (CGC) 10
Cp 338-340
cooperative activation 258-261
cooperative hydrogenation, styrene 260
cooperative ligand-centered reactivity 192—195
cooperative non-innocent ligands 12
cooperative substrate-centered radical-type
reactivity 195-200
coordination chemistry 308
ambiphilic ligands 237-269, 242-251
bridging 243-248
coordination complexes, reactivity 176
coordination geometry 5
irregular 331
coordination—insertion mechanism 273
coordination sphere 60, 216
lanthanides 333
Ru 258
second 262
copper-catalyzed N-H bond insertion 91-93
copper-catalyzed O-H bond insertion 93-95
copper complexes
phosphine-borane 246-247
Tp* ligands 309
“core-like” valence orbitals 330
coupling
Cross-, see cross-coupling
dehydrogenative 252-253
“head-to-tail” 338
KTC 141-148
Negishi 163-170
Ni-catalyzed three-component 87-89
reductive 88, 263
Suzuki-Miyaura, see Suzuki-Miyaura
coupling
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covalent bonds, classification 2—4
Cp, see cyclopentadienyl
Crabtree catalyst 60
crispine A 74-75
cross-coupling
C-C bonds 140-141
(hetero)aryl triflates 124
Pd-catalyzed 104-133
Pd-N-heterocyclic carbene complexes
134-175
selective 168-170
cross metathesis (CM) 17
productive 20
crystalline PLA 271, 287
C(sp*)-bonding 104-133
C(sp*)-C(sp®) bonding 390
Cu, see copper
cyano groups 114
cyclic (alkyl)(amino)carbenes (CAACs) 30
cyclic esters 270
polymerization 295-296
ROP 379-384
cyclization
atom transfer radical 324
intramolecular 388
Pd-catalyzed allylic 97-98
primary aminoalkenes 396
Rh-catalyzed 89-90
cycloaddition, Au-catalyzed 90-91
[2 + 2] cycloaddition 386
ring-closure reactions 186
[27 + 2x] cycloaddition 184
cyclohexene 181
cyclohexyl backbones 298
cyclohexylmagnesium bromide 147
cyclometallated NHCs 37
substituents 41
cyclometallated Z-selective metathesis
catalysts 3642
1,5-cyclooctadiene 121, 127
cyclopentadienyl (Cp)
constrained geometry 338-340
N,O-chelates 363
substituted 336-338
cyclopropanation 314,91
cis-cyclopropanation, olefins 312
cyclopropenation, alkynes 314
CyPF-tBu 109

DalPhos ligands 115, 130
deactivation pathway, catalysts 51
dearomatization 125
dehydrogenation, alkanes 324
dehydrogenative coupling 252-253
density functional theory (DFT) calculations

asymmetric hydrogenation 57-59

ATH 226

metathesis catalysts 33-34

Negishi coupling 167

NHC ligands 137

Suzuki—-Miyaura coupling 151
deprotonation, CM 367
design, ligand, see ligand design
desvenlafaxine 117
cis-1,4-diacetoxy-2-butene (CDAB)

CM 24,29, 31

cyclometallated metathesis 36-37
diamagnetic iron complexes 213-214
diamidoamino ligands 276-277
diamidoether ligands 278-279
diaminocarbene-based catalysts, acyclic 31
(R,R)-diaminocyclohexane 225
diaminophenolate ligands 292-297
dianion complexes 341
diarylmethane products 159
diarylphosphinoaldehyde diethylacetals 222
diastereoselectivity

alkene carboamination 98

C-H alkylation 393

cyclopropanation 312
a-diazocarbonyl compounds 91
a-diazoesters 92
dibenzodiazepines 112
1,4-dibromobenzene 165
2,6-dichloro,3-nitropyridine 254
Diels—Alder reaction, spiro ligands 67
dienes 18, 184
diethylacetals 221-222
1,2-dihydropyridines 321
N’-2,6-diisopropylphenyl (DIPP) 21, 28-29

