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ABSTRACT OF THE DISSERTATION
Applications of Carbenes in Organometallic Chemistry

by

Daniel Ross Alim Tolentino

Doctor of Philosophy in Chemistry

University of California San Diego, 2019

Professor Guy Bertrand, Chair

When the first stable carbene was isolated in 1988 it was initially seen as simply a laboratory
curiosity, but since this seminal report, carbenes have proven to be powerful tools in all fields of molecular
science. This can be attributed to the breadth of stereoelectronic properties carbenes can possess which
allows for a wide array of applications. These neutral carbon-based species have had the most impact in the
field of homogeneous transition metal catalysis, where their strong σ-donating ability has allowed for the
development of increasingly robust catalyst systems. Indeed, by using strongly-donating mesoionic
carbenes in gold-catalyzed hydroamination, parent hydrazine could be exploited to develop a new method
for the incorporation of nitrogen-nitrogen bonds into molecules.
The stabilizing ability of carbenes is further exemplified by cyclic (alkyl)(amino)carbenes, which
are both strong σ-donors and π-acceptors. Using these carbenes, key bis(copper) active species in the

xxi

ubiquitous Click reaction were isolated, which allows for a better understanding of the catalytic cycle to
guide development of current methodologies.
Although carbenes are most widely known for their ability to modulate reactivity at metal centers,
they are also capable of displaying transition metal-like reactivity on their own. Ambiphilic carbenes —
whose frontier orbitals resemble to some extent the electronic situation at a metal center — can activate
small molecules and perform the oxidative addition of strong chemical bonds. Furthermore, it was found
that this transition metal mimicry can even be extended to the steric properties of a carbene. Just as for
transition metals, the steric environment is a key parameter in promoting the reductive elimination from a
carbon center. With this knowledge in hand, reactions that were traditionally under the purview of transition
metals can now be extended to carbon-based molecules.
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Chapter 1 General Introduction
1.1
1.1.1

Stable Carbenes
Electronic Structure of a Carbene
Carbon is a p-block element found in the second row of the periodic table with a valence shell

configuration of 2s22p2. It can use these four electrons to participate in various bonding situations giving
rise to neutral species such as i) alkanes, alkenes, alkynes, and allenes, ii) carboradicals, iii) carbenes, and
iv) carbynes (Figure 1.1).1 Charged species, i.e. carbocations and carbanions, can also be formed when one
electron is lost or one electron is gained, respectively.2 The forms in the first category are tetravalent, and
use a combination of σ and π bonds to satisfy the octet rule. Since they are octet-satisfying species they are
also the most stable and most widely studied; indeed, they are among the first species all organic chemistry
students learn about.2 Moving on to trivalent species, carboradicals - which feature a single unpaired
electron - are inherently less stable because they lack a full octet. Although they are more reactive,
carboradicals have a variety of applications (e.g. polymerization,3,4 spintronics5), and persistent species are
even known.6,7,8,9,10 Carbynes are the other class that feature an odd number of unpaired electrons and they
are monovalent. However, these highly reactive species have yet to be isolated in their free form outside of
the coordination sphere of a transition metal.11,12 The next class, neutral divalent species, can exist in either
a one-coordinate geometry or two-coordinate geometry. One-coordinate, divalent carbon species have also
not been isolated outside of the coordination sphere of a transition metal,13 though one could argue that
isocyanides which are isolable in their free form can fit this category. 2 On the other hand, divalent twocoordinate carbon species, which are also highly reactive entities, have been isolated both in the
coordination sphere of a metal14,15,16 and as free species,17 the latter being the focus of this dissertation.
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Figure 1.1. Neutral carbon species. i) tetravalent – alkanes, alkenes, alkynes, allenes; ii) trivalent –
carboradicals; iii) divalent – carbenes; iv) monovalent – carbynes.

Carbenes are defined as neutral compounds featuring a divalent carbon atom with only six electrons
in its valence shell, and henceforth will only refer to two-coordinate species unless otherwise noted. This
unique electronic situation means that the carbon atom has two non-bonding electrons that can exist in
several states depending on the geometry and substituents at the carbene center, which in turn affects the
orbital situation (Figure 1.2). The first state involves the two substituents on the carbene being in a linear
fashion, meaning the carbon is sp-hybridized, with degenerate non-bonding px and py orbitals.17 In the
ground state the two non-bonding electrons can populate these degenerate orbitals with parallel spins (triplet
state), meaning these triplet carbenes exist as diradicals. Triplet carbenes have so far only been isolated
within the coordination sphere of a transition metal, and exhibit only fleeting lifetimes as the free
species.18,19 Upon perturbing the linearity about the carbene center, the carbon atom begins to adopt sp 2
hybridization leaving the py (pπ) orbital largely unaffected, but the former px orbital adopts more s character
breaking the degeneracy and leading to formation of a σ orbital. This electronic state of a carbene is called
the singlet state, and the pπ and σ orbitals present the possible frontier orbitals in which the two spin-paired
electrons can populate, leading to the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). Of the two theoretical possibilities, there are no examples of Type II, but Type
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I (where the HOMO is the σ orbital and the LUMO is the pπ orbital) is incredibly well-represented in the
chemical literature. In possessing both an electron lone-pair and an accessible empty orbital on the same
carbon atom, singlet carbenes have the unique potential to behave as both nucleophilic and electrophilic,
which is dictated by the relative energies of the HOMO and LUMO, respectively. 20 Another important
parameter related to the electronics of a carbene center is the singlet-triplet gap (ΔEST), which indicates the
energy required to promote a singlet carbene from ground state to a triplet excited state, and provides a
metric on how stable a singlet carbene may be (as a general rule of thumb based on experimental
observations, carbenes with a singlet-triplet gap ˃20 kcal/mol are isolable at room temperature).17

Figure 1.2. Electronic states of a carbene.

1.1.2

Isolation of Stable Carbenes
The earliest recorded attempt to synthesize a carbene was in 1835 when Dumas attempted to

generate the parent carbene, CH2, by dehydration of methanol, but proved too unstable to isolate (Scheme
1.1).21 At the turn of the century Curtius and Staudinger demonstrated that carbenes could also be generated
from diazo compounds and ketenes, but were still unable to observe the free species. 22,23 As a side note,
Dumas, Curtius, and Staudinger were attempting to isolate methylene which is a triplet carbene, and such
carbenes still have not been isolated to date.24 The search for a stable singlet carbene continued, and in the
interim Doering reported the discovery of the cyclopropanation reaction in the 1954, which demonstrated
that these curious species could be synthetically useful.25 Then in 1962 Wanzlick reported the thermolysis
of 1.1 to eliminate chloroform yielding tetraazafulvalene 1.3, which was the apparent dimer of transient
carbene 1.2 (Scheme 1.1).26,27 Wanzlick proposed that this dimer could be in equilibrium with the
3

monomeric carbene species, and it was at this time that chemists realized kinetic protection through sterics,
in addition to electronic stabilization, was required if carbenes were to be isolated.28,29,30 At the same time,
carbenes trapped within the coordination sphere of a transition metal were also reported,31,32,33,34 but the free
species still eluded chemists.

Scheme 1.1. Historical attempts at isolating a free carbene.
Increasing the steric environment on the atoms α to the carbene center is the most practical approach
towards kinetic stabilization, but provides little effect toward thermodynamic stabilization of the singlet
state.17 In 1980 Pauling and Schoeller came to the conclusion that to stabilize a singlet carbene of Type I,
the electroneutrality of the carbene center needed to be preserved by mesomeric and inductive effects
imparted by the neighboring substituents.35,36 This can be achieved in one of two ways, 1) two π-donor, σacceptor substituents, or 2) one π-donor and one π-acceptor substituent (Figure 1.3); although there are
exceptions to these rules which will be discussed later.17 The first method relies on the two substituents α
to the carbene center to have lone pairs that can mesomerically donate into the formally empty p π orbital,
stabilizing it and thereby lowering the energy of the LUMO. At the same time, those substituents also
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inductively withdraw electron density from the σ lone pair which stabilizes the HOMO. The concept of this
substitution pattern, known as “push-push mesomeric, pull-pull inductive”, is what is used to isolate a
majority of singlet carbenes, which will be discussed later. The second method, also known as “push-pull
mesomeric” substitution, places less importance on inductive effects, and instead relies on one substituent
to π-donate a lone pair into the pπ orbital, and the other substituent to π-accept the carbene σ lone pair (e.g.
a substituent with an accessible anti-bonding orbital α to the carbene center). In fact, the second method
was the technique used to isolate the first carbene.

Figure 1.3. Stabilization modes of singlet carbenes. Push-push mesomeric, pull-pull inductive stabilization
(left), and push-pull mesomeric stabilization (right).

In 1988 Bertrand and co-workers, using the second method outlined above, isolated the first stable
carbene, namely a phosphino(silyl)carbene (1.4, Figure 1.4).37 Carbene 1.4 was prepared by irradiation of
the corresponding diazo precursor, and is stabilized via the push-pull effect of the α-substituents. The
phosphine mesomerically donates its lone pair into the formally empty p π orbital, and the carbene σ lone
pair is stabilized by a symmetry overlap with the low-lying σ* orbital of the silyl group. A zwitterionic,
allenic resonance form for the molecule can be drawn, but the reactivity of the species is indicative of a
carbene.38 A few years later Arduengo isolated the first crystalline carbene, namely an N-heterocyclic
carbene (NHC), by deprotonation of 1,3-di-1-adamantylimidazolium chloride to afford 1,3-di-1adamantylimidazol-2-ylidene (1.5, Figure 1.4).39 This carbene is similar to Wanzlick’s attempt in that they
are both electronically stabilized by the “push-push mesomeric, pull-pull inductive” effect imparted by the
π-donating and σ-withdrawing nitrogen atoms. But furthermore, Arduengo’s NHC features sterically bulky
adamantyl substituents providing the necessary kinetic protection. The unsaturated backbone of the 5membered ring also allows for an aromatic core, contributing to the overall stability of the molecule.
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Figure 1.4. The first isolated carbene (phosphino(silyl)carbene 1.4), and the first crystalline carbene (1,3di-1-adamantylimidazol-2-ylidene 1.5 (NHC)).

N-heterocyclic carbenes are indefinitely stable at room temperature in the absence of air and
moisture, and this has allowed these strongly σ electron-donating, neutral species to pave the way for stable
carbenes becoming ubiquitous in organic, organometallic, and inorganic chemistry.9,17,40,41,42,43

1.1.3

Diversity of Stable Carbenes
Since the seminal contributions by Bertrand and Arduengo, the field of stable singlet carbene

chemistry has grown into a rich and extensive field spanning all topics of molecular science. This can
largely be attributed to the ability of carbenes to behave as strongly σ electron-donating, neutral molecules
that can also possess non-negligible π electron-accepting character. Indeed, carbenes are privileged carbonbased molecules whose readily tunable electronic and steric parameters has given chemists extreme
versatility in choosing a carbene for a specific task.9,17,44,45 While carbenes feature a vast array of structural
diversity, some key features that should be commented on include, i) neighboring heteroatom substitution,
ii) the carbene backbone (including cyclic versus acyclic variants) iii) ring size (in the case of cyclic
species), and iv) steric profile of substituents (Figure 1.5).44
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Figure 1.5. Key parameters of carbenes.

The first parameter, heteroatom substitution, has the largest effect on the electronic properties of a
carbene through mesomeric and inductive effects. As a result of this, elements that possess a lone pair and
are more electronegative than carbon are often placed adjacent to the carbene center. 20,46 Due to its
handiness in carbene syntheses47 nitrogen is by far the most prevalent element represented, but carbenes
incorporated with other heteroatoms have also been explored (e.g. phosphorus, oxygen, sulfur). 48,49
Arduengo’s 1,3-di-1-adamantylimidazol-2-ylidene is prototypical of the plethora of N-heterocyclic
carbenes that came after it; indeed, simply varying the position of the nitrogen atom(s) in the carbene ring
has resulted in several classes of carbene with vastly different stereoelectronic properties (Figure 1.6).20 For
example, ENHC, reported by Enders 4 years after Arduengo’s NHC, has a third nitrogen atom incorporated
into the 5-membered ring that results in even more inductive withdrawal of electron density from the
carbene σ lone pair.50 The consequence of this 1,2,4-triazol-5-ylidene core is that the carbene is slightly less
nucleophilic compared to an 1,3-imidazole-2-ylidene, but this has allowed ENHC to be quite useful in
nucleophilic organocatalysis.51 Due to the ever-increasing variety of available carbenes a number of
experimental tools have been developed to evaluate their properties (see Section 0). Additionally,
theoretical methods can be used to assess key parameters in silico, such as HOMO-LUMO energy levels
and singlet-triplet gap (ΔEST), which allows for the electronics of carbenes to be ascertained a priori.20
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Figure 1.6. Carbenes featuring different nitrogen atom substitution patterns. Calculated HOMO-LUMO
energy levels (eV) and ΔEST (kcal/mol) at the B3LYP/def2- TZVPP level of theory.52 aEnergy
given is for LUMO+1 corresponding to carbene-centered pπ orbital. bTriplet state for MIC is
not carbene-centered.52

Another class of carbenes that features 3 nitrogen atoms incorporated into the 5-membered ring are
1,2,3-triazol-5-ylidenes, so-called mesoionic carbenes (MICs) (MIC, Figure 1.6) reported by Bertrand in
2010.53,54,55,56 However, MICs only have one σ-acceptor nitrogen atom α to the carbene center, which results
in lower inductive stabilization of the carbene σ lone pair; therefore, MICs are more nucleophilic relative
to 1,3-imidazol-5-ylidenes. The nucleophilicity is further enhanced by the mesoionic nature of MICs – no
reasonable resonance form for the species can be drawn without introducing a formal positive charge on
the tri-nitrogen backbone and a formal negative charge on the carbene carbon.53 In fact, Wanzlick-type
dimers57 of MICs have yet to be observed (even with unhindered steric environments),54 which can be
attributed to the partially anionic character of the carbene center. Another class of carbene that is very
similar to MICs are abnormal carbenes (aNHC, Figure 1.6).55 First observed by Crabtree in 2001 as the
metallated species, abnormal carbenes (aNHCs) are so-called because the carbene center is not on the
typical C-2 position of a 1,3-imidazolylidene; instead, the carbene center is on the C-5 position.58
Experimental and theoretical data on metallated aNHCs indicate that these carbenes are even stronger
donors than both traditional NHCs and MICs, which again can be attributed to the presence of only one σacceptor α to the carbene center (as well as only two nitrogen atoms in the 5-membered ring).59,60,61 The
free species was also isolated in 2009 by Bertrand and co-workers by deprotonating an imidazolium salt
precursor wherein the C-2 position was blocked by a phenyl group.62 Due to the strongly σ-donating nature
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of MICs and aNHCs, as well as traditional NHCs, their use as L ligands in organometallic chemistry has
transformed the field of homogeneous catalysis over the last 25 years (see Chapter 2).40,44,55
While the previous classes of carbenes are strong σ-donors, the stabilizing effect of their aromatic
structures has also prevented exploratory reactivity involving their LUMOs, and thus confined them to
nucleophilic chemistry. Following the trend of carbenes featuring only one nitrogen atom α to the carbene
center, the next class of carbenes, namely cyclic (alkyl)(amino)carbenes (CAACs) (CAAC, Figure 1.6),
have opened the way to reactivities beyond nucleophilicity and metal-ligation.9,63 Reported by Bertrand in
2005, CAACs feature a saturated 5-membered heterocyclic with only one nitrogen atom in the ring, α to
the carbene center.64 The other α position is occupied by a quaternary carbon, which means that there is
only one σ-acceptor/π-donor stabilizing the carbene center, and this simple change in the framework of the
molecule has allowed CAACs access to chemistry that traditional NHCs cannot. Indeed, not only are
CAACs stronger σ-donors than NHCs, they possess π-accepting capabilities that were long believed to be
negligible for carbenes.65,66,67 The peculiar electronic properties of CAACs has contributed to the field of
homogeneous catalysis, but where they have truly outshined other carbenes is in the stabilization of
transition metals in unusual oxidation states, low valent main-group species, paramagnetic molecules, and
intermediates believed to be non-isolable (see Chapter 3).9,63,68,69,70,71 The high-lying HOMO of CAACs
allows for stronger donation to electron-deficient centers, but it is their low-lying LUMO that allows for
the stabilization of electron-rich species and unpaired electrons. Lastly, another mode of reactivity unique
to CAACs, and other carbenes with low-lying LUMOs, is their ability to mimic transition metals in the
activation of strong chemical bonds (see Chapter 4).72,73,74,75
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Figure 1.7. Effect of heteroatom substitution on comparative HOMO and LUMO energies of NHC and
CAAC. Calculated HOMO-LUMO energy levels (eV) and ΔEST (kcal/mol) at the
B3LYP/def2- TZVPP level of theory.52

With the realization that carbenes could possess non-negligible electrophilic character which could
be utilized for stronger carbene-element bonds, redox activity, and bond activation, to name a few, interest
in the search for more electrophilic carbenes increased. In addition to heteroatom substitution affecting the
HOMO and LUMO energies of a carbene, the nature of the heterocycle backbone and bond angle about the
carbene center also play a part. Carbenes with an aromatic core (e.g. unsaturated NHCs, MICs, aNHCs)
tend to be more stable, but the energy of the LUMO is inherently higher making it inaccessible. Conversely,
carbenes that are not built upon aromatic heterocycles (e.g. saturated NHCs, 76 CAACs) have lower lying
LUMOs that are potentially accessible. To this end, carbenes such as bzNHC (benzimidazol-2-ylidenes),77
DAC (N,N’-diamidocarbene),78 CAArC (cyclic (amino)(aryl)carbenes),79 and pyrNHC80 (pyramidalized
NHCs) (Figure 1.8) feature backbones that reduce the ability of the α nitrogen atom(s) to mesomerically
stabilize the carbene LUMO, rendering these carbenes electrophilic. Key features of these carbenes include
the benzannulated backbones of BzNHC and CAArC, and the amide functionalities of DAC; all of which
mesomerically withdraw the nitrogen π electrons away from the carbene pπ orbital through their low-lying
π* orbitals. Consequently, these carbenes also exhibit lower lying HOMOs. On the other hand, the pyrNHC
is unique in that it does not possess any more electron-withdrawing functionalities than the traditional NHC
to reduce π stabilization; rather, the backbone of the carbene places one of the α nitrogen atoms in a
bridgehead position which forces the pyramidalized nitrogen lone pair to be out of plane with the carbene
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pπ orbital. This prevents the mesomeric donation that stabilizes the LUMO of traditional cyclic NHCs, and
accounts for the low-lying LUMO of pyrNHC.

Figure 1.8. Carbenes with reduced mesomeric stabilization of the carbene pπ orbital. Calculated HOMOLUMO energy levels (eV) and ΔEST (kcal/mol) at the B3LYP/def2- TZVPP level of theory.52
While aromaticity and mesomeric effects have a much more pronounced effect on a carbene’s
LUMO, the carbene bond angle affects the energies of both the LUMO and HOMO.20 Indeed, increasing
the bond angle at a carbene center causes both the HOMO and LUMO to obtain more p character. This
results in a decrease of the singlet-triplet gap, which gives rise to a carbene that is more nucleophilic and
electrophilic.81,82,83 Increasing the ring size of a carbene also increases the steric hindrance of the “carbene
pocket” by pushing the carbene’s α substituents towards the carbene center. The steric environment around
a carbene center can be measured by the percent buried volume (%Vbur) (see Section 0).84,85 Expanded-ring
carbenes such as 6-NHC, 7-NHC,86 6-CAAC,83 and BICAAC87 all feature reduced singlet-triplet gaps
compared to their 5-membered counterparts, and are consequently more ambiphilic. Lastly, the bond angle
at a carbene center can be widened even more by not constricting it within a cyclic structure, i.e. acyclic
carbenes (e.g. ADAC (acyclic diaminocarbene)88 and AAAC (acyclic (alkyl)(amino)carbene)).89,45
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Figure 1.9. Ring-expanded carbenes and acyclic carbenes. Calculated HOMO-LUMO energy levels (eV)
and ΔEST (kcal/mol) at the B3LYP/def2- TZVPP level of theory. *Energy given is for
LUMO+1 corresponding to carbene-centered pπ orbital.52

The carbenes described in this section are by no means an exhaustive list of the architectures
possible, but represent the frameworks of some of the more widely used species. Carbene structures can be
quite exotic such as the BAC (bis(amino)cyclopropenylidene) which features no heteroatoms α to the
carbene center,90 and H-Carbene which is the only stable carbene so far that features a hydrogen atom
directly bound to the carbene center (Figure 1.10).91 Indeed, carbene diversity is only constrained by current
synthetic technologies; they can also be chiral, and even linked together to form polydentate and multitopic
frameworks92,93 making the degree of stereoelectronic modulation that carbenes provide nearly limitless.

Figure 1.10. Bis(amino)cyclopropenylidene (BAC) and mono-substituted carbene (H-Carbene).

The availability of carbenes possessing a wide range of electronic properties has allowed them to
become powerful tools in a variety of molecular sciences; indeed, a carbene exists for almost every type of
electronic parameter desired, some of which are qualitatively highlighted in Figure 1.11 (see Section 1.2
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for experimental parameters).94 As a reference point, Type A can represent the HOMO/LUMO energy
levels of a traditional NHC, and the other types are display some combination of increased or decreased
nucleophilicity and electrophilicity. For example, carbenes of Type B are stronger σ-donors, but weaker πacceptors than Type A. Type B carbenes are best exemplified by mesoionic carbenes (MICs) and abnormal
NHCs (aNHCs), which have proven to be excellent species for applications requiring strong electron
donation, e.g. transition metal catalysis.95,55 On the other hand, carbenes of Type C feature a lower-lying
HOMO and are useful when a less nucleophilic carbene is desired; the best example being Ender’s carbene
(ENHC) which can be used as a nucleophilic leaving group to catalyze organic transformations (e.g.
benzoin condensation).51,41 The next class of carbenes, Type D, also possess a low-lying HOMO, but also
a low-lying LUMO which are best represented by N,N’-diamidocarbenes (DACs). Although their HOMO
lies lower in energy, their σ-donor ability is still non-negligible, which coupled with their low-lying LUMO
allows DACs to activate chemical bonds (e.g. H-NH2, H-E (E = heteroatom)) similar to transition
metals.72,73,74,75 The last class of carbenes in Figure 1.11 possess both a high-lying HOMO and a low-lying
LUMO. Carbenes that undoubtedly best-represent Type E are cyclic (alkyl)(amino)carbenes (CAACs) (and
later bicyclic (alkyl)(amino)carbenes (BICAACs), and their ambiphilic nature makes them suitable for a
wide array of uses, including transition metal catalysis and bond activation.9,63 But where their strong σdonor and strong π-acceptor ability has outshined other carbenes is in the stabilization of highly reactive
species, e.g. metals in unusual oxidation states,68 carbon-centered radicals,9,10,96, and low valent main-group
compounds.97

Figure 1.11. Qualitative depiction of electronic parameters for carbenes.
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1.2
1.2.1

Quantifying the Properties of Carbenes
Measuring the Donor Properties of Carbenes
The defining properties of carbenes is their unique electronic structure that allows them to behave

as both σ-donors and π-acceptors. The degree to which these properties manifest can be estimated by density
functional theory calculations, as well as simple qualitative estimations, but experimental techniques can
also be used for quantitative assessments. One method that can be used to measure the overall donor
properties of carbenes is the Tolman electronic parameter (TEP).98 The Tolman electronic parameter is used
to evaluate the overall donor strength of a ligand bound to a metal-carbonyl species by measuring the IR
spectrum of the complex and comparing the A1 stretching frequency of the CO ligand. Carbonyls have π*
orbitals that can participate in backbonding with the filled d-orbitals of a transition metal; therefore, the
more electron rich a metal center is, the stronger the backbonding. As the strength of the backbonding
increases, the CO triple bond acquires more antibonding character, lengthening it which results in a red
shift (smaller wavenumber) of the CO stretching frequency on the IR spectrum. Therefore, the degree to
which a ligand can donate its electrons to a metal center can be ranked by comparing the CO stretching
frequencies of the corresponding (ligand)metal-carbonyl complexes (Figure 1.12).94

Figure 1.12. Basis of the Tolman Electronic Parameter.

TEP measurements have become a powerful tool in organometallic chemistry, especially since
preparation of the metal-carbonyl complexes is convenient. Tolman originally ranked the donor-acceptor
properties of phosphines by doing a ligand substitution of phosphine onto Ni(CO) 4 to afford tetrahedral
(phosphine)Ni(CO)3, and measuring the IR spectra of the nickel-carbonyl complexes.98 Due to the high
14

toxicity of nickel-carbonyls, alternative metal-carbonyls have been employed based on rhodium and
iridium.20,94 Preparation of these metal-carbonyls begins with ligand substitution onto [M(cod)Cl]2 (M =
Rh, Ir; cod = 1,5-cyclooctadiene) to afford (L)M(cod)Cl, which is followed by addition of CO(g) in the
solution phase to afford cis-[(L)M(CO)2Cl] (Figure 1.13). The most widely used system to evaluate the
overall donor strength of carbenes is cis-[(carbene)Rh(CO)2Cl] which features one CO cis to the carbene,
and the other CO trans. The two strong CO bands generally appear in the approximate range of 1950-2100
cm-1, with the trans CO typically appearing between 1950-2000 cm-1, and the cis CO appearing between
2050-2100 cm-1. The average of the two bands is used when taken for comparisons, and when comparing
values between different metals Equations 1-4 can be used to interconvert (Figure 1.14).20

Figure 1.13. Preparation of (carbene)metal-carbonyl complexes for TEP measurement.

Eq. 1

Nickel: TEP [cm-1] = (0.8001)υCOavg/Rh[cm-1] + 420 cm-1

Eq. 2

Nickel: TEP [cm-1] = (0.8475)υCOavg/Ir[cm-1] + 336 cm-1

Eq. 3

Rh: υCOavg/Rh [cm-1] = (1.0356)υCOavg/Ir[cm-1] – 56.9 cm-1

Eq. 4

Ir: υCOavg/Ir [cm-1] = (0.9441)υCOavg/Rh[cm-1] + 98.9 cm-1

Figure 1.14. Equations to interconvert TEP values between nickel, rhodium, and iridum.

The TEP values of some carbenes are depicted in Figure 1.15, and some general trends can be made
that are in line with the qualitative descriptions in Section 1.1.3.20,82,79,45,87,83 As can be seen from carbenes
1.8-1.10, 1.19, and 1.20, reduced heteroatom stabilization α to the carbene center results in a more strongly
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donating carbene. The ring-expanded species also display increased donor power over their analogous
counterparts, even though steric hindrance can influence the TEP value by leading to less efficient metal
coordination. Carbenes 1.11-1.15, which feature mesomerically withdrawing substituents, are also weaker
donors as expected, and on the other hand, carbenes that have an aromatic core show increased donor power
because of higher electron density at the carbene carbon.

Figure 1.15. TEP values of representative examples of carbenes (TEP value [cm-1] in parentheses).

