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Since the unambiguous isolation of the first free N-heterocyclic carbene
(NHC) IAd in 1991 by Arduengo et al. [1], these compounds have received
a huge amount of attention from across the chemical community [2]. As
stable examples of coordinatively unsaturated, electronically deficient carbene
compounds, much of the earlier interest resulted from their status as academic
curiosities. However, as studies were conducted on their properties and reactiv-
ity, the full potential of NHCs in many different areas of chemistry was revealed.
As strong o-donors to metal centers, NHCs are nowadays widely used as
ancillary ligands in organometallic chemistry including in industrially important
catalytic transformations [3], rivaling phosphines, and cyclopentadienyls in this
role. Many NHC-metal adducts are also attracting attention in materials science
and as potential metallopharmaceuticals [4]. The strong binding properties and
stabilizing features of NHCs have also led to many applications not involving
metals. For example, boron-NHC adducts have been widely studied in a number
of different contexts [5], whereas some classes of m-accepting NHCs have been
shown to activate small molecules such as ammonia [6]. It is the reactivity of
NHCs as organocatalysts, however, that forms the basis of this book [7]. First
observed by Ukai et al. in a thiazolium salt-mediated benzoin condensation
in 1943 [8], NHCs have proved efficient catalysts for umpolung reactions of
aldehyde substrates, reacting via so-called Breslow intermediates, which can be
considered acyl anion equivalents [9]. Alongside these processes, alternative
transformations involving a wide range of different reactivity modes with both
aldehydes and other substrate classes are possible with the application of chiral
NHCs often allowing for high levels of enantioselectivity [10]. The scope and
diversity of NHC organocatalysis continue to expand at a rapid pace and detailed
summaries highlighting that the major reaction classes and current research
trends are to be found in the subsequent chapters of this book. In this introduc-
tory chapter, we instead provide a general overview of NHCs, highlighting their
common structural features and properties and briefly summarizing some of
their uses outside of organocatalysis. The major synthetic routes to commonly
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employed NHC organocatalysts are discussed while a particular focus is given
to understanding and comparing the various electronic and steric properties of
different classes of NHC.

1.1 General Structure of NHCs

1.1.1 Classes of NHCs and Related Stable Carbenes

The definition of what constitutes an NHC is often subject to different inter-
pretations, and many classes of carbene compounds have been labeled NHCs
in the literature. For the sake of clarity, we consider an NHC as any compound
featuring a carbene center as part of a heterocyclic ring containing at least one
nitrogen atom. Many different carbenes satisfy these criteria, and a selection
of some of the most important classes of NHC is shown in Figure 1.1. The first
reported compound [Ad (1a), isolated by Arduengo et al. [1], is an example of an
imidazolylidene NHC (1). The carbene center in this species is situated between
the two nitrogen atoms in an aromatic imidazole heterocycle. Imidazolylidenes
of this type were the focus of many of the early studies on NHCs, and they con-
tinue to find applications across many areas of chemistry. Derivatives featuring
aromatic nitrogen substituents such as mesityl (IMes, 1b) and 2,6-diisopropyl
(IPr or IDipp, 1c) are particularly widely used as ligands for transition metals and
feature in catalysts for cross-coupling reactions and other important transfor-
mations. Related to imidazolylidenes but often displaying different reactivity are
their saturated imidazolinylidene analogs 2. These species also feature two nitro-
gen atoms adjacent to the carbene center in a five-membered heterocycle, yet
are not aromatic. The first free imidazolinylidene NHC SIMes (2a) was prepared
by Arduengo et al. [11], and this compound, which again features N-mesityl sub-
stituents, has since found a widespread use as a ligand for ruthenium in Grubbs’
second-generation olefin metathesis catalysts [3f, u]. Benzimidazolylidenes 3
possess a benzene ring fused onto an imidazolylidene NHC while derivatives
with larger ring sizes such as six-membered tetrahydropyrimidinylidenes 4 or
various ring-sized N,N’-diamidocarbenes (DACs, 5) have been prepared. These
latter compounds, pioneered by Bielawski and coworkers, have been shown to
activate small molecules such as ammonia and undergo insertion into alkenes in
a similar manner to classical triplet carbenes [12].

There is also no requirement for two nitrogen atoms in the heterocycle, and
various NHC classes featuring an alternative heteroatom such as oxygen (oxa-
zolylidenes, 6) or sulfur (thiazolylidenes, 7) in place of one nitrogen are accessible.
Thiazolylidenes (7) have been particularly widely used as organocatalysts with the
original report by Ukai et al. in 1943 making use of such a species, although the
involvement of a free carbene as a catalyst was at that time not acknowledged [8].
NHC:s 8, which feature one nitrogen as the only heteroatom in a pyrrolidinylidene
ring, were introduced by Bertrand and coworkers [13] and are commonly referred
to as cyclic (amino)(alkyl)carbenes (CAACs) or cyclic (amino)(aryl)carbene
(CAArC) depending on the nature of the carbon substituent adjacent to the
carbene center [14]. These compounds are more n-accepting than other classes
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Figure 1.1 Some important classes of NHC with selected examples.

of NHCs and have proved useful for stabilizing sensitive p-block species and
even organic radicals [15]. There are also classes of NHCs that feature more than
two nitrogen atoms in the heterocyclic ring. Triazolylidenes 9 have found a par-
ticularly widespread use as organocatalysts and can be considered the NHCs of
choice for many transformations. Examples of widely employed triazolylidenes
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include 1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene (TPT) (9a) [16],
which is also often referred to as the Enders carbene and N-pentafluorophenyl
(9b) or N-mesityl-substituted bicyclic systems (TMes, 9¢). A further attractive
feature of triazolylidene organocatalysts is the relative abundance of chiral
derivatives such as compound 9d, which allows enantioselective reactions to be
realized. In addition to considering the range of different NHC ring sizes and
substitution patterns, distinct NHC structures can be accessed by generating the
carbene center at different positions. Although the carbene carbon is normally
situated between the two nitrogen atoms in imidazolylidenes 1, it is also possible
to generate the carbene at the 4-position. In this case, a neutral, non-zwitterionic
resonance structure cannot be drawn, and the species is referred as a mesoionic
or “abnormal” carbene (aNHC) 10 [17]. When the carbene center is not
situated adjacent to a nitrogen atom, the species is called a “remote” NHC
(rNHC) 11 [18].

Although the above classes of compounds satisfy all the criteria for NHCs listed
above, it is important to remember that many related non-NHC compounds have
also been reported that possess similar structural features (Figure 1.2) [19]. For
example, acyclic derivatives often known as acyclic diamino carbenes (ADCs)
(12) that do not feature a nitrogen heterocycle or species where the nitrogen has
been replaced by a different heteroatom such as phosphorus have been synthe-
sized [19, 20]. A free acyclic carbene species 13 stabilized by adjacent phosphorus
and silicon substituents was in fact reported by Bertrand and coworkers in 1988,
three years before the isolation of a free NHC [21]. Cyclopropenylidene com-
pounds (14) featuring exocyclic nitrogens were also more recently synthesized
by Bertrand and coworkers [22], while extended “bent allene” species such as 15
have themselves been used as ligands [23]. These compounds can be considered
as acyclic carbenes stabilized by NHCs.

1.1.2 Structural Features Common to All NHCs

As shown in Figure 1.3 for the representative imidazolylidene IMes (1b), there
are several structural features that are common to all classes of NHCs. These
features each play a role in stabilizing the carbene moiety and variations in their
structure or substitution pattern result in different properties of the overall
NHC. Apart from remote NHCs, the carbene carbon is situated adjacent to at
least one nitrogen atom incorporated into the ring structure. The third group on
the nitrogen atom(s) is referred to as the N-substituent(s) and can be aliphatic
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Figure 1.2 Selected related classes of stable carbene.
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Figure 1.3 General structural features of NHCs exemplified for IMes (1b).

or aromatic in nature. The remaining positions on the ring structure (i.e. the
4- and 5-positions in imidazolylidenes) are typically collectively called the NHC
backbone. The class of nitrogen heterocycle is fundamental in determining
the properties of NHC with each ring having inherently different substitution
patterns accessible to it depending on the ring size and identity and position
of the heteroatoms. Thiazolylidene NHCs (7), which are commonly used as
organocatalysts, for example, have a sterically unhindered site adjacent to the
carbene carbon by virtue of the two-coordinate sulfur ring heteroatom, whereas
CAAC s (8) have a tetrahedral, sp®-hybridized carbon at this site.