N-aryl group variation 4041
dimeric complexes 398
dimerization

prevention 107

secondary alcohols 193
dimethyl itaconate 48
dinitrogen ligands, chiral 68



dinuclear In complexes 296-301

dinuclear Pd complex 146

dinuclear titanium-sulfonamide complex 395

diphenyl hydrazine 189

direct C-H alkylation 393

direct oxidation, aromatic C-H bonds 324

dispiro[2.0.2.1]heptane 67

disproportionation, diphenyl hydrazine 189

1,w-dithiaalkanediyl-bridged bis(phenolate)
(0SSO) 291

dithiolate-based Z-selective catalysts 34-36

donicity, ligand 7

donor sites, ambiphilic ligands 238

double bonding, metal-amide 3

dppm 9

drug-like heterocycles 143

dynamic kinetic resolution (DKR) 81-83

“E” transfer 311
early transition metals 363-365
polymerizations 376-384
EDA, see ethyl diazoacetate
electron shuttle 12
electronic configuration 4
electronic differentiation 50
electronic factors, stabilizing 38
electronic parameters, NHC ligands 138-140
electrophilic metal center 394
elimination
B-hydride 212, 332
reductive 106, 190
enamides, hydrogenation 73-75
enantiopure ligands 228
enantioselectivity
asymmetric hydrogenation 57-63
homogeneous hydrogenation 46
O-H insertion 94
ring-opening polymerization 270-307
Suzuki—-Miyaura coupling 153-156
enynes 398-399
[2x + 2x] cycloaddition 184
enzymes 177,192
epilepsy treatment 76
epoxidation
Sharpless’ catalyst 8
styrene 323
esters
B-arylamino acid 97

Index 413
carboxylic 63
cyclic 270, 295-296, 379-384
Ir-catalyzed hydrogenation 80
pinacol 158

ethane, functionalization 317

ethene, purification 194

ethers, substituted 122

ethoxide complexes 294

ethyl diazoacetate (EDA) 312-316
epoxidation 323
intermolecular modification 318

ethylenes
capture 195
ethylene-derived metallacycles 23
polymerization 377

E/Z selectivity 24-32

faces, Re and Si 78
Fe, see iron
ferraaziridine complexes, pentadentate
218-219
first-generation catalysts 25-26
Fischer carbenes 196
“flexible steric bulk” 149-150, 165, 170
fluorinated catalysts 317
fluorination, nucleophilic 123-129
N’-fluorophenyl NHCs 27
functionalization
2-bromoarylacetylenes 110
by “E” transfer 311
C-H bonds 322
furans 314
hexane 316
N, and CO 262-264
polyolefin 316
furans 321, 314
fused hetero spiro backbone 68

galactose oxidase 192
gallium complexes 278
geometry
anti 22
bent 334
constrained 10, 338-340
coordination 5, 331
irregular 331
metallacycles 19-22
syn 22
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gold-catalyzed [2 + 2] cycloaddition 90-91

gold-catalyzed cyclopropanation 91
gold-catalyzed Mannich reactions,
azlactones 89
gold complexes 246-247, 251
Grignard reagents 134
organomagnesium 141

hafnium alkoxide complexes 289
halides
(hetero) aryl 104, 114, 123-129
KTC coupling 147-148
organic 134
selective hydroxylation 117-122
haloalkanes 318
halopyridines 161-162
“head-to-tail” coupling 338
Heck reactions, Pd-catalyzed 91
hemilabile ligands 368
hemilability 8-10
hetero aryl pseudohalide 104, 114
nucleophilic fluorination 123-129
selective hydroxylation 117-122
heteroanilines 108
heteroaryl compounds 158-163
heteroaryl triflates 124-125
heterobiaryls 158, 254
heterobidentate ligands 49-57, 115-117
heterocycles
drug-like 143
Negishi coupling 170
synthesis 110-112
N-heterocyclic carbenes (NHC) 16
alternative 29
as catalysts 135-136
bioxazoline-derived ligands 149
bridges 278
cyclometallated 37, 41
electronic parameters 138-140
imidazoline-based ligands 136
orientation 22
Pd-catalyzed cross-coupling
steric parameters 136-137
tethered 343-344
unsymmetrical 26-29
heterocyclic carboxylic acids 76
heteroscorpionate ligands 274-276
hexamethyldisilazide 344-347

hexane, functionalization 316
homodimerization 40
homodimers 18-19
homogeneous hydrogenation,
enantioselective 46

homogeneous ligands, iron-based 205-236

homoleptic Ln(Il) alkyls 334
homoscorpionate ligands 274-276
hydrazine, diphenyl 189
hydride cluster, iridium 50-51
p-hydride elimination 212
lanthanides 332
hydride—metal—nitrogen—proton motif
207-208
hydride relay 257
hydroacylation, Rh-catalyzed 85-86
hydroalkynylation 398-399
hydroamination 110
intramolecular 387
N, O-chelates 384-390
regioselective 385
hydroaminoalkylation 390-398
intramolecular 391, 395
hydrofunctionalization, N, O-chelates
384-399
hydrogenation 255-262
ADH 205, 212
asymmetric, see asymmetric
hydrogenation
ATH 206-207, 212
cooperative 258-261, 260
enamides 73-75
enantioselective homogeneous 46
Ir-catalyzed, see iridium-catalyzed
hydrogenation
Rh-catalyzed 73
Ru-catalyzed 81-83
selectivity 53
hydrosilylation 214, 255-262
ketones 261
Rh-catalyzed 89-90
hydrovinylation 85
hydroxylation, selective 117-122
hydroxyphthioceranic acid precursor 61