An important distinction to make is that the TEP value of a carbene gives an indication of overall
donor strength – that is to say, σ donation minus any π acidity a carbene may possess. Metal centers
backbond into the π* of their carbonyl ligands, and the same phenomenon can also happen to the pπ orbital
of a carbene that is concurrently donating electrons via its σ lone pair. Thus, when evaluating a TEP value
one must also consider the degree to which the carbene is withdrawing electron density from the metal
center by π backbonding.
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1.2.2

Measuring the π-Accepting Properties of Carbenes
Carbene π-accepting properties can also be evaluated by formation of an adduct whose spectral

properties allow for extrapolation of the electronic parameters. The first such method was developed in
2013 by Bertrand and involves measuring the 31P NMR chemical shift of carbene-phosphinidene adducts
to gauge the π-accepting ability, or π-acidity, of a carbene.67 Combined with the TEP value, this method
also allows for a better estimate of a carbene’s σ-donor strength. The basis for this concept is that such
species can be represented by two extreme canonical resonance forms, between which all carbenes can fall
into (Figure 1.16).99 One form can be depicted as a carbene forming a dative bond with the phosphinidene,
where the bonding interaction is purely the carbene’s σ lone pair being donated into the phosphinidene
empty orbital, and both of the phosphinidene lone pairs are still localized on phosphorus. The result is a
more electron-rich phosphorus center whose chemical shift is upfield in its 31P NMR spectrum, and this CP dative bond model best describes carbenes with little to no π-accepting character. As the π-acidity of the
carbenes being used increases, the lone pair on phosphorus begins to form a bonding interaction with the
carbene LUMO, leading to the other extreme form, namely a phosphaalkene. In this form there is a double
bond between the carbene center and the phosphinidene; the phosphorus atom now formally only has one
lone pair. This means the phosphorus atom is comparatively less electron-rich, and therefore less shielded
leading to a downfield shift of its resonance in 31P NMR spectroscopy.

Figure 1.16. Canonical resonance structures of carbene-phosphinidene adducts, and basis of the 31P NMR
chemical shift.
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Carbene-phosphinidene adducts can be prepared by one of several ways: 1) reacting free carbene
with 1/5 an equivalent of pentaphenylcyclopentaphosphane (P5Ph5), which is the most straightforward
route, but can be kinetically hindered by sterically encumbered carbenes; 2) reacting 2 equivalents of free
carbene with dichlorophenylphosphine, where one equivalent of sacrificial carbene is used to trap the
released chlorine atoms; or 3) reacting one equivalent of carbene with dichlorophenylphosphine followed
by a two-electron reduction, either with potassium graphite or magnesium metal (Scheme 1.2).94

Scheme 1.2. Preparation of carbene-phosphinidene adducts.
Using this method, Bertrand and later Hudnall,100 measured the 31P NMR chemical shifts of a series
of carbene-phosphinidene adducts which allowed for the tabulation of the carbenes’ π-accepting character,
colloquially called the “P-scale”.67,94,101 Examples of carbenes and their corresponding carbenephosphinidene 31P NMR chemical shifts (P-scale value), as well as their TEP values, are given in Figure
1.17 ranked according to chemical shift.67,100,87 What can be seen is that there is no correlation between a
carbene’s TEP value and its P-scale value; meaning, the origin of the P-scale value is largely dependent on
phosphinidene back-donation only, whereas the TEP value is dependent on σ-donation, but can be
attenuated by π-acidity. However, some structural trends can be inferred from Figure 1.17 regarding a
carbene’s π-acidity. For example, carbenes whose pπ orbitals are in aromatic conjugation, such as 1.27-1.29
and BAC, display comparatively upfield chemical shifts because the ability of the phosphinidene lone pair
to back-donate is diminished.
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Reduced mesomeric stabilization of the carbene pπ orbital should therefore allow greater backdonation of the phosphinidene lone pair, shifting more towards a phosphaalkene structure, and this is
demonstrated by several ways. The first situation involves reduced π-donor stabilization α to the carbene
center, which is outlined by carbenes 1.10, 1.20, 1.23, and 1.24. Each of these carbenes only has one
nitrogen atom α to the carbene center, rendering them quite electrophilic with P-scale values greater than
56 ppm. Carbene 1.23 exhibits a P-scale value of 126.3 ppm, which can be attributed to its acyclic structure;
the α nitrogen atom is no longer constrained in a cycle, allowing for its pyramidalization which brings the
nitrogen lone pair out of plane with the carbene pπ orbital. This effect is also observed for carbene 1.21,
whose acyclic structure also prevents optimal overlap of the nitrogen lone pairs with the carbene pπ orbital.
On the other hand, BAC carbene features no π-donor atoms α to the carbene center, yet exhibits a P-scale
value of -34.9 ppm, which can be attributed to the aromatic nature of the three-membered cycle. This can
also be extended to carbenes 1.27 and 1.28 whose aromatic 5-membered heterocycles result in P-scale
values upfield shifted compared to their respective non-aromatic congeners.
In addition to reduced aromaticity and heteroatom substitution, mesomerically withdrawing
substituents on the backbone can also contribute to increased π-accepting character of the carbene. For
example, carbenes 1.12 and 1.13, which feature amide backbones display P-scale values of 78.6 and 83.0
ppm, respectively, and these are among the most electrophilic carbenes to date. Carbene 1.16, which
possesses two π-donor substituents α to the carbene center is unique in that it reduces mesomeric π
stabilization of one of the α nitrogen lone pairs by geometrically preventing orbital overlap with the carbene
pπ orbital.80 Lastly, another trend that can be observed is that expanded-ring carbenes are more π-acidic than
their corresponding analogs because as outlined above, the increased bond angle at the carbene center
causes the LUMO to obtain more p character, lowering its energy and increasing the carbene’s
electrophilicity (e.g. 1.25 versus 1.26). The increased flexibility of the larger ring also effectively decreases
the amount of nitrogen lone pair overlap with the carbene pπ orbital. Of important note is that the steric
environment of a carbene may also alter the perceived P-scale value, similar to TEP values, by
intramolecular steric repulsion causing kinetic lengthening of the C-P bond. This is expressed by the P19

scale values of carbenes 1.26 and 1.27 (-10.2 and -18.9 ppm, respectively), which have larger α substituents
than 1.6 and 1.28 (-10.4 and -23.0 ppm, respectively), respectively, while maintaining the same heteroatom
and backbone substitution. This phenomenon is also demonstrated by carbene 1.24 (P-scale value = 56.2
ppm), which features a larger steric environment than it’s electronically equivalent relative, 1.10 (P-scale
value = 68.9 ppm).

Figure 1.17. Carbenes ranked by 31P NMR chemical shifts of corresponding phenylphosphinidene adducts
(P-scale value [ppm] in brackets, NMR spectra acquired in C6D6; TEP value [cm-1] in
parentheses).67,87,100

The Tolman Electronic Parameter and P-scale have become quite useful tools in evaluating the
electronic properties of new carbenes, but where TEP experiments have an advantage is that the carbenes
being measured do not have to be isolable as the free species. Indeed, azolium salt precursors can be
deprotonated and metallated in situ, bypassing the need for isolation of sensitive species. Formation of
carbene-phosphinidene adducts however, requires that the free carbene be stable enough to react with
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phosphinidene reactants, and this is not always possible. Thus, an alternative method, that does not require
the isolation of the free carbene, would be beneficial.
To this end, an alternative method for measuring the π-accepting properties of carbenes was
developed by Ganter in 2013, which does not rely on the isolation of a free carbene. 102 Ganter’s method
follows the same principles as the P-scale, but instead measures the 77Se NMR of carbene-selenium adducts.
Where this method excels, lies in the fact that elemental selenium can be used as a trapping agent for
transient carbenes, allowing for the preparation of air-stable carbene-selenium adducts from otherwise
unstable species.79,103 Carbene-selenium adducts can also be represented by two extreme resonance forms
– one in which a more π-acidic carbene results in a selenoketone structure, and the other in which a less πacidic carbene results in a dative carbene-selenium species (Figure 1.18).94 Similar to phosphinidene
adducts, the selenoketone structure features a less electron-rich selenium atom, and the dative carbeneselenium structure is a more electron-rich species. Hence, a selenoketone, resulting from a more π-acidic
carbene will exhibit a low field 77Se NMR chemical shift, and a less π-acidic carbene will form an adduct
displaying a comparatively upfield shifted 77Se NMR resonance.

Figure 1.18. Preparation of carbene-selenium adducts, and basis for 77Se chemical shifts of said adducts.

1.2.3

Measuring the Steric Properties of Carbenes
The profound impact that carbenes have had on the molecular sciences can largely be attributed to

their highly tunable electronic properties allowing for a wide array of applications, but the steric properties
of carbenes are also quite variable.85,104 In most carbenes much of the steric bulk is pointed towards the
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direction of the carbene σ lone pair to provide kinetic protection of the carbene center, but the geometries
associated with this directionality can differ between different frameworks. For example, the substituents
on the α nitrogens of a 5-membered NHC are directed towards the carbene center in a “fan-shaped” manner.
Keeping the substituents constant, increasing the ring size of the heterocycle results in an even more
sterically hindered center by pushing the substituents forward (Figure 1.19).86 The steric environment can
be changed even more dramatically by replacing one of the α nitrogen substituents with an sp3 carbon, as
is the case with CAACs.64 Having a quaternary carbon adjacent to the carbene center not only alters its
electronic properties, but also allows new opportunities for sterically controlled reaction outcomes, e.g.
flexible steric bulk and new modes of chiral induction.105 The 5-membered ring of CAACs can also be
expanded to a 6-membered ring, which again increases the steric bulk around the carbene center, in addition
to the electronic effects it provides (vide supra).83 The ring of a 6-membered CAAC can even be
incorporated into a bicyclic structure, i.e. BICAAC, which places the α quaternary carbon into a bridgehead
position that results in the geometry about the carbene center being fan-shaped again. The result of this
unique framework is that the BICAAC possesses both the electronics of a CAAC and the sterics of a
classical NHC.87 These are only a few examples of the motifs available to known carbenes (the substituents
themselves can vary immensely), and as this factor can significantly impact the reactivity of a carbene, e.g.
directing regio- and stereo-selectivity in catalysis,105 a method for evaluating the steric parameters of a
carbene is desirable.

Figure 1.19. Steric profiles of NHCs, CAACs, and BICAACs. (Substituents represented as spheres.)
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An early model inspired by the Tolman cone angle used to measure the steric bulk of phosphines 106
was proposed by Nolan in 1999, and relied on crystallographic data to measure the height and length of the
NHC ligand with respect to the metal center in Cp*Ru(NHC)Cl complexes (Figure 1.20).107,85 This model
was a step in the right direction, but highlighted the need for an improved metric accounting for the wider
diversity of geometries available to carbenes compared to phosphines. Nolan and Cavallo then proposed an
alternate model – percent buried volume (%Vbur), which is defined as the percent of the total volume of a
sphere occupied by a ligand (Figure 1.20).85 In this model the metal center is at the core of a sphere with a
defined radius (r = 3.5 Å), whose volume represents the potential coordination space occupied by a
ligand.84,108,104 Crystallographic data is then used to calculate the amount of spherical space occupied by the
ligand using software developed by Cavallo (SambVca (Salerno molecular buried volume calculation)).109
Overall, the size of a ligand’s substituents pointed towards the metal center correlate to %V bur, i.e. larger
substituents yield higher %Vbur values and vice versa.

Figure 1.20. Methods for evaluating the steric parameters of metal-bound ligands. Tolman cone angle for
measuring the steric bulk of phosphines, with an average metal-phosphorus bond length of
2.28 Å (left). NHC model proposed by Nolan with average metal-carbon bond length of 2.00
Å (middle). %Vbur model of Nolan and Cavallo (right). (Substituents represented as spheres.)
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The combination of the Tolman Electronic Parameter, P-Scale values, 77Se NMR chemical shifts,
and %Vbur, as well as other methods,110,111,112,113 allow for the rigorous experimental evaluation of a
carbene’s stereoelectronic parameters. With these tools at hand, and the ever-growing library of species
available, carbenes have found applications in almost all of the molecular sciences.
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Chapter 2 Mesoionic Carbene-Gold(I) Catalyzed
Hydroamination
2.1
2.1.1

Introduction
Transition Metal-Catalyzed Hydroamination
Amines, enamines, and imines are nitrogen containing compounds of fundamental importance in

academia and industry. They are central building blocks in organic and inorganic chemistry, biochemistry
and pharmaceuticals, and as bulk and fine chemicals in industrially relevant applications (e.g. dyes, gas
scrubbing). Enamines and imines can be prepared from amines by condensation with aldehydes or ketones.
Classical synthetic methodologies to prepare amines include: a) alkylation of ammonia to form primary,
secondary, and tertiary amines, b) amination of organic halides or alcohols, c) reduction of organic cyanides
and azides, d) reduction of nitro compounds, and e) reductive amination of carbonyls (Scheme 2.1).
Ammonia alkylation, amination of organic halides, and preparation of organic cyanides and azides generate
stoichiometric amounts of salt waste, and while the other methods are more environmentally benign, the
reaction conditions are not always so convenient.1

Scheme 2.1. Preparation of amines.
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Another synthetic alternative is hydroamination, wherein an N-H bond from an amine is directly
added intra- or intermolecularly across an unsaturated C-C bond, cleaving the N-H bond and yielding
formation of new C-N and C-H bonds with 0% theoretical waste. This atom economical approach allows
for the direct conversion of readily available alkenes and alkynes to alkylamines and enamines,
respectively, in either Markovnikov or anti-Markovnikov fashion (Scheme 2.2).2 Challenges facing this
methodology include chemo-, regio-, and stereoselectivity as well as a high activation barrier due to the
nucleophilic nature of both reactants. Although the reaction is normally thermodynamically favorable,2,3,4
the high temperatures required to allow the process to occur shift the equilibrium toward the starting
materials because of the negative entropy associated with the reaction.5

Scheme 2.2. Addition of an N-H bond across an unsaturated C-C bond (left). Activation of amine and C-C
multiple bonds (right).
The kinetic barrier can be circumvented by either deprotonating the amine to generate an amide
that can more readily add to the unsaturated C-C bond,1 or activating the C-C multiple bond towards
nucleophilic addition by either a Brønsted6 or Lewis7 acid. Both methods can be used catalytically, but
amide nucleophiles are less convenient when the alkene or alkyne substrate has multiple electrophilic
centers. Lewis acidic species have proven to be quite competent for this reaction, and transition metals in
particular, which offer the benefit of tunable catalyst parameters, have emerged as the most prominent tools
for this task. Transition metal systems still face the challenges of selectivity and unwanted side-reactions,
such as alkene/alkyne oligomerization,8 but with the constant development of homogeneous catalyst
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platforms based on transition metals9,10 and lanthanides,11 the field of metal-catalyzed hydroamination has
become quite extensive.
Transition metal-catalyzed hydroamination has a rich history, with reports as early as 1939, such
as the report by Loritsch describing the mercury oxide-catalyzed hydroamination of alkynes with aniline.12
In 1992 Bergman13 and Livinghouse14 reported hydroamination of alkynes with more modern early
transition metal platforms, namely Cp2Zr(NHAr)2 and CpTiCl3, respectively (Figure 2.1). Since then, early
transition metal catalysts have shown to be competent in enantioselective, intramolecular
hydroaminations,15,16 which coupled with their low toxicity and high earth abundance, has allowed them to
be potentially useful in green chemistry.10 However, their oxophilicity renders them highly sensitive to air
and moisture.

Figure 2.1. Historical examples of hydroamination catalysts.

Catalysts based on late transition metals have the benefits of being more robust to air and moisture,
and have larger functional group tolerance compared to early transition metals. Over the past fifteen years
a plethora of new systems have been developed,2,9 many of which are based on Lewis acidic metal
complexes with d8 or d10 electron configuration, although there are examples that do not follow this trend
such as Komeyama and Takaki’s report of FeCl3 catalyzing the intramolecular hydroamination of Nalkylaminoolefins,17,18 and Carreira’s report of Co(III)-catalyzed hydroamination of olefins with hydrazine.
Moving across the periodic table, Hartwig19 and Garcia20,21 demonstrated the use of Ni(COD)2 and
[(diphos)Ni](OTf)2, respectively in the hydroamination of unsaturated C-C substrates. Continuing on to
copper, Lalic showed that Cu(I) could be used to catalyze the anti-Markovnikov hydroamination of terminal
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alkenes,22 and the group of Hirano and Miura were able to hydroaminate styrenes regioselectively. 23
Buchwald was also able to demonstrate the enantioselective hydroamination of alkenes using Cu(I).24
One of the more prolific areas of catalytic hydroamination has centered around use of the noble
metals ruthenium, rhodium, palladium, iridium, platinum, silver, and gold. In addition to more robust
catalysts and functional group tolerance, noble metal catalysts are all very capable of facilitating intra- and
intermolecular (as well as Markovnikov and anti-Markovnikov) hydroamination of alkynes, alkenes, and
allenes with a wide array of amines, including ammonia, primary and secondary aliphatic amines, anilines,
and even hydrazine, amides, lactams, ureas, and carbamates to name a few.9 While the array of substrates
available to these metals is quite broad, the modes of hydroamination can be categorized to either activation
of the unsaturated C-C bond or activation of the amine (Scheme 2.3).5 Activation of the C-C bond allows
for nucleophilic attack of the amine onto the coordinated alkene, alkyne, or allylic complex. Activation of
the amine allows for insertion of the alkene/alkyne into a metal-hydride bond or metal-amide bond.

Scheme 2.3. General mechanistic pathways for noble metal-catalyzed hydroamination. (Alkene shown for
simplicity. Pathways also applicable to alkynes.)

Since the amine activation pathway involves oxidative addition and reductive elimination steps this
mechanism is more plausible to catalysts typical of Mn/Mn+2 redox couples, e.g. Ru0/RuII,25 RhI/RhIII,26
Pd0/PdII,27 and Pt0/PtII.28,29,30 The first step in this mechanistic cycle is oxidative addition of the amine,
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followed by coordination of the C-C pi bond, and insertion into either the metal-hydride bond or metalamide bond which is largely influenced by the geometry of the ligands about the metal center, i.e. if the pi
bond is cis to the hydride or the amide. For nonactivated alkenes/alkynes the regioselectivity is also
influenced by sterics. The Markovnikov product is obtained when the pi bond inserts into the M-N bond
with its larger substituent oriented towards the amide, but if the pi bond inserts into the M-H bond with its
larger substituent oriented towards the hydride the anti-Markovnikov product is obtained. Insertion into the
M-N or M-H bond is possible,30 but insertion into the M-N bond leads to subsequent reductive elimination
of a C-H bond, which is much more facile than reductive elimination of a C-N bond.31,32
An alternative mechanistic pathway is alkene/alkyne C-C bond activation followed by nucleophilic
attack of the amine, and this mode of activation is experimentally and computationally well-supported for
many transition metal-catalyzed hydroamination reactions.2 The first step in the catalytic cycle is
coordination of the alkene/alkyne to a Lewis acidic metal center which activates it toward nucleophilic
attack by the electron lone pair of the amine nitrogen, yielding a zwitterionic complex wherein the aminated
fragment is bound to the metal via a metal-carbon bond (Scheme 2.3). The regioselectivity of the reaction
is determined in this step; if the reaction is under electronic control the Markovnikov product is obtained,
and if the reaction is under steric control the anti-Markovnikov product is obtained.33,34 The amination
product is then released by protolytic cleavage of the metal-carbon bond, either by the ammonium generated
from the previous step or by a Brønsted acid cocatalyst, which have been shown to dramatically increase
the rate of reaction.35 The presence of the Brønsted acid in the reaction is believed to serve the roles of
either proto-demetalation of the metal-carbon bond or protonation of the amine, which reduces the
probability of the amine competing with the C-C pi bond for coordination to the metal. This hypothesis is
supported by reports of strongly nucleophilic amines hindering catalysis,36,37,33 while reactions with less
basic amines are shown to have higher reaction rates.38,39
The catalysts employed for this reaction are typically cationic complexes that require an accessible
coordination site, and thus the counterion plays a significant role in reaction rate because more tightly
coordinating anions compete with alkene/alkyne binding. This is evidenced by reports of late transition
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metal complexes with less coordinating anions displaying higher reaction rates.27,40,41 Additionally,
tridentate ligands and ligands with a strong trans effect opposite of the substrate coordination site improve
catalytic efficiency.42,43 Tridentate ligands also have the added benefit of preventing unwanted β-hydride
elimination.44
To meet the challenges outlined above, cationic gold(I) and gold(III) complexes are ideal, being
that they have little oxophilicity, have good functional group tolerance, are carbophilic Lewis acids, stable
to β-hydride elimination, and protolysis of the Au-C bond is facile.45

2.1.2

(Carbene)Au(I)-Catalyzed Hydroamination
The active species in gold-catalyzed hydroamination is often postulated as a cationic species, and

in the case of gold(I) it is believed to be a mono-ligated LAu+ featuring a neutral two-electron donor
ligand.45,46 In regards to gold(I) catalysis, Tanaka and Hayashi reported the hydroamination of alkynes with
anilines using (PPh3)AuCH3 and an acid promoter.47 Since the phosphine L ligand stabilizes the active
cationic Au(I) species, it seems to reason that a stronger L donor, namely singlet carbenes, should result in
a more stable active species. The use of carbenes as strongly donating L ligands has allowed for the
formation of stronger metal-ligand bonds and the subsequent rise of increasingly robust catalysts. Indeed,
the use of carbenes in homogeneous transition metal catalysis is a continually flourishing field that has
allowed for the development of increasingly efficient catalysts.48 Therefore, it is not surprising that carbenes
have also been well-utilized in gold(I) hydroamination.
In 2006 Widenhoefer reported the room temperature intramolecular hydroamination of alkenyl
ureas catalyzed by (NHC)AuCl pre-catalyst 2.A (Figure 2.2), and two years later the same catalyst system
was used to promote the room temperature intermolecular hydroamination of allenes with carbamates. 49
The Bertrand group had just developed cyclic (alkyl)(amino)carbenes (CAACs) in 2005,50 and were shown
to be well-suited at stabilizing low-coordinate transition metals.51 In 2007 Bertrand et al. synthesized a
carbene-supported cationic gold(I) complex, by ligand substitution of adamantyl-CAAC (AdCAAC) with
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(Me2S)AuCl to afford (AdCAAC)AuCl, which upon reaction with the halophile [(Tol)SiEt3]+[B(C6F5)4]-,
yielded [(AdCAAC)Au(Tol)]+[B(C6F5)4]- (Figure 2.2, 2.B) .52 2.B features an η2-coordinated toluene, which
upon addition of phenylacetylene yielded the alkyne complex 2.B’ which can be seen as a plausible
intermediate in alkyne hydroamination. 2.B, 2.B’, and 2.B’’ were then later shown to catalyze the
hydroamination of alkynes and alkenes with ammonia at high temperatures (155-200 °C).53

Figure 2.2. (Carbene)Au(I) hydroamination catalysts.

Hydroamination with ammonia poses an attractive synthetic challenge because it is an inexpensive
bulk chemical with the potential to provide ready access to carbon-nitrogen bonds; 176 million tons are
produced per year, making it the world’s second largest synthetic chemical product. 54 83% of ammonia is
used as fertilizer, and the other chemical reactions it participates in typically require high temperatures or
pressures, and are not selective.55 Hence, the use of transition metals to lower the energy required for
transformation, as well as tunable selectivity provides a desirable goal. This task is met with several
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challenges, i) ammonia strongly binds to transition metals, giving rise to catalytically inert Werner
complexes,56 which also lends to the next difficulty, ii) the strength of the ammonia N-H bond (107
kcal/mol) makes oxidative addition difficult,57 and iii) proton exchanges from ammonia are unfavorable.55
To meet the challenge posed by Werner complexes in a catalytic cycle, high temperatures are often
employed to shift the equilibrium of the reaction and disfavor ammonia binding. However, these harsh
conditions require the use of more robust catalysts, for which carbenes are ideal.
After Widenhoefer's initial report in 2006, more examples of (carbene)Au(I) complexes were
developed and used as catalysts for hydroamination (Figure 2.2).58,59,60,61,62,63,64,65,66,67,68,69,70 The most
straightforward route to (carbene)Au(I) complexes can bis accomplished by ligand substitution of free
carbene onto gold precursors such as (SMe2)AuCl, (THT)AuCl, or (PPh3)AuCl. Halide abstraction from
the (carbene)AuCl pre-catalyst then generates the cationic active species which can either be isolated or
formed in situ.A brief overview of reported (carbene)Au(I) hydroamination is presented in Table 2.1.
Catalysts 2.A-2.M give the Markovnikov product regardless of amine or C-C substrate. This can be
attributed to the nature of the coordination of the C-C bond to the cationic gold species, leading to a
transition state under electronic control, ie. the amine performs nucleophilic addition to the more substituted
carbon of the C-C pi bond.71 2.O on the other hand, selectively yields the anti-Markovnikov product,69
likely a result of the pendant imine interacting with the more substituted carbon of the activated pi bond,
directing nucleophilic addition to the less substituted position. Terminal/internal alkenes/alkynes and
allenes can undergo hydroamination by various amines, and catalyst loadings range from 0.25-10 mol%,
with most operating at 5 mol%. With the exception of intramolecular reactions, all reactions require high
temperature to proceed (>70 °C). Of particular interest is the hydroamination of parent hydrazine, so-called
“hydrohydrazination”.72,66,73
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Table 2.1. Overview of reported hydroamination reactions using (carbene)Au(I) catalysts. aHalide
abstraction from the (carbene)Au-X pre-catalyst is achieved with an equimolar amount of
potassium(I) or silver(I) salts featuring non-coordinating counter-anions. bReaction with
amine is intermolecular unless indicated. *Chloride analog of 2.B is also used.
Pre-Catalysta
(Loading
(mol%))

Regioselectivity

Temperature
(°C)

2.A (5)

Markovnikov

r.t.

2.B* (0.1-5)

Markovnikov

C-C Substrate

Amineb

alkene (terminal)

urea (intra)
carbamate

2.C (5)

Markovnikov

90-120

allene (terminal)
alkynes, alkenes (terminal,
internal)
alkynes (terminal, internal),
allenes
alkynes (terminal, internal)

2.D (5)

Markovnikov

90-120

alkynes (terminal, internal)

2° amines

2.E (5)

Markovnikov

r.t.

alkene (terminal)

urea (intra)

2.F (2)

Markovnikov

90

aryl alkynes (terminal)

anilines

2.G (5)

Markovnikov

r.t.

allene (terminal)

carbamate (intra)

2.H (5-10)

Markovnikov

r.t.-45

alkene (terminal)

urea (intra)

2.I (5)

Markovnikov

70

phenylacetylene

anilines

2.J (0.4)

Markovnikov

70

phenylacetylene

aniline

2.K (1)

Markovnikov

34-85

alkyne (terminal)

1° amine (intra)

2.L (5)

Markovnikov

r.t.

alkynes (terminal)

N2H4

2.M (2)

Markovnikov

r.t.

alkyne (internal)

aniline (intra)

2.M (0.25)

Markovnikov

100

alkyne (internal)

hydrazines

2.N (5)

Markovnikov

r.t.

alkynes (terminal)

N2H4

2.O (1)

anti-Markovnikov

120

phenylacetylene

dimethylhydrazine

155-200
90-150

NH3
N2H4, 2° amines
2° amines

Like ammonia, hydrazine is an attractive synthon because over 200 million tons are produced per
year making it an abundant feedstock.74 And like ammonia, it poses several significant challenges to
transition metal-catalyzed processes, i) hydrazine gives rise to catalytically inert Werner complexes, and ii)
it can reduce metals to inactive metal(0) particles.75 The first report of transition metal-catalyzed
functionalization of parent hydrazine was in 2010 by Stradiotto, showcasing the palladium-catalyzed crosscoupling of aryl halides with hydrazine.76 Not long after, Bertrand reported catalytic hydrohydrazination
facilitated by complexes 2.B72 and 2.L66. 2.B, supported by adamantyl-CAAC77, readily catalyzes the
addition of N2H4 to a variety of non-activated alkynes and allenes, yielding hydrazones (the imine tautomers
of their respective enamines) and can even form an array of N-heterocycles when reacted with diynes. The
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Werner complex of 2.B, [(AdCAAC)Au(N2H4)]+[B(C6F5)4]- was prepared and found to be catalytically
active, demonstrating that the strong σ-donating abilities of carbenes enable supposedly inactive Werner
complexes to be catalytically active. 2.L, supported by an anti-Bredt NHC,78 was found to slowly catalyze
the hydrohydrazination of unactivated alkynes at room temperature, but could reaction rates could be
accelerated upon heating. Since the electronics of the anti-Bredt NHC are similar to CAACs, the improved
catalytic activity of 2.L was attributed to the less sterically hindered carbene. One year later Hashmi also
reported the room temperature hydrazination of terminal alkynes catalyzed by 2.N, which is supported by
a saturated abnormal NHC (saNHC).68
These reports demonstrate that using strong σ-donor carbenes are beneficial in hydrohydrazination,
and with a variety of carbenes at the disposal further studies can ensue.

