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ABSTRACT

N-Heterocyclic Carbenes: Studies in Metallation, Ligand Modification, and Property
Determination

Meilin Quiape Lim

N-Heterocyclic Carbenes (NHCs) have significantly impacted organometallic chemistry as
ligands in transition metal catalysis, offering strong electron-donating properties and high bond
dissociation energies. However, their structural versatility is limited by the scarcity of commercial
precursors and challenging modification procedures. Furthermore, we have investigated its
coordination to transition metals; copper, silver, and palladium. We further demonstrate the effects
of its steric parameters by utilizing the Suzuki-Miyaura cross-coupling of aryl chlorides using
[(RO-NHC)Pd(allyl)Cl] as precatalysts. This study demonstrates increased catalyst activity with
bulkier ligands in Suzuki-Miyaura cross-coupling reactions. We also present simplified procedures
for copper NHC complexes using triethylamine with no requirements for special equipment and
techniques. Preliminary investigations towards a more economical approach to measuring the
electron donating abilities of NHCs were conducted using Cu' and Ag' cyanide complexes as
probes. The outcomes of this research may contribute to the growing research in the applications

of NHC:s as ligands in catalysis.
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Chapter 1

Introduction to N-Heterocyclic Carbenes and Applications

1.1 Catalysis: General Background

Catalysis holds an extremely important place in chemical synthesis.! For decades, catalysis
has revolutionized chemical reactions by offering enhanced selectivity and overall efficiency.! It
has the capability to reduce energy barriers in reactions, facilitating fundamental processes that
would otherwise be impractical or not feasible.> Furthermore, the development of new synthetic
methodologies in catalysis can significantly reduce chemical waste, yielding substantial
environmental benefits while also being cost-effective, time-saving, yield-boosting, and labor-
efficient.’ These factors have contributed to its rapid emergence and profound impact on organic

chemistry.

Within the realm of catalytic reactions, transition metal catalysis has been extensively
utilized in synthetic organic chemistry. In particular, the development of new ligands and the
exploration of their coordination chemistry with late transition metals has been of great importance
in this field.** Ligands play a crucial role in stabilizing catalytically active species, which in turn
improves catalyst turnover and reduces the required catalyst loading (Figure 1-1).° Moreover,
ligands can influence the chemo-,’ regio-,® and enantioselectivity® of catalytic processes. However,
there is no single ligand that is universally applicable; different catalytic reactions have different
requirements. As a result, the availability of ligand diversity and modularity has become a key

focus in the field of transition metal catalysis.
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Figure 1-1: Select examples of common ligands used in transition metal catalysis

Phosphines are among the most widely used ligands in transition metal catalysis due to
their tunable steric and electronic properties, as well as their ability to stabilize transition metal
complexes in homogeneous catalysis (Figure 1-1).° Their popularity has led to the creation of
various classes of phosphines, many of which are commercially available.!! However, phosphines
come with several limitations, including inherent toxicity and instability under oxidative
conditions, which can make them challenging or potentially dangerous to work with.!
Additionally, the general lability of their bonds to transition metals often results in reduced

efficiency in catalytic reactions.

As a result, there has been significant research dedicated to improving phosphines making
them more stable, more accessible, and stronger, with enhanced oxidative stability.'*'* While the
development of more active phosphine ligands continues, there has also been growing interest in
other ligand classes that offer similar properties. One emerging alternative to phosphine ligands is

the increasing development of N-Heterocyclic carbenes (NHCs).

1.2 N-Heterocyclic Carbenes

N-Heterocyclic carbenes (NHCs) have emerged as a pivotal class of ligands in
homogeneous catalysis, renowned for their versatile reactivity and utility in a wide range of

applications.!>!® Indeed, these organometallic catalysts composed of these ligands have



revolutionized the field of homogeneous catalysis. Since the isolation of stable carbenes, the field
has rapidly expanded from Bertrand and colleagues recognizing the first stable carbene in 1988,!”
followed by Arduengo et al. in 1991 with the first “bottle-able” free NHC.!® NHCs have become

indispensable tools in synthetic organic chemistry and transition metal catalysis.