ill-defined catalysts 16
imidazole-based ancillary ligands 120

imidazole-derived monophosphines 112-114



imidazole-2-ylidine NHCs 138
imidazoles 136
imidazoline-based NHC ligands 136
imido complexes 354-355, 386
imines 72
asymmetric hydrogenation 205-236
catalytic hydrogenation 261-262
Ir-catalyzed hydrogenation 84
Pd-catalyzed umpolung allylation 87
prochiral 206
reductive coupling 88
Rh-catalyzed arylation 86-87
iminophosphine ligands 209-212
in situ arylation, ancillary ligands 128
indium complexes 294-297
indoles 111
inducing models, chiral 89
interatomic distance, covalent bonds 3
intramolecular cyclization 388
intramolecular hydroacylation 85
intramolecular hydroamination 387
intramolecular hydroaminoalkylation
391, 395
iodides, (hetero)aryl 127-128
ionic bonding 331
ionization, M—X bonds 250-251
irbesartan 160
iridium
complexes 75
dihydride species 50
oxidation of primary alcohols 194
proline-based complexes 63
pyridine-based complexes 61
complexes 256
iridium-catalyzed hydrogenation 73-81
asymmetric 4665
esters 80
imines 84
ketones 79-81
olefins 78-79
iron catalysts
ligand design 213-216
O-H bond insertion 93-95
symmetrical ligands 216-227
synthetic routes 217-218
iron complexes 185-186
cationic 215
diamagnetic 213-214
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paramagnetic 214
template-assisted synthesis 228-229
triphosphine-borane 247
iron ligands 205-216
iron-based homogeneous ligands 205-236
irregular coordination geometry 331
isocyanate insertion 367
isocyanides 191
isomerization, olefin-migration 38
isomers
bis(amidate) complexes 371
trisubstituted 53
isopropenylmagnesium bromide 148
itaconate 48

JosiPhos 109, 130

ketenes 196
ketiminate ligands 279-281
ketoesters 80
ketones
asymmetric hydrogenation 205-236
carboxylic 63
conjugate 79
hydrosilylation 261
Ir-catalyzed hydrogenation 79-81
Pd-catalyzed umpolung allylation 87
racemic 2-substituted 82-83
transfer hydrogenation 258-261
Kharasch reaction 325
kinetic resolution, dynamic 81-83
kinetics, lanthanide chemistry 331
Kumada—Tamao—Corriu (KTC) coupling
141-148

L ligands 2
lactides 270-307

racemic, see racemic lactides

ROP 379-383

ROP catalysts 282-283

stereoisomers 271
lanthanides, ligand design 330-362
lanthanum alkylidenes 350
lanthanum arene complexes 340-341
lanthanum bis(arene) complexes 342
lanthanum carbenes 350
lanthanum imido complexes 354-355
levothyroxine thyroid 117
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Lewis acid—base properties, metals
178-181
Lewis acid moieties 237-269
Lewis acids
enhancement effect 251-255
pendant 242-243
Lewis bases 179-181
adduct 252
ligand bite angle 8-10
ligand-centered reactivity 192-195
ligand design
ambiphilic ligands 238-241
enantioselective ring-opening
polymerization 270-307
iminophosphine 209-212
key concepts 1-14
lanthanide chemistry 330-362
“rational” 126
ruthenium ligands 205-212
ligands
“actor” 176-179
air-stable 109-112, 115-116, 253
alkylidene 38
ambiphilic, see ambiphilic ligands
amidate 369-372
amine derivatives 135
aminophosphine 77
ancillary, see ancillary ligands
anionic 31-32, 38-40
biaryl 69

biaryl monophosphine 112-113, 118-119

{BIPM™S}2 ligand 351
bis-iminophenolate 187
bisphosphine 9
bis(pyrazolyl)methane 275
boron-free Buchwald-type 254
C-donor 333-344