2.2
2.2.1

New Carbene-Gold(I) Complexes
Synthesis
The gold(I) complexes outlined in Figure 2.2 exhibit a wide variety of carbene ligands, each

featuring different electronic and steric properties. CAACs, anti-Bredt NHCs, and saNHCs were shown to
be useful for hydrohydrazination, so we wondered if another class of carbenes, 1,2,3-triazol-5-ylidenes, socalled “mesoionic carbenes” (MICs),79,80,81 could also contribute improvements to the catalytic repertoire.
1,2,3-triazol-5-ylidenes are mesoionic compounds because no reasonable canonical resonance form can be
drawn for the free species without charges (Figure 2.3).79 They are similar to abnormal NHCs (aNHCs) and
remote NHCs (rNHCs) in that one of the heteroatoms providing stabilization for the carbene is not directly
adjacent to the carbene center.80 Furthermore, MICs cannot dimerize via the Wanzlick equilibrium82,83
because it would involve bring two carbanionic sp2 centers together. This means MICs with lower kinetic
stabilization can be prepared, and in conjunction with their high singlet-triplet gap (ΔEST = 56 kcal/mol),79

41

these carbenes display increased stability compared to CAACs (5-membered CAAC ΔEST = 45 kcal/mol)
and traditional NHCs (require kinetic stabilization).84

Figure 2.3. 1,2,3-triazol-5-ylidenes or mesoionic carbenes (MICs).

The synthesis of 1,2,3-triazol-5-ylidenes is based on Click chemistry,85,86 and takes advantage of
readily available starting materials, is efficient, and highly modular. The triazolium precursor can be
prepared by copper-catalyzed azide-alkyne cycloaddition (CuAAC) of an aryl azide with a terminal alkyne
to furnish the triazole core,87,88 which can be alkylated with methyl or isopropyl triflate to yield the salt as
an indefinitely air-stable solid (Scheme 2.4).79 Alternatively, the triazolium can be prepared in one pot by
the 1,3-dipolar cycloaddition of 1,3-diaza-2-azoniaallene salts, derived from readily available 1,3diaryltriazenes,89 with terminal alkynes.90 Deprotonation of the triazolium with potassium tert-butoxide in
ethereal solvent cleanly affords the free MIC.

Scheme 2.4. Synthesis of 1,2,3-triazol-5-ylidenes.

The synthesis of (MIC)AuCl was first attempted analogously to the preparation of (CAAC)AuCl,52
by ligand substitution of

Dipp,Ph

MIC onto (THT)AuCl. However this route resulted in formation of
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[(Dipp,PhMIC)2Au]+Cl- (Scheme 2.5, 2.1) probably because of the high nucleophilicity of the MIC.
Bis(carbene)Au+ complexes are known to be catalytically inactive in hydroamination.91 Separately,
Herrmann and Kühn were able to prepare the isomeric 1,2,3-triazol-5-ylidene-gold(I) complex 2.K and
found that upon generation of the cationic species, rearrangement to the bis(carbene)gold cation was
observed after several weeks in solution.92 Their gold(I) complex was prepared by metalation of the
triazolium precursor with Ag2O followed by transmetalation to (SMe2)AuCl.

Scheme 2.5. Synthesis of catalytically inactive [(Dipp,PhMIC)2Au]+Cl- 2.1.

We developed an alternate synthetic strategy where we reacted free

Dipp,Ph

MIC with (PPh3)AuPh

to do a mono-ligand exchange, affording (MIC)AuPh 2.2.93 While the neutral L ligand MIC was able to
substitute the chloride from (THT)AuCl, it was unable to substitute the more strongly bound phenyl X
ligand. Conversion to the gold chloride was accomplished by subsequent protolysis of the phenyl group by
ethereal hydrochloric acid yielding (Dipp,PhMIC)AuCl 2.3 quantitatively as an air-stable solid, giving only
volatile side-products (Scheme 2.6). This route was also generalized to the synthesis of previously unknown
bis(diisopropylamino)cyclopropenylidene (BAC)94 complexes 2.4 and 2.5. The

13

C NMR signal of the

carbene carbon of 2.3 appears at 161.1 ppm, compared to 173.3 ppm of bis(MIC)Au cation 2.1, and the
structure of 2.3 was confirmed by X-ray diffraction study. The carbene-Au bond length (1.991(6) Å) is
comparable to those of (AdCAAC)AuCl (1.973(4) Å)52 and (anti-Bredt NHC)AuCl (1.983(3) Å)95.
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Scheme 2.6. New synthetic route to (carbene)gold chloride complexes. For 2.2 and 2.3 L = Dipp,PhMIC.
For 2.4 and 2.5 L = BAC.

Figure 2.4. Solid-state structure of 2.3. Hydrogen atoms have been omitted for clarity. Selected bond
lengths [Å] and angles [°]: C-Au 1.991(6), Au-Cl 2.276(17), C-Au-Cl 174.188(17).

2.2.2

Catalysis
With new (carbene)gold(I) complexes in hand, initial catalytic studies were conducted with

phenylacetylene and anhydrous parent hydrazine. Pre-catalysts 2.3 and 2.5 were converted to the active
cationic species in situ with an equimolar amount of KB(C6F5)4, and benzene was found to be the optimal
solvent. Using 2.3 (1 mol% loading) no reaction occurred at room temperature, but upon heating to 60 °C
the expected hydrazone was obtained, along with azine 2.7 as a result of hydroamination of both nitrogens
of hydrazine. Both the hydrazone and azine are preceded by their corresponding enamines, which
immediately tautomerize to the imine form. Intrigued by this unprecedented result the catalytic reaction
was repeated with 0.45 equivalents of hydrazine to yield the azine in 84% yield by NMR after 12 hours at
100 °C (Table 2.2, Entry 1). Further optimization is outlined in Table 2.2, with catalyst loading as low as
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0.1 mol% (Entry 3). To rule out the possibility of gold nanoparticles catalyzing the process, the reaction
was carried out in the presence of elemental mercury yet still proceeded (Entry 5), consistent with
homogeneous catalysis.96 While 2.3 was competent at facilitating the reaction, 2.5 was unable to catalyze
the bis-hydrohydrazination; instead, it only yielded the mono-hydrazinated hydrazone (Entry 6).
Table 2.2. Optimization of bis-hydrohydrazination with phenylacetylene. aDetermined by 1H NMR
spectroscopy with benzyl methyl ether as an internal standard. bEquimolar amount of
KB(C6F5)4 added. cOnly 12% of hydrazone product was observed. dNo addition of KB(C6F5)4.

Entry
1
2
3
4
5

Pre-catalyst (mol%)b
2.3 (1.0)
2.3 (0.5)
2.3 (0.1)
2.3 (1.0)
2.3 (1.0) + Hg

Temperature (°C)
100
100
100
60
100

time (h)
13
13
13
13
13

Yield (%)a
84
82
78
81
84

6

2.5 (1.0)

100

61

0c

7

2.6 (1.0)d

100

13

81

We found that in the absence of KB(C6F5)4 2.3 was inactive in any hydroamination, consistent with
the hypothesis that cationic gold(I) is the active species. KB(C6F5)4 also does not catalyze the reaction, and
to provide further evidence that 2.3 was involved, the [(Dipp,PhMIC)AuN2H4]+[B(C6F5)4]- hydrazine adduct
2.6 was prepared by chloride abstraction in the presence of hydrazine and isolated as an air-stable solid. It
was tested in catalysis and found to behave similarly to 2.3 except did not require equimolar KB(C6F5)4.
2.6 is the likely resting state of the catalyst.
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Table 2.3. Bis-hydrohydrazination of terminal alkynes. aDetermined by 1H NMR spectroscopy with benzyl
methyl ether as an internal standard; isolated yield in parentheses.

Entry

R

Yield (%)a

1
2
3
4

4-methoxyphenyl
4-trifluoromethylphenyl
Cyclohexyl
1-Cyclohexenyl

95(21)
92(67)
88(50)
100(94)

The substrate scope of the bis-hydrohydrazination was then briefly explored with electronically
different terminal alkynes and 2.3 catalyzed the formation of 2.8-2.11 with yields >88% (Table 2.3). To
illustrate the synthetic potential of this reaction, two different alkynes were sequentially reacted to give an
unsymmetrical azine (Scheme 2.7). First, 4-trifluoromethylphenyl acetylene was reacted with an excess of
hydrazine to facilitate clean conversion to hydrazone 2.12. Then, 2.12 was reacted with phenylacetylene to
give 2.13 as a 1:1 mixture of stereoisomers.

Scheme 2.7. Step-wise synthesis of unsymmetrical azine.
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2.3

Conclusion
These results provide a new synthetic route to mono(carbene)Au(I) complexes, obviating the

difficulties associated with formation of bis(carbene)Au(I) species that are catalytically inactive. The new
(carbene)AuCl complexes synthesized contribute to the compendium of catalysts known to facilitate
hydroamination. Furthermore, the ability to of 2.3 to functionalize both nitrogens of hydrazine provides a
new synthetic tool to incorporate nitrogen-nitrogen bonds into molecules.

2.4
2.4.1

Experimental
General Considerations
All manipulations were performed using standard glovebox and Schlenk techniques. Glassware

was dried in an oven overnight at 150 °C or flame dried before use. Benzene, tetrahydrofuran, diethyl ether,
and toluene were freshly distilled over Na metal. Hexanes, n-pentane, dichloromethane, and chloroform
were freshly distilled over CaH2. Hydrazine was refluxed over NaOH, distilled under argon, and stored over
3 Å molecular sieves prior to use.97 Additionally, C6D6 and CDCl3 used for NMR spectroscopy were
purchased from Cambridge Isotope Laboratories and dried according to published methods.97 1,2,3-triazol5-ylidene (MIC) and bis(diisopropylamino)cyclopropenylidene (BAC) were prepared according to
literature procedures.94,79
NMR: Multinuclear NMR data were recorded on Varian INOVA 500MHz or Bruker Avance 300.
Chemical shifts (δ) are reported in parts per million (ppm) and are referenced to residual solvent signals
(1H, 13C). Coupling constants J are given in Hertz (Hz). NMR multiplicities are abbreviated as follows: s =
singlet, d = doublet, t = triplet, q = quartet, sext = sextet, sept = septet, m = multiplet, br = broad. All spectra
were recorded at 298 K unless otherwise noted.
Melting Points: Melting points were measured with an electrothermal MEL-TEMP apparatus. Airsensitive compounds were added to a capillary tube which was then sealed from air with vacuum grease.
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Mass Spectrometry: High resolution mass spectrometry data was collected on an Agilent 6230
TOF-MS at the UC San Diego Mass Spectrometry Laboratory.
X-Ray Crystallography: Single crystal X-Ray diffraction data were collected on Bruker Apex II
diffractometers using Mo-Kα radiation (λ = 0.71073 Å) or Cu-Kα radiation (λ = 1.54178 Å). Crystals were
selected under oil, mounted on nylon loops then immediately placed in a cold stream of N2. Structures were
solved and refined using SHELXTL and Olex2 software.

2.4.2

Synthetic Procedures

2.1 [(Dipp,PhMIC)2Au]+Cl-

(THT)AuCl (0.43 g, 1.33 mmol) and

Dipp,Ph

MIC (1.24 g, 2.66 mmol, 2 eq) were added to a flame-dried

Schlenk flask and cooled to 0 °C. Anhydrous THF (20 mL) was added, and the mixture was slowly warmed
to room temperature and stirred for 16 h. Volatiles were removed in vacuo, and the solid residue was washed
with anhydrous benzene to afford 2.1 as an off-white solid (93% yield). 1H NMR (300 MHz, CDCl3): δ =
7.52–7.45 (m, 4H, Ar), 7.28 (m, 2H, Ar), 7.18 (m, 9H, Ar), 7.01 (m, 7H, Ar), 2.18 (septet, J = 6.0 Hz, 4H),
2.08 (septet, J = 6.0 Hz, 4H), 1.02 (d, J = 6.0 Hz, 12H), 0.99 (d, J = 6.0 Hz, 12H), 0.96 (d, J = 6.0 Hz, 12H),
0.86 (d, J = 6.0 Hz, 12 H). 13C{1H} NMR (125 MHz, CDCl3): δ = 173.3, 149.8, 144.8, 134.6, 132.5, 131.8,
130.2, 130.0, 128.9, 128.6, 128.3, 125.4, 124.8, 124.3, 29.3, 28.9, 25.3, 24.2, 24.0, 22.4. HR-MS (m/z):
[M]+ calcd. for C64H78AuN6+, 1127.5949; [M-Cl]+ found, 1127.5948. Melting point = 315 °C
(decomposition).
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2.2 (Dipp,PhMIC)AuPh

PPh3AuPh (0.69 g, 1.28 mmol)98 and

Dipp,Ph

MIC (0.60 g, 1.28 mmol, 1 eq) were added to a flame-dried

Schenk flask and cooled to 0 °C. Anhydrous THF (15 mL) was added, and the mixture was allowed to
warm to room temperature while stirring for 1 h. Volatiles were removed in vacuo, and the residue was
washed with anhydrous hexane to afford 2.2 as an off-white solid (91% yield). 1H NMR (300 MHz, CDCl3):
δ = 7.83 (m, 2H), 7.57 (m, 2H), 7.34 (m, 9H), 7.12 (m, 2H), 6.94 (m, 1H), 2.61 (septet, J = 6.0 Hz, 2H),
2.40 (septet, J = 6.0 Hz, 2H), 1.48 (d, J = 6.0 Hz, 6H), 1.19 (d, J = 6.0 Hz, 6H), 1.15 (d, J = 6.0 Hz, 6H),
0.98 (d, J = 6.0 Hz, 6H). 13C{1H} NMR (125 MHz, CDCl3): δ = 182.5, 169.9, 148.8, 145.1, 144.9, 140.6,
135.5, 134.0, 133.8, 131.9, 131.3, 131.0, 129.5, 128.9, 128.4, 126.8, 124.6, 123.9, 29.0, 28.9, 25.1, 24.3,
24.2, 22.4.

2.3 (Dipp,PhMIC)AuCl

A 2.0 M solution of HCl in diethyl ether (4 mL, excess) was added to a stirred dichloromethane solution
(10 mL) of 2.2 (1.28 mmol). The reaction was stirred for 1 h at room temperature. Volatiles were removed
in vacuo to afford 2.3 as a solid in quantitative yield. 1H NMR (300 MHz, CDCl3): δ = 7.64–7.29 (m, 11 H,
Ar), 2.48 (septet, J = 6.0 Hz, 2H), 2.34 (septet, J = 6.0 Hz, 2H), 1.42 (d, J = 6.0 Hz, 6H), 1.17 (d, J = 6.0
Hz, 6H), 1.13 (d, J = 6.0 Hz, 6H), 0.98 (d, J = 6.0 Hz, 6H). 13C{1H} NMR (125 MHz, CDCl3): δ = 161.1,
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148.0, 145.2, 144.9, 135.0, 132.2, 131.5, 130.8, 130.1, 128.9, 128.7, 125.8, 124.7, 124.3, 29.2, 29.0, 25.3,
24.3, 24.2, 22.4. Melting point = 235 °C (decomposition).

2.4 (BAC)AuPh

Prepared analogously to 2.2 except using BAC instead of

Dipp,Ph

MIC. 74% yield. 1H NMR (300 MHz,

CDCl3): δ = 7.54 (m, 2H, Ar), 7.20 (m, 2H, Ar), 6.98 (m, 1H, Ar), 3.82 (br, 4H), 1.57 (br, 12H), 1.29 ppm
(br, 12H). 13C{1H} NMR (125 MHz, CDCl3): δ = 170.2, 159.6, 146.5, 140.8, 127.3, 124.6, 54.2, 48.9, 21.9,
21.5.

2.5 (BAC)AuCl

Prepared analogously to 2.3 except using 2.4 instead of 2.2. 1H NMR (300 MHz, CDCl3): δ = 3.82 (br, 4H),
1.51 (br, 12H), 1.29 ppm (br, 12H). 13C{1H} NMR (125 MHz, CDCl3): δ = 144.1, 133.9, 54.4, 48.8, 21.8,
21.3. Melting point = 198 °C (decomposition).
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2.6 [(Dipp,PhMIC)AuN2H4]+[B(C6F5)4]-

2.3 (60 mg, 0.086 mmol) and KB(C6F5)4 (62 mg, 0.086 mmol) were added to a flame-dried Schlenk flask
and anhydrous CHCl3 (5 mL) was added. Anhydrous hydrazine (22 μL, 0.70 mmol) was added and the
reaction was stirred at room temperature for 1 h. The mixture was then filtered and the volatiles were
removed in vacuo to yield 2.6 as a solid (85% yield). 1H NMR (300 MHz, CDCl3): δ = 7.59 (m, 2H, Ar),
7.49 (m, 2H, Ar), 7.35 (m, 7H, Ar), 5.00 (s, 2H, br), 3.64 (s, 2H, br), 2.42 (septet, J = 6.0 Hz, 2H), 2.30
(septet, J = 6.0 Hz, 2H), 1.37 (d, J = 6.0 Hz, 6H), 1.21 (d, J = 6.0 Hz, 6H), 1.16 (d, J = 6.0 Hz, 6H), 1.01
ppm (d, J = 6.0 Hz, 6H). 13C{1H} NMR (125 MHz, CDCl3): δ = 154.3, 149.1, 144.9, 134.4, 132.7, 132.1,
131.0, 129.0, 128.8, 124.9, 124.5, 29.4, 29.1, 25.3, 24.3, 22.2.

Optimization of Bis-hydrohydrazination
C6D6 (0.4 mL), phenylacetylene (100 mL, 0.91 mmol), anhydrous hydrazine (13 mL, 0.41 mmol), and the
internal standard benzyl methyl ether (15 mL, 0.12 mmol) were added to a mixture of pre-catalyst (1 mol%
with respect to phenylacetylene) and KB(C6F5)4 (1 mol% with respect to phenylacetylene) in a dry JYoung NMR tube. For experiments with a low catalyst loading (0.5 mol%, 0.1 mol%), a stock solution was
prepared by dissolving (carbene)AuCl 2.4 or 2.5 (100 mg) in methylene chloride (5 mL). The appropriate
amount was added to the NMR tube, and the solvent removed under vaccum. Then, the other reagents and
solvent were added. The tube was sealed, placed in an oil bath, and heated at the specified temperature. The
reaction was monitored by 1H NMR spectroscopy.
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General Procedure for Bis-Hydrohydrazination of Alkynes
2.3 (5.0 mg, 0.007 mmol, 1 mol% with respect to alkyne) and KB(C6F5)4 (5.0 mg, 0.007 mmol, 1 mol%
with respect to alkyne) were added to a Teflon sealed Schlenk tube. Anhydrous benzene (0.4 mL), the
desired alkyne (0.7 mmol), and anhydrous hydrazine (10 mL, 0.319 mmol) were then added. The solution
was then heated to 100 °C for 13 h, after which the reaction was cooled to room temperature and the
volatiles removed in vacuo. The crude product was then passed through a short column of dry florisil silica
gel (benzene or CH2Cl2 as eluent).

2.7 1,2-bis(1-phenylethylidene) hydrazine

H NMR (300 MHz, C6D6): δ =7.94 (m, 2H), 7.20 (m, 8H), 2.15 ppm (s, 6H). 13C{1H} NMR (125 MHz,

1

C6D6): δ =158.3, 139.0, 129.7, 128.5, 127.0, 14.7 ppm. HR-MS (m/z): [M+H]+ calcd. for C16H17N2,
237.1384; [M+H]+ found, 237.1384.

2.8 1,2-bis(1-(4-methoxyphenyl)ethylidene)hydrazine

H NMR (300 MHz, CDCl3): δ =7.89 (d, J = 9.0 Hz, 4H), 6.95 (d, J = 9.0 Hz, 4H), 3.86 (s, 6H), 2.33 ppm

1

(s, 6H). 13C{1H} NMR (125 MHz, CDCl3): δ =160.7, 157.8, 131.2, 128.0, 113.6, 55.3, 14.8 ppm.
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2.9 1,2-bis(1-(4-trifluoromethyl)-phenyl)ethylidene)hydrazine

H NMR (300 MHz, C6D6): δ =7.71 (d, J = 9.0 Hz, 4H), 7.41 (d, J = 9.0 Hz, 4H), 1.98 ppm (s, 6H).

1

C{1H}NMR (125 MHz, C6D6): δ =157.1, 141.6, 127.2, 125.4, 14.6 ppm. 19F{1H} NMR (282 MHz, C6D6):

13

δ =-62.5 ppm. HR-MS (m/z): [M+H]+ calcd. for C18H15F6N2, 373.1134; [M+H]+ found, 373.1136.

2.10 1,2-bis(1-cyclohexylethylidene)hydrazine

H NMR (300 MHz, C6D6): δ = 2.17–1.14 (br, m, cyclohexyl, 22 H), 1.75 (s, 6H). 13C{1H} NMR (125

1

MHz, C6D6): δ = 164.4, 47.1, 30.7, 26.6, 26.5, 15.1. HR-MS (m/z): [M+H]+ calcd. for C16H29N2, 249.2325;
[M+H]+ found, 249.2327.

2.11 1,2-bis(1-(cyclohex-1-en-1-yl)ethylidene)hydrazine

H NMR (300 MHz, C6D6): δ = 6.09 (m, 2H), 2.68 (m, 2H), 2.00 (s, 6H), 1.60 (m, 2H), 1.49 ppm (m, 2H).

1

C{1H} NMR (125 MHz, C6D6): δ =158.1, 138.5, 26.3, 25.1, 23.1, 22.7, 12.9 ppm. HR-MS (m/z): [M+H]+

13

calcd. for C16H24N2, 245.2012; [M+H]+ found, 245.2014.
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2.12 (1-(4-(trifluoromethyl)phenyl)ethylidene)hydrazine

2.4 (0.007 mmol) and KB(C6F5)4 (0.007 mmol) were introduced in a flame-dried Schlenk tube, and
anhydrous benzene (0.4 mL) was added. 1-ethynyl-4-(trifluoromethyl)benzene (0.72 mmol) and anhydrous
hydrazine (1.43 mmol) were added, and the mixture was stirred for 13 h at 100 °C under argon. The reaction
was then cooled to room temperature and volatiles removed in vacuo. The crude product was dissolved in
benzene and passed through dry florisil silica gel to afford 2.12 as a solid in 76% yield. 1H NMR (300 MHz,
C6D6): δ = 7.54 (d, J = 9 Hz, 2H), 7.37 (d, J = 9 Hz, 2H), 4.92 (s, 2H, br), 1.44 ppm (s, 3H). 13C{1H} NMR
(125 MHz, C6D6): δ = 143.5, 126.1, 125.7, 125.6, 125.5, 10.6 ppm. 19F{1H} NMR (282 MHz, C6D6): δ =
-62.1 ppm.

2.13 1-(1-phenylethylidene)-2-(1-(4-(trifluoromethyl)phenyl)ethylidene)hydrazine

Phenylacetylene (0.82 mmol), 2.12 (0.54 mmol), 2.4 (0.006 mmol), KB(C6F5)4 (0.006 mmol), and
anhydrous benzene (1 mL) were added to a dry Schlenk tube. The tube was sealed and heated to 100 °C for
6 h, cooled to room temperature, and the volatiles removed in vacuo. The crude product was dissolved in
benzene and passed through dry florisil silica gel to afford 2.13 as a white solid in 61% yield. 1H NMR (300
MHz, C6D6): δ = 7.89 (m, 2H), 7.71 (m, 2H), 7.40 (m, 2H), 7.19 (m, 3H), 2.13 (d, 12 Hz, 3H), 2.02 ppm
(d, 12 Hz, 3H). 13C{1H} NMR (125 MHz, C6D6): δ = 158.6, 158.2, 157.1, 156.9, 142.0, 141.6, 138.9, 138.6,
130.0, 128.5, 127.1, 125.4, 14.6 ppm. 19F{1H} NMR (282 MHz, C6D6): δ = -62.4 ppm. HR-MS (m/z):
[M+H]+ calcd. for C17H16F3N2, 305.1263; [M+H]+ found, 305.1260.
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2.4.3

Crystallographic Data

Compound
2.3
Empirical formula
C32H39AuClN3
Formula weight
698.08
Temperature/K
100
Crystal system
monoclinic
Space group
P21/n
a/Å
9.9124(3)
b/Å
23.5670(8)
c/Å
13.0358(4)
α/°
90
β/°
100.9900(10)
γ/°
90
3
Volume/Å
2989.39(16)
Z
4
3
ρcalcg/cm
1.551
μ/mm-1
5.035
F(000)
1392.0
Crystal size/mm3
0.162 × 0.153 × 0.123
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 4.752 to 56.694
Index ranges
-8 ≤ h ≤ 13, -31 ≤ k ≤ 31, -16 ≤ l ≤ 17
Reflections collected
45918
Independent reflections
7447 [Rint = 0.0887, Rsigma = 0.0662]
Data/restraints/parameters
7447/0/342
Goodness-of-fit on F2
1.025
Final R indexes [I>=2σ (I)] R1 = 0.0391, wR2 = 0.0670
Final R indexes [all data]
R1 = 0.0694, wR2 = 0.0766
-3
Largest diff. peak/hole / e Å 1.02/-1.15
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Chapter 3 Isolation of Key Intermediates in CopperCatalyzed Click Chemistry
3.1
3.1.1

Introduction
Click Chemistry
Click chemistry is a term coined by Sharpless in 2001 describing the concept of using readily

available chemical synthons as building blocks for the simple construction of complex molecules. 1 This
idea was inspired by nature, the preeminent combinatorial chemist, which is able to synthesize all critical
components of life - polynucleotides, polypeptides, and polysacchararides – from a few primary
metabolites. Almost all of life’s proteins consist of only 20 amino acids, which are joined together in endless
permutations consisting of reversible heteroatom linkages.2 This simplicity and efficiency is at the very
heart of Click chemistry, and has allowed it to become entrenched in the fields of synthesis 3, drug
discovery,4 bioconjugation,5,6,7 medicinal chemistry,8 and materials science9,10,11. The criteria given by
Sharpless for a chemical transformation to be considered a “Click” reaction state that it must be “modular,
wide in scope, give very high yields, generate only inoffensive byproducts, and be stereospecific”, as well
as having “simple reaction conditions, use readily available starting materials, and simple product
isolation”.1 Consequently, the starting materials for a Click reaction tend to be reactants “spring-loaded”
towards formation of a single product with a thermodynamic driving force greater than 20 kcal/mol.
Reactions that involve such reagents are summarized in Scheme 3.1, and include: i) ring-opening reactions
of strained heterocycles, e.g. epoxides and aziridines; ii) oxidations of unsaturated C-C bonds, e.g.
epoxidation, aziridination, and dihydroxylation; iii) non-Aldol carbonyl chemistry, e.g. formation of
amides, oximes, and hydrazones; iv) Michael addition of Nu-H reactants; and v) cycloadditions, e.g. DielsAlder reactions and 1,3-dipolar cycloadditions.1,2
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Scheme 3.1. Representative “Click” reactions. i) Nucleophilic ring-openings; ii) Oxidation of olefins; iii)
Non-Aldol carbonyl chemistry; iv) Nu-H Michael addition; v) Diels-Alder cycloaddition
(left), 1,3-dipolar cycloaddition (right).
The most prominent reaction of the Click chemistry arsenal is the Huisgen 1,3-dipolar
cycloaddition of alkynes and azides affording 1,2,3-triazoles, which are remarkably stable heterocycles
finding use in many fields, e.g. pharmacophores, amide surrogates, dendrimers.2 Although the reaction was
first discovered in 1893 by Michael,12 thorough studies of the cycloaddition archetype were conducted sixty
years later by Huisgen.13 While a variety of 1,3-dipolar synthons are available (e.g. nitrile oxides, nitrile
ylides), alkynes and organic azides are the most readily accessible starting materials for the [2+3]
cycloaddition. The azide reactant exhibits high functional group tolerance, and stability toward
oligomerization and hydrolysis even though there are safety concerns regarding azides with high nitrogen
to carbon atom ratios (as a general rule of thumb the number of nitrogen atoms in a molecule should be 1/3
the number of carbon atoms present for the compound to be safely handleable).14
Although the reaction between azide and alkyne leading to 1,2,3-triazole is highly exothermic
(enthalpy of formation between -50 and -65 kcal/mol),15 the activation barrier is also quite high (~25
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kcal/mol)16 leading to low reaction rates, even at high temperatures. Another drawback of thermally induced
Huisgen cycloadditions is the lack of regioselectivity, which means a mixture of 1,4- and 1,5-triazole
regioisomers is usually formed (Scheme 3.2).2,15

Scheme 3.2. Thermally induced Huisgen 1,3-dipolar cycloaddition.