The structural features of NHCs also allow for relatively independent variation
of the overall electronic and steric properties. The substituents on the ring
backbone, for example, have a comparatively small effect on the steric environ-
ment at the carbene center but more strongly influence the overall electronic
character. The nitrogen substituents or other groups situated directly adjacent to
the carbene on the other hand are crucial in determining the steric properties.
In this respect, NHCs differ greatly from phosphines, for which changing the
substituents bound to the central phosphorus atom is both often nontrivial and
inherently affects both the steric and electronic properties of the compound.
The effects of structural changes on the electronic and steric properties of the
NHC are discussed in more detail in Sections 1.4 and 1.5.

1.1.3 Stabilization of the Carbene Center

The remarkable stability of the carbene center in NHCs results from a combina-
tion of kinetic and thermodynamic factors. As carbon atoms with an incomplete
electron octet, classical carbene species formed as transient intermediates are
typically unstable toward dimerization to the corresponding alkenes. Steric
clashing between the bulky aryl or alkyl groups commonly found on nitrogen or
other substituents situated adjacent to the carbene carbon in NHCs, however,
can kinetically disfavor this dimerization process, which for NHCs is referred to
as the Wanzlick equilibrium. Electronic factors resulting from the NHC structure
also play a major part in stabilizing the free carbene structure. Unlike classical
carbenes, which most often have triplet ground states, NHCs are singlet carbenes
with a lone pair of electrons localized in a sp?-hybridized orbital located in the
plane of the ring (HOMO, highest occupied molecular orbital) and an empty
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Figure 1.4 (a) Stabilization of the carbene by adjacent ring nitrogens. (b) Comparison of the
N'—C2 bond lengths in IAd derivatives.

p-orbital situated perpendicular to it (LUMO, lowest unoccupied molecular
orbital, Figure 1.4a) [2c]. As demonstrated in studies by Goddard and coworker
[24], singlet carbenes are less prone to dimerization, and inductive lowering of
the HOMO energy by the adjacent electronegative nitrogen heteroatom(s) in
NHC:s leads to large singlet-triplet energy gaps. Mesomeric donation of electron
density through overlap of the occupied nitrogen p-orbitals and the empty
LUMO also leads to electronic stabilization of the singlet ground-state structure.
Furthermore, the structural confinements imposed by the cyclic nature of NHCs
prevents the carbene carbon from adopting the linear geometry favored for the
PP, degeneracy in triplet carbenes, further increasing the singlet-triplet energy
gap. As shown in Figure 1.4b for IAd (1a), the singlet ground-state bonding
situation with mesomeric electron density donation by the ring nitrogens can be
inferred by comparing the different N'—C? bond lengths in the free carbene,
the corresponding cationic azolium salt (IAdH") and the C?-saturated analog
(IAdH,). In the azolium species IAdH*, the N'—C? bond is a formal double
bond with a bond length of 1.33 A [1], whereas the corresponding single N'—C?
c-bond in IAdH, is expectedly longer with a value of 1.49 A [25]. The N'—C?
bond length of 1.37 A obtained from the X-ray crystal structure of the free NHC
IAd (1a) lies in between these two extremes and is consistent with a partial
double-bond character [1].

The relative stability of the free carbene form of different NHCs and variations
in their reactivity can often be explained by analyzing the degree to which each
of the stabilizing features described above apply. Carbenes such as CAACs
(8), which contain just one nitrogen atom adjacent to the carbene carbon, for
example, accordingly have a lower degree of mesomeric donation into the LUMO
and are more accepting of n-electron density from metal or other groups bound
to the carbene center in complexes or adducts [14a]. The amide functionality
in DACs (5) also leads to less m-electron donation into the LUMO, resulting in
smaller singlet—triplet gaps and more triplet carbene-like reactivity [12]. The
number and identity of the heteroatoms as well as the ring size and the nitrogen
and backbone substitution all play a role in influencing the carbene stability
and reactivity. In addition to these universal considerations, compounds with
unsaturated backbones such as imidazolylidenes (1), thiazolylidenes (7), and tri-
azolylidenes (9) benefit from increased stability because of their partial aromatic
character. As revealed by theoretical studies by the groups of Apeloig Schwarz
and coworkers [26] and Frenking and coworker [27] on model imidazolylidenes,



1.2 NHCs as o-Donating Ligands | 7

this effect explains the increased persistence of carbenes such as IMes (1b)
relative to their saturated imidazolinylidene analogs (e.g. SIMes, 2a). Overall,
the combination of these electronic effects is even sufficient to stabilize the
free carbene 1,3-dimethylimidazol-2-ylidene (IDM, 1d), which is persistent in
solution despite its lack of bulky N-substituents [28].

1.2 NHCs as 6-Donating Ligands

The most important feature of NHCs arising from this singlet ground-state
electronic structure is their remarkable 6-donation abilities. It is this property
that has led to the widespread interest in NHCs and has elevated them from
mere exotic curiosities to workhorses across many areas of modern chemistry. In
particular, NHCs now rank among the most widely employed spectator ligands
for transition metals usurping phosphines and cyclopentadienyls for many
applications [3]. In fact, the first examples of metal-imidazolylidene complexes
were reported over 20 years before the first successful isolation of a free NHC.
In 1968, independent reports by the groups of Wanzlick and Schonherr [29] and
Ofele [30] introduced Hg" and Cr'™ complexes, respectively, whereas extensive
studies were also conducted throughout the 1970s and 1980s, notably by Lappert
and coworkers [31]. Nowadays, NHC-containing complexes are known for
all transition metals, while extensive coordination chemistry has also been
developed for the f-block [3s] and group 1 and 2 elements [3c].

A selection of NHC-metal complexes that have found applications in
catalysis is shown in Figure 1.5. Among the most important NHC-containing
species are the series of second-generation ruthenium metathesis catalysts
such as the Hoveyda—Grubbs II complex (16) [3f, u]. In comparison to the
first-generation Grubbs catalysts, which feature a phosphine ligand in place of
the imidazolinylidene SIMes (2a), the second-generation catalysts are typically
active at much lower loadings and are more thermally stable by virtue of the
increased stability offered by the strongly binding NHC. Furthermore, the
electron-donating carbene results in improved catalytic activity because of
an increased rate of formation of the coordinatively unsaturated catalytically
active intermediate [32]. NHCs have also proved highly beneficial as ligands for
cross-coupling catalysts based on palladium or other transition metals [3i-], o].
Imidazolylidene-bearing palladium species such as the Pd-PEPPSI-NHC series
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Figure 1.5 Selected examples of important NHC-containing transition metal catalysts.
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of precatalysts (e.g. Pd—PEPPSI-IPr, 17) developed by Organ and coworkers
are nowadays widely applied in organic synthesis [3]. In these complexes, the
strongly binding NHC typically leads to improved stabilization of low-valent
intermediates, reducing catalyst decomposition. The electron richness of NHCs
can also facilitate challenging oxidative addition steps, while their steric bulki-
ness can aid reductive elimination. NHC-bearing complexes of late transition
metals have also found widespread use as catalysts for other organic transfor-
mations with gold(I) species such as 18 developed by Nolan and coworkers, for
example, mediating nucleophilic addition reactions to carbon—carbon multiple
bonds [3g, 33]. Applications of NHC—metal complexes, however, are not limited
to homogeneous catalysis. As pioneered by Youngs and coworkers, various
complexes have shown promise as metallopharmaceuticals, with imidazolyli-
dene adducts of gold(I) being investigated as potential antitumor agents [4].
NHC-containing complexes have also found many uses in materials sciences,
being employed in such diverse roles as self-healing polymers, liquid crystals,
metal-organic frameworks (MOFs) [34], and photoactive materials [35]. Recent
trends have also seen the strong c-donating properties of NHCs being exploited
for binding to metal surfaces or nanoparticles [36]. Immobilization of the ligands
on solid supports has allowed for catalysis with NHC—metal complexes to be
conducted in a heterogeneous manner [37], while water-soluble derivatives have
also been developed [38].