C,-symmetric 47

chiral 68, 207-208, 292-297
cone angle 11, 136

DalPhos 115, 130

donicity 7

enantiopure 228

Fe-based homogeneous 205-236
hemilabile 368

heterobidentate 49-57
homo-/heteroscorpionate 274-276
iminophosphine 209-212

Ir-catalyzed asymmetric hydrogenation
46-65

JosiPhos 109

ketiminate 279-281

linker 240

macrocyclic 284

modifications 296-297

N-donor 344-349

NacNac 349

NHC, see N-heterocyclic carbenes

nitrogen donor 282

non-innocent, see non-innocent ligands

P-donor 349-350

participation in substrate activation 13

phosphane derivatives 135

phosphine, see phosphine ligands

phosphinomethyl-oxazoline 53

phosphorous 67

PHOX 49-52

pincer 191, 197

privileged polydentate 214-215

pyridonate 374

quinone/semiquinone 182

Re 193-195

reactive 4

salen-type 285

scrambling 332

SerPHOX 52

“spectator” 178-179

spiro 66—103

steric properties 10-12

sterically demanding 104-133, 389

strong-field 4-6

strong field 213-214

sulfonamidate 375-376

sulfonamide 277

symmetrical 216-227

tetradentate 211, 282-284

thiolphan 292

thiophosphine 193

ThrePHOX 52

“throw-away” 144

Tomioka’s 61

Tp*, see trispyrazolylborate

tricyclohexylphosphine 16

tridentate 276-279

tripodal 274-276,282-284

unsymmetrical 227-230



ureate 373-374

weak-field 4-6

Z-type 243-244

see also complexes
k%-PN ligands, heterobidentate 115-117
linker, propylene 287
linker ligands 240

M-X bonding, bridging coordination
248-250
macrocyclic ligands 284
macromolecule modification 313
magnesium complexes 275
Mannich reactions 89
Markovnikov addition, anti- 324
MeCN 95-96, 184-185, 222-223, 324
mesityl-activated catalysts 39
targeted 37
mesityl-based chelates 41
N-mesityl NHCs 27
metal-amide bonding 3
metal complexes 366-376
acidity 208
electronic configuration 4
octahedral 5
preparation 366-376
reactivity 251-264
metal-ligand bonding 1
metallacycles
ethylene-derived 23
geometry 19-22
N,O-chelates 364
synlanti 22-24, 35, 42
thiophenolate-based catalysts 34
metallacyclobutane 21, 37
metallaziridine, bridged species
396-397
metal—ligand cooperativity 13
metallocene 337
metals
coinage 309
electrophilic center 394
hydride—metal-nitrogen—proton
motif 207-208
Lewis acid-base properties 179-181
oxophilic centers 363, 369
ROP catalysts 272
trivalent 288-289

Index

metathesis
ADMET 18
CM, see cross metathesis
cyclometallated Z-selective catalysts
36-42
monosulfonate catalysts 32
olefins, see olefin metathesis
RCM 17
reaction types 17-19
ROMP 17, 35
salt, see salt metathesis
secondary 24
methane, functionalization 317
methanediide complexes 351-352
methyl stilbene, trans- 51

417

methyl(3-trifluoromethylphenyl)ketone 207

(S)-metolachlor 48

microwave-assisted Suzuki-Miyaura
coupling 161-162

migratory insertion 59

milrinone 160

“molecular flask” 197-198

monoanionic N,O-chelates 364

monoarylation selectivity 107-117

monophosphate metathesis catalysts 32

monophosphine ligands, biaryl 112-113,
118-119

monophosphines 112-114

monopivalate Z-selective catalysts,
targeted 36

monosulfonate metathesis catalysts 32

Mor-DalPhos 115-116, 130

multidenticity 8-10

multielectron reactions 181

multiple bonds, lanthanide chemistry
350-356

N-donor ligands 344-349
N-H bond insertion, Cu-catalyzed 91-93
NacNac ligand 349
Nalewajski—-Mrozek bond index 353
naphthalenes, 1-phosphino 2-boryl 241
naphthoquinone complexes 142
o-naphthylmethyl groups 97
Negishi coupling 163-170

alkyl-alkyl 165-167

one-pot synthesis 166
neodymium-gallyl complex 344
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NH effect 207
NHC, see N-heterocyclic carbenes
nickel-catalyzed hydrovinylation, olefins 85
nickel-catalyzed three-component coupling
87-89
nickel complexes 183
zwitterionic 250
nitrate-substituted catalysts 40
nitrenes
addition 319-321
insertion 199, 321-322
transfer 196
nitrile 258
nitrogen donor ligands 282
N, O-chelates 363-404
bidentate 364
hydrofunctionalization 384-399
N, O-proligands 365-366
non-innocent ligands 12
redox 176-204
nonanes, 2-azabiciclo[3.3.1] 326
Noyori-type Ru catalysts 207
nucleophilic fluorination 123-129

O-H bond insertion 93-95
0-0O bonding 183
occlusion, lanthanide chemistry 332
octahedral metal complexes 5
olefin metathesis
cis—trans selectivity 15-45
Ru-based 1545, 19, 30, 33-36
Schrock’s catalyst 8
olefins
aziridination 319-320
cis-cyclopropanation 312
Ir-catalyzed hydrogenation 78-79
migration isomerization 38
Ni-catalyzed hydrovinylation 85
nitrene transfer 319
oligomerization 339
polar 72
Sc polymerization catalysts 339
unactivated 393
a-olefins, polymerization 377
oligomerization, regiospecific 338
one-pot synthesis
Negishi coupling 166
substituted ethers 122