In 2002 the groups of Fokin and Sharpless,17 and Meldal18 concurrently reported the use of
copper(I) to catalyze the regioselective formation of 1,4-triazoles at room temperature. The method
exhibited a broad substrate scope, with functional group tolerance towards esters, alcohols, amines, and
guanadines, and regioselectivity was not affected by sterics of the substrates. In the report of Fokin and
Sharpless the reactions were carried out in a variety of solvent systems (MeOH, EtOH, tBuOH,
alcohol/water co-solvent, water), and very pure products were obtained in high yield within 36 hours using
0.25-2 mol% catalyst loading. They found that the in situ reduction of CuSO45H2O by sodium ascorbate19
to copper(I) sulfate proved to be quite efficient. Copper(I) salts (e.g. CuI, CuOTfC6H6, and
[Cu(CH3CN)4][PF6]) could also be used without the need for a reductant, although the reactions required
acetonitrile co-solvent, and side products resulting from copper(II)-catalyzed oxidative coupling were
observed in the presence of oxygen.20,21 In Meldal’s report, they used a resin-bound copper acetylide to
catalyze this reaction and found it to be compatible with solid-phase peptide synthesis.18 Since these seminal
reports, the incredible accessibility of the reaction has led

to the copper-catalyzed azide-alkyne

cycloaddition (CuAAC) to become the flagship reaction of Click chemistry, and the two terms are often
used interchangeably (Scheme 3.3).22,23,24,25
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Scheme 3.3. Copper-catalyzed azide-alkyne cycloaddition (CuAAC).

The immense utility of this reaction can be traced to the simplicity and versatility of the catalytic
system, which can operate under air in a variety of solvent systems.2,26 In fact, even copper metal turnings
were able to facilitate the CuAAC, although the reaction rate was slower.17 While in situ reduction of
CuSO45H2O by sodium ascorbate is by far the most convenient source of copper(I), other copper(I) salts
can also be used such as those outlined above.23 However, copper(I) salts have a tendency to form inactive
aggregates,27 and also requires inert atmosphere because copper(I) is easily oxidizable to copper(II)
(reduction potential CuII to CuI = +0.159 V).28 To help stabilize the copper(I) species towards oxidation or
aggregation, nitrogen bases can be added29 that also facilitate deprotonation of the alkyne to allow formation
of Cu(I)-acetylide active species,17 which will be discussed in the next section. The presence of nitrogen
bases however, also promote unwanted alkyne and triazole homocoupling.30 Towards this end, less basic
neutral L ligands have proven to be beneficial towards improved product distribution and reaction rates.23
This was observed by Fokin when a CuAAC reaction that generated polytriazoles appeared to be
autocatalytic, indicating that the triazole moieties could behave as ligands stabilizing copper(I) in situ
resulting in reaction rate acceleration.29 One ligand in particular, tris-(benzyltriazolylmethyl)amine (TBTA)
(Scheme 3.4), proved to be quite efficient at stabilizing copper(I) under aerobic conditions. TBTA has a
central basic nitrogen allowing it to bind tightly to the metal center providing thermodynamic stabilization,
and the triazole moieties provide steric protection for the copper(I) center, yet are labile enough to allow
for binding of substrate. A host of other ligands based on poly(triazole) scaffolds have also been found to
be beneficial for CuAAC.23,31,32,33,34,35,36
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Scheme 3.4. Ligand-enhanced CuAAC (TBTA = tris-(benzyltriazolylmethyl)amine.29

The use of copper(II) salts along with ligand additives and in situ reduction is the most widely used
method in CuAAC, but preformed Cu(I) complexes have also been investigated as catalysts. In addition to
providing more stable copper(I) species, preformed Cu(I) catalysts avoid the need to use sacrificial
reductant and excess ligand/additives which can promote unwanted side reactions,28,30 and it also simplifies
purification. Furthermore, the stereoelectronic properties of LnCu(I) species can be tuned, and access to
well-defined metal complexes allows for studying of catalytic intermediates, so that efforts can be made
towards improving existing technologies. Polyamine ligands, similar to TBTA, have been shown to yield
highly active copper(I) catalysts such as air-stable (C186tren)CuBr (3.A) and ((hexabenzyl)tren)CuBr (3.B)
reported by Vincent37 and Astruc,38 respectively. Different nitrogen-based scaffolds have also proven to be
useful in CuAAC, i.e. diimine complexes, such as 3.C reported by Gomes.39 Other more widely used ligands
that find applications in CuAAC are phosphines, with examples as early as 2003 where Santoyo-Gonzalez
used (PPh3)3CuBr and P(OEt)3CuI for the synthesis of glycol-substituted triazoles (Figure 3.1).40 DiezGonzalez then later developed phosphinite (PR2OR) and phosphonite (PROR2) copper(I) complexes which
proved to also be efficient in CuAAC.41
The most widely-used LnCu(I) catalysts for CuAAC are copper(I) complexes featuring Nheterocyclic carbenes (NHCs)42 because their strong donating ability provides more active catalysts, and
steric environment protects the metal center from oxidation.23,43 The (SIMes)CuBr (3.D) complex used by
Nolan in 2006 could even catalyze cycloaddition with internal alkynes.44 Other derivatives of (NHC)CuCl-
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catalyzed CuAAC were reported23 with TOF’s as high as 5000 h-1,45 as well as an example by Straub where
bis-NHC-dicopper complexes (3.E) were able to surpass the catalytic activity of mono-copper species.46

Figure 3.1. Examples of preformed LnCu(I) catalysts used in CuAAC.

3.1.2

Catalytic Intermediates of CuAAC
The use of stable LCu(I) species has allowed for many studies on the mechanism of CuAAC.43,47

The mechanism initially proposed by Fokin and Sharpless is outlined in Scheme 3.5, and involves a stepwise annealing sequence involving one copper center, rather than a concerted [2+3] cycloaddition of the
activated alkyne with azide which was found to be 12-15 kcal higher in energy by DFT calculations.17
The first step in their proposed mechanism is activation of the alkyne by the copper(I) cation, then
deprotonation of the terminal alkyne to furnish a copper(I) acetylide, which is consistent with rate increases
when an external base is added.15,48 Azide then coordinates to the copper center via the more nucleophilic
internal nitrogen,49 which is followed by the attack of the acetylide β-carbon onto the terminal nitrogen of
the coordinated azide giving a 6-membered metallacycle that collapses into a copper(I) triazolide (Scheme
3.5).16 While the exact nature of the intermediates in the catalytic cycle is still under investigation, 43
formation of a copper(I) acetylide is undoubtedly a productive component of the reaction mechanism.
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Scheme 3.5. Step-wise cycloaddition mechanism proposed by Fokin and Sharpless.17

Mononuclear copper intermediates have always been at the forefront of postulated mechanisms. 16
Copper acetylide species are well-known, which coupled with the inability of the ligand-less CuAAC to
transform internal alkynes, supports the involvement of a σ-Cu-acetylide. Isolation of a copper(I) triazolide
also provided evidence that it could be a plausible catalytic intermediate.50 Kinetic and theoretical studies
of CuAAC also demonstrated a second order rate dependence on copper, indicating that the mechanism
possibly involves two metal centers in the rate-determining step.51,52,53,54,55,56 This is further supported by
Straub’s report of dinuclear copper catalyst 3.E showing increased rate acceleration compared to
mononuclear copper complexes.46 Isolation and direct observation of such species has proven to be
challenging because of equilibria between multiple highly reactive intermediates in the catalytic cycle,
which is further complicated by the fact that copper(I) acetylides tend to form higher aggregates in solution
which display lower activity than dinuclear species.55,57
The first report of direct evidence for dinuclear copper intermediates participating in CuAAC was
in 2013 by Fokin.58 The authors reacted mononuclear σ-Cu-acetylide with benzyl azide both with and
without the presence of an exogenous copper(I) catalyst (Scheme 3.6), and found that the reaction was
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complete within 20 minutes in the presence of (PPh3)2CuNO3 whereas the reaction with only monomeric
copper(I) acetylide showed no conversion.

Scheme 3.6. Direct evidence that a second copper center is required to catalyze CuAAC.

This was subsequently followed by an isotope crossover experiment providing evidence towards
the existence of dinuclear intermediate V in CuAAC resulting from postulated π,σ-bis(copper) acetylide III
(Scheme 3.7).58 The role of the second π-coordinated cationic copper is likely to ligate incoming azide, and
direct the step-wise annealing process.51 Complex III, which was ligated by an NHC, is believed to be the
catalytically active complex, but was thought to be too highly unstable to isolate because of the weak alkyne
π bond to the cationic copper. NHCs are the most widely used ligand in preformed copper catalysts, 23 but
another class of carbenes, cyclic (alkyl)(amino)carbenes (CAACs) which are both stronger σ-donors and πacceptors than NHCs,59 are also available but rarely used in CuAAC.60 We reasoned that the enhanced
electronic properties of CAACs would be better suited at stabilizing the cationic π-coordinated copper, and
that the overall stronger donating ability would also allow the copper center to better π-backbond with the
alkyne. This would result in a more stable π complex, and with this in mind we then attempted the isolation
of hitherto unknown species III, namely a π,σ-bis(copper)acetylide.
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Scheme 3.7. Proposed CuAAC catalytic cycle involving dinuclear copper intermediates.

3.2
3.2.1

Isolation of Bis(Copper) Key Intermediates in CuAAC
Synthesis
Dinuclear copper species III were believed to be non-isolable intermediates58, but our group has

shown that the strong σ-donating and π-accepting properties of cyclic (alkyl)(amino)carbenes (CAACs)61,62
are well-suited at isolating electron-deficient, electron-rich, and even paramagnetic species.59,63 We
envisaged synthesizing a species of type III stabilized by the electronic properties of a CAAC, through a
reaction of (CAAC)Cu(I) acetylide with another cationic (CAAC)Cu(I) unit featuring a non-coordinating
anion to allow coordination of the acetylide π bond. We first prepared the acetylide by reacting
(EtCAAC)CuOAc 3.1 with phenyl lithium in THF to furnish (EtCAAC)CuCCPh 3.2 (see Experimental). To
prepare the cationic (CAAC)Cu(I) unit we reacted (EtCAAC)CuCl 3.3 with AgOTf to afford
(EtCAAC)CuOTf 3.4 (Scheme 3.8). Copper(I) acetylide 3.2 was then reacted with (EtCAAC)CuOTf 3.4 in
methylene chloride, which yielded an air-stable compound whose 1H and 13C NMR spectra displayed only
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one set of EtCAAC signals, and whose integrations indicated that there were two EtCAAC ligands per
phenylacetylide moiety. The compound was then crystallized and an x-ray diffraction study confirmed the
formation of cationic π,σ-bis(copper) acetylide 3.5OTf (Scheme 3.8, Figure 3.2) featuring two distinct
[(EtCAAC)Cu] units.64 The fact that the 1H and 13C NMR spectra display only one set of signals for the
Et

CAAC ligand, even at temperatures as low as -80 °C indicates that an exchange between the two

[(EtCAAC)Cu] units in solution is happening faster than the NMR timescale. Although the NMR data
supports the notion that the two [(EtCAAC)Cu] units are solely sharing the acetylide anion, the solid-state
structure unequivocally substantiates that the [(EtCAAC)Cu] units bind to the alkyne in π and σ fashion with
Cu2-C1 and Cu1-C1 bond distances of 1.9854(19) and 1.867(2) Å, respectively. The Cu1-Cu2 distance of
2.9387(4) Å is slightly longer than those computationally predicted by Fokin for model compounds (2.85
to 2.88 Å), and supports the idea that the acetylide-copper π bond is the primary bonding interaction for the
second, cationic copper (sum of Cu-Cu van der Waals radii = 2.8 Å).56 The C1-C2 bond length (1.232(3)
Å) also shows slight elongation compared to other mono-copper acetylides (1.209(4) Å), indicating that the
alkyne is more activated.65 The π,σ-bis(copper) acetylide could also be prepared by reaction of 3.2 with half
an equivalent of Ph3CBF4 to yield the corresponding tetrafluoroborate salt 3.5BF4 via acetylide abstraction
(see Experimental).

Scheme 3.8. Preparation of cationic π,σ-bis(copper) acetylide 3.5OTf.
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Figure 3.2. Solid-state structure of cationic π,σ-bis(copper) acetylide 3.5OTf. Triflate anion and hydrogen
atoms have been omitted for clarity. Selected bond lengths [Å] and angles [°]: Cu1-Cu2
2.9387(4), Cu1-C1 1.867(2), Cu2-C1 1.9854(19), Cu2-C2 2.1897(19), C1-C2 1.232(3), Cu1C3 1.9027(19), C2-C4 1.9043(19), Cu1-C1-C2 174.70(17).
To test its role in CuAAC, π,σ-bis(copper) acetylide 3.5OTf was then reacted with stoichiometric
benzyl azide in methylene chloride, which yielded an air-stable compound featuring two magnetically
inequivalent sets of EtCAAC signals in the 1H and 13C NMR spectra. As crystals were unable to be obtained
because of the triflate anion, we then prepared the analogous tetrafluoroborate salt version. 3.5BF4 was
reacted with stoichiometric benzyl azide in methylene chloride which yielded a compound also featuring
two sets of EtCAAC signals in the 1H and 13C NMR spectra. This species was able to be crystallized and
subjected to an x-ray diffraction study, which showed the expected copper triazolide, but the triazole was
surprisingly also bound to a cationic [(EtCAAC)Cu]+ unit via the N3 nitrogen (Scheme 3.9, Figure 3.3). The
Cu1-C1 bond length (1.910(6) Å) is longer than the Cu2-N3 bond length (1.887(4) Å), and the Cu1C2(carbene) bond length (1.911(5) Å) is also longer than the Cu2-C3(carbene) bond length (1.875(5) Å)
indicating the stronger trans effect of the triazolide carbanion than the N3 nitrogen.
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Scheme 3.9. Preparation of 3,5-dimetallated-1,2,3-triazole 3.6BF4.

Figure 3.3. Solid-state structure of 3,5-dimetallated-1,2,3-triazole 3.6BF4. Tetrafluoroborate anion and
hydrogen atoms have been omitted for clarity. Selected bond lengths [Å] and angles [°]: Cu1C1 1.910(6), Cu2-N3 1.887(4), Cu1-C2 1.911(5), Cu2-C3 1.875(5), C2-Cu1-C1 173.3(2), N3Cu2-C3 175.4(2).

Interestingly, 3,5-dimetallated-1,2,3-triazole 3.6 had never been postulated in any CuAAC
mechanism, so to study its role in CuAAC, 3.6OTf was then reacted with a stoichiometric amount of phenyl
acetylene. After several hours at room temperature proto-demetalation of the Cu-C(triazolide) bond by
phenylacetylene yielded free 1-benzyl-4-phenyl-1,2,3-triazole along with concomitant regeneration of π,σbis(copper) acetylide 3.5OTf (Scheme 3.10). To further confirm the generality of this process, 3.6BF4 was
also reacted with 3,3-diphenyl-1-propyne which also resulted in the liberation of 1-benzyl-4-phenyl1,2,3-triazole along with formation of 3.7 (see Experimental).
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Scheme 3.10. Stoichiometric reactivity of π,σ-bis(copper) acetylide 3.5 and 3,5-dimetallated-1,2,3-triazole
3.6. X = -OTf - or BF4 – (Methylene chloride, room temperature).

Having shown that CAAC-supported bis(copper) species 3.5 and 3.6 could generate triazole
stoichiometrically, we were also curious to see if mononuclear ( EtCAAC)CuCCPh 3.2 could do the same,
given that Fokin’s report showed that (NHC)CuCCPh did not react with benzyl azide in any appreciable
amount without the presence of an external Cu(I) catalyst.58 Reacting (EtCAAC)CuCCPh with
stoichiometric benzyl azide in methylene chloride slowly led to formation of mononuclear (EtCAAC)Cu(I)
triazolide 3.8 (Scheme 3.11) after 16 hours. 3.8 was then reacted with stoichiometric phenyl acetylene
which led to the formation of 1-benzyl-4-phenyl-1,2,3-triazole, along with regeneration of 3.2. The ability
of the CAAC-supported reactions to perform where the analogous NHC versions did not can possibly be
attributed to the stronger donor properties of the CAAC, resulting in a more activated acetylide complex.
The stoichiometric reactions described above are extremely clean and high-yielding, and are insensitive to
air and moisture.

Scheme 3.11. Stoichiometric reactivity of mono(copper) acetylide 3.2 and C-metallated triazolide 3.8
(Methylene chloride, room temperature).
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3.2.2

Kinetics and Catalysis
After having shown that both bis(copper) acetylide 3.5 and mono(copper) acetylide 3.2 could

participate in the CuAAC reaction stoichiometrically, we then turned our attention to their comparative
rates of reaction. The reaction of benzyl azide with 3.5OTf yielding metallated triazole exhibited critical rate
acceleration compared to the analogous reaction with 3.2 ([(kobs (3.5OTf) = 1.76 × 10-2 s-1)/(kobs (3.2) = 1.86
× 10-4 s-1)] > 94, Figure 3.4). In contrast, reaction of phenyl acetylene with bis(copper) triazolide 3.6OTf and
mono(copper) triazolide 3.8, to yield free triazole and their respective acetylides, proceeded at a similar rate
(see Experimental, Figure 3.9). This rate acceleration exhibited by the dinuclear species is in line with the
idea that the second copper facilitates azide addition.

Figure 3.4. Reaction kinetics of benzyl azide with bis(copper) acetylide 3.5OTf (blue) and mono(copper)
acetylide 3.2 (red). L = EtCAAC.

The catalytic activities of the dinuclear and mononuclear copper species were then compared in the
CuAAC of phenyl acetylene with benzyl azide (Figure 3.5). For the bis(copper) species 5 mol% catalyst
loading was used, and for the mono(copper) species 10 mol% to maintain the same amount of copper
catalyst in solution. As can be seen from the graph, both bis(copper) copper species have drastically higher
activity than their mono(copper) counterparts. The reactions catalyzed by 3.5OTf and 3.6OTf have yields of
94 and 99%, respectively, after 10 hours, while 3.2 and 3.8 only show 2 and 12% yield, respectively, in the
same time frame. These results are in line with the kinetic and theoretical work reported by others. 46,56,58,66
Note that both the bis/mono(copper) acetylide-catalyzed reactions show a short initiation period, which is
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concomitant with the formation of bis/mono(copper) triazolide after which the concentration of the
bis/mono(copper) triazolide remains constant (Figure 3.6) providing evidence for the metallated triazolides
being the resting states of their respective catalytic cycles.

Figure 3.5. Evolution of CuAAC between phenyl acetylene and benzyl azide, catalyzed by 3.2 (10 mol%
mono(copper) acetylide), 3.4 (10 mol% (EtCAAC)CuOTf), 3.5OTf (5 mol% bis(copper)
acetylide), 3.6OTf (5 mol% bis(copper) triazolide), and 3.8 (10 mol% mono(copper) triazolide).

Figure 3.6. Evolution of bis(copper) triazolide 3.6OTf and free triazole (left), and mono(copper) triazolide
3.8 and free triazole (right) during the initiation period of the catalytic reaction (CD2Cl2, room
temperature).
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After demonstrating that the catalytic reactions proceed efficiently once the metallated triazolides
3.6OTf and 3.8 are formed, we next turned our attention to the formation of their respective acetylide
precursors. The reaction of phenyl acetylene with benzyl azide in the presence of 10 mol% (EtCAAC)CuOTf
3.4 only showed full conversion to the triazole after 35 hours at room temperature, and the kinetic profile
of the reaction shows a long initiation period followed by drastic rate acceleration (Figure 3.5). The
initiation period can be attributed to the slow formation of the prerequisite σ-copper(I) acetylide because
the weakly basic triflate anion is unable to promote efficient metalation of the alkyne; the azide likely plays
a role in metalation of the alkyne.67 To confirm this hypothesis, two equivalents of (EtCAAC)CuOTf 3.4
were added to phenyl acetylene in the absence of benzyl azide. No reaction occurred after 8 hours at room
temperature, but upon addition of one equivalent of triethylamine, rapid formation of 3.5OTf (along with
Et3NH+OTf -) was observed because of facile deprotonation of the alkyne (Scheme 3.12). From this, it can
be concluded that formation of the σ-copper(I) acetylide is slow, and subsequent formation of the π,σbis(copper) acetylide is fast when (EtCAAC)CuOTf is used as the precatalyst. Additionally, when the
CuAAC of phenyl acetylene and benzyl azide was performed in the presence of 10 mol% (EtCAAC)CuOTf
and 5 mol% NEt3, the previously observed initiation period is drastically shortened (Figure 3.7).

Scheme 3.12. An external base is required to promote metalation of phenyl acetylene with
(EtCAAC)CuOTf.
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Figure 3.7. The initiation period of (EtCAAC)CuOTf-catalyzed CuAAC is shortened in the presence of
NEt3.

3.3

Conclusion
The above results demonstrate that cyclic (alkyl)(amino) carbenes can be used to isolate both

mononuclear and dinuclear copper species which both participate in the CuAAC, but the dinuclear species,
namely π,σ-bis(copper) acetylide 3.5 is part of the kinetically favored pathway (Scheme 3.13). Furthermore,
a CAAC is also able to provide a stable cationic copper(I) species that the already σ-bound acetylide can π
coordinate to. Both the mono(copper) acetylide and the π,σ-bis(copper) acetylide react with benzyl azide
to yield a mono(copper) triazolide and a bis(copper) triazolide, respectively, which are both the resting
states of their corresponding catalytic cycles, but the π,σ-bis(copper) acetylide exhibits a drastically higher
rate of azide annulation. Both triazolides can be proto-demetallated by phenyl acetylene, at similar rates, to
reform the acetylides and close the cycle, which precludes monomeric [(CAAC)Cu]+ from being part of the
cycle. These studies on the nature of the active species in CuAAC provide guiding principles not only
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towards the development of Click chemistry technologies, but also to other catalytic systems that may
involve multimetallic species.68

Scheme 3.13. Mono(copper) pathway and kinetically favored bis(copper) pathway.

3.4
3.4.1

Experimental
General Considerations
All manipulations were performed using standard glovebox and Schlenk techniques. Glassware

was dried in an oven overnight at 150 °C or flame dried before use. Benzene, tetrahydrofuran, diethyl ether,
and toluene were freshly distilled over Na metal. Hexanes, n-pentane, dichloromethane, and chloroform
were freshly distilled over CaH2. C6D6, CDCl3, and CD2Cl2 used for NMR spectroscopy were purchased
from Cambridge Isotope Laboratories and dried according to published methods.69 CAAC was prepared
according to literature procedures.61,62
NMR: Multinuclear NMR data were recorded on Varian INOVA 500MHz or Bruker Avance 300.
Chemical shifts (δ) are reported in parts per million (ppm) and are referenced to residual solvent signals
(1H, 13C). Coupling constants J are given in Hertz (Hz). NMR multiplicities are abbreviated as follows: s =
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singlet, d = doublet, t = triplet, q = quartet, sext = sextet, sept = septet, m = multiplet, br = broad. All spectra
were recorded at 298 K unless otherwise noted.
Melting Points: Melting points were measured with an electrothermal MEL-TEMP apparatus. Airsensitive compounds were added to a capillary tube which was then sealed from air with vacuum grease.
Mass Spectrometry: High resolution mass spectrometry data was collected on an Agilent 6230
TOF-MS at the UC San Diego Mass Spectrometry Laboratory.
X-Ray Crystallography: Single crystal X-Ray diffraction data were collected on Bruker Apex II
diffractometers using Mo-Kα radiation (λ = 0.71073 Å) or Cu-Kα radiation (λ = 1.54178 Å). Crystals were
selected under oil, mounted on nylon loops then immediately placed in a cold stream of N2. Structures were
solved and refined using SHELXTL and Olex2 software.

3.4.2

Synthetic Procedures

3.1 (EtCAAC)CuOAc

THF (20 mL) was added to a mixture of CuOAc (1.0 g, 8.2 mmol) and EtCAAC (2.6 g, 8.2 mmol). The
reaction mixture was stirred overnight at room temperature. The solvent was removed under vacuum. The
residue was washed with hexane (10 mL), and then was extracted with benzene (20 mL). After removal of
benzene under vacuum, (EtCAAC)CuOAc was isolated as a white solid (73% yield). Melting point = 151 °C
(decomposition) 1H NMR (CD2Cl2, 500 MHz): δ = 7.44 (t, J = 7.8 Hz, 1H, p-H), 7.29 (d, J = 7.8 Hz, 2H,
m-H), 2.85 (sept, J = 6.9 Hz, 2H, CHMe2), 1.99 (s, 2H, CH2), 1.96-1.85 (m, 2H, CH2), 1.85-1.66 (m, 5H,
CH2, COCH3), 1.34 (s, 6H, CH3), 1.30 (d, J = 6.9 Hz, 6H, CHCH3), 1.25 (d, J = 6.9 Hz, 6H, CHCH3), 1.08
(t, J = 7.5 Hz, 6H, CH3). 13C NMR (CD2Cl2, 125 MHz): δ = 252.5 (C-carbene), 177.6 (COCH3), 145.5 (Cq),
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135.4 (Cq) 129.8 (CHAr), 125.0 (CHAr), 81.2 (Cq), 62.9 (Cq), 42.8 (CH2), 31.3 (CH2), 29.5, 29.4, 27.0,
22.4, 9.7.