In addition to binding to metal centers, NHCs have been widely employed
as ligands for non- or semimetallic species (Figure 1.6). In this context, NHCs
have often allowed for the stabilization and isolation of hitherto unprecedented
forms of these elements. For example, Robinson and coworkers used the imida-
zolylidene IPr as a stabilizing moiety for an otherwise inaccessible P, fragment,
in which phosphorus resembles the form of nitrogen in N, [39]. A similar
species was also prepared by the same group with silicon [40], while more recent
work has led to the isolation of silicon oxide fragments (e.g. 19) analogous to
silica-based materials used in advanced electronic devices [41]. CAACs have
proved particularly versatile for stabilizing novel non- and semimetallic species
[14a]. As demonstrated by Bertrand and coworkers, the n-accepting character
of these ligands has allowed for the stabilization of open-shell species including
the carbon-based radical 20 [15, 42]. This compound, which was generated
upon single-electron reduction of the corresponding acyl azolium salt, was
found to be stable over several months and can be considered a “bottleable”
radical. NHC-boron adducts have also received significant research attention
[5]. In an early work by Fensterbank , Lacote, Malacria, Curran, and coworkers,
the triazolylidene—borane species 21 was used as a hydrogen atom donor in
place of highly toxic tin hydride derivatives in radical deoxygenation reactions
of alcohols [43]. The NHC was shown to lead to a significant weakening
of the boron—-hydrogen bond relative to uncoordinated or amine—borane or
phosphorus—borane adducts because of the stabilization of boryl radicals formed
upon hydrogen atom transfer through spin density delocalization into the NHC
n-system. Studies conducted by Bielawski and coworkers have focused on DACs
as activators of small molecules [12]. The free carbene 5a reacts with aldehydes
in a formal [2+1] cycloaddition process affording an epoxide species [44].
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This reactivity stands in stark contrast to that observed with imidazolylidene,
triazolylidene, and other NHC classes commonly employed as organocatalysts,
which mediate umpolung reactions of aldehydes via the Breslow intermediate.

1.2.1 The Nature of Bonding in NHC Adducts

The full nature of the bonding interaction between carbene centers and metals
or nonmetals has been widely studied over the last 20 years [45]. The dominant
feature of this bonding is the remarkably strong c-donation from the carbene
lone pair into a vacant c-orbital at the metal or nonmetal. In graphical rep-
resentations of NHC-metal complexes such as those shown in Figure 1.5, a
single rather than a double bond is typically drawn and, in the absence of steric
constraints or chelation, NHC—metal bonds can usually rotate. In this regard,
NHCs behave differently from traditional Fischer or Schrock carbenes, which
are more accurately considered as forming formal double bonds with metals. For
the most part, n-orbital overlap in NHC-metal complexes is thought of as being
restricted to within the NHC ring and a curved line is sometimes drawn between
the ring heteroatoms to reflect this. In recent years, however, the contribution
of m-electron donation to the ligand—metal bonding interaction itself has been
more widely acknowledged. Specifically, filled orbitals of n-symmetry on the
metal can donate electron density into the empty p-orbital LUMO of the
carbene. Donation of electron density from the carbene n-system into vacant
metal n-orbitals can also occur. The importance of each factor is dependent
on the metal, the identity and geometry of other ligands at the complex, and,
importantly, on the type of carbene itself. Recent research has provided new
spectroscopic methods for measuring and quantifying the n-accepting ability of
different NHCs, and these will be discussed in more detail in Section 1.4.3 [46].

1.2.2 Comparing NHC and Phosphine Ligands

In comparison to phosphines, NHCs are generally more electron rich and,
upon binding to metals, afford complexes that are more thermodynamically
stable. Indeed, metal-ligand bond distances measured in crystal structures are
typically shorter in NHC-metal carbene complexes than in the corresponding
phosphine-ligated species, whereas bond dissociation energies are often higher.
This can lead to improved resistance to chemical or thermal decomposition
and goes some way to explaining the superiority of NHC-metal complexes in
many applications, notably in catalysis. In a systematic study in 2003, Nolan and
coworkers compared bond disruption enthalpies (BDEs) for the coordination
of a series of imidazolylidene and imidazolinylidene ligands and the phosphine
PCy,; (Cy = cyclohexyl) to a model ruthenium(II) complex (Figure 1.7) [47].
Even in comparison to such a highly Lewis-basic phosphine, for nearly all the
NHC:s tested, the metal-ligand binding strength was found to be greater with
the carbene. The only exception to this general trend was observed with the
extremely sterically hindered imidazolylidene IAd. In this case, clashing with the
other ligands bound to the metal likely hinders close approach of the NHC and
leads to a weaker metal-ligand bond.
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Figure 1.7 Comparison of the binding strength of different NHCs and PCy, in [Cp*Ru(L)Cl]
complexes (L = ligand) by Nolan and coworkers. Source: Hillier et al. 2003 [47]. Reproduced
with permission of ACS.
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Figure 1.8 Comparing the steric properties of NHCs and phosphines.

A major difference between NHCs and phosphines concerns their steric
properties. Although phosphines have a cone-shaped spatial arrangement with
three substituents bound to an sp3-hybridized phosphorus atom, the steric
footprint of NHCs has been described as “fan” or, somewhat more accurately,
“umbrella” shaped (Figure 1.8). This results in a greater steric influence of the
ligand at the metal center as bulky substituents adjacent to the carbene in NHCs
point toward the metal rather than away from it. Indeed, the increased steric
bulk of the ligand can lead to greater noncovalent interactions with other species
in the complex, increasing metal-ligand binding [48]. Furthermore, although the
steric requirement of phosphines is essentially isotropic, the planar heterocyclic
nature of NHCs means that the spatial footprint of NHCs varies considerably
upon rotation of the metal-carbene bond. As a result, NHCs may rotate to
reduce steric crowding and accommodate other bulky ligands in a complex. The
anisotropy of NHCs also raises challenges in designing enantioselective catalytic
processes as strategies must be adopted that restrict the effect of rotation and
fix the steric environment at the catalytically active metal center [3t].

1.3 Synthesis of NHCs

1.3.1 Generation of the Free Carbene

Accessing NHCs for use as ligands or organocatalysts requires the synthesis of
a suitable precursor. Most commonly, the corresponding cationic azolium salt
is prepared with the free carbene being obtained upon simple deprotonation
usually under mild conditions with various organic or inorganic bases. Separat-
ing the desired NHC from the protonated base by-product, however, is often
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Figure 1.9 Some commonly employed methods of generating free NHCs.

not trivial, and for most applications, including in the vast majority of NHC
organocatalytic reactions, preisolation of the free carbene is not performed.
Instead, the NHC is generated in situ with the usually stable, crystalline azolium
salt precursors being employed directly in the presence of a suitable base. Some
alternative strategies to generate free NHCs from various precursors are shown
in Figure 1.9. These methods include the desulfurization of thioureas using
molten potassium metal [49]. Although requiring rather harsh conditions, the
potassium sulfide by-product of this process is insoluble in the tetrahydrofuran
(THF) reaction medium, facilitating isolation of the free carbene. Alternatively,
a vacuum pyrolysis approach can be conducted, whereby extrusion of a small
volatile molecule such as chloroform or pentafluorobenzene from a suitable
precursor provides a clean route to the free carbene [50]. This method was
employed by Enders et al. to generate the free triazolylidene TPT (9a) upon
extrusion of a molecule of methanol from the corresponding adduct [16].
Similarly, heating of zwitterionic azolium carboxylate species can afford free
NHCs upon loss of CO, [51]. 2-Chloro-substituted azolium salts have also been
employed as NHC precursors, delivering the free carbene upon reduction with
bis(trimethylsilyl)mercury [52]. These precursors can also be used to prepare
NHC-metal complexes directly via oxidative addition into the C—Cl bond
with a low-valent metal salt [53]. Alternative methods to prepare NHC-metal
complexes that do not require generation of the free carbene include ligand
transfer from preformed silver(I) or copper(I) complexes or de novo templated
construction of the NHC from a precursor already containing the metal.