ONNO 297
“open-book” conformation 351
open-shell porphyrin complexes 195
organic amide proligands 372
organic azides 191
organic compounds, biodegradation 186
organic halides 134
organic substrates, functionalization by “E”
transfer 311
organoboron reagent 148-149
organomagnesium reagent 141
organomercury reagents 335
organometallic chemistry 308
lanthanides 335-336
transmetalators 141
organometallic complexes, salt
metathesis 376
organozinc reagents 168—170
ORTEP diagram 370-371, 392
ortho-boryl phosphines 253-255
ortho-quinone/semiquinone ligands 182
ortho-substituted biaryl products 144-146
Suzuki—-Miyaura coupling 149-153
OSSO (1,w-dithiaalkanediyl-bridged
bis(phenolate)) 291
oxazoline-based catalysts 53-54
oxidation
aerobic 188
cerium complexes 348
direct 324
primary alcohols 194
water 181
oxidation states, complexes 177
oxidative addition 11
C(sp?)-bonding 106
oxo Ce complexes 356
oxo complexes 187
oxo transfer reactions 322-324
oxone 323
oxophilic metal centers 363, 369
oxophilicity, lanthanides 332
oxygen donors 284

P-donor ligands 349-350
palladacycles 112-114, 146
palladium catalysts
alkene carboamination 98
allylic amination 95-97
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allylic cyclization 97-98
cross-coupling 104-133
Heck reactions 91
hydroxylation 119
O-H bond insertion 93-95
Suzuki—-Miyaura coupling 253-255
umpolung allylation 87

palladium complexes

phosphines

biaryl 253-255

ortho-boryl 253-255

TEP values 7

vinyl 239
1-phosphino 2-boryl naphthalenes 241
a-phosphinoacetaldehyde diethylacetals 221
phosphinomethyl-oxazoline ligands 53

dinuclear 146
NHC 134-175
Pd-PEPPSI complexes 143-145
pendant Lewis acids 242-243
paramagnetic iron complexes 214
PCET (proton-coupled electron
transfer) 183-184
[Pd(cinnamyD)Cl], 111, 116
nucleophilic fluorinations 124
Pearson acid base concept 8
pendant Lewis acids 242
pentadentate ferraaziridine complex
218-219
PEPPSI, Negishi coupling 164, 169
percent buried volume (V, ) 11-12,
137, 152
pharmaceuticals 1, 69
anti-bacterial 123
anti-depressant 117
drug-like heterocycles 143
fluorinated aryl groups 123
(hetero)anilines 108
irbesartan 160
milrinone 160
(R)-tiagabine 76
rivastigmine 81
synthons 117
phenols 117
phenylalkylketone 206
phosphane derivatives 135
phosphanyl oxazoline-derived catalysts 55
phosphazene 119
phosphine aldehydes 215
“protected” 220
phosphine boranes 244
phosphine ligands
cone angle 11
mono-, see monophosphine ligands
steric parameters 137
sterically demanding 104-133

phosphinooxazoline (PHOX) 49-51
phospholides 349-350
phosphonium alkylidene catalyst 21
phosphonium dimers 220-221
phosphoramidates 366, 376, 394
phosphorous ligands, chiral spiro 67
pinacol ester derivatives 158
pincer complexes 10
pincer ligands 191

redox non-innocent 197
pivalate-substituted catalysts 40
PLA, see poly(lactic acid)
platinum complexes, pendant Lewis

acids 242

“pocket”

catalytic 310

chiral 70
polar bonds 211
polar olefins 72
polarized bonding 352
polyarylbenzenes 152
polydispersity index 380
polyesters, biodegradable 270
polyheteroaryl compounds 158-163
poly(lactic acid) (PLA)

salen-type ligands 286

tacticity 270-272
polylactide synthesis 381
polymerization

alkenes 377-379

atom transfer radical 324-326

cyclic esters 295-296

early transition metals 376-384

enantioselective ROP 270-307

ethylenes 377

olefins 339

a-olefins 377

ring-opening, see ring-opening

polymerization

polymers, biodegradable 379-383
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polyolefin functionalization 316
porphyrin complexes 195
potassium graphite columns 337
precatalysts
hydroamination 385
phosphoramidate tantalum alkyl 394
tantalum 391
primary alcohols, oxidation 194
primary aminoalkenes 387
cyclization 396
“privileged chiral catalysts” 66, 71
privileged polydentate ligands 214-215
prochiral imine 206
prochiral phenylalkylketone 206
productive CM 20
proligands
chiral 293
deprotonation 367
N,0- 365-366
organic amide 372
proline-based iridium complexes 63
propylene linker 287