; ; =N /\ [\ R
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ylidene ylidene
. J

Figure 1-2: Examples of some commonly used NHC species in literature

NHC:s are a class of carbenes, which are defined as divalent carbon atoms with only six
valence electrons (Figure 1-2).!” Carbenes are highly reactive species and typically exist as
fleeting intermediates in organic chemistry with short lifetimes.? They can exist in either the singlet
spin state or the triplet spin state depending on the substituents attached to the carbene carbon.?’
Carbenes that are stable in the singlet spin state are often flanked by electronegative substituents
with donor electrons, while those stable in the triplet spin state typically have only hydrogen or
alkyl groups.>?° Despite their inherent reactivity and instability, they make excellent ligands in

homogeneous catalysis.

Initially NHCs were viewed as phosphine mimics,?! % but have since established their own

unique identity in homogeneous catalysis. While phosphines have been common ligands in



transition metal catalysis, research over the years has sought to expand the range of ligands
available for catalytic reactions.?? Following the discovery and isolation of NHCs, they quickly
attracted attention from researchers due to their distinct advantages over phosphines,?* including
increased stability of their metal complexes and reduced toxicity. NHCs possess a unique
electronic structure that imparts both strong -donating nature and high bond dissociation energies
towards transition metals.?? This combination enables them to stabilize metal centers in a variety
of oxidation states and coordinate geometries, thereby facilitating numerous catalytic processes.?
The robustness and tunability of NHCs allows for modifications of their steric and electronic

environments, making them highly adaptable for catalytic applications.?®

S
X
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NHC-HX Free LM
Carbene

Scheme 1-1: General scheme of metallation via the free carbene route

Free NHCs are air-sensitive species however, they can be stabilized by the formation of
complexes.?” There are a number of preparative methods for synthesizing metal-NHC complexes
have been reported in the literature. Typically, NHC-ligated transition metal complexes are
synthesized using azolium salts (such as imidazolium, triazolium, tetrazolium, pyrazolium,
benzimidazolium, oxazolium, and thiazolium salts) as precursors.?® Most commonly NHC metal
complexes are synthesized by treatment of a suitable metal complex with coordination a free NHC,
activation of the azolium salt onto a metal with suitably basic ligands (such as Pd(OAc)2), or
transmetallation from silver.?>?® A prominent strategy for synthesizing NHC-metal complexes is
the free carbene route. In this approach, the azolium salt precursor is deprotonated with a base to

generate a free carbene, which is then coordinated to a metal precursor (Scheme 1-1).%° This



method often requires strong bases such as KOtBu or NaH, which are necessary for complete
deprotonation, because the pKa of the azolium salt precursor typically ranges from 22 to 25.3%3!
However, there are reports of using weaker bases, such as K2CO3,*? NEt;,334 or NaOAc,*> to
deprotonate the NHC salt precursors when in the presence of the metal precursor. Despite the
beneficial nature of this weak base route, harsh conditions, including high temperatures and long
reaction times are often required to successfully generate the metal-NHC complex. The
deprotonation method has practical limitations, particularly the need for a glovebox due to the
highly reactive nature of free carbenes. To overcome these challenges, alternative methods have

been explored in the literature.>®
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Scheme 1-2: General scheme for metallation using silver transmetallation

A prominent alternative approach is the transmetallation from silver route that was
developed by Lin et al.,>” which involves generating a stable Ag-NHC complex as a transfer agent.
The Ag-carbene complex is synthesized by treating the azolium salt precursor with a basic silver(I)
precursor, such as Ag>O (Scheme 1-2).% Other silver precursors, including AgOAc*® and
Ag>C03,%*? have also been used. The resulting Ag-NHC complex is then reacted with a metal
precursor through a transmetallation reaction (Scheme 1-2).° The relatively labile nature of the
silver-carbene complex allows this process to be effective for a variety of transition metals, such
as palladium and gold. This method is convenient because it can be carried out under ambient

conditions, producing a precursor that is typically stable to air and moisture. It is important to note,



however, that Ag-NHC complexes can display a wide range of complex structures, and exist in
complex equilibria complicating analysis.*® Furthermore, they are typically light sensitive.
Nonetheless, the use of Ag-NHCs as transfer agents offers significant advantages, particularly

when the free carbene route is not accessible.