1.3.2 Synthetic Routes Toward Azolium Salt NHC Precursors

For the vast majority of applications including in NHC organocatalysis, the
desired NHC is generated in situ upon deprotonation of the corresponding
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cationic azolium salt. As heterocyclic organic molecules, synthetic routes
toward these species have been widely studied in a variety of contexts over
many decades. Nowadays, there exist many different approaches to synthesizing
azolium salts for all the core ring structures of NHCs and, for the most part,
modular routes are available where simple variation of the starting materials
provides facile access to a large range of diversely substituted derivatives. As
a result, libraries of subtly different NHCs can be designed, synthesized, and
tested in a fast and systematic manner, allowing for intricate fine-tuning of the
NHCs’ properties for any given application. Moreover, enantioenriched NHCs
useful as chiral ligands or organocatalysts can be readily obtained by simply
incorporating starting materials from the chiral pool into the general synthetic
approach.

One attractive approach to synthesize azolium salt precursors involves quat-
ernization of the nitrogen heteroatom of the corresponding neutral compound.
Nitrogen heterocycles of this type rank among the most studied classes of
compounds in organic chemistry, and, as a result, a huge number of diversely
substituted derivatives are readily available. This method is particularly useful
for preparing N-alkyl substituted NHC precursors with simple nucleophilic
substitution in the presence of a suitable alkyl electrophile (e.g. alkyl halide or
pseudo-halide) generally resulting in clean formation of the desired azolium salt.
Synthetic strategies to directly access cationic azolium salts invariably involve a
cyclization process as a key step. As outlined in an excellent review by Lavigne,
Bellemin-Laponnaz, César, and coworkers [54], these synthetic approaches
can be classified according to whether the cyclization involves installation of
the “precarbenic” carbon, a ring nitrogen or the NHC backbone. Arguably, the
most prevalent of these strategies involves the incorporation of the precarbenic
carbon. Most commonly, a tethered N,N’-disubstituted diimine and diamine
substrate is reacted with a C1 synthon such as triethyl orthoformate (HC(OEt),).
This process constitutes the last step of many synthetic routes to NHCs and is
often high yielding and operationally simple. For symmetrical imidazolylidenes,
a general two-step strategy can be used with an initial condensation of 2 equiv
of the desired aniline starting material with glyoxal (22) affording the diimine
intermediate suitable for cyclization with HC(OEt), (Figure 1.10) [55]. Reduc-
tion of the diimine species (23) with sodium borohydride or lithium aluminum

NH, _
0 7N\ HC(OEt
f + AN’ N-ar  HCOEYs Ar/N\f'l'\Ar
—
0] R 23 HX H X-
22 1.HX
. NaBH,
2 equiv or LIAIH,
H
\ C(OEt)3 Ar-NN=a
Ar—NH HN-Ar Y
HX boox
2 HX

Figure 1.10 Synthesis of imidazolium and imidazolinium salt precursors from glyoxal (22).
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hydride before cyclization leads instead to imidazolinium salt precursors for
imidazolinylidene NHCs.

Several reagents have been employed in place of HC(OEt); including
paraformaldehyde, chloromethyl ethers or pivalates, and diiodomethane,
while alternative routes to prepare the key diimine intermediates, including
unsymmetrical derivatives, may be applied [54]. A different strategy to construct
imidazolium salts makes use of a 3 + 2 annulation process, whereby the backbone
fragment is coupled onto a formamidine starting material 24 (Figure 1.11) [56].
This approach can be used to prepare unsymmetrical N-aryl imidazolylidene
NHCs as formamidines bearing different aromatic substituents can be prepared
upon sequential condensation of anilines with triethyl orthoformate under first
acidic and then acid-free conditions [57].

Some synthetic strategies commonly employed to access precursors for
the other two classes of NHCs most commonly employed as organocata-
lysts, thiazolylidenes, and triazolylidenes are shown in Figures 1.12 and 1.13.
Thioformamide substrates 25 can be condensed with a-chloroketones 26 to
afford thiazolium salts featuring different N-substituents [58]. An alternative
approach starting from readily prepared cyclic dithiocarbamates 27 has been
employed to synthesize a variety of bicyclic derivatives using hydrogen per-
oxide and acetic acid [59]. Comparatively fewer synthetic routes have been
reported toward triazolium salt precursors for triazolylidene NHCs, and, as
for imidazolium salts, a final cyclization step using triethyl orthoformate is
generally employed. The bicyclic derivatives 9b and 9c featuring an N-mesityl or
N-pentafluorophenyl substituent, which are commonly employed as organocat-
alysts, can be prepared in a three-step sequence from pyrrolidinone 28 [60].
Initial methylation at the oxygen with trimethyloxonium tetrafluoroborate is
followed by addition—elimination of the appropriate arylhydrazine to afford
an intermediate susceptible to cyclization. This strategy is also convenient for
preparing chiral triazolylidenes, which have proven to be the most successful

Ar’NVN\Ar'

HC(OEt),

ANH, X/\/X’ Q « o, 0
2 equiv XJ\”/ 3 {

(Ar = Ar) o ar-NN=ar
Heat \ H /
AcOH (cat) N N
Ar ST
ArNH,
24 N
ArNH, . HO
HCI (cat) Acid-free
T, AN OE OEt c|)J\/C' N>—\N
HC(OEt), Heat Br OEt Ar— Nz +TAY

Ar’N\?'ll\Ar’

Figure 1.11 Selected synthetic routes to imidazolium salt NHC precursors from
formamidines 24.
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Figure 1.12 Selected synthetic routes to thiazolium salt NHC precursors.
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Figure 1.13 Selected synthetic routes to triazolium salt NHC precursors.

class of organocatalysts for many enantioselective reactions. In particular, chiral
bicyclic derivatives featuring substituted pyrrolidine or morpholine rings fused
to the triazolylidene are widely used, whereas the series of aminoindane-based
catalysts such as 9d has proved highly efficient for many transformations. For
these latter catalysts, chiral 1-amino-2-indanol starting materials 29 are first
reacted with an a-chloroester to afford a morpholinone species that can then
undergo the same sequence of methylation, coupling with an arylhydrazine and
cyclization as for the achiral compounds 9b and 9c [60]. An alternative synthetic
strategy was used by Enders, Teles, and coworkers to prepare the triazolium
salt precursor for the commonly used tris(aryl)-substituted NHC TPT (9a) [61].
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A five-step sequence was employed starting from benzoyl chloride, wherein
an initial amide formation followed by activation with thionyl chloride and
hydrazine coupling yielded the key diamine intermediate, which in this case was
reacted with formic acid as the C1 synthon. Anion exchange then afforded the
NHC precursor as the perchlorate salt.

1.4 Quantifying the Electronic Properties of NHCs

The scope of available NHC scaffolds has grown rapidly since the early 1990s,
and there now exists a large number of diverse derivatives with different steric
and electronic properties. In order to facilitate the selection of a suitable NHC
for any given application and to more effectively compare NHCs with other
classes of compounds such as phosphines, significant efforts have been devoted
to quantifying the properties of NHCs using a variety of different parameters. In
this section, the various approaches used to quantify the electronic properties of
NHCs are discussed [62], whereas an overview of the methods for quantifying
their steric properties is provided in Section 1.5 [63]. In each case, the method of
quantification will be discussed followed by a comparison of the data obtained
for different NHC classes and nitrogen and backbone substituents.

1.4.1 pK, Measurements of Azolium Salts

As free NHCs are most commonly obtained upon deprotonation of an azolium
salt, knowing the pK, values of these species is useful for selecting an appropriate
base. The variation in the pK, as a function of the substitution pattern and class
of azolium salt also provides a window into the electronic properties of the
corresponding NHC. A selection of pK, values measured by NMR spectroscopy
in D,O for azolium precursors to various NHC classes are shown on a scale in
Figure 1.14 [64]. As can be clearly observed from comparing the values obtained
for N-methyl-substituted derivatives, the class of NHC has a significant effect
on the acidity at the precarbenic carbon. Although the pK, for the benzimida-
zolium salt 3a-H* (21.6) is only marginally lower than the value obtained for the
imidazolium salt of IDM (1d-H*, 22.0), the corresponding thiazolium salt 7c-H*
is significantly more acidic (19.5). Moreover, the oxazolium salt 6a-H*, which
features a more electronegative oxygen atom, has an even lower pK, value of 16.9.
The inclusion of a third electronegative nitrogen atom into the ring structure
in triazolium salts also leads to a lowering of the pK, value. Thus, the azolium
salt of TPT (9a-H*) has a value of 16.8 (measured in a 33% v/v CD;CN/D,O
mixture), while other precursors to common triazolylidene organocatalysts have
similar pK,’s (Figure 1.15). The increased acidity of thiazolium and triazolium
salts relative to imidazolium derivatives means that organocatalytic reactions
using these NHCs can be conducted with milder bases. Conversely, increasing
the heterocycle ring size or reducing the degree of unsaturation results in
an increase in the pK, value. Switching from the imidazolium salt of IMes
to the imidazolinium salt of SIMes leads to a small decrease in acidity of the
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Figure 1.14 Scale showing pK, values measured in D, O for representative examples of
different classes of NHC.
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Figure 1.15 Literature pK, values for azolium salts of some triazolylidene organocatalysts with
different N-aryl groups (measured by NMR in D, 0).

precarbenic carbon equivalent to an increase of 0.5 pK, units (1b-H* = 20.8,
2a-H* = 21.3), whereas the six-membered azolium species 4b is substantially
harder to deprotonate with a measured pK, value of 28.2.