“protected” phosphine aldehydes 220-221

proton-assisted C-N bonding 389
proton-coupled electron transfer
(PCET) 183-184

proton exchange 23
proton shuttle 12
protonolysis 367, 369
pseudohalides

(hetero) aryl 104, 114, 117-129
purification, ethene 194
pyrazolyl ring 324
pyrazolylborates 317
pyridine-based iridium complexes 61
pyridine-phosphinite ligands 61-62
2-pyridonate 366
pyridonate complexes, titanium 383
pyridonate ligands 374

sterically demanding 389

quadrant model, Andersson’s 60
ortho-quinone/semiquinone ligands 182

racemic lactide 274-292
polymerization 299-300
ROP 379-383

racemic 2-substituted aldehydes 81-82
racemic 2-substituted ketones 82-83
radical reactions, atom transfer 324-326
radical-type reactivity 195-200
“rational” ligand design 126
RCM (ring-closing metathesis) 17
Re face 78
reactive ligands 4
reactivity
ambiphilic ligands 237-269
C(sp?)-bonding 107-108
cooperative ligand-centered 192-195
coordination complexes 176
cyclometallated Z-selective catalysts 42
(hetero)aryl bromides and iodides
127-128
Ir complexes 256
metallic complexes 251-264
Negishi coupling 164-165, 168
N, O-chelates 376-399
palladacycles 146
radical-type 195-200
redox non-innocent ligands 176-204
Rh complexes 256
structure—reactivity relationship
136-140
substrate-centered 195-200

Suzuki—Miyaura coupling 153, 155, 157,

161

Wittig-type 353
redox non-innocent ligands 12, 176-204
redox transmetalation 335-336
reduction

nitrile 258

styrene 259
reductive coupling 88

CO 263
reductive elimination

C(sp?)-bonding 106

C-C bonding 190
regioselective hydroamination 385
regiospecific oligomerization 338
“repurposing”, ancillary ligands 110
respective control concept 47
reversible activation 261
rhenium complexes 187-188
rhenium ligands 193-195



rhodium-catalyzed arylation 86—87
rhodium-catalyzed asymmetric
hydrogenation 47
rhodium-catalyzed hydroacylation 85-86
rhodium-catalyzed hydrogenation,
enamides 73
rhodium-catalyzed hydrosilylation/
cyclization 89-90
rhodium complexes
bisphosphine-borane 245
pendant Lewis acids 242
reactivity 256
rigidity, spirobiindane ligands 69-70
ring-arylated RockPhos 126
ring-closing metathesis (RCM) 17
ring-closure reactions, [2 + 2]
cycloaddition 186
ring dearomatization 125
ring-opening metathesis polymerization
(ROMP) 17
Z-selectivity 35
ring-opening polymerization (ROP)
catalysts 282-283
cyclic esters 379-384
enantioselective 270-307
metal catalysts 272
ring-opening/cross metathesis (ROCM) 35
rivastigmine 81
RockPhos 130
ring-arylated 126
room temperature reactions 115-117
Suzuki—Miyaura coupling 151
ruthenium-based olefin metathesis 15-45
cyclic catalysts 30
mechanisms 19
Z-selective 33-36
ruthenium catalysts
binuclear 182
hydrogenation 81-83
Noyori-type 207
ruthenium complexes 242
ruthenium ligands 205-216

S-H bond insertion 95

SalBinap complexes 298

salen complexes, chiral indium 297
salen-type ligands 285
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salt metathesis 367-369
diaminophenolates 294
organometallic complexes 376
silylalkyls 333-335

salts, transition metal 134

samarium methanediide complex 351

saturated bonds 315

scandium catalysts, olefin polymerization 339

scandium complexes, carbene 354

Schiff base condensation 210

Schrock’s olefin metathesis catalyst 8

scrambling, ligands 332

second coordination sphere 262

second-generation catalysts 25-26

secondary alcohols, dimerization 193

secondary amines,

hydroaminoalkylation 391

secondary metathesis 24

secondary organozinc reagents 168—170

selective hydroxylation 117-122

selectivity
aziridination 320
diastereo-, see diastereoselectivity
chemo-, see chemoselectivity
cis—trans 15-45
cross-coupling 168-170
enantio-, see enantioselectivity
E/Z 24-32
hydrogenation 53
monoarylation 107-117
regio-, see regioselectivity
Z-selective ruthenium-based olefin

metathesis 33-36

semiquinonate 192

SerPHOX ligands 52

Sharpless’ epoxidation catalyst 8

Si face 78

Si-H bond insertion 95

“side-bound” pathway, metallacycles 19-21

silanes 258-261, 318

silver complexes, Tp* ligands 309

silylalkyls 333-335

silylamides 344

single bonding, metal-amide 3

single molecule magnets (SMMs) 346

SIPHOX-based catalysts 55-57
spiro ligands 69-70



422 Index

solution chemistry, lanthanides 330
sp* C-H amination 200
sp*-sp*/sp?-sp? bonding 156-158
“spectator ligands” 178-179