3.2 (EtCAAC)CuCCPh

n-BuLi (2.4 mmol, 2.5 M in hexane) was slowly added to a solution of phenyl acetylene (234 mg, 2.3 mmol)
in THF (15 mL) at -78 °C. After 30 minutes a solution of (EtCAAC)CuOAc (1.0 g, 2.3 mmol) in THF (10
mL) was added and the mixture was stirred at ambient temperature for one hour. Volatiles were removed
under vacuum and the remaining solid was extracted with benzene (3 x 10 mL). After removal of benzene
under vacuum, the solid was washed with hexane (20 mL). (EtCAAC)CuCCPh was obtained as a light
yellow solid (88% yield). Melting point = 152 °C (decomposition). 1H NMR (CD2Cl2, 500 MHz): δ = 7.48
(t, J = 7.8 Hz, 1H, p-H), 7.34 (d, J = 7.8 Hz, 2H, m-H), 7.23 (br d, J = 7.1 Hz, 2H, o-HC6H5), 7.14 (br t, J
= 7.1 Hz, 2H, m-H C6H5), 7.08 (br t, J = 7.1 Hz, 1H, p-H C6H5), 2.88 (sept, J = 6.9 Hz, 2H, CHMe2), 1.98
(s, 2H, CH2), 1.96-1.87 (m, 2H, CH2), 1.86-1.74 (m, 2H, CH2), 1.39-1.30 (m, 18H, CH3, CHCH3), 1.11 (t,
J = 7.5 Hz, 6H, CH3). 13C NMR (CD2Cl2, 125 MHz): δ = 253.5 (C-carbene), 145.6 (Cq), 135.1 (Cq), 131.8
(CHC6H5), 129.9 (CHAr), 128.1 (CHC6H5), 127.7 (PhCCCu), 125.7 (CHAr), 125.0 (CHC6H5), 121.9 (CqC6H5), 106.3 (PhCCCu), 81.3 (Cq), 63.3 (Cq), 42.8 (CH2), 31.4 (CH2), 29.5, 29.4, 27.3, 22.4, 9.9. HR-MS
(ESI-TOFMS): m/z calculated for C30H40CuNNa+ 500.2349, found 500.2355.
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3.3 (EtCAAC)CuCl

THF (20 mL) was added to a mixture of CuCl (1.0 g, 10.0 mmol) and EtCAAC (2.6 g, 8.2 mmol). The
mixture was stirred overnight at room temperature. The solvent was removed under vacuum. The remaining
solid was washed with hexane (10 mL), and then was extracted with benzene (20 mL). After removal of
benzene under vacuum, (EtCAAC)CuCl was isolated as a white solid (81% yield). Melting point = 207 °C
(decomposition). 1H NMR (CD2Cl2, 500 MHz): δ = 7.39 (t, J = 7.8 Hz, 1H, p-H), 7.25 (d, J = 7.8 Hz, 2H,
m-H), 2.83 (sept, J = 6.9 Hz, 2H, CHMe2), 1.98 (s, 2H, CH2), 1.96-1.84 (m, 2H, CH2), 1.83-1.71 (m, 5H,
CH2), 1.35 (s, 6H, CH3), 1.30 (d, J = 6.9 Hz, 6H, CHCH3), 1.29 (d, J = 6.9 Hz, 6H, CHCH3), 1.07 (t, J =
7.5 Hz, 6H, CH3). 13C NMR (CD2Cl2, 125 MHz): δ = 250.4 (C-carbene), 145.1 (Cq), 134.6 (Cq), 129.8
(CHAr), 124.8 (CHAr), 81.1 (Cq), 62.7 (Cq), 42.5 (CH2), 31.2 (CH2), 29.4, 29.3, 27.4, 22.5, 9.7. HR-MS
(ESI-TOFMS): m/z calculated for C22H35CuNCl[NH4]+ 429.2092, found 429.2091.

3.4 (EtCAAC)CuOTf

AgOTf (135 mg, 0.53 mmol) was added to a solution of (EtCAAC)CuCl (200 mg, 0.48 mmol) in methylene
chloride (5 mL) and the solution was stirred in the dark for 30 minutes at room temperature. After filtration,
the solvent was removed under vacuum to afford (EtCAAC)CuOTf as a white solid (73% yield). Melting
point = 169 °C (decomposition). 1H NMR (CDCl3, 500 MHz): δ = 7.44 (t, J = 7.8 Hz, 1H, p-H), 7.28 (d, J
= 7.8 Hz, 2H, m-H), 2.80 (sept, J = 6.9 Hz, 2H, CHMe2), 2.02 (s, 2 H, CH2), 1.96-1.82 (m, 2H, CH2), 1.81-
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1.69 (m, 2H, CH2), 1.38 (s, 6H, CH3), 1.31 (d, J = 6.9 Hz, 6H, CHCH3), 1.23 (d, J = 6.9 Hz, 6H, CHCH3),
1.08 (t, J = 7.5 Hz, 6H, CH3). 13C NMR (CDCl3, 125 MHz): δ = 248.4 (C-carbene), 144.9 (Cq), 134.5 (Cq),
130.2 (CHAr), 125.0 (CHAr), 119.5 (q, J = 318 Hz, CF3), 81.6 (Cq), 62.4 (Cq), 42.6 (CH2), 31.0 (CH2),
29.3, 29.2, 27.1, 22.4, 9.5. 19F NMR (CDCl3, 282 MHz): δ = -77.7.

3.5OTf π,σ-bis(copper) acetylide (X = -OTf)

(CAAC)CuOTf (530 mg, 1 mmol) was added to a solution of 3.2 (480 mg, 1 mmol) in methylene chloride
(20 mL). The reaction was stirred for 5 minutes at ambient temperature. After removing the solvent under
vacuum, 3.5OTf was obtained as a white solid (95% yield). Melting point = 174 °C (decomposition). 1H
NMR (CD2Cl2, 500 MHz): δ = 7.44 (t, J = 7.8 Hz, 2H, p-H), 7.26 (d, J = 7.8 Hz, 4H, m-H), 7.22 (t, J = 7.6
Hz, 1H, p-H), 7.04 (t, J = 7.6 Hz, 2H, m-H), 6.41 (d, J = 7.6 Hz, 2H, o-H), 2.82 (sept, J = 6.9 Hz, 4H,
CHMe2), 2.05 (s, 4H, CH2), 1.96-1.83 (m, 4H, CH2), 1.80-1.68 (m, 4H, CH2), 1.38 (s, 12H, CH3), 1.29 (d,
J = 6.9 Hz, 12H, CHCH3), 1.18-1.02 (m, 24H). 13C NMR (CD2Cl2, 125 MHz): δ = 249.4 (C-carbene), 145.3
(Cq-Ar), 134.7 (Cq-Ar), 132.0 (CH-Ar), 130.4 (CH-Ar), 129.4 (CH-Ar), 128.7 (CH-Ar), 125.4 (CH-Ar),
122.2 (PhCCCu2), 118.9 (Cq-Ar), 110.8 (PhCCCu2), 82.5 (Cq), 63.1 (Cq), 42.1 (CH2), 31.5 (CH2), 29.4,
27.2, 22.4, 9.9. HR-MS (ESI-TOFMS): m/z calculated for C52H75Cu2N2+ 853.4517, found 853.4507.
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3.5BF4 π,σ-bis(copper) acetylide (X = -BF4)

Methylene chloride (4 mL) was added to a mixture of 3.2 (180 mg, 0.38 mmol) and Ph3CBF4 (62 mg, 0.19
mmol). The mixture was stirred for 5 minutes at room temperature. The solvent was removed under vacuum
and the remaining solid was washed with pentane (15 mL), affording 3.5BF4 as a light yellow solid (93%
yield). 1H NMR (CD2Cl2, 500 MHz): δ = 7.44 (t, J = 7.8 Hz, 2H, p-H), 7.26 (d, J = 7.8 Hz, 4H, m-H), 7.22
(t, J = 7.6 Hz, 1H, p-H), 7.04 (t, J = 7.6 Hz, 2H, m-H), 6.41 (d, J = 7.6 Hz, 2H, o-H), 2.82 (sept, J = 6.9 Hz,
4H, CHMe2), 2.05 (s, 4H, CH2), 1.96-1.83 (m, 4H, CH2), 1.80-1.68 (m, 4H, CH2), 1.38 (s, 12H, CH3), 1.29
(d, J = 6.9 Hz, 12H, CHCH3), 1.18-1.02 (m, 24H). 13C NMR (CD2Cl2, 125 MHz): δ = 249.4 (C-carbene),
145.3 (Cq-Ar), 134.7 (Cq-Ar), 132.0 (CH-Ar), 130.4 (CH-Ar), 129.4 (CH-Ar), 128.7 (CH-Ar), 125.4 (CHAr), 122.2 (PhCCCu2), 118.9 (Cq-Ar), 110.8 (PhCCCu2), 82.5 (Cq), 63.1 (Cq), 42.1 (CH2), 31.5 (CH2),
29.4, 27.2, 22.4, 9.9.

3.6OTf Bis(copper) triazolide (X = -OTf)

Benzyl azide (40.0 mg, 0.30 mmol) was added to a solution of 3.5OTf (250 mg, 0.25 mmol) in methylene
chloride (0.5 mL). After 1 hour, diethyl ether (15 mL) was added to induce the precipitation of the product.
After filtration 3.6OTf was isolated as a pale yellow solid (87% yield). Melting point = 175 °C
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(decomposition). 1H NMR (CD2Cl2, 500 MHz): δ = 7.48-7.38 (m, 2H, p-H), 7.34-7.14 (m, 12H), 6.82 (br,
2H), 5.11 (s, 2H, CH2Ph), 2.77 (sept, J = 6.9 Hz, 4H, CHMe2), 2.01 (s, 2H, CH2), 1.96 (s, 2H, CH2), 1.851.73 (m, 2H, CH2), 1.73-1.61 (m, 4H, CH2), 1.61-1.51 (m, 2H, CH2), 1.34 (br, 12H, CH3), 1.29-1.20 (m,
12H, CHCH3), 1.04-0.86 (m, 24H).

C NMR (CD2Cl2, 125 MHz): δ = 252.7 (C-carbene), 249.3 (C-

13

carbene), 156.7 (C-triazolide), 155.1(C-triazolide), 145.4 (Cq), 145.3 (Cq), 136.7 (CqAr), 135.2 (Cq), 134.8
(Cq), 133.3 (CqAr), 130.3 (CHAr), 130.2 (CHAr), 129.1 (CHAr), 128.8 (CHAr), 128.2 (CHAr), 128.1 (CqAr), 128.0 (CHAr), 127.1 (CHAr), 125.2 (CHAr), 125.1 (CHAr), 82.3 (Cq), 81.9 (Cq), 63.3 (Cq), 63.0
(Cq), 57.1 (CH2Ph), 42.4 (CH2), 31.3 (CH2), 29.4, 27.0, 22.3, 9.7. HR-MS (ESI-TOFMS): m/z calculated
for C59H82Cu2N5+ 986.5157, found 986.5161.

3.6BF4 Bis(copper) triazolide (X = -BF4)

Prepared analogously to 3.6OTf except starting with 3.5BF4. 83% yield. 1H NMR (CD2Cl2, 500 MHz): δ =
7.48-7.38 (m, 2H, p-H), 7.34-7.14 (m, 12H), 6.82 (br, 2H), 5.11 (s, 2H, CH2Ph), 2.77 (sept, J = 6.9 Hz, 4H,
CHMe2), 2.01 (s, 2H, CH2), 1.96 (s, 2H, CH2), 1.85-1.73 (m, 2H, CH2), 1.73-1.61 (m, 4H, CH2), 1.61-1.51
(m, 2H, CH2), 1.34 (br, 12H, CH3), 1.29-1.20 (m, 12H, CHCH3), 1.04-0.86 (m, 24H). 13C NMR (CD2Cl2,
125 MHz): δ = 252.7 (C-carbene), 249.3 (C-carbene), 156.7 (C-triazolide), 155.1(C-triazolide), 145.4 (Cq),
145.3 (Cq), 136.7 (CqAr), 135.2 (Cq), 134.8 (Cq), 133.3 (CqAr), 130.3 (CHAr), 130.2 (CHAr), 129.1
(CHAr), 128.8 (CHAr), 128.2 (CHAr), 128.1 (Cq-Ar), 128.0 (CHAr), 127.1 (CHAr), 125.2 (CHAr), 125.1
(CHAr), 82.3 (Cq), 81.9 (Cq), 63.3 (Cq), 63.0 (Cq), 57.1 (CH2Ph), 42.4 (CH2), 31.3 (CH2), 29.4, 27.0, 22.3,
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9.7. Single crystals of 3.5BF4 were obtained by diffusion of hexane into a saturated methylene chloride
solution.

3.5OTf via proto-demetalation of 3.6OTf

Phenylacetylene (15 mg, 0.15 mmol) was added to the solution of 3.7 (136 mg, 0.12 mmol) in methylene
chloride (5 mL). After stirring 16 hours at room temperature, the solvent was removed under vacuum. The
remaining solid was washed with diethyl ether (3 x 10 mL) to remove free triazole and after drying 3.5 was
obtained as a yellow solid (91% yield). NMR data are identical to those of 3.5.

3.7 via proto-demetalation of 3.6BF4

3,3-Diphenyl-1-propyne (26 mg, 0.14 mmol) was added to the solution of 3.6BF4 (X= -BF4) (120 mg, 0.11
mmol) in methylene chloride (5 mL). After stirring 16 hours at room temperature, the solvent was removed
under vacuum. The remaining solid was washed with diethyl ether (3 x 10 mL) to remove free triazole and
after drying 3.7 (X= -BF4) was obtained as a yellow solid (87% yield). Melting point = 185 °C
(decomposition). 1H NMR (CD2Cl2, 500 MHz): δ = 7.56 (t, J = 7.8 Hz, 2H, p-H), 7.32 (d, J = 7.8 Hz, 4H,
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m-H), 7.22 (t, J = 7.6 Hz, 1H, p-H), 7.24-7.06 (m, 6H, HAr), 6.84 (d, J = 6.2 Hz, 4H, HAr), 3.43 (br, 1H,
CHCC), 2.80 (sept, J = 6.9 Hz, 4H, CHMe2), 2.04 (s, 4H, CH2), 1.89-1.77 (m, 4 H, CH2), 1.75-1.62 (m, 4H,
CH2), 1.40 (s, 12H, CH3), 1.29 (d, J = 6.9 Hz, 12H, CHCH3), 1.12-0.98 (m, 24H). 13C NMR (CD2Cl2, 125
MHz): δ = 249.9 (C-carbene), 145.6 (Cq), 141.1 (CCCu2), 135.0 (Cq), 130.4 (CHAr), 128.8 (CHC6H5),
127.3 (CHC6H5), 125.5 (CHAr), 120.1 (Cq-C6H5), 109.0 (CCCu2), 82.3 (Cq), 62.8 (Cq), 46.5 (CHCC), 42.5
(CH2), 31.4 (CH2), 29.5, 29.4, 27.1, 22.6, 9.9. HR-MS (ESI-TOFMS): m/z calculated for C59H81Cu2N2+
943.4986, found 943.5004. Single crystals of 3.7 (X = -BF4) were obtained by diffusion of diethyl ether into
a saturated methylene chloride solution.

Figure 3.8. Solid-state structure of cationic π,σ-bis(copper) acetylide 3.7. Tetrafluoroborate anion and
hydrogen atoms have been omitted for clarity. Selected bond lengths [Å]: Cu1-Cu2 3.01(2),
Cu1-C1 1.927(17), Cu2-C1 2.066(18), Cu2-C2 2.210(18), C1-C2 1.224(8).

3.8 Mono(copper) triazolide

Benzyl azide (68.2 mg, 0.51 mmol) was added to a solution of 3.2 (200 mg, 0.42 mmol) in methylene
chloride (0.5 mL). After 16 hours, diethyl ether (15 mL) was added to induce the precipitation of the
product. After filtration, the residue was washed with pentane (10 mL) to afford 3.8 as a pale yellow solid
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(61% yield). Melting point = 155 °C (decomposition). 1H NMR (CD2Cl2, 300 MHz): δ = 7.78 (br d, J = 7.5
Hz, 2H), 7.48 (t, J = 7.8 Hz, 1H, p-H), 7.35-7.07 (m, 8H), 6.84 (br, d, J = 7.5 Hz, 2H), 5.21 (s, 2H, CH2Ph),
2.87 (sept, J = 6.9 Hz, 2H, CHMe2), 1.99 (s, 2H, CH2), 1.89-1.63 (m, 4H, CH2), 1.37 (s, 6H, CH3), 1.27 (d,
J = 6.9 Hz, 6H, CHCH3), 1.07 (d, J = 6.9 Hz, 6H, CHCH3), 1.00 (t, J = 7.5 Hz, 6H, CH2CH3). 13C{1H}
NMR (CD2Cl2, 125 MHz): δ = 254.0 (C-carbene), 156.1 (C-triazolide), 152.8 (C-triazolide), 145.7 (Cq),
139.2, 136.7 (CqAr), 135.4 (Cq), 130.2 (CHAr), 128.5 (CHAr), 128.4 (CHAr), 127.2 (CHAr), 126.8, 126.3,
125.8, 125.3 (CHAr), 81.6 (Cq), 63.5 (Cq), 55.9 (CH2Ph), 42.4 (CH2), 31.6 (CH2), 29.5, 27.0, 22.5, 9.8.
HR-MS (ESI-TOFMS): m/z calculated for C37H48CuN4+ 611.3169, found 611.3166.

3.2 via proto-demetalation of 3.8

Phenylacetylene (27 mL, 0.25 mmol) was added to the solution of 3.8 (15.3 mg, 0.025 mmol) in methylene
chloride (0.4 mL). After stirring for 4.5 hours at room temperature, the solvent was removed under vacuum.
The remaining solid was washed with pentane (10 mL) to remove free triazole and after drying 3.2 was
obtained as a yellow solid (73% yield). NMR data are identical to those 3.2.

3.4.3

Kinetics

Annulation reaction of benzyl azide and complexes 3.5 and 3.2
In an NMR tube, benzyl azide (0.3 mmol) was added to a solution of 3.5 (0.015 mmol) in CD2Cl2 (0.5
mL) and 1,2-dibromoethane (0.06 mmol) as internal standard. The reaction was monitored by 1H NMR
(blue). The same procedure was used for the reaction involving 3.2 (0.015 mmol, red).
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Figure 3.4. Reaction kinetics of benzyl azide with bis(copper) acetylide 3.5OTf (blue) and mono(copper)
acetylide 3.2 (red). L = EtCAAC.

Proto-demetalation of complexes 3.7 and 3.8
In an NMR tube, phenylacetylene (0.3 mmol) was added to a solution of 3.7 (0.015 mmol) in CD2Cl2 (0.5
mL) with 1,2-dibromoethane (0.06 mmol) as internal standard. The reaction was monitored by 1H NMR
(blue). The same procedure was used for the reaction involving 3.8 (0.015 mmol, red).

Figure 3.9. Proto-demetalation of bis(copper) triazolide 3.7 to bis(copper) acetylide 3.5 (blue), and of
mono(copper) triazolide 3.8 to mono(copper) acetylide 3.2 (red).

3.4.4

Crystallographic Data

Compound
Empirical formula
Formula weight

3.5OTf
C53H75Cu2F3N2O3S
1004.29
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Temperature/K
100.0
Crystal system
monoclinic
Space group
P21/c
a/Å
9.3364(9)
b/Å
31.672(3)
c/Å
17.7655(17)
α/°
90
β/°
97.3090(10)
γ/°
90
3
Volume/Å
5210.6(9)
Z
4
3
ρcalcg/cm
1.280
μ/mm-1
0.909
F(000)
2128.0
Crystal size/mm3
0.215 × 0.122 × 0.104
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 2.572 to 52.866
Index ranges
-11 ≤ h ≤ 11, -39 ≤ k ≤ 39, -22 ≤ l ≤ 22
Reflections collected
78788
Independent reflections
10713 [Rint = 0.0464, Rsigma = 0.0285]
Data/restraints/parameters
10713/2/607
Goodness-of-fit on F2
1.017
Final R indexes [I>=2σ (I)] R1 = 0.0325, wR2 = 0.0741
Final R indexes [all data]
R1 = 0.0444, wR2 = 0.0803
-3
Largest diff. peak/hole / e Å 0.42/-0.27

Compound
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å3
Z
ρcalcg/cm3
μ/mm-1
F(000)
Crystal size/mm3

3.6BF4
C59H82BCu2F4N5
1075.18
100.0
triclinic
P-1
9.365(2)
15.912(3)
19.408(4)
98.164(5)
97.065(5)
96.941(5)
2812.9(10)
2
1.269
0.811
1140.0
0.113 × 0.035 × 0.021
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Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 2.142 to 51.284
Index ranges
-11 ≤ h ≤ 11, -19 ≤ k ≤ 19, -23 ≤ l ≤ 23
Reflections collected
44855
Independent reflections
10442 [Rint = 0.0619, Rsigma = 0.0578]
Data/restraints/parameters
10442/0/656
Goodness-of-fit on F2
1.132
Final R indexes [I>=2σ (I)] R1 = 0.0780, wR2 = 0.1933
Final R indexes [all data]
R1 = 0.1110, wR2 = 0.2132
-3
Largest diff. peak/hole / e Å 1.45/-1.19

Compound
3.7
Empirical formula
C60.5H84BCl3Cu2F4N2
Formula weight
1159.53
Temperature/K
100.0
Crystal system
triclinic
Space group
P-1
a/Å
11.9729(9)
b/Å
18.9530(15)
c/Å
27.613(2)
α/°
85.829(2)
β/°
77.985(2)
γ/°
77.201(2)
Volume/Å3
5974.0(8)
Z
4
ρcalcg/cm3
1.289
-1
μ/mm
0.897
F(000)
2444.0
Crystal size/mm3
0.255 × 0.247 × 0.153
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 2.204 to 49.998
Index ranges
-13 ≤ h ≤ 14, -22 ≤ k ≤ 22, -32 ≤ l ≤ 29
Reflections collected
81431
Independent reflections
20999 [Rint = 0.0419, Rsigma = 0.0415]
Data/restraints/parameters
20999/346/1517
2
Goodness-of-fit on F
1.023
Final R indexes [I>=2σ (I)] R1 = 0.0861, wR2 = 0.2427
Final R indexes [all data]
R1 = 0.1113, wR2 = 0.2642
Largest diff. peak/hole / e Å-3 1.08/-1.19

3.5

Acknowledgements

92

Chapter 3 is adapted, in part, from Liqun Jin, Daniel R. Tolentino, Mohand Melaimi, and Guy
Bertrand “Isolation of bis(copper) key intermediates in Cu-catalyzed azide-alkyne “click reaction”,”
Science Advances, 2015, 1, e1500304. Reprinted with permission from AAAS. Permission to use
copyrighted images and data was also obtained from Liqun Jin, Mohand Melaimi, and Guy Bertrand. The
dissertation author was the second author of the manuscript.

3.6

References

(1)

Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Click Chemistry: Diverse Chemical Function from a Few
Good Reactions. Angew. Chem., Int. Ed. 2001, 40 (11), 2004–2021.

(2)

Moses, J. E.; Moorhouse, A. D. The Growing Applications of Click Chemistry. Chem. Soc. Rev.
2007, 36 (8), 1249–1262.

(3)

Kacprzak, K.; Skiera, I.; Piasecka, M.; Paryzek, Z. Alkaloids and Isoprenoids Modification by
Copper(I)-Catalyzed Huisgen 1,3-Dipolar Cycloaddition (Click Chemistry): Toward New Functions
and Molecular Architectures. Chem. Rev. 2016, 116 (10), 5689–5743.

(4)

Kolb, H. C.; Sharpless, K. B. The Growing Impact of Click Chemistry on Drug Discovery. Drug
Discov. Today 2003, 8 (24), 1128–1137.

(5)

McKay, C. S.; Finn, M. G. Click Chemistry in Complex Mixtures: Bioorthogonal Bioconjugation.
Chem. Biol. 2014, 21 (9), 1075–1101.

(6)

Tiwari, V. K.; Mishra, B. B.; Mishra, K. B.; Mishra, N.; Singh, A. S.; Chen, X. Cu-Catalyzed Click
Reaction in Carbohydrate Chemistry. Chem. Rev. 2016, 116 (5), 3086–3240.

(7)

Castro, V.; Rodriguez, H.; Albericio, F. CuAAC: An Efficient Click Chemistry Reaction on Solid
Phase. ACS Comb. Sci. 2016, 18 (1), 1–14.

(8)

Agalave, S. G.; Maujan, S. R.; Pore, V. S. Click Chemistry: 1,2,3-Triazoles as Pharmacophores.
Chem. – An Asian J. 2011, 6 (10), 2696–2718.

(9)

Tasdelen, M. A. Diels–Alder “Click” Reactions: Recent Applications in Polymer and Material
Science. Polym. Chem. 2011, 2 (10), 2133–2145.

(10)

Iha, R. K.; Wooley, K. L.; Nyström, A. M.; Burke, D. J.; Kade, M. J.; Hawker, C. J. Applications
of Orthogonal “Click” Chemistries in the Synthesis of Functional Soft Materials. Chem. Rev. 2009,
109 (11), 5620–5686.

(11)

Marrocchi, A.; Facchetti, A.; Lanari, D.; Santoro, S.; Vaccaro, L. Click-Chemistry Approaches to
π-Conjugated Polymers for Organic Electronics Applications. Chem. Sci. 2016, 7 (10), 6298–6308.

93

(12)

Michael, A. Ueber Die Einwirkung von Diazobenzolimid Auf Acetylendicarbonsäuremethylester.
J. für Prakt. Chemie 1893, 48 (1), 94–95.

(13)

Huisgen, R. 1.3-Dipolare Cycloadditionen Rückschau Und Ausblick. Angew. Chemie 1963, 75 (13),
604–637.

(14)

Peer, M. Performing Hazardous Reactions with Sodium Azide. Spec. Chem. 1998, 18 (6), 256257,259,261,263.

(15)

Hein, J. E.; Fokin, V. V. Copper-Catalyzed Azide-Alkyne Cycloaddition (CuAAC) and beyond:
New Reactivity of Copper(i) Acetylides. Chem. Soc. Rev. 2010, 39 (4), 1302–1315.

(16)

Himo, F.; Lovell, T.; Hilgraf, R.; Rostovtsev, V. V; Noodleman, L.; Sharpless, K. B.; Fokin, V. V.
Copper(I)-Catalyzed Synthesis of Azoles. DFT Study Predicts Unprecedented Reactivity and
Intermediates. J. Am. Chem. Soc. 2005, 127 (1), 210–216.

(17)

Rostovtsev, V. V; Green, L. G.; Fokin, V. V; Sharpless, K. B. A Stepwise Huisgen Cycloaddition
Process: Copper(I)-Catalyzed Regioselective “Ligation” of Azides and Terminal Alkynes. Angew.
Chem., Int. Ed. 2002, 41 (14), 2596–2599.

(18)

Tornøe, C. W.; Christensen, C.; Meldal, M. Peptidotriazoles on Solid Phase: [1,2,3]-Triazoles by
Regiospecific Copper(I)-Catalyzed 1,3-Dipolar Cycloadditions of Terminal Alkynes to Azides. J.
Org. Chem. 2002, 67 (9), 3057–3064.
Creutz, C. Complexities of Ascorbate as a Reducing Agent. Inorg. Chem. 1981, 20 (12), 4449–4452.

(19)
(20)

Schindler, S. Reactivity of Copper(I) Complexes Towards Dioxygen. Eur. J. Inorg. Chem. 2000,
2000 (11), 2311–2326.

(21)

Wendlandt, A. E.; Suess, A. M.; Stahl, S. S. Copper-Catalyzed Aerobic Oxidative C H
Functionalizations: Trends and Mechanistic Insights. Angew. Chemie Int. Ed. 2011, 50 (47), 11062–
11087.

(22)

Finn, M. G.; Fokin, V. V. Click Chemistry: Function Follows Form. Chem. Soc. Rev. 2010, 39 (4),
1231–1232.

(23)

Haldon, E.; Nicasio, M. C.; Perez, P. J. Copper-Catalysed Azide-Alkyne Cycloadditions (CuAAC):
An Update. Org. Biomol. Chem. 2015, 13 (37), 9528–9550.

(24)

Singh, M. S.; Chowdhury, S.; Koley, S. Advances of Azide-Alkyne Cycloaddition-Click Chemistry
over the Recent Decade. Tetrahedron 2016, 72 (35), 5257–5283.

(25)

Meldal, M.; Tornoe, C. W. Cu-Catalyzed Azide-Alkyne Cycloaddition. Chem. Rev. 2008, 108 (8),
2952–3015.

(26)

Liang, L.; Astruc, D. The Copper(I)-Catalyzed Alkyne-Azide Cycloaddition (CuAAC) “Click”
Reaction and Its Applications. An Overview. Coord. Chem. Rev. 2011, 255 (23–24), 2933–2945.

(27)

Peng, R.; Li, M.; Li, D. Copper(I) Halides: A Versatile Family in Coordination Chemistry and
Crystal Engineering. Coord. Chem. Rev. 2010, 254 (1), 1–18.

94

(28)

Beletskaya, I. P.; Cheprakov, A. V. Copper in Cross-Coupling Reactions. Coord. Chem. Rev. 2004,
248 (21–24), 2337–2364.

(29)

Chan, T. R.; Hilgraf, R.; Sharpless, K. B.; Fokin, V. V. Polytriazoles as Copper(I)-Stabilizing
Ligands in Catalysis. Org. Lett. 2004, 6 (17), 2853–2855.