Notable, albeit somewhat less dramatic, changes in pK, values can be
observed for different substitution patterns within the same class of NHC. The
N-substituents, which are situated closest to the carbene carbon, predictably
have the greatest effect. Changing the N-aryl groups in the series of bicyclic
pyrrolidine-based triazolylidenes from pentafluorophenyl (9¢) to mesityl (9b)
leads to an increase in pK, of the corresponding azolium salts of 1.2 units reflect-
ing the greater electron-donating ability of the mesityl group [64c]. Exceptionally
bulky N-substituents such as the N-tert-butyl groups in the azolium salt of IBu
(1e) lead to an increase in the pK, values relative to analogs bearing sterically
less demanding groups (le-H* = 25.2 cf. 1d-H* = 22.0) [644, b].

1.4.2 Tolman Electronic Parameter (TEP)

The most commonly measured parameter for evaluating the electronic
properties of NHCs is the Tolman electronic parameter (TEP). Originally
developed by Tolman for phosphines [65], this metric specifically investigates
the electron-donating ability of ligands in transition metal carbonyl complexes.
According to Tolman’s rationale, an electron-donating phosphine or NHC ligand
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Figure 1.16 The measurement of TEP values.

leads to an increase in electron density at the metal center, which in turn results
in an increased degree of electron donation into the n* antibonding orbital of
a C=0 spectator ligand. The overall effect of this phenomenon is a decrease
in the effective bond order of the carbonyl ligand, which is reflected in a lower
frequency A, vibration in the complex’ infrared (IR) spectrum. Simple compar-
ison of the IR spectra of a series of complexes bearing different NHC ligands
therefore allows for an indirect evaluation of their relative electron-donating
ability and facilitates a direct comparison with phosphines (Figure 1.16).

There are, however, several limitations associated with the use of TEP val-
ues. Firstly, the weakening of the carbonyl ligand in the model complexes is
dominated by m-electron considerations, whereas the binding of NHC ligands
is mostly (albeit not exclusively) through c-donation. As a result, the TEP is
arguably not best suited for evaluating the overall electron-donating ability of
these compounds, and the assumed inverse relationship between ligand binding
strength and C=0 bond strength may not always be valid. The range of TEP val-
ues encountered with different NHCs is also rather small (%10 cm™! cf. ~60 cm™!
for phosphines) and, as such, care must be taken to ensure the reliability of
the measurements. In particular, a suitably high-resolution IR spectrometer
must be employed and a common solvent (usually hexane or dichloromethane)
should be used. When interpreting TEP values, it is also important to take the
steric properties of the ligands into consideration. Bulky NHCs, for example,
can lead to distortions in the geometry of the complex leading to changes in
the orbital overlap. The trans-influence of other ligands present in the complex
can also lead to differences in orbital overlap and, therefore, TEP values. A
further limitation arises from the identity of the complex itself. In initial studies,
TEP values were measured using tetrahedral nickel(0) complexes of the form
[Ni(CO)4(L)] (30) obtained upon ligand exchange with Ni(CO),. These species
are, however, highly toxic and careful handling is required. Because of this
limitation, the IR spectra are now usually measured using less toxic square
planar iridium(I) or rhodium(I) complexes of the form [MCI(CO,)(L)] (M = Ir,
Rh, 31). In order to standardize values obtained from the different complexes,
correlation equations have been derived (Egs. (1.1) and (1.2)) that convert the
wavenumbers obtained from the Ir [66] or Rh [67] complexes (as an average of
the two C=O stretching frequencies, vZ)) into TEP values. Care must always
be taken, however, only to compare values for which measurements were taken
under the same conditions using a common solvent, regardless of which complex
was used. In addition to these experimental approaches, TEP values have also
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been calculated using computational methods [68]. These studies have not only
succeeded in accurately reproducing experimentally obtained values for many
NHCs but also allowed for the prediction of the electronic properties of hitherto
uninvestigated derivatives. As such, the donor properties of new potential NHC
ligands or organocatalysts can now be evaluated without having to synthesize
them. The TEP values quoted in this section and displayed in Figures 1.17 and
1.18 were measured experimentally using either the Ni, Ir, or Rh complexes in
dichloromethane or chloroform and were standardized using Egs. (1.1) and (1.2)
by Nelson and Nolan in their seminal 2013 review on the electronic properties of

NHC:s [62].
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Figure 1.17 Scale showing the range of TEP values measured with different NHCs.
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Figure 1.18 (a) Effect of N-aryl and backbone substituents on the TEP values of
imidazolylidenes [62, 69]. (b) Examples of switchable NHCs (all values in cm™").
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IrtoNi : TEP = 0.847 2" + 336 cm™ (1.1)

Rhtolr : v/ = 0.8695 v2Y/"" +250.7 cm™ (1.2)

A scale showing TEP values obtained for various NHCs is displayed in
Figure 1.17. The first conclusion one can make from these values is that NHCs
are significantly more electron donating than phosphines. Typical imidazolyli-
denes and imidazolinylidene commonly used as ligands in organometallic
chemistry have TEP values in the range of ~2045-2055cm™}, lower than even
Lewis-basic phosphines such as PCy, (2060 cm™') and substantially lower than
common triaryl derivatives (e.g. PPh, = 2070 cm™!). Comparing the TEP values
obtained for different NHCs, similar trends to those seen with the pK, values of
azolium salts can be observed. The greatest factor affecting the TEP values is
the class of heterocycle with the identity, number, and location of the ring het-
eroatoms having a large influence. For the five-membered NHC series, moving
from one electronegative ring nitrogen in CAAC 8a (TEP = 2047.4cm™) to two
nitrogens in the imidazolylidene IMes (1b, 2049.6 cm™!) and three nitrogens in
TPT (9a, TEP = 2057.3 cm™!), a significant increase in the TEP values reflecting
a supposed decreasing electron-donating ability is observed. Thiazolylidene
NHCs such as 7a (2053.3cm™') and 7d (2053.6cm™!) also have higher TEP
values than the corresponding imidazolylidenes. Abnormal (mesoionic) NHCs
are particularly electron rich and lead to the lowest TEP values. The NHC ring
size has been found to greatly affect the TEP value. In the series of saturated
N-mesityl-substituted five-, six-, and seven-membered NHCs 2a, 4c, and 32, the
increasing ring size resulted in a decrease in the TEP value (2a = 2050.8 cm™,
4c = 2042.6cm™, 32 = 2041.9cm™"). The NHC ring size inherently affects
the ground-state orbital hybridization and consequently the stabilization of
the carbene center, which in turn influences its donating ability. An interesting
case concerns the comparison of data for imidazolylidenes and their saturated
imidazolinylidene analogs. In general, the TEP values obtained for imidazolyli-
denes are slightly lower than those of the corresponding identically substituted
imidazolinylidenes, suggesting that the unsaturated NHCs are stronger donors.
This interpretation, however, must be treated with caution as imidazolinylidenes
are considered to be more n-accepting than imidazolylidenes (vide infra) and
may better compete for the n-electron density at the metal center, reducing Ni
to C=0 back-bonding. A more electron-rich nickel center bearing a strongly
o-donating NHC may also lead to a decrease in c-electron donation from the
slightly antibonding C=0O lone pair, which can result in an increase in the C=0
stretching frequency. Density functional theory (DFT) calculations by Nolan
and coworkers on [Ni(CO);(NHC)] complexes with IMes (1b) and SIMes (2a)
show that the binding energy of the C=0 ligand to the nickel center is greater
with the imidazolylidene, suggesting increased Ni to C=0O back-bonding [70].
These results illustrate the complexity of bonding in metal carbonyl complexes
and highlight how care should be taken when inferring the donating ability of
NHCs from TEP values.