spin state, transition metal complexes 4-5

spiro-2,2’-bischroman scaffold 72
spiro ligands 66-103
1,1’-spirobiindane scaffold 69-70
spiro[4.4]nona-1,6-diene backbones 72
spiro[4,4]nonane-1,6-diol 67
SpiroNP 68
spiro[2.2]pentane 67
square planar complexes 6
stabilizing electronic factors 38
stereo-recognition model
Ir-catalysts 77-78
Rh-catalyst 87
stereoisomers 59, 271
steric differentiation 50
steric hindrance
phosphine ligands 104-133
pyridonate ligands 389
Tp*ligands 310
steric parameters
ligands 10-12
NHC ligands 136-137
phosphine ligands 137
stilbene, trans-methyl 51
strong-field ligands 4-6, 213-214
structure, catalysts 15-45
structure—activity relationship 26
KTC coupling 144
structure—reactivity relationship, NHC
136-140
styrene
asymmetric cyclopropanation 314
epoxidation 323
reduction 259
substituted Cp 336-338
substituted ethers, one-pot synthesis 122
substituted indoles 111
substituted trispyrazolylborates 347-348
substrate activation 13
substrate-centered reactivity 195-200
sulfonamidate 366
ligands 375-376
Zr complexes 382
sulfonamidate , Ti complexes 381

sulfonamide 277, 395
supercritical CO, 317
Suzuki-Miyaura arylation 156
Suzuki—Miyaura coupling 148-163
alkyl-alkyl 156
asymmetric 153-155
enantioselective 153-156
microwave-assisted 161-162
ortho-boryl phosphines 253-255
Pd-catalyzed 253-255
symmetrical ligands, iron catalysts 216-227
syn—anti preference, metallacycles 22-24
syn geometry 22
synthons 117

tacticity 270-272
biodegradable polymers 379
racemic lactide 300
tantalaziridines 392
tantalum alkyl precatalyst 394
tantalum amidate complexes 372
tantalum precatalysts 391
tantalum pyridonate complexes 374
targeted mesityl-activated catalysts 37
targeted monopivalate Z-selective catalyst 36
Tebbe’s reagent 350-351
temperature, room, see room temperature
reactions
template-assisted synthesis, iron
complexes 228-229
TEP, see Tolman electronic parameter
terphenyls 335-336
tethered bis(amidate) titanium complex 377
tethered NHCs 343-344
tetradentate ligands 211
tripodal 282-284
thermodynamics, lanthanide chemistry 331
thiazolium-based catalysts 29
thiolphan ligands 292
thiophenolate-based Z-selective catalysts 33
thiophosphine ligands 193
three-component coupling, Ni-catalyzed
87-89
ThrePHOX ligands 52
“throw-away” ligands 144
(R)-tiagabine 76
tight bite angle N,O-chelates 363-404
titanatranes 282



titanium amidate complexes 383
titanium bis(sulfonamidate) species 375
titanium imido complex 386
titanium pyridonate complexes 383
titanium sulfonamidate complex 381
titanium sulfonamide complexes,
dinuclear 395
titanium ureate complexes 378
TM, see transition metals
y-tocotrienyl acetate 60
Tolman cone angle 136, 224
Tolman electronic parameter (TEP) 6-8
NHC ligands 138-139
Tomioka’s ligand 61
Tp*, see trispyrazolylborate
trans effect 6
trans-methyl stilbene 51
transannular bonding 246
transfer hydrogenation 255-262
transition metals
carbenes 15
complexes 4, 309
early 363-365, 376-384
hydride shuttles 255
salts 134
second coordination sphere 262
transmetalation 106
active species 166—168
cross-coupling reactions 140-141
redox 335
“trapped” reactive fragment 351
tricyclohexylphosphine ligands 16
tridentate diamidoamino ligands 276-277
tridentate diamidoether ligands 278-279
triflates, (hetero)aryl 124-125
2,4,6-trimethylphenol 120
trinuclear iridium hydride cluster 51
triphosphine-borane complexes 246
tripodal ligands 274-276
tetradentate 282-284
trispyrazolylborate (Tp*) 308-329
steric hindrance 310
substituted ligands 347-348
trisubstituted isomers 53
trivalent metals 288-289

umpolung allylation 87
unactivated olefins 393

Index 423

unsaturated carboxylic acids 57-58

Ir-catalyzed hydrogenation 75-78
unsymmetrical ligands 227-230
unsymmetrical NHCs 26-29
ureates 363—404

ligands 373-374

structure 366

titanium complexes 378

Zr catalysts 399

valence orbitals, “core-like” 330
vinyl phosphines 239

vinyl radical intermediates 196
vitamine E precursor 61
volume, percent buried 12

water, oxidation 181
weak-field ligands 4-6
White’s solid angle 11
Wittig-type reactivity 353