(30)

Angell, Y.; Burgess, K. Base Dependence in Copper-Catalyzed Huisgen Reactions: Efficient
Formation of Bistriazoles. Angew. Chemie Int. Ed. 2007, 46 (20), 3649–3651.

(31)

Hong, V.; Presolski, S. I.; Ma, C.; Finn, M. G. Analysis and Optimization of Copper-Catalyzed
Azide–Alkyne Cycloaddition for Bioconjugation. Angew. Chemie Int. Ed. 2009, 48 (52), 9879–
9883.

(32)

Hong, V.; Steinmetz, N. F.; Manchester, M.; Finn, M. G. Labeling Live Cells by Copper-Catalyzed
Alkyne−Azide Click Chemistry. Bioconjug. Chem. 2010, 21 (10), 1912–1916.

(33)

Soriano del Amo, D.; Wang, W.; Jiang, H.; Besanceney, C.; Yan, A. C.; Levy, M.; Liu, Y.; Marlow,
F. L.; Wu, P. Biocompatible Copper(I) Catalysts for in Vivo Imaging of Glycans. J. Am. Chem. Soc.
2010, 132 (47), 16893–16899.

(34)

Wang, W.; Hong, S.; Tran, A.; Jiang, H.; Triano, R.; Liu, Y.; Chen, X.; Wu, P. Sulfated Ligands for
the Copper(I)-Catalyzed Azide–Alkyne Cycloaddition. Chem. – An Asian J. 2011, 6 (10), 2796–
2802.

(35)

Besanceney-Webler, C.; Jiang, H.; Zheng, T.; Feng, L.; Soriano del Amo, D.; Wang, W.; Klivansky,
L. M.; Marlow, F. L.; Liu, Y.; Wu, P. Increasing the Efficacy of Bioorthogonal Click Reactions for
Bioconjugation: A Comparative Study. Angew. Chemie Int. Ed. 2011, 50 (35), 8051–8056.

(36)

Yang, M.; Jalloh, A. S.; Wei, W.; Zhao, J.; Wu, P.; Chen, P. R. Biocompatible Click Chemistry
Enabled Compartment-Specific PH Measurement inside E. Coli. Nat. Commun. 2014, 5, 4981.

(37)

Candelon, N.; Lastécouères, D.; Diallo, A. K.; Ruiz Aranzaes, J.; Astruc, D.; Vincent, J.-M. A
Highly Active and Reusable Copper(i)-Tren Catalyst for the “Click” 1,3-Dipolar Cycloaddition of
Azides and Alkynes. Chem. Commun. 2008, No. 6, 741–743.

(38)

Zhao, P.; Grillaud, M.; Salmon, L.; Ruiz, J.; Astruc, D. Click Functionalization of Gold
Nanoparticles Using the Very Efficient Catalyst Copper(I) (Hexabenzyl)Tris(2-Aminoethyl)Amine Bromide. Adv. Synth. Catal. 2012, 354 (6), 1001–1011.

(39)

Li, L.; Lopes, P. S.; Rosa, V.; Figueira, C. A.; Lemos, M. A. N. D. A.; Duarte, M. T.; Avilés, T.;
Gomes, P. T. Synthesis and Structural Characterisation of (Aryl-BIAN)Copper(i) Complexes and
Their Application as Catalysts for the Cycloaddition of Azides and Alkynes. Dalt. Trans. 2012, 41
(17), 5144–5154.

(40)

Pérez-Balderas, F.; Ortega-Muñoz, M.; Morales-Sanfrutos, J.; Hernández-Mateo, F.; Calvo-Flores,
F. G.; Calvo-Asín, J. A.; Isac-García, J.; Santoyo-González, F. Multivalent Neoglycoconjugates by
Regiospecific Cycloaddition of Alkynes and Azides Using Organic-Soluble Copper Catalysts. Org.
Lett. 2003, 5 (11), 1951–1954.

(41)

Lal, S.; McNally, J.; White, A. J. P.; Dı́ez-González, S. Novel Phosphinite and Phosphonite
Copper(I) Complexes: Efficient Catalysts for Click Azide–Alkyne Cycloaddition Reactions.
95

Organometallics 2011, 30 (22), 6225–6232.
(42)

Diez-Gonzalez, S.; Marion, N.; Nolan, S. P. N-Heterocyclic Carbenes in Late Transition Metal
Catalysis. Chem. Rev. 2009, 109 (8), 3612–3676.

(43)

Wang, C.; Ikhlef, D.; Kahlal, S.; Saillard, J.-Y.; Astruc, D. Metal-Catalyzed Azide-Alkyne “Click”
Reactions: Mechanistic Overview and Recent Trends. Coord. Chem. Rev. 2016, 316, 1–20.

(44)

Diez-Gonzalez, S.; Correa, A.; Cavallo, L.; Nolan, S. P. (NHC)Copper(I)-Catalyzed [3 + 2]
Cycloaddition of Azides and Mono- or Disubstituted Alkynes. Chem. - Eur. J. 2006, 12 (29), 7558–
7564.

(45)

Díez-González, S.; Nolan, S. P. [(NHC)2Cu]X Complexes as Efficient Catalysts for Azide–Alkyne
Click Chemistry at Low Catalyst Loadings. Angew. Chemie Int. Ed. 2008, 47 (46), 8881–8884.

(46)

Berg, R.; Straub, J.; Schreiner, E.; Mader, S.; Rominger, F.; Straub, B. F. Highly Active Dinuclear
Copper Catalysts for Homogeneous Azide–Alkyne Cycloadditions. Adv. Synth. Catal. 2012, 354
(18), 3445–3450.

(47)

Zhu, L.; Brassard, C. J.; Zhang, X.; Guha, P. M.; Clark, R. J. On the Mechanism of Copper(I)Catalyzed Azide–Alkyne Cycloaddition. Chem. Rec. 2016, 16 (3), 1501–1517.

(48)

Adeleke, A. F.; Brown, A. P. N.; Cheng, L.-J.; Mosleh, K. A. M.; Cordier, C. J. Recent Advances
in Catalytic Transformations Involving Copper Acetylides. Synthesis (Stuttg). 2017, 49 (4), 790–
801.

(49)

Cenini, S.; Gallo, E.; Caselli, A.; Ragaini, F.; Fantauzzi, S.; Piangiolino, C. Coordination Chemistry
of Organic Azides and Amination Reactions Catalyzed by Transition Metal Complexes. Coord.
Chem. Rev. 2006, 250 (11), 1234–1253.

(50)

Nolte, C.; Mayer, P.; Straub, B. F. Isolation of a Copper(I) Triazolide: A “Click” Intermediate.
Angew. Chem., Int. Ed. 2007, 46 (12), 2101–2103.

(51)

Rodionov, V. O.; Fokin, V. V; Finn, M. G. Mechanism of the Ligand-Free CuI-Catalyzed AzideAlkyne Cycloaddition Reaction. Angew. Chemie, Int. Ed. 2005, 44 (15), 2210–2215.

(52)

Bock, V. D.; Hiemstra, H.; van Maarseveen, J. H. Cu(I)-Catalyzed Alkyne-Azide Click
Cycloadditions from a Mechanistic and Synthetic Perspective. European J. Org. Chem. 2005, No.
1, 51–68.

(53)

Rodionov, V. O.; Presolski, S. I.; Díaz Díaz, D.; Fokin, V. V; Finn, M. G. Ligand-Accelerated CuCatalyzed Azide−Alkyne Cycloaddition: A Mechanistic Report. J. Am. Chem. Soc. 2007, 129 (42),
12705–12712.

(54)

Kuang, G.-C.; Guha, P. M.; Brotherton, W. S.; Simmons, J. T.; Stankee, L. A.; Nguyen, B. T.; Clark,
R. J.; Zhu, L. Experimental Investigation on the Mechanism of Chelation-Assisted, Copper(II)
Acetate-Accelerated Azide–Alkyne Cycloaddition. J. Am. Chem. Soc. 2011, 133 (35), 13984–
14001.

(55)

Straub, B. F. Μ-Acetylide and µ-Alkenylidene Ligands in “Click” Triazole Syntheses. Chem.
Commun. 2007, No. 37, 3868–3870.
96

(56)

Ahlquist, M.; Fokin, V. V. Enhanced Reactivity of Dinuclear Copper(I) Acetylides in Dipolar
Cycloadditions. Organometallics 2007, 26 (18), 4389–4391.

(57)

M. Mykhalichko, B.; N. Temkin, O.; G. Mys’kiv, M. Polynuclear Complexes of Copper(I) Halides:
Coordination Chemistry and Catalytic Transformations of Alkynes. Russ. Chem. Rev. 2000, 69 (11),
957–984.

(58)

Worrell, B. T.; Malik, J. A.; Fokin, V. V. Direct Evidence of a Dinuclear Copper Intermediate in
Cu(I)-Catalyzed Azide-Alkyne Cycloadditions. Science 2013, 340 (6131), 457–460.

(59)

Melaimi, M.; Jazzar, R.; Soleilhavoup, M.; Bertrand, G. Cyclic (Alkyl)(Amino)Carbenes (CAACs):
Recent Developments. Angew. Chemie, Int. Ed. 2017, 56 (34), 10046–10068.

(60)

Bidal, Y. D.; Lesieur, M.; Melaimi, M.; Nahra, F.; Cordes, D. B.; Athukorala Arachchige, K. S.;
Slawin, A. M. Z.; Bertrand, G.; Cazin, C. S. J. Copper(I) Complexes Bearing Carbenes Beyond
Classical N-Heterocyclic Carbenes: Synthesis and Catalytic Activity in “Click Chemistry.” Adv.
Synth. Catal. 2015, 357 (14‐15), 3155–3161.

(61)

Lavallo, V.; Canac, Y.; Prasang, C.; Donnadieu, B.; Bertrand, G. Stable Cyclic
(Alkyl)(Amino)Carbenes as Rigid or Flexible, Bulky, Electron-Rich Ligands for Transition-Metal
Catalysts: A Quaternary Carbon Atom Makes the Difference. Angew. Chem., Int. Ed. 2005, 44 (35),
5705–5709.

(62)

Jazzar, R.; Dewhurst, R. D.; Bourg, J.-B.; Donnadieu, B.; Canac, Y.; Bertrand, G. Intramolecular
“Hydroiminiumation” of Alkenes: Application to the Synthesis of Conjugate Acids of Cyclic Alkyl
Amino Carbenes (CAACs). Angew. Chem., Int. Ed. 2007, 46 (16), 2899–2902.

(63)

Soleilhavoup, M.; Bertrand, G. Cyclic (Alkyl)(Amino)Carbenes (CAACs): Stable Carbenes on the
Rise. Acc. Chem. Res. 2015, 48 (2), 256–266.

(64)

Jin, L.; Tolentino, D. R.; Melaimi, M.; Bertrand, G. Isolation of Bis(Copper) Key Intermediates in
Cu-Catalyzed Azide-Alkyne “Click Reaction.” Sci. Adv. 2015, 1 (5).

(65)

Plotzitzka, J.; Kleeberg, C. [(NHC)CuI–ER3] Complexes (ER3 = SiMe2Ph, SiPh3, SnMe3): From
Linear, Mononuclear Complexes to Polynuclear Complexes with Ultrashort CuI···CuI Distances.
Inorg. Chem. 2016, 55 (10), 4813–4823.

(66)

Buckley, B. R.; Dann, S. E.; Heaney, H. Experimental Evidence for the Involvement of Dinuclear
Alkynylcopper(I) Complexes in Alkyne–Azide Chemistry. Chem. – A Eur. J. 2010, 16 (21), 6278–
6284.

(67)

Bai, R.; Zhang, G.; Yi, H.; Huang, Z.; Qi, X.; Liu, C.; Miller, J. T.; Kropf, A. J.; Bunel, E. E.; Lan,
Y.; et al. Cu(II)-Cu(I) Synergistic Cooperation to Lead the Alkyne C-H Activation. J. Am. Chem.
Soc. 2014, 136 (48), 16760–16763.

(68)

Allen, S. E.; Walvoord, R. R.; Padilla-Salinas, R.; Kozlowski, M. C. Aerobic Copper-Catalyzed
Organic Reactions. Chem. Rev. 2013, 113 (8), 6234–6458.

(69)

Armarego, W. L. F.; Chai, C. Purification of Laboratory Chemicals, 5th Edition; ButterworthHeinemann, 2003.
97

Chapter 4 Reductive Elimination at a Carbene
Center
4.1
4.1.1

Introduction
Carbenes as Transition Metal Mimics
The transformation of abundant feedstocks into useful chemicals is a cornerstone of applied

synthetic chemistry, and thus the development of improved systems is an ever-present challenge. The
process of converting a small molecule begins by activating it towards further chemical reactions, and this
is oftentimes hindered by the thermodynamic stability of such materials, e.g. H2, NH3, CO, P4.1 To face this
challenge heterogeneous and homogeneous transition metal systems have been developed which enable the
activation small molecules.2,3 The ability of transition metals to activate small molecules (e.g. H2, NH3, CO,
P4), lies in the fact that they possess d-orbitals which allow them to interact with both the bonding and antibonding orbitals of a given substrate, simultaneously accepting and donating electrons, leading to bond
activation.1 With rising concerns over the sustainability of transition metals, the search for alternative metalfree options is a growing field of research, particularly with main-group elements.4 The large areas of
research concerning metal-free bond activation include the use of low valent species based on heavier
Group 13, 14, and 15 elements,5 Frustrated Lewis Pairs (FLPs),6 and singlet carbenes.7
Singlet carbenes, which possess both a non-bonding σ lone pair and a formally vacant pπ orbital,
are organic molecules whose electronic structure resembles to some extent that of transition metals.
Carbenes have historically been credited as strong σ-donors with negligible π-accepting character, but the
development of carbenes with low-lying LUMOs, i.e. electrophilic carbenes, has provided new avenues to
capitalize on their electrophilic aspect and potential transition metal mimicry.7 Electrophilic carbenes, with
the foremost examples being the cyclic (alkyl)(amino)carbenes (CAACs) of Bertrand 8,9 and N,N’-
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diamidocarbenes (DACs) of Bielawski,10,11 display lower lying LUMOs as well as significantly reduced
singlet-triplet gaps (ΔEST) compared to traditional N-heterocyclic carbenes (NHCs) (Figure 4.1).12,13,14,15 As
an aside, triplet carbenes are known to readily insert into unactivated bonds (which is partly why they have
not been isolated yet), and also form ketenes upon exposure to CO. Subsequently, singlet carbenes that
feature reduced singlet-triplet gaps (ΔEST < ~55 kcal/mol) display increased ambiphilic character which
allows them to activate strong chemical bonds.16,17,18

Figure 4.1. Calculated HOMO-LUMO gaps (eV) and ΔEST (kcal mol-1) of different carbenes at the
B3LYP/def2- TZVPP level of theory.19
Indeed, CAACs and acyclic (alkyl)(amino)carbenes (AAC)20 which feature calculated ΔEST values
of 48.3 and 26.6 kcal/mol, respectively, have been shown to fixate carbon monoxide (CO) affording
aminoketenes 4.1 and 4.2, respectively (Scheme 4.1) while NHCs have been confirmed unable to react with
CO (NHC ΔEST = 72.7-82.0 kcal/mol).21,22,23 CO binding by transition metals is well established in the
literature,1,24 but this represents the first example of singlet carbenes able to replicate that reactivity. Not
long after the reports by Bertrand, Bielawski reported the use of a DAC to bind CO affording aminoketene
4.3, and interestingly the reverse reaction could be triggered upon heating.10 Comparing the electronic
properties of DACs and CAACs, DACs feature a slightly smaller ΔEST than CAACs (46.4 versus 48.3
kcal/mol), but they possess vastly lower HOMO and LUMO energies (Figure 4.1). The significantly lower
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LUMO allows for better overlap between the CO carbon σ lone pair into the DAC pπ orbital, but the DAC’s
low-lying HOMO also results in a weaker interaction between the DAC σ lone pair and the CO π* orbital,
resulting in an overall weaker carbene-CO bond compared to more ambiphilic CAACs. Furthermore, the
presence of two nitrogens α to the carbene center results in a less stable aminoketene, as π-donor, σ-acceptor
substituents, i.e. nitrogen, are known to destabilize ketenes.25

Scheme 4.1. Reported examples of singlet carbenes reacting (or not reacting) with carbon monoxide.
(Reactions carried out in THF at 25 °C, except for DAC reverse reaction.)

The electronics of a carbene are crucial in dictating how it will behave in regards to bond activation,
but the steric environment around a carbene center can also play a role. For example, when the ferrocenylNHC of Siemeling, was reacted with CO it did not give the expected aminoketene, but instead yielded the
zwitterionic enolate 4.4.26 Formation of 4.4 results from nucleophilic attack of a second carbene onto the
ketene adduct of the diaminocarbene, which is due to the less sterically encumbering environment of the
ferrocenyl-NHC. Monoaminoketenes 4.1 and 4.2 are markedly more stable because they each only possess
one destabilizing nitrogen substituent, and 4.1 also has the added benefit of larger steric protection. The
importance of sterics influencing the outcome of a reaction cannot be understated, which is further
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exemplified by the reaction of Bertrand’s anti-Bredt NHC27 with CO to furnish zwitterionic enolate 4.5.
Since the anti-Bredt NHC features no steric bulk on one side of the carbene center, 4.5 is undoubtedly the
result of nucleophilic attack of a second carbene unit onto the diaminoketene adduct.28

Scheme 4.2. Reaction of isocyanide with carbenes to give ketenimines (left). Reaction of NHCs with
nitrous oxide and nitric oxide (top right). Reaction of carbenes with carbon dioxide (bottom
right).

In addition to binding CO, carbenes have also been shown capable of binding their isolobal cousins,
namely isocyanides, and due to the less electrophilic nature of the ketenimine adducts, they can even be
isolated with less sterically demanding carbenes (Scheme 4.2, left).29,30,31 Again, the larger singlet-triplet
gap of NHCs prevented the formation of any ketenimine adduct.
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Although traditional NHCs have shown to be unsuccessful in the activation of CO and isocyanides
because of their larger singlet-triplet gap, they have been found capable of binding nitrous oxide and nitric
oxide (Scheme 4.2, top right).32 In 2012 Severin reported the activation of nitrous oxide by an NHC to yield
the nitrogen-bound zwitterionic N2O adduct 4.11, which upon heating resulted in loss of N2 and concomitant
formation of amide 4.12.33 In 2015 the group of Lee reacted an NHC with nitric oxide to yield the air-stable
radical species 4.13, and as described by Lee, the readiness of the NHC to bind nitric oxide was attributed
to the SOMO of NO allowing for it to react with the carbene center.32 Unsurprisingly, diamino- and
monoaminocarbenes can also react with CO2 to give the corresponding carboxylate salts (Scheme 4.2,
bottom right).34
Another small molecule whose metal-free activation poses both fundamental and applied interest
is white phosphorus (P4) which is a useful starting material for organophosphorus compounds.35 The
activation of P4 by carbenes is quite remarkable in that a variety of isomeric products are possible depending
on the stereoelectronics of the carbene used (Scheme 4.3). Activation of white phosphorus by a carbene
proceeds through a combination of nucleophilic attack of the carbene σ lone pair onto the σ* of a P-P edge
of the P4 tetrahedron, and overlap of the P-P σ bond with the carbene pπ orbital.35 The result of this process
is carbene insertion into a P-P bond of the P4 tetrahedron yielding an intermediate akin to the isolated
compound 4.21 that features a highly electrophilic and sterically hindered 7-membered DAC.36 The initial
P4 activation event can then be followed by subsequent reactions with additional carbene molecules, and
depending on their steric environments different products are possible which truly highlights the influence
of sterics on reaction outcomes.37,38
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Scheme 4.3. P4 activation by carbenes possessing different stereoelectronic properties. (The P3- counterion
of 4.20 was postulated based on 31P NMR spectroscopy, but was not isolated.)38

4.1.2

Oxidative Addition at Carbene Centers
Another field of chemistry with great importance in fundamental and applied research is

homogeneous transition metal catalysis which is one of the most powerful chemical tools available to
synthetic chemists in the construction of new chemical bonds.39,3 This is made evident by the recent
awarding of the Nobel Prize in Chemistry to Chauvin, Grubbs, and Schrock in 2005 for the development
of olefin metathesis,40,41,42,43 and to Heck, Negishi, and Suzuki in 2010 for their contributions to palladiumcatalyzed cross-coupling chemistry.44 The latter method has indeed opened new avenues towards formation
of carbon-element bonds; prior to this discovery the majority of bond-formation processes required the use
of reactive nucleophiles and electrophiles or pericyclic reactions. Palladium-catalyzed cross-coupling
reactions however, are able to facilitate bond-formation between substrates that would normally be inert
towards each other such as: i) the Heck reaction (alkene-aryl coupling),45,46 ii) Sonogashira coupling
(alkyne-aryl coupling),47 iii) Negishi,48 Kumada,49 Suzuki,50 Stille,51 and Hiyama52 (aryl-aryl coupling), and
iv) amine-aryl coupling which was largely established by Buchwald and Hartwig in the late 1990’s. 53
Another broadly applicable reaction manifold is hydroelementation, where most commonly a transition
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metal catalyst facilitates the addition of an E-H (E = heteroatom) bond across an unsaturated C-C bond to
furnish new carbon-heteroatom and carbon-hydrogen bonds (see Chapter 2).54 These organometallic
processes are a cornerstone of organic synthesis, and although they each require different reactants and can
lead to a variety of outcomes, key steps that can be generalized across all catalytic cycles are bond
activation, i.e. oxidative addition, and bond formation, i.e. reductive elimination (Figure 4.2).55

Figure 4.2. General schematic of key steps in homogeneous organometallic transformations.

Oxidative addition and reductive elimination are key fundamental organometallic reactions that
have historically been in the domain of transition metals, but research into main-group systems has risen
over the last 20 years.55,56,57 As outlined in the previous section, transition metals are able to insert into
enthalpically strong chemical bonds because they possess d-orbitals which allow them to interact with both
the bonding and anti-bonding orbitals of a given substrate, simultaneously accepting and donating
electrons.56 Since electrophilic carbenes also feature an electronic situation similar to this, it stands to reason
that oxidative addition of challenging substrates at a carbene center should also be possible. Indeed, in 2007
Bertrand and co-workers reported the activation of dihydrogen and ammonia using electrophilic carbenes,
namely a cyclic (alkyl)(amino)carbene (CAAC) and acyclic (alkyl)(amino)carbene (AAAC), and also
demonstrated that less electrophilic traditional NHCs and acyclic NHCs were unable to perform the same
reaction (Scheme 4.4).58 The activation of dihydrogen is a well-established mainstay of transition metal
chemistry,59,60 but other than unsaturated heavy main group compounds61 and FLPs,62 electrophilic carbenes
are the only main-group species capable of doing so, and certainly the only carbon-based molecules.
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Scheme 4.4. Splitting of hydrogen and ammonia by nucleophilic activation at a carbene center.

The activation of dihydrogen by a transition metal results from overlap of the H-H σ bond with an
unfilled d-orbital on the metal center and simultaneous back-donation from a filled d-orbital to the σ* of
the bound H2 resulting in homolytic cleavage; the alternative is heterolytic cleavage wherein the η2-H2
ligand undergoes proton transfer to another metal-bound ligand.59 In contrast to this, the calculated
transition state of carbene-dihydrogen activation is found to be the primary interaction of the carbene σ lone
pair with the σ* of H2, creating a hydride-like hydrogen which then attacks the pπ orbital of the positively
polarized carbene center (Figure 4.3).58 This mode of activation is fundamentally different from a transition
metal because the carbene is acting more like a base towards H2. Furthermore, this nucleophilic activation
mode also allows carbenes to readily activate ammonia, a task that is difficult for transition metal centers
because of their propensity to form Werner adducts, which is not possible with carbenes.63,64 Similar to the
dihydrogen activation, the first step in ammonia activation at a carbene center is deprotonation of the N-H
bond followed by immediate nucleophilic attack of the negatively polarized NH2 fragment onto the
positively polarized carbene center.
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Figure 4.3. Depiction of dihydrogen activation at a transition metal center (left) and at a carbene (right).58

This mode of nucleophilic activation at a carbene center can be generalized to other elementhydrogen bonds beyond those of amines, namely hydrophosphines, hydrosilanes, and hydroboranes. This
is demonstrated by the report of Bertrand and co-workers in 2010, which expanded the scope of carbenefacilitated bond activations to include phosphines, silanes, and boranes; and Bielawski’s 2014 report
displaying activation of a phosphine with a DAC (Scheme 4.5).65
A CAAC featuring a cyclohexyl substituent on the quaternary carbon was able to perform the
oxidative addition of phenylphosphine at room temperature to yield adduct 4.26, but the analogous reaction
with diphenylphosphine was reported to not proceed, which the authors attributed to excessive steric bulk
(see Section 4.2). However, diphenylphosphine was able to react with a less sterically demanding CAAC
to give adduct 4.27. Surprisingly, an NHC, which does not react with H2 or NH3, was able to insert into the
P-H bond of phenylphosphine giving adduct 4.28.65
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Scheme 4.5. Activation of P-H, Si-H, and B-H bonds at a carbene center.

Moving on to silanes, which are similar to H2 in that they also lack non-bonding electrons and π
electrons, CAACs were shown to activate the Si-H bonds of several silanes to give adducts 4.29 to 4.31.
Activation of the more hydridic triethoxysilane was kinetically slower than phenylsilane, which is in line
with the hypothesis that the activation proceeds through a nucleophilic pathway. Also in agreement with
the notion that steric hindrance inhibits bond insertion, is the fact that formation of 4.31 requires elevated
temperatures for the CAAC to activate diphenylsilane. And similar to phosphines, an NHC was also found
able to active the Si-H bond of phenylsilane. This is due to the different mode of activation with which the
NHC, and presumably CAAC, insert into the Si-H bond.65 Due to the hydridic nature of the Si-H moiety
and the low-lying σ* of silicon, the initial event that facilitates bond activation is likely coordination of the
carbene to the Lewis acidic silicon center which is followed by nucleophilic attack of the hydride onto the
positively polarized carbene center. Indeed, carbene-silane adducts are reported in the literature such as the
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(NHC)SiX4 adducts of Kuhn.66 To confirm the idea that carbenes could activate the E-H bonds of Lewis
acidic elements, Bertrand and co-workers then turned to the prototypical Lewis acids, namely boranes. The
reaction of CAAC with parent borane unfortunately only yielded carbene-borane adduct 4.33, but upon
turning to more hydridic pinacolborane, B-H insertion adduct 4.34 was obtained.
The above results demonstrate that singlet carbenes are able to mimic the oxidative addition
reactivity of transition metals, albeit via a nucleophilic activation mode, but their use in a metal-free
catalytic cycle based on redox steps has not been explored because of the difficulty of the reverse reaction,
namely reductive elimination.57 Indeed, reversible bond activation of any substrate from a carbene center
is still one of the most desirable and challenging tasks for chemists in the field.

4.1.3

Reversible Bond Activation at Carbene Centers
Although examples of oxidative addition at carbon are becoming more common, the reversibility

of these bond activations still poses a significant challenge, and there are only two reports in the literature
providing evidence for such behavior (Scheme 4.6). In 2015 Bielawski and co-workers reported the
preparation of photoswitchable NHC 4.36, which upon UV irradiation (λ = 313 nm) triggered
photoisomerization of the carbene backbone, resulting in isomeric carbene 4.37 with a lowered LUMO
(Scheme 4., top).67 4.37 could be transformed back to 4.36 by exposure to visible light (λ = 313 nm). When
4.36 was irradiated in the presence of ammonia, formation of adduct 4.38 was observed, and upon exposure
to visible light 4.38 reverted to carbene 4.36 with concomitant loss of NH3. This example depicts that, given
the right carbene framework, reversible bond activation can be controlled electronically.
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Scheme 4.6. Reported examples of reversible bond activation at a carbene center.