The electron richness of the nitrogen substituents and ring backbone also
influence the TEP values. In general, NHCs bearing alkyl N-substituents have
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lower C=0 stretching frequencies than N-aryl derivatives (1f, = 2046.9 cm™,
cf. IMes, 1b = 2049.6 cm™!). In a 2007 study by Plenio and coworkers, a series of
imidazolylidenes bearing a range of electronically diverse functional groups at
the para-position of the aryl nitrogen substituents were synthesized, and their
TEP values obtained from the iridium(I) complexes [IrCl(CO),(NHC)] were
systematically analyzed [69]. A clear correlation was observed with strongly
electron-withdrawing groups such as para-toluenesulfonyl, leading to high TEP
values of close to 2060 cm™ and more electron-donating substituents leading
to low TEP values of 2052.2cm™!. Backbone substitution also plays a role as
exemplified by the higher TEP value obtained for the 4,5-dichloro-substituted
NHC (1g, 2055.1 cm™!) compared to the simple hydrogen-bearing derivative
IPr (1c, 2050.2 cm™!). Comparatively, high TEP values are also observed with
DAC:s (5) and other NHCs where significant electron density is delocalized into
carbonyl groups present in the ring structure. An interesting series of NHCs are
derivatives that undergo changes in their electronic properties under different
conditions. An example of such a switchable NHC is the redox-active imida-
zolylidene 1h developed by Bielawski and coworkers which exhibits a TEP value
of 2055.4 cm™! in its diketone form [71]. Single-electron reduction of this species
to the corresponding radical anion led to a decrease in the TEP to 2044.8 cm™!,
reflecting the predicted increased electron-donating ability of the reduced NHC.
Similarly, the electronic properties of the carbonyl-containing imidazolylidene
1li reported by Glorius and coworkers was found to be highly dependent on the
pH [72]. Deprotonation of this species to afford the corresponding enolate led to
a decrease in the TEP value of 14 cm™.

1.4.3 NMR Measurements

A number of techniques for investigating NHCs have been developed using
NMR spectroscopy. The most straightforward of these involves simple mea-
surement of the 1*C NMR spectrum of the free NHC [17a, 73, 74]. The carbene
carbon atom is highly deshielded, and the 3C NMR signals are consequently
highly diagnostic, appearing in an area of the spectrum where few other peaks
are normally found (between 6~ 200-330ppm). The significant increase in
shielding observed upon complexation to a metal or other center means that
13C NMR is also a useful technique for assessing adduct formation. The class of
heterocycle has a great effect on the observed chemical shifts for the carbene
carbon (Figure 1.19). Imidazolylidenes as well as triazolylidenes typically exhibit
resonances at the lower end of the range (6 ~ 210-220 ppm), whereas the carbene
carbon peaks of imidazolinylidenes are more downfield-shifted, appearing at
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Figure 1.19 3C NMR shifts of the carbene carbon in selected free NHCs.
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Figure 1.20 "3C NMR shifts of the carbene carbon of benzimidazolylidene 3c in palladium(ll)
complexes [PdBr, (3¢)(L)] measured by Huynh and coworkers.

6 ~235-260 ppm. The corresponding resonances in thiazolylidenes are similarly
found at more downfield chemical shifts whereas the carbene carbon atom in
CAAC:s is exceptionally deshielded, appearing at 6 values greater than 300 ppm.
Abnormal carbenes such as 10a, on the other hand, exhibit resonances at the
opposite end of the spectrum at around 200 ppm.

A systematic method for comparing the electronic properties both of differ-
ent NHCs and of NHCs and related ligands including phosphines, amines, and
isocyanides was developed by Huynh et al. [75]. Palladium(II) complexes of the
form [PdBr,(3c)(L)] were synthesized and the 3C NMR shift corresponding to
the carbene carbon of the benzimidazolylidene spectator ligand 3¢ was used as
a gauge for assessing the electron-donating ability of the ligand of interest situ-
ated trans to it (Figure 1.20). The more electron donating the ligand, the better
it competes with the benzimidazolylidene 3¢, leading a more “free carbene”-like,
downfield-shifted '*C NMR signal. As expected, NHCs were found to be the most
electron-donating class of ligand tested with abnormal carbenes 10, leading to the
most downfield-shifted resonances and triazolylidenes 9 being the least strongly
binding ligands. This approach has more recently been conducted using analo-
gous linear gold(I) complexes and a good correlation between the data obtained
using either metal was obtained [76].

In 2013, Bertrand and coworkers conducted a systematic study of NHCs using
3P NMR spectroscopy of carbene—phosphine adducts prepared from PhPCl,
[46a, 77]. A related method using 7/Se NMR on analogous NHC-selenium
adducts was also developed by the Ganter group [46b, 78]. Both of these species
can be considered as existing between the two extreme resonance forms A and B
shown in Figure 1.21. In form A, the carbene—metal interaction is exclusively of
o character with no back donation of n-electron density. In form B, on the other
hand, a formal double bond is present. For the phosphinidene adducts, the 3P
NMR chemical shifts observed between these two extremes span some 130 ppm
(6p % —60 to 70 ppm), whereas an even larger range of &g, values spanning
nearly 800 ppm is observed for different NHC-selenium adducts. As such, these
methods provide a sensitive probe for evaluating the m-accepting properties
of NHC:s relatively independently of their 6-donating abilities. Further studies
by Nolan and coworkers in 2015 supported this interpretation by correlating
experimentally determined 65, and 6, values with calculated energetic parame-
ters associated with n-back-bonding into the empty carbene p-orbital [79]. The
n-accepting ability of various NHCs as determined from the 6, or 6y, chemical
shift values in phosphorus or selenium adducts is shown in Figure 1.21. As
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Figure 1.21 (a) Extreme resonance forms A and B of NHC-phosphorus and NHC-selenium
adducts. (b) *'P NMR shifts of NHC-phosphorus adducts for selected NHCs (measured in C;Dy).
(c) Scale showing 77 Se NMR shifts for selected NHC-selenium adducts (measured in CDCl,).

expected, CAACs, which have only one n-donating ring nitrogen adjacent to the
carbene center, were found to be the most n-accepting NHC class as signified by
the highly downfield-shifted 6, resonances of their phosphine adducts. Among
NHC classes measured as the selenium adducts, DACs that feature carbonyl
groups that compete with the carbene p-orbital for nitrogen n-electron density
were accordingly shown to be highly n-accepting. Other common classes of
NHCs, however, may exhibit a wide range of m-accepting abilities depending
on the substitution pattern. For imidazolylidene and imidazolinylidene NHCs
bearing identical nitrogen and backbone substituents, the saturated derivatives
were found to more n-accepting (IMes—selenium adduct 6, in CDCl; = 27 ppm
cf.,, SIMes—selenium adduct = 110 ppm). Significant variation in the 6, or &g,
chemical shift values, however, can be observed even with minor differences
in the nitrogen substituents. For example, in the triazolylidene series, a &g,
value of 34 ppm was recorded in CDCI, for the selenium adduct of TMes (9b),
whereas the corresponding pentafluorophenyl-substituted derivative 9c was
found to be much more m-accepting with a 6¢, of 77 ppm recorded under the
same conditions. As a specific metric for the m-accepting character of NHCs,
this approach provides a deeper insight both into the individual factors affecting
the binding of different NHC ligands in complexes and, by extension, into their
relative reactivity as organocatalysts. Taken in combination with TEP or other
parameters that provide information on the overall donor ability, the relative
contribution of 6-donation can also be inferred. Furthermore, recent studies by
Ganter and coworkers also suggest that '/, - coupling constants determined by
NMR spectroscopy on NHC-selenium adducts can provide direct information
on the o-donating ability of NHCs [78].
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1.4.4 Nucleophilicity and Lewis Basicity

The first step in any organocatalytic reaction involves the addition of the NHC
to a carbon electrophile. The nucleophilicity of the carbene carbon is therefore
directly related to the NHC’s reactivity as an organocatalyst. In 2011, Mayr and
coworkers measured the nucleophilicity of three NHCs (IMes 1b, SIMes 2a,
and TPT 9a) by studying the kinetics of adduct formation with a selection of
benzhydrylium electrophiles [80]. Triazolylidene was found to be significantly
less nucleophilic than the imidazole-based NHCs, whereas the saturated imida-
zolinylidene SIMes reacted at a slightly faster rate than the unsaturated analog
IMes. DFT calculations also revealed the methyl cation affinities (MCAs) of
each NHC as a means of assessing their Lewis basicities (Figure 1.22). Using
this arguably more relevant metric for organocatalysis, which is related to the
thermodynamic equilibrium constant of adduct formation, a similar trend was
observed (MCA for IMes, 1b = 767.2 k] mol~!, SIMes, 2a, 768.9 k] mol~!, TPT,
9a = 712.2kJ mol™!). In comparison to PPh; and 4-(dimethylamino)pyridine
(DMAP), all three NHCs were significantly more Lewis basic (MCA for
PPh; = 618.4 k] mol™!, DMAP = 581.2 k] mol™).