X ligands 2
Xantphos 9
XPhos 130
biaryl monophosphines 118
Xyliphos 207

ylidine 138

ytterbium terphenyls 336

yttrium amidate complexes 381
yttrium methanediide complexes 352

Z ligands 2

Z-selective catalysts, reactivity 42

Z-selective ruthenium-based olefin

metathesis 33-36

Z-type ligands 243-244

zero-field relaxation pathways 346

zerovalent arenes 342

Ziegler—Natta catalysts 376

zinc complexes 292-294
bis(pyrazolyl)methane ligands 275-277

zincates 167

zirconium complexes 188-191
salen ligands 289
sulfonamidate 382

zirconium ureate catalyst 399

zwitterionic complexes 250-251
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Scheme 5 Secondary metathesis processes in CM
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Ph, |\> Ph

Figure 4 Comparison of the coordination sphere of six- and five-membered Ir chelate
complexes. (The BAr, counterions and the COD ligand are omitted for clarity.)
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ee =92% (R) ee =69% (R) 1.3% (3R,7S), 0.3% (3S,7S) ee =92% (S)

[Irrcat.]=A [Ir-cat.] =28 [Ircat.]=B [Ircat]=C
conv. = >99% conv. = >99% 4.1% (3S,7R), 95.1% (3R,7R) conv. = 95%
ee =99% (R) ee =97% (R) 0.8% (3R,7S), 0.1% (3S,7S) ee = 96% (S)

Figure 7 Comparison of the different generations of pyridine-based Ir complexes
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Figure 9 The single crystal structure of Rh-(5)-18a and stereo-recognition model
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Figure 4 Nolan and co-workers’ correlation of average v, values for [(L)Ir(CO),Cl]
complexes with the Tolman electronic parameter (TEP).”" (m) Experimental values for phos-
phines; (8) experimental values for NHCs; and () values obtained by linear regression
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Scheme 17 Molecular flask synthesis and application in size selective catalysis

[63-Co@65]
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Figure 8 The plot of catalyst activity for the ATH of acetophenone (TOF, h™') catalyzed
by complexes 64-72 (0.02 mol%; 0.2 mol% KOtBu) at 30 °C versus CO stretching fre-
quency, as an electronic parameter, and Tolman cone angle, as a steric parameter.
Reproduced from "' with permission from the American Chemical Society
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Figure 8 Phosphine-borane Au complexes and associated natural localized molecular
orbital
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Figure 1 Microstructures and properties of PLAs
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Figure 7 ORTEP representation of one of two independent molecules (ellipsoids plotted at
50% probability, toluene molecule and hydrogen atoms omitted for clarity) with selected
bond lengths (A) and angles (°) averaged between the two molecules: Ti-N1, 2.074(5);
Ti~O1, 2.038(4); Ti-N2, 2.062(4); Ti-O2, 2.036(5); Ti-Cl1, 2.246(2); Ti-Cl2, 2.235(2);
CI1-N1, 1.315(8); C1-O1, 1.306(7); C2-N2, 1.314(8); C2-0O2, 1.308(7); N1-Ti-O1,
63.9(2); N2-Ti-O2, 63.9(2); Cl1-Ti-Cl2, 98.81(8); N1-C1-O1, 112.4(6); N2-C2-O2,
111.4(5)
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Figure 8 ORTEP diagram of the solid-state molecular structure of one independent
molecule of [(THF)Y(Nap[O,N](i-Pr) ,Ph) , with the probability ellipsoids drawn at the
50% level. Naphthyl groups (except for ipso-carbon), carbon atoms of the THF groups,
and hydrogen atoms omitted for clarity



Figure 10 ORTEP representation of the structure of bis(N-t-butylperfluorophenylamidate)
titanium-bis(diethylamide) at 50% probability ellipsoids. Selected bond lengths (A), and
bond and torsion angles (°): Ti-N(2), 2.356(7); Ti-O(4), 2.044(6); Ti-N(9), 1.887(7);
N(2)-C(3), 1.272(11); O(4)-C(3), 1.307(10); O(4)-Ti-N(2), 59.6(2); N(2)-C(3)-O(4),
117.4(7); O(4)-Ti=O(7), 155.6(3); N(2)-Ti=N(9), 147.9(3); N(2)-C(3)-C(10)-C(15), 94.2(12)



Figure 18 Zirconium sulfonamidate complex for ring-opening polymerization of
e-caprolactone and rac-lactide. Reproduced from [52f] with permission of American
Chemical Society



Figure 22 ORTEP plot of the solid-state molecular structure of a bis(amidate) supported
tantalaziridine. Reproduced from [31] with permission of John Wiley & Sons, Ltd

Figure 25 A bridged metallaziridine with another bridging imido, uy-amidate and two
terminal k’-amidate ligands
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