The other report of reversible bond activation at a carbene center was by the groups of Marder and
Radius in 2017 (Scheme 4.6, bottom).68 The authors showed that CAACs could insert into the B-C(sp2)
bond of a range of organoboronates, and stated that the reverse reaction could be triggered upon heating.
However, the reversibility of this process was only supported by the relative chemical shifts of the 1H NMR
signals correlating to the Dipp i-Pr signals of the CAAC during 1H variable-temperature NMR studies. 13C
NMR data to unambiguously confirm the presence of free carbene and organoboronate (or the carbeneborane Lewis adduct) was not obtained because the authors noted that “the equilibrium was found to be
disadvantageous for time-consuming 13C{1H} NMR experiments.”68
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4.2
4.2.1

Reductive Elimination at a Carbene Center
Exchange Reactions Between Carbenes
It is well-established that oxidative addition at a transition metal center is largely under electronic

control,1,55,56 and indeed, the same can be said for singlet carbenes as evidenced by the ability of
electrophilic carbenes to mimic the orbital situation of transition metals to some extent, leading to bond
activation.7 However the reverse reaction, i.e. reductive elimination, has still proven quite challenging, and
in light of this we speculated if carbenes could have more in common with transition metals than initially
foreseen. In addition to electronic effects, the rate of reductive elimination at transition metals can be
heavily influenced by the steric environment around the metal center.69,70 For example, the Moloy group
reported that the rate of reductive elimination from a chelating bis(phosphine)Pd(II) complex increases
significantly with larger bite angles of the bis(phosphine) ligand (Figure 4.4). The substituents on the
phosphines are consistent throughout the series, indicating that the observed rate changes can largely be
attributed to increased steric crowding around the metal center. We wondered if this same principle could
hold true for carbenes, i.e. to what degree does the steric environment around a carbene center affect
oxidative addition, and can a sufficiently bulky carbene promote a sterically induced reductive elimination.

Figure 4.4. Effect of sterics on rate of reductive elimination.71

We selected cyclic (alkyl)(amino)carbenes (CAACs)9 to probe our hypothesis because they are able
to activate a variety of strong E-H bonds (E = H, N, P, Si, B), and the substituents on the quarternary carbon
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α to the carbene center are also quite variable, making CAACs an ideal system for probing the effects of
sterics on reductive elimination.72 Indeed, the first step in the synthesis of CAACs is the imine condensation
of 2,6-diisopropylaniline with an aldehyde of generic formula R2CHCHO, wherein the “R” groups are
destined to become the substituents on the quaternary carbon α to the carbene center - making a spectrum
of sterically different CAACs available.73 For our studies we chose the CAACs in Figure 4.5, which feature
varying degrees of steric bulk and are labelled such because of their quaternary carbon substituents; from
smallest to largest: MeCAAC, CyCAAC, AdCAAC, and MenthCAAC.

Figure 4.5. CAACs featuring increasing degree of steric bulk. Dimethyl-CAAC “MeCAAC”, cyclohexylCAAC “CyCAAC”, adamantyl-CAAC “AdCAAC”, and menthyl-CAAC “MenthCAAC”.

Being that

Menth

CAAC is the most bulky carbene of the series we decided to prepare its

corresponding diphenylamine and diphenylphosphine adducts with the idea that having a bulky carbene
and bulky substrates would give the best chance at observing a sterically induced reductive elimination
(Scheme 4.7). The reaction of

Menth

CAAC with dry Ph2E-H (E = N, P) was clean and afforded the

corresponding E-H activation adducts within 5 minutes at room temperature. Note that the addition of
diphenylphosphine to

Menth

CAAC was previously reported to yield no reaction,65 however, upon

crystallizing our clean reaction product the structure of the CAAC-diphenylphosphine adduct MenthCAACPH
was unequivocally confirmed. Interestingly, upon closer inspection of the solid-state structure of
Menth

CAACNH the menthyl substituent is inverted to a higher energy conformer, which has never been

observed. The menthyl substituent of the MenthCAAC was believed to be locked into its lower energy chair
conformer, acting as a rigid substituent providing kinetic stabilization for the carbene pocket; indeed, the
Menth

CAAC has been used to isolated low valent Rh(I) and Pd(II) complexes.74 However, the crystal
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structure data provides evidence that, providing a sufficiently bulky substituent bound to the carbene center,
the supposedly rigid menthyl substituent may invert to avoid steric repulsion.

Scheme 4.7. Preparation of bulky E-H adducts MenthCAACNH and MenthCAACPH (top). Solid-state structures
of MenthCAACPH (bottom left) and MenthCAACNH (bottom right). Hydrogen atoms, except for
carbene-H, have been omitted for clarity. Selected bond lengths [Å]: C-P 1.897(3), C-N
1.493(4).

To further help evaluate the degree to which the bulky menthyl substituent of

Menth

CAACNH and

Menth

CAACPH was affecting their molecular structures, diphenylamine and diphenylphosphine adducts of

the smallest CAAC available, MeCAAC, were also prepared in the same manner as the MenthCAAC adducts
(Scheme 4.8). As can be seen from the data, the carbene-phosphorus bond length of MenthCAACPH (1.897(3)
Å) is only 0.003 Å longer than the C-P bond length of MeCAACPH (1.8936(12) Å), which is within error.
Likewise, the C-N bond length of MenthCAACNH (1.493(4) Å) is also only 0.013 Å longer than the C-N bond
length of

Me

CAACNH (1.4803(18) Å). Altogether the solid-state data indicate that the bulky menthyl

substituent causes slight carbene-heteroatom bond elongation, and to gain more insight into the reductive
elimination process we turned to DFT.
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Scheme 4.8. Preparation of non-bulky E-H adducts MeCAACNH and MeCAACPH (top). Solid-state structures
of MenthCAACPH (bottom left) and MenthCAACNH (bottom right). Hydrogen atoms, except for
carbene-H, have been omitted for clarity. Selected bond lengths [Å]: C-P 1.8936(12), C-N
1.4803(18).

We computationally assessed the thermodynamics of reductive elimination of Ph2E-H from
Menth

CAACEH and

Me

CAACEH (E = N, P), and as expected, dissociation of Ph2E-H from the less bulky

adducts was more energetically costly (Figure 4.6). The reductive elimination process from

Me

CAACNH

was found to be endergonic by 16.6 kcal/mol, while the same process was endergonic by only 6.1 kcal/mol
for the more sterically demanding
Me

Menth

CAACNH. Likewise, reductive elimination of Ph2P-H from

CAACPH was also found to be 11.9 kcal/mol more endergonic than from MenthCAACPH. Elimination of

phosphine from both CAACs was also found to be more difficult than loss of amine; 6.1 kcal/mol versus
12.8 kcal/mol for

Menth

CAACNH and

Menth

CAACPH, respectively, and 16.6 kcal/mol versus 24.7 kcal/mol

for MeCAACNH and MeCAACPH, respectively.
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Figure 4.6. Impacts of sterics on the calculated free energies of reductive elimination of Ph 2E-H from
Menth
CAACEH and MeCAACEH (E = N, P). M052X-D3(THF)/def2-TZVP//TPSS(THF)/DZP
level of theory.

Having assessed the viability of sterically-induced reductive elimination from a CAAC, we then
experimentally probed the effects of sterics on MenthCAACNH and MeCAACNH. If MenthCAACNH was indeed
in equilibrium with free

Menth

CAAC and Ph2N-H, then the presence of less bulky

Me

CAAC in solution

should kinetically trap the diphenylamine (MenthCAAC and MeCAAC are inert towards each other). 1H and
13

C NMR experiments proved efficient at determining this because of the difference in chemical shifts of

diagnostic signals, namely the Ph2N-Ccarbene-H resonance in 1H spectra, and the Ph2N-Ccarbene-H resonance
in 13C spectra. A pure sample of MenthCAACNH was placed into an NMR tube (key signals: 5.66 ppm (1H)
and 93.0 ppm (13C)), and upon addition of 1 equivalent of free
13

C NMR spectra were acquired and the key signals of

Me

CAAC under inert atmosphere, 1H and

Menth

CAACNH were no longer observed. Instead,

signals at 5.25 ppm (1H) and 96.2 ppm (13C) were present corresponding to clean formation of MeCAACNH.
Furthermore, a new signal at 319.3 ppm (13C) correlating to the Ccarbene signal of free
observed. The 13C NMR signal for

Me

Menth

CAAC was

CAAC (313.0 ppm) was never observed, indicating the exchange

process was fast (< 5 minutes, room temperature) (Scheme 4.9, 1; comparative 1H and 13C NMR spectra in

114

Experimental Section). Once MeCAACNH was formed, no equilibrium was observed which is in line with
the computational results, and provides evidence that the bond dissociation was being driven by sterics.
After demonstrating that diphenylamine could be exchanged from the bulky
unhindered

Me

Menth

CAAC to the

CAAC we next turned our attention to a CAAC with intermediate steric size, namely the

Cy

CAAC, and performed the same NMR experiment outlined above. Reacting the amine adduct CyCAACNH

with 1 equivalent of free MeCAAC led to no immediate reaction, but after 48 hours at room temperature a
40/60 mixture of

Cy

CAACNH and

Me

CAACNH, as well as both free carbenes, was observed with an

equilibrium constant of Keq = 2.25 (Scheme 4.9; comparative 1H and 13C NMR spectra in Experimental
Section).

Scheme 4.9. Influence of sterics on amine exchange reactions.

Since the carbene-phosphine adducts lay lower in energy than the amine adducts, we next wondered
if it was possible to displace the N-H fragment with a P-H bond. Thus, MenthCAACNH was reacted with 1
equivalent of diphenylphosphine and within 5 minutes at room temperature formation of the phosphine
adduct,

Menth

CAACPH, was observed with concomitant release of diphenylamine (Scheme 4.10, 1;

comparative 1H, 13C, and 31P NMR spectra in Experimental Section). On the other hand, diphenylphosphine
was not able to displace Ph2N-H from

Me

CAACNH even after 12 hours, providing further evidence that

sterics was driving the reversibility in the bulky adducts.
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Scheme 4.10. Influence of sterics on amine displacement.

To expand the generality of this exchange process, and to determine if the more thermodynamically
stable phosphine adducts were also reversible we then turned our attention to MenthCAACPH and CyCAACPH.
Applying the same NMR experiment outlined above, no reaction was observed between MenthCAACPH and
one equivalent of free MeCAAC at room temperature, but upon heating at 60 °C for 19 hours full conversion
to

Me

CAACPH and free

Menth

CAAC took place (Scheme 4.11). Again, once

Me

CAACPH was formed, no

equilibrium was observed because of lack of steric repulsion in the sterically unhindered CAAC-phosphine
adduct. When we examined if the comparatively less bulky
phosphine exchange with

Me

Cy

CAACPH adduct could also undergo

CAAC no reaction took place, even after 48 hours at 60 °C. This result is

different from the amine case, but is in accordance with the higher thermodynamic stability of the phosphine
adducts.

Scheme 4.11. Influence of sterics on phosphine exchange reactions.
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To gain insight into the mechanisms of these exchange reactions, free energy profiles were
computed for the reductive elimination of Ph2E-H (E = N, P) from the bulky CAAC adducts and subsequent
addition to

Me

CAAC. The reductive elimination of diphenylamine from

Menth

CAACNH proceeds by C-N

heterolysis to give a contact ion-pair, which is followed by proton transfer to form Ph2N-H hydrogenbonded to the MenthCAAC, and subsequent reaction with MeCAAC. The overall process is exergonic by 10.5
kcal/mol, with an overall barrier of 20.7 kcal/mol. Comparatively, the reductive elimination of
diphenylphosphine from

Menth

CAACPH and subsequent reaction with

Me

CAAC is endergonic by 11.9

kcal/mol, with an overall barrier of 27.3 kcal/mol which can account for why the phosphine exchange
reactions required heat.
To help determine if the exchange process was truly proceeding through a reductive elimination
process wherein Ph2E-H was completely dissociated from the adduct - and not by a trimolecular transition
state involving

Menth

CAAC, Ph2E-H, and

Me

CAAC – an NMR kinetics experiment was performed to

ascertain the rate order of the reactants. Since exchange of diphenylamine between CAACs was too fast to
observe by NMR, the rate of exchange of diphenylphosphine was measured. Three separate samples of
Menth

CAACPH were reacted with 1, 2, and 3 equivalents of

Me

CAAC, respectively, and each reaction

proceeded at the same rate indicating a zero order rate dependence in MeCAAC (Scheme 4.12). These results
indicate that the transition state is intramolecular, and that diphenylphosphine completely dissociates from
the bulky CAAC before reacting with MeCAAC.

Scheme 4.12. Zero order rate dependence on MeCAAC in the phosphine exchange reaction.
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4.2.2

Sterically Induced Reductive Elimination from a Carbene
Having demonstrated that these bond activation processes could be reversibly triggered by the steric

environment around the carbene center, we next set out to trap the putative free carbene intermediate that
should be formed. As the calculations showed that reductive elimination of diphenylamine from
Menth

CAACNH was endergonic (6.1 kcal/mol), but kinetically accessible we attempted to trap

Menth

CAAC

by using a variety of molecules known to react with free carbenes (Scheme 4.13). Elemental sulfur,75 carbon
dioxide,76 phenyl isocyanate,77 and cyclohexyl isocyanide31 are all known to react with free carbenes, and
indeed, upon addition of each reagent to a sample of

Menth

CAACNH in C6D6 the corresponding carbene-

adducts were formed, along with free diphenylamine. All of the adducts were isolable and allowed for full
crystallographic characterization (see Experimental). The spectrum of trapping reagents also showed that
trapping of the free carbene from

Menth

CAACNH could be accomplished with electrophiles (isocyanate),

nucleophiles (isocyanide), and carbon dioxide which ruled out the possibility of the activated
diphenylamine fragment controlling reactivity. Importantly, attempting the same trapping reactions with
Me

CAACNH resulted in no reactions, as expected since no reductive elimination should be happening at the

unhindered carbene center.

118

Scheme 4.13. Trapping of free carbene from reductive elimination of diphenylamine from bulky
Menth
CAACNH, and not from unhindered MeCAACNH.
After showing that we could trap the free carbene from MenthCAACNH we then turned our attention
to the more thermodynamically stable phosphine adduct, where trapping the carbene should be more
challenging. Addition of elemental sulfur to MenthCAACPH immediately afforded menthyl-CAAC iminium
with a thiophosphinate counterion (MenthCAAC-HPS2, Scheme 4.14), which is different from the amine
case because phosphines are known to react with sulfur.78 This reaction does not provide evidence that the
P-H bond is dissociating because the carbene-bound Ph2P- moiety is likely oxidized by sulfur first, then
acts as a leaving group that eventually becomes the thiophosphinate counterion. However, the following
trapping experiments do support dissociation of the P-H bond. Moving on to the next trapping molecule,
no reaction occurred between

Menth

CAACPH and CO2 at room temperature, but upon heating at 60 °C for

16 hours a mixture of MenthCAACPH and MenthCAAC-CO2 was observed. To determine if the reaction had
simply not gone to completion or if there was an equilibrium between the two adducts, one equivalent of
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diphenylphosphine was added to a pure sample of MenthCAAC-CO2. After heating for 16 hours at 60 °C a
mixture between the CAAC-phosphine and CAAC-CO2 adducts was again observed, indicating that
diphenylphosphine and carbon dioxide were able to displace each other from the carbene center. The same
also held true when phenyl isocyanate was used instead of carbon dioxide. However, in the case of
cyclohexyl isocyanide there was no apparent reaction with

Menth

CAACPH even at 60 °C for 16 hours.

Interestingly, when one equivalent of diphenylphosphine was added to a pure sample of ketenimine
Menth

CAAC-CN, full conversion to the CAAC-phosphine adduct was observed demonstrating that

diphenylphosphine could displace isocyanide. Finally, addition of carbon dioxide or phenyl isocyanate to
unhindered carbene adduct

Me

CAACPH led to no reaction even at 60 °C, which confirmed that the bulky

steric environment of MenthCAACPH was responsible for the release of phosphine.

Scheme 4.14. Reactions of bulky carbene-diphenylphosphine adduct MenthCAACPH with carbene trapping
agents.
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4.2.3

Metal-Free Catalysis
Having shown the influence of sterics on the reductive elimination process of amine and phosphine

from a cyclic (alkyl)(amino)carbene, we wondered if we could show its implications in catalysis. As a
model reaction normally catalyzed by transition metals we chose the hydrophoshination of alkynes wherein
a P-H bond is added across an unsaturated C-C bond. 54,79 We found that the addition of one equivalent of
diphenylphosphine to phenylacetylene could be catalyzed by the bulky carbenes MenthCAAC and AdCAAC,
leading to full conversion after 16 hours at 60 °C (Scheme 4.15). Importantly, the sterically unhindered
carbenes MeCAAC and EtCAAC gave 0 TON. The fact that the bulkier carbenes were catalytically active,
while the smaller carbenes were not, can be ascribed to the reversibility of P-H bond activation at
Menth

CAAC and AdCAAC. Both MeCAAC and EtCAAC insert into the P-H bond of diphenylphosphine, but

the resulting adducts are thermodynamic sinks unable to participate in catalysis. We also found that the
CAAC C-H insertion adducts were catalytically inactive, which suggested that P-H insertion is kinetically
favorable as well.

Scheme 4.15. Influence of sterics on the carbene-catalyzed hydrophosphination of phenylacetylene.
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4.3

Conclusion
These results demonstrate that the extent to which carbenes can mimic transition metals is not only

limited to their peculiar electronic nature, but also to their steric environment. Just as for transition metals,
the steric bulk around a carbene center can have a profound impact on its reactivity, which can be capitalized
to promote reductive elimination of activated bonds that were previously thought to be irreversible. Indeed,
this understanding of the nature of reductive elimination from a carbon center fills a significant gap in the
repertoire of metal-reactivity that carbenes can provide. With this knowledge, further development of metalfree-catalyzed coupling reactions based on oxidative addition and reductive elimination steps can leap
forward.

4.4
4.4.1

Experimental
General Considerations
All manipulations were performed using standard glovebox and Schlenk techniques. Glassware

was dried in an oven overnight at 150 °C or flame dried before use. Benzene, tetrahydrofuran, diethyl ether,
n-pentane and toluene were freshly distilled over Na metal. Hexanes, dichloromethane, and chloroform
were freshly distilled over CaH2. C6D6, THF-d8, and CDCl3 were purchased from Cambridge Isotope
Laboratories and dried according to literature procedures.80 Iminium precursors for MeCAAC, MenthCAAC,
Cy

CAAC, and AdCAAC were prepared according to literature procedures.73
NMR: Multinuclear NMR data were recorded on Varian INOVA 500MHz or Bruker Avance

300MHz. Chemical shifts (δ) are reported in parts per million (ppm) and are referenced to residual solvent
signals (1H,

13

C). Coupling constants J are given in Hertz (Hz). NMR multiplicities are abbreviated as

follows: s = singlet, d = doublet, t = triplet, q = quartet, sext = sextet, sept = septet, m = multiplet, br =
broad. All spectra were recorded at 298 K unless otherwise noted.
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X-Ray Crystallography: Single crystal X-Ray diffraction data were collected on Bruker Apex II
diffractometers using Mo-Kα radiation (λ = 0.71073 Å) or Cu-Kα radiation (λ = 1.54178 Å). Crystals were
selected under oil, mounted on nylon loops then immediately placed in a cold stream of N2. Structures were
solved and refined using SHELXTL and Olex2 software.

4.4.2

Synthetic Procedures

Synthesis of MeCAAC, MenthCAAC, CyCAAC, and AdCAAC

Me

CAAC,

Menth

CAAC,

Cy

CAAC, and

Ad

CAAC were obtained from a slightly modified literature

protocol.8,81 A glass vessel was charged in the glovebox with 2.0 g of the corresponding iminium precursor,
0.95 equiv of KHMDS and 20 mL of anhydrous Et2O. After stirring the mixture for 2 hours at room
temperature under an argon atmosphere, the volatiles were removed in vacuo. Extraction of the residue with
pentane (3 x 10 ml) afforded the corresponding carbenes after evaporation of the combined pentane extracts
in vacuo. The purity of MeCAAC, MenthCAAC, CyCAAC, and AdCAAC was determined by 1H and 13C{1H}
NMR against existing literature.

Me

CAACNH

In the glovebox,

Me

CAAC (300 mg, 1.05 mmol) and diphenylamine (177 mg, 1.05 mmol, 1 equiv) were

added to a vial. Anhydrous pentane (5 mL) was added, and the reaction was stirred at room temperature for
30 minutes. Volatiles were removed in vacuo, and the solid residue was washed with minimal cold pentane
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to afford MeCAACNH as a solid in quantitative yield. MeCAACNH was crystallized from a solution of pentane
at -40 °C in an argon freezer. 1H NMR (300 MHz, C6D6) δ 7.18-7.15 (m, 2H), 7.04-6.99 (m, 4H), 6.85-6.76
(m, 7H), 5.25 (s, 1H), 3.96 (septet, J = 6.0 Hz, 1H), 3.21 (septet, J = 6.0 Hz, 1H), 2.49 (d, J = 12.0 Hz, 1H),
1.87 (d, J = 12.0 Hz, 1H), 1.48 (s, 3H), 1.45 (s, 3H), 1.37 (s, 3H), 1.24 (d, J = 6.0 Hz, 3H), 1.14 (d, J = 6.0
Hz, 3H), 1.14 (s, 3H), 0.67 (d, J = 12.0 Hz, 3H), 0.59 (d, J = 12.0 Hz, 3H). 13C{1H} NMR (125 MHz, C6D6)
δ 153.2, 150.0, 149.2, 143.6, 138.8, 125.5, 121.1, 118.2, 96.3, 63.5, 55.1, 42.6, 34.0, 31.2, 30.0, 28.3, 27.8,
25.5, 25.0, 23.5.

Me

CAACPH

In the glovebox, MeCAAC (300 mg, 1.05 mmol) was added to a vial and dissolved in anhydrous pentane (5
mL). Diphenylphosphine (174 μL, 1.00 mmol, 0.95 equiv) was added, and the reaction was stirred at room
temperature for 1 hour. Volatiles were removed in vacuo, and the solid residue was washed with cold
pentane to afford MeCAACPH as a solid in quantitative yield. MeCAACPH was crystallized from a solution
of pentane at -40 °C in an argon freezer. 1H NMR (300 MHz, C6D6) δ 7.69 (m, 2H), 7.12 (m, 4H), 6.976.87 (m, 3H), 6.82-6.75 (m, 4H), 5.03 (d, J = 6.0 Hz, 1H, P-H), 3.90 (septet, J = 6.0 Hz, 1H), 3.47 (septet,
J = 6.0 Hz, 1H), 2.28 (d, J = 12.0 Hz, 1H), 1.73 (s, 3H), 1.68 (d, J = 6.0 Hz, 3H), 1.64 (d, J = 3.0 Hz, 3H),
1.26 (d, J = 6.0 Hz 3H), 1.14 (d, J = 6.0 Hz 3H), 1.03 (s, 3H), 0.91 (s, 3H), 0.45 (d, J = 6.0 Hz, 3H). 13C{1H}
NMR (125 MHz, C6D6) δ 152.1, 147.9, 144.4, 142.0, 141.9, 140.2, 140.0, 135.1, 135.0, 132.9, 132.7, 124.9,
124.5, 73.0 (C-P) 63.8, 61.2, 43.5, 43.4, 33.4, 31.7, 28.7, 28.5, 28.3, 28.1, 27.8, 27.2, 25.4, 25.3, 23.1. 31P
NMR (121 MHz, C6D6) δ -15.2 (s).
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Menth

CAACNH

In the glovebox, MenthCAAC (500 mg, 1.31 mmol) and diphenylamine (221 mg, 1.31 mmol, 1 equiv) were
added to a vial. Anhydrous pentane (5 mL) was added, and the reaction was stirred at room temperature for
30 minutes. Volatiles were removed in vacuo, and the solid residue was washed with minimal cold pentane
to afford MenthCAACNH as a solid in quantitative yield. MenthCAACNH was crystallized from a solution of
pentane at -40 °C in an argon freezer. 1H NMR (300 MHz, C6D6) δ 7.20-7.11 (m, 3H), 7.08-7.02 (m, 4H),
6.96 (t, J = 6.0 Hz, 2H), 6.86-6.78 (m, 2H), 6.69-6.63 (m, 2H), 5.66 (s, 1H), 3.94 (septet, J = 3.0 Hz, 1H),
2.89 (septet, J = 3.0 Hz, 1H), 2.58 (br, 1H), 2.47 (d, J = 6.0 Hz, 1H), 2.23 (br, 1H), 1.92-1.85 (m, 4H), 1.73
(m, 1H), 1.64 (m, 1H), 1.49 (s, 3H), 1.22 (d, J = 3.0 Hz, 3H), 1.15 (d, J = 3.0 Hz, 3H), 1.06 (s, 3H), 1.04
(d, J = 6.0 Hz, 3H), 0.91 (d, J = 3.0 Hz, 3H), 0.83 (d, J = 6.0 Hz, 3H), 0.71 (d, J = 6.0 Hz, 3H), 0.58 (d, J
= 6.0 Hz, 3H). 13C NMR (125 MHz, C6D6) δ 153.3, 149.8, 149.3, 148.6, 131.5, 129.9, 129.5, 126.5, 125.7,
121.1, 118.2, 116.8, 116.6, 92.9, 56.1, 51.9, 31.4, 30.6, 28.5, 27.5, 25.8, 25.5, 25.2, 25.0, 24.5, 23.4, 21.5.

Menth

CAACPH

In the glovebox, MenthCAAC (800 mg, 2.09 mmol) was added to a vial and dissolved in anhydrous pentane
(5 mL). Diphenylphosphine (346 μL, 2.00 mmol, 0.95 equiv) was added, and the reaction was stirred at
room temperature for 1 hour. Volatiles were removed in vacuo, and the solid residue was washed with
minimal cold pentane to afford MenthCAACPH as a solid in quantitative yield. MenthCAACPH was crystallized
from a solution of pentane at -40 °C in an argon freezer. 1H NMR (300 MHz, C6D6) δ 7.63 (t, J = 6.0 Hz,
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2H), 7.10-6.87 (m, 8H), 6.80 (t, J = 6.0 Hz, 2H), 6.68 (m, 1H), 4.77 (d, J = 9.0 Hz, 1H, P-H), 3.97 (septet,
J = 6.0 Hz, 1H), 3.39 (d, J = 12.0 Hz, 1H), 3.04 (septet, J = 9.0 Hz, 1H), 2.64 (m, 1H), 2.51 (m, 1H), 2.21
(m, 1H), 1.89 (m, 1H), 1.80 (s, 3H), 1.59 (m, 1H), 1.45 (m, 1H), 1.29-1.13 (br), 1.08 (d, J = 6.0 Hz, 6H),
0.95 (s, 3H), 0.87 (br), 0.65 (d, J = 6.0 Hz, 3H), 0.55 (d, J = 6.0 Hz, 3H). 13C NMR (125 MHz, C6D6) δ
150.8, 149.0, 143.6, 139.1, 138.5, 137.4, 132.3, 126.7, 126.4, 124.7, 74.0 (CP), 73.6, 62.5, 58.8, 50.8, 49.7,
35.6, 33.7, 30.2, 27.9, 26.7, 26.2, 26.2, 23.9, 23.3, 21.2. 31P (121 MHz, C6D6) δ 5.42 (s).