1.3 Properties of NHCs

A highly regarded attribute of NHCs is their ability to produce electron rich metal
complexes which is due to their strong c-electron donating nature. Certain studies have been
dedicated to quantifying their electron donating properties. One established method of measuring
the electron donating ability of a ligand is the Tolman’s electronic parameter (TEP) developed by

1.*3 and Bigorgne et al.** TEP is

Chadwick A. Tolman from the pioneering work of Strohmeier ef a
a quantitative measurement used to describe the electronic properties of ligands, particularly with
phosphines.*> This method synthesizes a [Ni(CO)3(L)] complex as a direct probe to measure the
electron donation of the ligand trans to the carbonyl group (Figure 1-3).* It is derived from the
stretching frequency of the carbonyl group (vco), which shifts based on the electron-donating or
withdrawing nature of the attached ligand.*> A lower TEP value indicates that the ligand is a strong
electron donor (more electron-rich), which leads to greater back-donation from the metal to the
carbonyl, resulting in a lower vco stretching frequency.*’ Conversely, a higher TEP value suggests
a weaker electron-donating ligand, correlating with a higher vco frequency.*® In 2005, Nolan and
coworkers used nickel-based system to measure the electronics of a number of common bulky
saturated and unsaturated NHCs to demonstrate that TEP can also work for NHC ligands.*® Results
showed that NHCs were more electron donating than even the most electron donating phosphines

in Tolman’s work.*¢ Due to the noxious nature of the metal complex precursor, [Ni(CO)4], nickel-

based probes are rarely used. The synthesis and analysis of other less toxic complex probes such



as [IrCI(CO)2(NHC)] and [RhCI(CO)2(NHC)] are preferred in recent years for the study of the

electron donating properties of NHCs (Figure 1-3).

5/ [L,MT(NHC)]
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Figure 1-3: Different methods to measure electronics of NHCs in literature

Due to the high costs associated with rhodium or iridium, other avenues have also been
explored in literature for studying ligand electronic properties. For example, the Hyunh electronic
parameter (HEP), developed by Huynh and colleagues, utilizes the '*C chemical shift of the
carbene carbon of a palladium(II)-benzimidazolylidene complex probe (Figure 1-3).*’ This is a
non-CO based system for investigations towards the electron donating properties of the NHC
ligand of interest. Another useful method called Lever electronic parameter (LEP) was developed
by Lever et al. and it is based on electrochemical Eo value for redox couples in series of Ru/Ru"
complexes containing the ligands of interest (Figure 1-3).*8>! This method is less explored as it

requires the use of less common electrochemical devices.

Tolman Cone Angle

%Vbur

Steric Maps

Figure 1-4: Steric descriptors for phosphines and NHCs



The steric parameters of phosphine ligands has historically been described by using the
Tolman cone angle as they typically exhibit cone like geometries.* This requires a crystal structure
to obtain data for this analysis. However, NHCs display a vastly different topography, and are
harder to describe their exact steric impacts. Therefore, various other techniques have been
developed to study the steric parameters of NHCs.?® One of the earliest technique employed was
single-crystal x-ray crystallography,®? which allows for the measurement of bond lengths and bond
angles around the carbene center. Additionally, computational analysis of structures has been
utilized, with one prominent technique being the percent buried volume (%Vgur) developed by
Cavallo and Nolan (Figure 1-4). The %Vgur quantifies the steric bulk of the ligand by representing
a ligand sphere that surrounds the metal center and determines the amount of space of this sphere
that is occupied by the ligand. While this method allows for the direct comparisons between NHCs,
the %Vaur gives average measurements which are not necessarily representative of the ligand’s
conformation. Furthermore, comparisons must be made using metal very similar metal complexes
consisting of the same metal, geometry and ancillary ligands for any meaningful results.
Considering this limitation, the latest advancement in quantifying the steric bulk of an NHC has
been the use of topographical steric maps (Figure 1-4). These maps provide a graphical
representation of the spatial distribution of the ligand around the metal center, highlighting areas
of steric hindrance rather than just a weighted average.>® The data required to calculate the %Vgur
as well as to generate these 3D steric maps can be conveniently obtained either by density
functional theory (DFT) studies or single-crystal x-ray crystallography data.>*>’ For direct
comparisons, complexes of similar structures should ideally be compared and commonly linear
complexes of Cu, Ag, or Au are used. One of the most important assets of the 3D steric maps is

that it allows for a more accurate depiction of the ligands’ behaviour during catalysis.>*>’



Specifically, steric maps can give a better depiction of open coordination sites on a transition metal

which is important for predicting catalytic activity.