1.4.5 Electrochemical Methods

The electronic properties of metal complexes can also be investigated using
electrochemical methods. In comparison to the TEP or Huynh’s NMR approach,
which measures IR or NMR spectra of spectator CO or benzimidazolylidene lig-
ands, respectively, measuring the redox potential of the overall complex provides
arguably more direct information on the electron density at the metal center and
therefore on the donating ability of its constituent ligands. Redox potentials are
typically measured for the Ru''/Ru™ couple in ruthenium complexes bearing
one or more 2,2’-bipyridine (bpy) ligands in addition to the ligand of interest,
and the data are deconvoluted into Lever electronic parameter (LEP) values
specific to the investigated ligand [81]. To date, however, limited LEP values
have been obtained for NHCs, and electrochemical data are somewhat limited
to studies on iridium and rhodium complexes of the form [MCI(COD)(L)]
(COD = 1,5-cyclooctadiene). A survey of imidazolylidene and imidazolinylidene
ligands bearing electronically diverse para-groups on the N-aryl substituents
was conducted by Plenio and coworkers (Figure 1.23) [69, 82]. Notable differ-
ences in the measured E,,, values were recorded even for these relatively remote
electronic variations with more strongly electron-donating groups leading to a
more facile oxidation of the metal.

IMes (1b) SIMes (2a) TPT (9a)
MCA = 767.2 kJ mol™ MCA = 768. 9 kJ mol™ MCA = 712.2 kJ mol™’

Figure 1.22 Calculations of the MCA of IMes (1b), SIMes (2a), and TPT (9a) by Mayr and
coworkers.
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Figure 1.23 Electrochemical measurements on iridium complexes of the form [IrCI(COD)(L)]
with different imidazolylidene and imidazolinylidene NHCs (measured in 0.1 M NBu,PF,
referenced to FcMeg, scan rate: 100 mV's™').

Saturated imidazolinylidene NHCs were again found to be more electron
donating than their unsaturated imidazolylidene analogs using this method.
A good correlation was observed between the electrochemical data and the
corresponding TEP values while a comparison with the analogous iridium
complex [IrClI(COD)(PCy,)] again confirmed the strong donating ability of
NHC:s relative to phosphines.

1.4.6 Computational Methods

Alongside the experimental approaches, significant efforts have been devoted
to examining the electronic properties of NHCs using computational meth-
ods. As discussed above, calculated TEP values have been obtained for many
derivatives with good correlations with experimentally determined values being
achieved [68]. A number of research groups have instead focused on other
metrics calculated using DFT models (Figure 1.24). As far back as 2001, Clot
and coworkers obtained computed ligand electronic parameters (CEPs) from
DFT calculations on a small set of nickel carbonyl complexes bearing simple
NHCs as part of a larger study of donor ligands [83]. The CEP values were
obtained as wavenumbers in analogy to TEP values and could be correlated with
both TEP and LEP data. As with the experimental approaches to quantifying
ligand electronic properties, this method again demonstrated the extraordinarily

O N~
/7 \ S\/N\ 6a
—~N_ N~ —~N__ N~ -~ BSO 0.623
.o .. 7c
2¢ IDM (1d) CEP 2150.1 cm™
CEP (cm™)  2137.6 CEP (cm™) 21421
BSO 0.575 BSO 0.599 /~N
Ve (keal mol-') —9271.35 Vg (kealmol") -9273.06  — NN~ NN~
CREF (E) 0.414 CREF (Ep) 0.413 % 3a
CREF0.394E, V,-9263.77
kcal mol™"!

Figure 1.24 Electronic parameters of model NHCs calculated using DFT.
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strong donating ability of NHCs compared to phosphines and other ligands.
Among the tested NHC substrates, the model imidazolinylidene derivative 2¢
had a lower CEP value (2137.6 cm™) than the corresponding imidazolylidene
IDM (1d, CEP = 2142.1 cm™!), whereas N-methylthiazolylidene (7c) was even
less donating (CEP = 2150 cm™!). More recently, Cremer and coworkers intro-
duced the metal-ligand electronic parameter (MLEP) as a metric for quantifying
the binding strength of ligands to metals [84]. By focusing specifically on the
metal-ligand interaction in nickel carbonyl complexes, the MLEP was devel-
oped as a more insightful parameter than the TEP, which provides only indirect
information on the ligand binding by measuring the IR stretching frequency
associated with the spectator carbonyl ligands. The bond strength order (BSO)
values thus obtained for a small set of simple NHCs were found to be higher for
the aromatic NHCs IDM (1d), thiazolylidene 7c, and, especially, oxazolylidene
6a, whereas the lowest BSO was calculated for the imidazolinylidene 2c. Inter-
estingly, calculations of the C=0O bond strength in these complexes as a direct
comparison with TEP data revealed a different trend to that expected from
Tolman’s model. Rather than observing an inverse relationship where increased
NHC binding to the metal leads to increased Ni to C=O back-bonding, stronger
C=0 bonds were calculated in complexes containing strong NHC—Ni bonds.
These results again emphasize how care should be taken in correlating C=0O
stretching frequencies with the ligand properties for NHCs. DFT studies by
the groups of Ciancaleoni and Belpassi have shown that the steric influence of
bulky NHCs affects the orbital overlap in nickel carbonyl complexes and further
complicates the interpretation of TEP values [85].

Rather than calculating NHC-containing metal complexes, DFT studies
have also been conducted on free NHCs themselves. HOMO energies, proton
affinities [86], and nucleophilicities [87] have been computed while, in 2010,
Suresh and coworker calculated molecular electrostatic potentials (MESP, V)
of a range of imidazolylidenes (1), imidazolinylidenes (2), and benzimidazolyli-
denes (3) [88]. Good correlations between the V. values obtained and the
corresponding TEP values were observed, while applications of the method
for understanding the roles of NHCs in transition metal catalysis have been
performed [89]. Recently, a new parameter termed the carbene relative energy
of formation (CREF) was introduced by Ramsden and Oziminski, which focuses
on DFT-determined energies associated with NHC generation for azolium salts
[90]. This metric provides information specifically on the 6-donating properties
of the carbene center independently of any n-considerations or steric effects.
Comparing the N-methyl-substituted NHCs 1d, 2c, and 9e, similar CREF values
of 0.413 and 0.414 E, were obtained for the imidazolylidene and imidazolinyli-
dene derivatives, while the triazolylidene was calculated to be significantly less
o-donating (CREF = 0.394.E, ).

1.5 Quantifying the Steric Properties of NHCs

In addition to knowing the electron richness and donating ability of NHCs, when
selecting a potential ligand or organocatalyst, it is also important to consider their
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steric properties. In the context of organocatalysis, the steric accessibility of the
carbene center inherently influences the rate of addition of the NHC to the elec-
trophilic starting material (e.g. an aldehyde), the elimination of the catalyst at the
end of the cycle, and all other intermediate steps. The steric influence of chiral
NHCs on the reaction intermediates also determines the sense and level of enan-
tioselectivity afforded by the process. The relative size of phosphine ligands can
be conveniently described by the Tolman cone angle [65], which is measured by
envisaging a cone with an apex at a metal center and an angle defined by the out-
ermost lying portion of the ligand. The uniform steric influence assumed by this
metric, however, does not accurately reflect the unsymmetrical nature of NHCs.
For this reason, alternative models have been developed principally by the groups
of Nolan and Cavallo [63], which allow for a more authentic evaluation of the
steric properties of NHCs, while still enabling comparison with phosphines or
other related classes of compounds.