Synthesis of CyCAACNH

In the glovebox,

Cy

CAAC (500 mg, 1.53 mmol) and diphenylamine (258 mg, 1.53 mmol, 1 equiv) were

added to a vial. Anhydrous pentane (5 mL) was added, and the reaction was stirred at room temperature for
30 minutes. Volatiles were removed in vacuo, and the solid residue was washed with minimal cold pentane
to afford CyCAACNH as a solid in quantitative yield. 1H NMR (300 MHz, C6D6) δ 7.15 (m, 3H), 7.10-6.90
(m, 6H), 6.85 (m, 1H), 6.67 (s, 3H), 5.20 (s, 1H), 3.98 (septet, J = 3.0 Hz, 1H), 3.21 (septet, J = 3.0 Hz,
1H), 2.50 (d, J = 9.0 Hz, 1H), 2.26 (m, 3H), 1.73 (m, 1H), 1.57-1.41 (m, 8H), 1.24 (d, J = 6.0 Hz, 3H), 1.20
(m, 1H), 1.12 (s, 3H), 1.09 (d, J = 3.0 Hz, 3H), 0.85 (t, J = 3.0 Hz, 1H), 0.64 (d, J = 6.0 Hz, 3H), 0.56 (d, J
= 3.0 Hz, 3H). 13C NMR (125 MHz, C6D6) δ 153.2, 149.9, 138.8, 130.7, 130.1, 127.4, 125.6, 118.1, 116.2,
97.7, 63.6, 48.8, 47.3, 39.8, 36.1, 34.4, 31.4, 30.4, 28.5, 28.4, 26.3, 25.3, 25.2, 25.0, 23.8, 23.79, 23.4, 22.7,
14.3.
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Synthesis of CyCAACPH

In the glovebox, CyCAAC (500 mg, 1.53 mmol) was added to a vial and dissolved in anhydrous pentane (5
mL). Diphenylphosphine (253 μL, 1.45 mmol, 0.95 equiv) was added, and the reaction was stirred at room
temperature for 1 hour. Volatiles were removed in vacuo, and the solid residue was washed with minimal
cold pentane to afford CyCAACPH as a solid in quantitative yield. 1H NMR (300 MHz, C6D6) δ 7.73 (t, J =
3.0 Hz, 2H), 7.20-7.17 (m, 2H), 7.15-7.09 (m, 2H), 6.94 (t, J = 3.0 Hz, 2H), 6.85 (m, 1H), 6.78-6.76 (m,
1H), 6.74 (m, 3H), 5.05 (d, J = 3.0 Hz, 1H, P-H), 3.85 (septet, J = 3.0 Hz, 1H), 3.45 (septet, J = 3.0 Hz,
1H), 2.73 (d, J = 9.0 Hz, 1H), 2.24 (d, J = 6.0 Hz, 1H), 2.09 (m, 1H), 1.86 (d, J = 6.0 Hz, 1H), 1.73 (s, 3H),
1.68 (d, J = 3.0 Hz, 3H), 1.57 (m, 1H), 1.47-1.36 (m, 3H), 1.25 (d, J = 3.0 Hz, 3H), 1.19 (m, 2H), 1.13 (d,
J = 3.0 Hz, 3H), 0.95 (s, 3H), 0.67 (m, 1H), 0.41 (d, J = 6.0 Hz, 3H). 13C NMR (125 MHz, C6D6) δ 152.1,
147.8, 144.4, 142.4, 142.2, 140.1, 140.0, 135.2, 135.0, 133.0, 132.9, 124.9, 124.6, 74.8, 64.2, 53.1, 48.7,
48.6, 42.2, 33.9, 33.7, 32.0, 28.4, 27.8, 27.4, 26.3, 25.5, 25.4, 25.0, 24.0, 23.1. 31P (121 MHz, C6D6) δ 16.29 (s).

4.4.3

Exchange Experiments

Exchange reaction between MenthCAACNH and MeCAAC

Menth

CAACNH (36 mg, 0.065 mmol) was dissolved in anhydrous C6D6 and added to a J-Young NMR tube.

1

H and 13C NMR spectra were recorded, then MeCAAC (19 mg, 0.065 mmol, 1 equiv) was added. After 5
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minutes at room temperature complete conversion to MeCAACNH and MenthCAAC was spectroscopically
observed.
Comparative 1H NMR
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Comparative 13C{1H} NMR

Exchange reaction between CyCAACNH and MeCAAC

Cy

CAACNH (40 mg, 0.081 mmol) was dissolved in anhydrous C6D6 and added to a J-Young NMR tube. 1H

and 13C NMR spectra were recorded, then

Me

CAAC (23 mg, 0.081 mmol, 1 equiv) was added. After 48

hours at room temperature an equilibrium between

Cy

CAACNH/CyCAAC was spectroscopically observed

(40/60).
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Comparative 1H NMR

Comparative 13C{1H} NMR
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Exchange reaction between MenthCAACNH and Ph2PH

Menth

CAACNH (27 mg, 0.049 mmol) was dissolved in anhydrous C6D6 and added to a J-Young NMR tube.

H and 13C NMR spectra were recorded, and diphenylphosphine was added (9 μL, 0.053 mmol, 1.1 equiv).

1

After 5 minutes at room temperature complete conversion to
spectroscopically observed.
Comparative 1H NMR
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Menth

CAACPH and free diphenylamine was

Comparative 13C{1H} NMR

Comparative 31P{1H} NMR
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Exchange reaction between MenthCAACPH and MeCAAC

Menth

CAACPH (34 mg, 0.060mmol) was dissolved in anhydrous C6D6 and added to a J-Young NMR tube.

1

H, 31P and 13C NMR spectra were recorded, and

After 19 hours at 60 °C complete conversion to

Me

Me

CAAC 1 (17 mg, 0.060 mmol, 1 equiv) was added.

CAACPH and free

observed.
Comparative 1H NMR
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Menth

CAAC was spectroscopically

Comparative 13C{1H} NMR

Comparative 31P{1H} NMR
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Exchange reaction between CyCAACPH and MeCAAC

Cy

CAACPH (31 mg, 0.060mmol) was dissolved in anhydrous C6D6 and added to a J-Young NMR tube. 1H,

31

P and 13C NMR spectra were recorded, and

Me

CAAC (17 mg, 0.060 mmol, 1 equiv) was added. The

reaction was monitored by NMR spectroscopy showing no reaction over a period of 48h at 60 oC.
Comparative 1H NMR
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Comparative 13C{1H} NMR
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Comparative 31P{1H} NMR

Note that in this experiment 31P{1H} NMR spectroscopy was decisive in confirming the lack of reactivity
between CyCAACPH and MeCAAC.

4.4.4

Trapping Experiments

Reaction of MenthCAACNH with S8

Menth

CAACNH (75 mg, 0.14 mmol) was dissolved in anhydrous pentane (3 mL), followed by addition of S8

(4 mg, 0.016 mmol, 0.13 equiv). The reaction was stirred for 5 minutes at room temperature then purified
by silica gel column chromatography using pentane as eluent to afford
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Menth

CAAC-S as a solid in 67%

yield. 1H NMR (300 MHz, C6D6) δ = 7.22-7.09 (m, 3H), 3.57 (t, J = 10.0 Hz, 1H), 3.20 (m, 1H), 2.97 (m,
1H), 2.27-1.95 (m, 4H), 1.59-1.54 (m, 2H), 1.38 (m, 6H), 1.32 (m, 4H), 1.21 (t, J = 6.0 Hz, 6H), 1.07 (s,
C NMR (125 MHz, C6D6) δ
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3H), 1.04 (d, J = 9.0 Hz, 3H), 0.99 (s, 3H), 0.92 (d, J = 6.0 Hz, 3H).

209.3, 147.7, 133.5, 129.0, 124.8, 67.5, 57.7, 53.9, 53.8, 52.5, 51.3, 36.0, 29.9, 28.9, 27.4, 26.7, 26.5, 23.5,
23.1, 22.5, 20.0, 19.9.

Reaction of MenthCAACNH with CO2

Menth

CAACNH (40 mg, 0.073 mmol) was added to a J-Young NMR tube and dissolved in anhydrous C6D6.

The solution was degassed (freeze-pump-thaw), and dry CO2(g) (1-2 atm) was added. A colorless
precipitate formed, and the supernatant was removed to afford

Menth

CAAC-CO2 in quantitative yield. 1H

NMR (500 MHz, C6D6) δ 7.13-6.94 (br, 3H), 2.91-2.80 (br, 2H), 2.43 (br, 1H), 2.08-1.95 (br, 2H), 1.561.47 (br, 10H), 1.09-0.86 (br, 30H). 13C NMR (125 MHz, C6D6) δ 194.3, 159.1, 146.8, 146.5, 130.4, 125.9,
125.4, 75.5, 57.7, 53.9, 53.4, 50.0, 35.1, 30.4, 30.2, 29.0, 28.6, 27.8, 27.5, 27.2, 26.7, 24.9, 24.4, 23.5, 23.0,
19.1.

Reaction of MenthCAACNH with Ph-NCO

Menth

CAACNH (50 mg, 0.091 mmol) was dissolved in anhydrous pentane (3 mL), followed by addition of

phenylisocyanate (10 μL, 0.091 mmol, 1 equiv). A yellow precipitate immediately formed, and the
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supernatant was removed to afford

CAAC-NCO in quantitative yield. 1H NMR (500 MHz, C6D6) δ

Menth

7.73 (d, J = 3.0 Hz, 2H), 7.20 (t, J = 3.0 Hz, 2H), 7.0-6.91 (m, 3H), 6.81 (m, 1H), 3.05-2.97 (m, 2H), 2.86
(septet, J = 3.0 Hz, 1H), 2.60 (m, 1H), 2.18 (m, 1H), 2.08 (d, J = 6.0 Hz, 1H), 2.01 (septet, 3.0 Hz, 1H),
1.57 (d, J = 6.0 Hz 3H), 1.55 (d, J = 6.0 Hz, 3H), 1.50 (d, J = 6.0 Hz, 3H), 1.47 (m, 1H), 1.42 (d, J = 9.0
Hz, 1H), 1.12 (d, J = 3.0 Hz, 6H), 1.02 (s, 3H), 0.98 (d, J = 3.0 Hz, 3H), 0.87 (d, J = 6.0 Hz, 3H), 0.85 (s,
3H), 0.68 (m, 1H). 13C NMR (125 MHz, C6D6) δ 191.2, 156.3, 150.4, 146.4, 140.9, 130.3, 125.8, 125.2,
119.5, 75.2, 58.0, 54.2, 53.9, 50.5, 35.1, 30.7, 30.2, 29.0, 28.3, 28.1, 27.4, 26.9, 24.7, 24.3, 23.8, 22.9, 19.5.

Reaction of MenthCAACNH with Cy-NC

Menth

CAACNH (75 mg, 0.14 mmol) was added to a J-Young NMR tube and dissolved in anhydrous pentane

(3 mL), followed by addition of cyclohexylisocyanide (16 μL, 0.14 mmol, 1 equiv). The reaction was heated
to 50 °C for 16 hours, then cooled to -40 °C to precipitate out diphenylamine. The supernatant was separated
and crystallized by slow evaporation at -40 °C.

Menth

CAAC-CN was isolated as yellow crystals in 55%

yield. 1H NMR (300 MHz, C6D6) δ 7.17 (m, 2H), 7.07 (m, 1H), 3.67 (septet, J = 6.0 Hz, 1H), 3.56 (septet,
J = 6.0 Hz, 1H), 3.20 (m, 1H), 3.08 (m, 1H), 2.81 (br, 1H), 2.58 (m, 1H), 2.42 (m, 3H), 1.83-0.77 (br). 13C
NMR (125 MHz, C6D6) δ 216.8, 216.2, 157.9, 152.6, 150.5, 135.3, 134.8, 124.7, 124.6, 124.4, 124.3, 106.2,
68.1, 66.6, 63.1, 62.6, 60.0, 54.5, 54.3, 53.6, 53.5, 51.3, 51.3, 51.2, 50.4, 49.4, 49.2, 35.4, 33.7, 32.8, 32.6,
31.9, 30.7, 30.1, 28.8, 28.6, 28.5, 26.7, 26.0, 25.9, 25.6, 25.1, 24.9, 24.5, 24.4, 23.9, 23.3, 22.8, 22.8, 22.7,
18.4, 14.2.
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Reaction of MenthCAACPH with S8

Menth

CAACPH (40 mg, 0.070 mmol) was added to a J-Young NMR tube and dissolved in anhydrous C6D6,

followed by addition of S8 (2 mg, 0.070 mmol, 1 equiv) which led to formation of one product which was
crystallized as MenthCAAC-HPS2. 31P{1H} NMR (300 MHz, C6D6) δ 59.9.

Reaction of MenthCAACPH with CO2

Menth

CAACPH (40 mg, 0.070 mmol) was added to a J-Young NMR tube and dissolved in anhydrous C6D6.

The solution was degassed (freeze-pump-thaw), and backfilled with dry CO2(g) (1-2 atm). The reaction
was heated at 60 °C for 16 hours and a mixture of MenthCAACPH and MenthCAAC-CO2 as observed by NMR
spectroscopy.

Reaction of MenthCAACPH with Ph-NCO

Menth

CAACPH (40 mg, 0.070 mmol) was added to a J-Young NMR tube and dissolved in anhydrous C6D6,

followed by addition of phenylisocyanate (8 μL, 0.070 mmol, 1 equiv). The reaction was heated at 60 °C
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for 16 hours leading to a mixture of

Menth

CAACPH and

Menth

CAAC-NCO as observed by NMR

spectroscopy.

Reaction of MenthCAACPH with Cy-NC

Menth

CAACPH (40 mg, 0.070 mmol) was added to a J-Young NMR tube and dissolved in anhydrous C6D6,

followed by addition of cyclohexylisocyanide (9 μL, 0.070 mmol, 1 equiv). The reaction was heated to 60
°C for 16 hours and no reaction was observed. In another experiment, diphenylphosphine was added to
Menth

CAAC-CN, and full conversion to MenthCAACPH was observed after heating to 60 °C for 16 hours.

Trapping reactions using MeCAACNH

Me

CAACNH (32 mg, 0.070 mmol) was added to a J-Young NMR tube and dissolved in anhydrous C6D6,

followed by addition of either S8 (4 mg, 0.016 mmol, 0.13 equiv), dry CO2(g) (1-2 atm), phenylisocyanate
(10 μL, 0.091 mmol, 1 equiv), or cyclohexylisocyanide (9 μL, 0.070 mmol, 1 equiv). The reaction was then
monitored by 1H and 13C{1H} showing no reaction occurring over a period of 16 hours.
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Trapping reactions using MeCAACPH

Menth

CAACPH (33 mg, 0.070 mmol) was added to a J-Young NMR tube and dissolved in anhydrous C6D6,

followed by addition of either dry CO2(g) (1-2 atm), phenylisocyanate (10 μL, 0.091 mmol, 1 equiv), or
cyclohexylisocyanide (9 μL, 0.070 mmol, 1 equiv). The reaction was then monitored by 1H and 13C{1H}
showing no reaction occurring over a period of 16 hours.

4.4.5

CAAC-catalyzed Hydrophosphination

CAAC (0.04 mmol), diphenylphosphine (77 µL, 0.44 mmol) and phenylacetylene (44 µL, 0.40 mmol) were
charged into a flame-dried resealable J Young NMR tube with 0.5 mL of C6H6. Reactions were followed
by NMR spectroscopy and phosphine consumption/product distributions quantified by integration of
31

P{1H}

NMR

spectra.

diphenyl(styryl)phosphine:

Products
31

P{1H}

were

matched

NMR

(202

against

MHz,

known

C6D6,

298

literature
K):

δ

reports. 82
-24.8

and

(Z)(E)-

diphenyl(styryl)phosphine: 31P{1H} NMR (202 MHz, C6D6, 298 K): δ -11.7. Note that we verified that no
reaction occurred in the absence of carbene catalysts under these conditions.
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4.4.6

Crystallographic Data

Me
Compound
CAACNH
Empirical formula
C32H42N2
Formula weight
454.67
Temperature/K
100.0
Crystal system
monoclinic
Space group
P21/c
a/Å
17.9751(3)
b/Å
15.1881(3)
c/Å
9.8720(2)
α/°
90
β/°
97.5350(10)
γ/°
90
Volume/Å3
2671.86(9)
Z
4
ρcalcg/cm3
1.130
-1
μ/mm
0.487
F(000)
992.0
3
Crystal size/mm
0.05 × 0.024 × 0.02
Radiation
CuKα (λ = 1.54178)
2Θ range for data collection/° 4.958 to 136.596
Index ranges
-21 ≤ h ≤ 19, -14 ≤ k ≤ 18, -11 ≤ l ≤ 9
Reflections collected
21387
Independent reflections
4862 [Rint = 0.0278, Rsigma = 0.0229]
Data/restraints/parameters
4862/0/315
2
Goodness-of-fit on F
1.089
Final R indexes [I>=2σ (I)] R1 = 0.0430, wR2 = 0.1088
Final R indexes [all data]
R1 = 0.0473, wR2 = 0.1112
Largest diff. peak/hole / e Å-3 0.19/-0.21
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Me
Compound
CAACPH
Empirical formula
C32H42NP
Formula weight
471.63
Temperature/K
100.0
Crystal system
monoclinic
Space group
P21/n
a/Å
10.4959(3)
b/Å
14.0915(4)
c/Å
18.7602(6)
α/°
90
β/°
102.8060(10)
γ/°
90
3
Volume/Å
2705.67(14)
Z
4
3
ρcalcg/cm
1.158
μ/mm-1
1.029
F(000)
1024.0
3
Crystal size/mm
0.2 × 0.2 × 0.08
Radiation
CuKα (λ = 1.54178)
2Θ range for data collection/° 7.92 to 136.736
Index ranges
-11 ≤ h ≤ 12, -16 ≤ k ≤ 16, -22 ≤ l ≤ 19
Reflections collected
19911
Independent reflections
4928 [Rint = 0.0421, Rsigma = 0.0365]
Data/restraints/parameters
4928/0/315
Goodness-of-fit on F2
1.054
Final R indexes [I>=2σ (I)] R1 = 0.0389, wR2 = 0.1007
Final R indexes [all data]
R1 = 0.0405, wR2 = 0.1024
-3
Largest diff. peak/hole / e Å 0.42/-0.28
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Menth
Compound
CAACNH
Empirical formula
C51H65N3
Formula weight
720.06
Temperature/K
100.0
Crystal system
orthorhombic
Space group
P212121
a/Å
9.3291(3)
b/Å
18.9635(5)
c/Å
23.1474(6)
α/°
90
β/°
90
γ/°
90
3
Volume/Å
4095.1(2)
Z
4
3
ρcalcg/cm
1.168
μ/mm-1
0.503
F(000)
1568.0
Crystal size/mm3
0.09 × 0.05 × 0.014
Radiation
CuKα (λ = 1.54178)
2Θ range for data collection/° 6.024 to 136.546
Index ranges
-9 ≤ h ≤ 10, -22 ≤ k ≤ 18, -27 ≤ l ≤ 23
Reflections collected
29219
Independent reflections
7364 [Rint = 0.0762, Rsigma = 0.0587]
Data/restraints/parameters
7364/0/496
2
Goodness-of-fit on F
1.014
Final R indexes [I>=2σ (I)] R1 = 0.0481, wR2 = 0.1146
Final R indexes [all data]
R1 = 0.0649, wR2 = 0.1233
-3
Largest diff. peak/hole / e Å 0.21/-0.23
Flack parameter
0.1(4)
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Menth
Compound
CAACPH
Empirical formula
C39H54NP
Formula weight
567.80
Temperature/K
100.0
Crystal system
orthorhombic
Space group
P212121
a/Å
18.3658(4)
b/Å
18.8888(4)
c/Å
19.5947(5)
α/°
90
β/°
90
γ/°
90
Volume/Å3
6797.6(3)
Z
8
ρcalcg/cm3
1.110
-1
μ/mm
0.894
F(000)
2480.0
Crystal size/mm3
0.23 × 0.01 × 0.01
Radiation
CuKα (λ = 1.54178)
2Θ range for data collection/° 6.5 to 136.644
Index ranges
-22 ≤ h ≤ 22, -22 ≤ k ≤ 22, -20 ≤ l ≤ 23
Reflections collected
45963
Independent reflections
12442 [Rint = 0.0505, Rsigma = 0.0473]
Data/restraints/parameters
12442/0/757
2
Goodness-of-fit on F
0.998
Final R indexes [I>=2σ (I)] R1 = 0.0459, wR2 = 0.1133
Final R indexes [all data]
R1 = 0.0546, wR2 = 0.1188
Largest diff. peak/hole / e Å-3 0.27/-0.24
Flack parameter
0.011(9)
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Menth
Compound
CAAC-S
Empirical formula
C27H43NS
Formula weight
413.68
Temperature/K
100.15
Crystal system
monoclinic
Space group
P21
a/Å
9.6679(4)
b/Å
18.7513(7)
c/Å
13.8244(5)
α/°
90
β/°
102.399(2)
γ/°
90
Volume/Å3
2447.71(16)
Z
4
ρcalcg/cm3
1.123
-1
μ/mm
1.242
F(000)
912.0
3
Crystal size/mm
0.05 × 0.05 × 0.05
Radiation
CuKα (λ = 1.54178)
2Θ range for data collection/° 6.546 to 145.228
Index ranges
-11 ≤ h ≤ 11, -23 ≤ k ≤ 23, -17 ≤ l ≤ 17
Reflections collected
36974
Independent reflections
9584 [Rint = 0.0416, Rsigma = 0.0386]
Data/restraints/parameters
9584/105/623
2
Goodness-of-fit on F
1.041
Final R indexes [I>=2σ (I)] R1 = 0.0350, wR2 = 0.0859
Final R indexes [all data]
R1 = 0.0371, wR2 = 0.0871
Largest diff. peak/hole / e Å-3 0.20/-0.26
Flack parameter
0.076(5)
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Menth
Compound
CAAC-CO2
Empirical formula
C28H43NO2
Formula weight
425.63
Temperature/K
100.0
Crystal system
monoclinic
Space group
P21/n
a/Å
9.595(5)
b/Å
18.456(9)
c/Å
13.848(6)
α/°
90
β/°
101.346(8)
γ/°
90
3
Volume/Å
2404.4(19)
Z
4
ρcalcg/cm3
1.176
-1
μ/mm
0.553
F(000)
936.0
3
Crystal size/mm
0.5 × 0.05 × 0.05
Radiation
CuKα (λ = 1.54178)
2Θ range for data collection/° 8.084 to 136.686
Index ranges
-11 ≤ h ≤ 11, -22 ≤ k ≤ 22, -16 ≤ l ≤ 16
Reflections collected
37347
Independent reflections
4396 [Rint = 0.1272, Rsigma = 0.0549]
Data/restraints/parameters
4396/0/289
Goodness-of-fit on F2
1.049
Final R indexes [I>=2σ (I)] R1 = 0.0553, wR2 = 0.1172
Final R indexes [all data]
R1 = 0.0903, wR2 = 0.1323
Largest diff. peak/hole / e Å-3 0.28/-0.22
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Menth
Compound
CAAC-NCO
Empirical formula
C34H48N2O
Formula weight
500.74
Temperature/K
100.0
Crystal system
monoclinic
Space group
P21
a/Å
10.6372(7)
b/Å
16.6939(12)
c/Å
16.7043(13)
α/°
90
β/°
91.822(3)
γ/°
90
Volume/Å3
2964.8(4)
Z
4
ρcalcg/cm3
1.122
-1
μ/mm
0.066
F(000)
1096.0
Crystal size/mm3
0.74 × 0.56 × 0.33
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 2.44 to 50.852
Index ranges
-11 ≤ h ≤ 12, -20 ≤ k ≤ 20, -19 ≤ l ≤ 20
Reflections collected
30979
Independent reflections
10916 [Rint = 0.0556, Rsigma = 0.0803]
Data/restraints/parameters
10916/213/744
2
Goodness-of-fit on F
1.041
Final R indexes [I>=2σ (I)] R1 = 0.0605, wR2 = 0.1236
Final R indexes [all data]
R1 = 0.0925, wR2 = 0.1369
Largest diff. peak/hole / e Å-3 0.31/-0.24
Flack parameter
-0.4(9)
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Menth
Compound
CAAC-NC
Empirical formula
C73H120N4
Formula weight
1053.72
Temperature/K
100.0
Crystal system
triclinic
Space group
P1
a/Å
9.4457(8)
b/Å
9.7034(10)
c/Å
18.412(2)
α/°
79.515(5)
β/°
87.442(5)
γ/°
85.632(5)
Volume/Å3
1653.8(3)
Z
1
3
ρcalcg/cm
1.058
μ/mm-1
0.060
F(000)
586.0
Crystal size/mm3
0.23 × 0.023 × 0.02
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/° 4.28 to 50.836
Index ranges
-11 ≤ h ≤ 11, -11 ≤ k ≤ 11, -22 ≤ l ≤ 22
Reflections collected
31865
Independent reflections
12106 [Rint = 0.0461, Rsigma = 0.0548]
Data/restraints/parameters
12106/48/797
2
Goodness-of-fit on F
1.022
Final R indexes [I>=2σ (I)] R1 = 0.0461, wR2 = 0.1038
Final R indexes [all data]
R1 = 0.0638, wR2 = 0.1140
-3
Largest diff. peak/hole / e Å 0.23/-0.28
Flack parameter
-0.4(10)
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Menth
Compound
CAAC-HPS2
Empirical formula
C78H108N2P2S4
Formula weight
1263.84
Temperature/K
100.0
Crystal system
triclinic
Space group
P1
a/Å
9.4552(4)
b/Å
12.3275(5)
c/Å
17.0497(7)
α/°
88.518(2)
β/°
89.125(2)
γ/°
67.896(2)
3
Volume/Å
1840.59(13)
Z
1
3
ρcalcg/cm
1.140
μ/mm-1
1.905
F(000)
684.0
3
Crystal size/mm
0.031 × 0.025 × 0.01
Radiation
CuKα (λ = 1.54178)
2Θ range for data collection/° 5.184 to 137.026
Index ranges
-11 ≤ h ≤ 11, -14 ≤ k ≤ 14, -20 ≤ l ≤ 20
Reflections collected
44368
Independent reflections
12866 [Rint = 0.0739, Rsigma = 0.0927]
Data/restraints/parameters
12866/105/881
Goodness-of-fit on F2
1.019
Final R indexes [I>=2σ (I)] R1 = 0.0584, wR2 = 0.1365
Final R indexes [all data]
R1 = 0.0814, wR2 = 0.1505
-3
Largest diff. peak/hole / e Å 0.49/-0.38
Flack parameter
0.071(12)
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4.4.7

Computational Details
DFT calculations were carried out with Gaussian 09 (Revision D.01). Unless stated otherwise,

geometry optimizations were performed with the TPSS functional, with the ultrafine integral grid option
invoked (“int=(grid=ultrafine)”), and with solvation corrections using the IEFPCM approximation with
THF as the solvent (where ε = 7.4257). Phosphorus centers were described with the Stuttgart RECPs and
corresponding basis sets, with added d-orbital polarisation (ζ = 0.387). All other atoms were described by
the double-zeta plus polarization 6-31G** basis sets. Analytical frequency calculations were carried out at
the same level of theory to yield thermodynamic free energy corrections to the SCF energy. Minima along
the energy profiles were confirmed with no imaginary frequencies, and saddle points were confirmed with
identification of one negative eigenvalue upon frequency analysis constituting the relevant bond
formation/breaking process. IRC calculations and subsequent optimizations were performed to characterise
and confirm the minima either side of the transition states. Single point energy corrections were obtained
at the M052X-D3(THF)/def2-TZVP level of theory, which was identified as a reliable functional in a
rigorous benchmarking evaluation of main group kinetics, thermodynamics and non-covalent interactions
by Grimme. Empirical corrections for dispersion interactions were obtained with Grimme’s standalone D3
program, with the zero-damping function. Due to the presence of bulky substituent groups on the CAACs
and the accompanying oxidative addition reactants (HPPh2 and HNPh2), conformational searching was
carried out at key stationary points to obtain the lowest energy conformers at the M052XD3(THF)/def2TZVP level of theory. This was done using the xtb program developed by Grimme (version 5.8.2). The
simulated annealing approach based on molecular dynamics was used to search the conformational space,
with the SHAKE algorithm invoked on all bonds for computational speedup. For conformational searching
of transition states, important interatomic distances were constrained in order to prevent the molecular
dynamics trajectories from deviating away from the true TS structures.
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