Another significant feature of NHC metal complexes which differs from phosphine
complexes is their exceptional thermal and air stability which enables them to stabilize highly
reactive metal complexes. This is derived from their high bond dissociation energy (BDE), a
parameter reflecting the strength of the bond between the ligands and the metal in a complex. The
BDE of an NHC is crucial as it influences the stability, reactivity, and overall performance of the
metal complex in catalysis and other applications. Higher BDE values indicate stronger bonds,

contributing to the robustness and longevity of NHC-ligated complexes.

Table 1-1: BDE values (in kcal/mol) of select NHC and phosphine ligands in [Ni(CO)>(L)] and
[Ni(CO)3(L)] complexes

Ligand BDE of NHC in [Ni(CO)s(L)] BDE of NHC in [Ni(CO)2(L)]
IMes 41.1 46.5
SIMes 40.2 47.2
ICy 39.6 46.3
IPr 38.5 45.4
SIPr 38.0 46.1
IAd 20.4 46.5
P'Bus 28.0 34.3
PPh; 26.7 30.0
PHs 22.7 25.7

As shown in Table 1-1, are measured BDE’s of select NHCs and phosphines in literature.
The experimental values in Table 1-1, displays higher BDE values consistently with NHCs
compared to phosphines. This data was quantified by Nolan and coworkers using DFT calculations
optimizing for each ligand.* These values can also be obtained using solution calorimetric studies
which was demonstrated in 1999 by Nolan and coworkers.*® BDE studies provides a clear picture

of the differences between NHCs and phosphines as ligands in organometallic chemistry.



1.4 Important Catalytic Applications

As the exploration of transition metal-catalyzed reactions continues to advance, the
demand for a diverse array of ligands becomes increasingly critical. As discussed in Section 1.1,
ligands play an important role in influencing the activity of catalysts within these reactions. The
field of NHCs has expanded significantly to meet the specific requirement of various catalytic
processes. It is important to note that no single NHC ligand behaves uniformly across all reactions;
each NHC exhibits unique characteristics depending on the reaction it is used in. Consequently,
there is a growing need for a diverse and modular range of NHCs, prompting extensive research
into how structural modifications impact their steric and electronic properties and in turn influence
their catalytic performance. The following will provide an overview highlighting the influence of
utilizing various NHCs, with a focus on how the properties of each NHC impact the specific

reactions in which they are employed.

X M
Catalyst
—>
Base
X =halide M = Mg, Sn,
Zn, B, Si

L If M = Mg — Kumada; M = Zn — Negishi; M = Sn — Stille; M = B — Suzuki; M = Si - Hiyama)

Scheme 1-3: General reaction scheme of Pd-catalyzed coupling reactions

From the initial reports of Herrmann and coworkers,>% the use of Pd NHC complexes
have been extensively studied in transition metal catalysis and have had numerous applications.>*
In particular, Pd NHC complexes have been demonstrated to be highly active precatalysts in
several types of cross-coupling reactions.?? In general, cross coupling reactions feature the use of

aryl electrophiles such as aryl halides, and aryl organometallic nucleophiles (Scheme 1-3).5!
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Shown in Scheme 1-4 is the simplified mechanism of cross-coupling reactions illustrated using a
catalytic cycle. The mechanism begins with the activation of the Pd precatalyst (A) which is
followed by the oxidative addition of the aryl halide which results in intermediate B.?>®! This is
then followed by transmetallation with an organometallic reagent, where a second aryl group is
transferred to the palladium center resulting in intermediate C.?>®' The cycle goes through

reductive elimination generating the biaryl product and regenerating the catalyst (A).?>%!