1.5.1 Percentage Buried Volume (%V,,)

First introduced in 2003, the percentage buried volume (%V,,,) of a ligand is
determined by visualizing a complex as a sphere of radius (r) 3.5 A with the
metal at the center and metal—carbene bond length (d) defined as 2.00 or 2.28 A
(Figure 1.25) [47]. The percentage volume of this sphere occupied or “buried” by
the ligand is then calculated using standardized atomic radii of the constituent
atoms (excluding hydrogen). Suitable data sources for the calculations are X-ray
crystal structures either of a metal complex or the uncoordinated ligand (e.g. the
free carbene or azolium salt for NHCs) or DFT determined atomic coordinates.
There now exists a free Internet tool (SambVca) [91] that calculates %V, values
from uploaded input files, and because of the large number of crystal structures
available for NHC-containing metal complexes, %V, . values can nowadays be
found in the literature for many NHCs. The model can also be readily applied
for other classes of ligands such as phosphines and may be used for mono- or
poly-coordinating species [92]. It is important, however, only to compare %V,
values obtained from the same source. The coordination geometry of a complex
and the number and type of ancillary ligands can greatly affect the ligand
coordination, and unusual or unrepresentative conformations may be adopted
to minimize steric clashing. As a result, linear gold(I) complexes of the form
[AuCl(L)] have proved useful as standard sources for %V . calculations as their
uncongested coordination sphere allows the ligands to avoid steric clashing with
other ligands. Other inconsistencies in %V, values arise from poor-quality
X-ray or DFT input data, leading to errors in the atomic coordinates.

O Q The %V, is the percentage
of the sphere occupied or

“buried” by the ligand

» d=2.000r2.28A
r=35A

Figure 1.25 Model used to determine the percentage-buried volume (%V, ) of NHCs.
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%V, values obtained for common classes of NHCs typically range from
around 25% up to over 50%. The large number of %V, . values available has
allowed for a systematic evaluation of the effects of different NHC classes and
nitrogen and backbone substituents on the steric environment experienced
by metals or, in the context of organocatalysis, organic substrates bound to
the carbene carbon. A scale showing %V, values collated from the literature
by Nolan and coworkers [63] from gold(I) chloride complexes (d = 2.00 A) of
a range of imidazolylidene NHCs featuring different nitrogen and backbone
substituents is provided in Figure 1.26. As could be expected from their close
proximity to the carbene carbon, the nitrogen substituents have a large steric
influence. Increasing the size of the ortho-substituents in 2,6-disubstituted
N-aryl imidazolylidenes from methyl in IMes (1b) to isopropyl in IPr (1c) and
diphenylmethyl in IPr* (1k) leads to a large increase in %V, from 36.5% to
45.4% and 50.4%. %V, values calculated for N-alkyl-substituted NHCs are
in general smaller than for N-aryl-substituted derivatives with IDM (1d), ICy
(1j), and IAd (1a), having values of 26.3%, 27.5%, and 39.8%, respectively. In the
case of ICy (1j) and other NHCs bearing comparatively flexible substituents,
the %V, values are strongly affected by the ability of these groups to adopt
conformations that reduce steric crowding. As %V, values are determined
from single snapshots in a specific complex, special care should be taken when
drawing conclusions about the steric influence of these NHCs in different
contexts. Indeed, the concept of “flexible steric bulk” brought about through
conformation changes in the ligand can be especially significant in catalytic
systems as different stages in the mechanistic cycle may favor different steric
environments [93]. In contrast to changes in the nitrogen substituents, the back-
bone substitution pattern has a relatively minor influence on the %V, values for
most imidazolylidenes. For example, the 2,6-diisopropylphenyl N-substituted
species bearing hydrogen (IPr, 1c), chlorine (1g), or methyl substituents at
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N_ N
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ICy(1j) ~ Mes™ ~""Mes . T 45.4%
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5% IMes (1b) 39.8%
36.5% f
25% 30% 35I°/:\ 40% 45%
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Least l l Most
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Figure 1.26 Scale showing the variation in %V, values for imidazolylidenes with different
nitrogen and backbone substituents.
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the 4- and 5-positions all have %V, . values within 1% of each other, with the
dimethyl-substituted derivative 11 actually showing the smallest value of 44.4%.
Indeed, backbone substitution is often conducted in order to vary the electronic
properties of the NHC without changing the steric properties. Exceptions to this
trend, however, can occur when the backbone substituents affect the flexibility
or rotational freedom of the N-substituents. For example, the %V, values
observed for N-isopropyl-substituted imidazolylidenes increase significantly
from 27.5% (for 1m) to 38.5% (for 1n) upon backbone substitution with methyl
groups. Restricted rotation of the N-substituents that leads to an increase in
steric bulk closer to the carbene carbon likely explains this observation.

The class of NHC heterocycle also has a major influence on the steric prop-
erties at the carbene carbon. Depending on the identity and position of the ring
heteroatoms, the carbene carbon experiences inherently different steric envi-
ronments for different heterocycles. Thiazolylidene or oxazolylidene NHCs, for
example, possess only one substituent adjacent to the carbene carbon by virtue
of the bivalency of their sulfur or oxygen ring heteroatoms. By contrast, CAACs
possess an adjacent sp3-hybridized, quaternary carbon, which exerts a large
steric effect and results in high %V, . values (e.g. 51.0% for 8c). The size of the
heterocycle also plays an important role as changes to the ring geometry effec-
tively push the nitrogen or other proximal substituents either closer to or further
away from the carbene carbon. Increasing the ring size from 5 to 6 and 7 in the
series of saturated 2,6-diisopropylphenyl N-substituted NHCs SIPr (2b), 4a, and
33, for example, results in an increase in %V, from 47.0% to 50.9% and 52.7%,
reflecting the closer proximity of the bulky N-aryl substituents to the carbene
carbon in the larger rings. A notable increase in the %V, values is also observed
upon saturation of the heterocycle with imidazolinylidene derivatives being
more sterically demanding than the corresponding imidazolylidene analogs. This
effect has been rationalized as resulting from an increase in the ring flexibility,
which allows the nitrogen substituents to approach closer to the metal center.

1.5.2 Steric Maps

Although the percentage-buried volume gives a useful insight into the overall
steric influence exerted by NHC ligands and organocatalysts, as a single number
parameter, it does not provide any information as to the spatial distribution of the
steric bulk around the metal or organic substrate bound to the carbene center.
As previously discussed, the steric influence of NHCs is highly anisotropic and
different environments will be experienced by other moieties in complexes or
adducts depending on their position in relation to the NHC. This feature is of
particular relevance for enantioselective organocatalysis as the relative position
of steric bulk in the chiral NHC-containing intermediates is fundamental for
determining the sense and level of enantioselectivity afforded. One strategy to
account for the anisotropy of NHCs in percentage-buried volume calculations
is to split the NHC—-metal sphere into four and determine %V, values for
each quadrant. A more complete model, however, was introduced by Cavallo
and coworkers [94], which instead represents the spatial distribution as a 2D
diagram called a steric map. Visualized along the metal-carbene axis with the
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metal at the center, the steric bulk present throughout the sphere can be easily
interpreted in the x, y plane with contours being used to show the extent of steric
bulk along the z-axis. The SambVca online tool can now be used to generate
steric maps from cif or XYZ files alongside %V, values [95].

1.6 Concluding Remarks

Since the initial studies on NHC ligands in the 1960s and the first isolation of
a free NHC by Arduengo and coworkers in 1991, these compounds have found
multiple uses across many areas of organic and inorganic chemistry. Nature itself
has chosen an NHC in the form of vitamin B, to perform organocatalytic reac-
tions in vivo, and over the last decades, NHCs have opened up new classes of often
enantioselective organic transformations. As a background to the more specific
chapters that follow, this introductory chapter provides a concise overview of the
general properties of NHCs and briefly summarizes some of their major appli-
cations as ligands for metals and nonmetals. We hope this will serve as a general
foundation for newcomers to NHCs and place the developments in organocataly-
sis described in the subsequent chapters into a wider context. Through a survey of
the different methods used to quantify and their electronic and steric profiles, this
overview should also allow for informed analogies between the organocatalytic
reactivity of different NHCs and their fundamental properties to be made.
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