L,Pd"
l Activation
A 1
I LPdo— Aty
Reductive A Oxid?a.tive
Eliminatio Addition
n
Ar
4 Ar

Transmetallation
M-X Ar'—M
Scheme 1-4: General catalytic cycle for cross-coupling reactions

Of the different types of cross coupling reactions, the most commonly utilized in chemical
synthesis is the Suzuki-Miyaura reaction (SMR). This coupling involves the use of aryl boronic
acids or esters in the presence of a base, and a great amount of Pd-NHC catalysts have been studied
in this reaction. An early example of a well-defined Pd-NHC catalyst used for SMR was reported
in 2002 by Herrmann and colleagues using [Pd(IAd).].®? This study reported results of [Pd(IAd)]
catalyzing the production of 4-phenyltoluene from 4-chlorotoluene and phenylboronic acid with

high turnover numbers (TON).%* Their reports of a highly active and sterically demanding NHC-
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ligated catalyst inspired the generation and investigations towards bulky NHCs in cross-coupling
reactions. In 2006, Organ and coworkers reported a successful family of PA-NHC complexes called
the PEPPSI (pyridine enhanced precatalyst preparation stabilization and initiation) complexes
(Figure 1-5).* The PEPPSI complexes features an NHC ligand as well as a 3-chloropyridine
ligand which dissociates from the Pd centre after the reduction to Pd(0). These complexes can be

easily prepared under air which avoids the use of tedious anhydrous conditions.

ﬁfﬁ é?:?% é? 35

Increasing Catalytic Activity

. J

@)

Y

Figure 1-5: Organ and coworkers PEPPSI complexes developed in 2006 used in SMR

In their report, Organ and coworkers utilized the SMR to demonstrate the effects of various
PEPPSI complexes coordinated to common sterically bulky NHC ligands (Figure 1-5).*? They
demonstrated that the sterically larger IPr-PEPPSI outperformed the less bulky NHC-ligated
PEPPSI complexes such as IMes-PEPPSI and was able to facilitate the cross-coupling of
challenging biaryls.*? Furthermore, IPr-PEPPSI was demonstrated to be highly stable and even
suitable for the challenging alkyl-alkyl SMR due to the bulky NHC ligand facilitating a fast

reductive elimination.??
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Figure 1-6: Organ and coworkers PEPPSI complexes developed in 2008 used in SMR

In 2008, Organ and coworkers developed [Pent-Pd-PEPPSI which was an excellent catalyst
for SMR of sterically demanding substrates generating tetra-ortho-substituted biaryls at mild
temperatures.®® IPent-Pd-PEPPSI features an even more sterically bulky NHC ligand that is
reported to be larger than IPr-PEPPSI (Figure 1-6). % IPent was studied alongside ligands shown
in Figure 1-6. The authors concluded that branched alkyl groups in the ortho-positions of the aryl
ring was beneficial compared to the more linear IBu NHC.%® They further supported their findings
in 2006 that increasing the bulk of the ligand improves catalyst performance and lastly, the design
of IPent with the branching alkyl groups allowed for conformational flexibility which was

necessary compared to CPent, with a cyclopentane group.®

The discovery and success of the PEPPSI complexes generated a cascading report of
bulkier catalysts featuring sterically hindered NHC ligands in literature. An excellent example of
sterically hindered class of NHC ligands in literature is the IPr* family. First developed by Marko
and coworkers, IPr* quickly became a staple in various catalytic applications that spans from an
assortment of cross-coupling reactions to olefin metathesis®* and semihydrogenations®>®® to name

a few. Similar to the PEPPSI complexes, the reactivity of this type of ligands has also been applied

13



to SMR. In 2012, Nolan and coworkers demonstrated the use of IPr* as an ancillary ligand in SMR
demonstrating high activity towards the formation of tetra-ortho-substituted biaryls under mild
conditions.® In the article, they also compared the steric bulk of IPr* compared to IPr, SIPr, and
anti-(2,7)-SICyoctNap substituted complex that was reported by Dorta’ as [Pd(NHC)(cin)CI]
analogues. The calculated %Vpgyr are shown in Table 1-2 and the %Vgur of IPr* is significantly
larger at 44.6%.% The applications of IPr* has exponentially expanded in cross-coupling reactions,
[PA(IPr*)(cin)Cl] is just one of several. Its use as ancillary ligands in well-defined transition metal
catalysts have been demonstrated in reactions such as the Buchwald-Hartwig aminations (BHA)

which is the formation of C-N bonds.®*7!-74

Table 1-2: Comparison of %Vgyr with [PA(NHC)(cin)Cl] analogues

Cyoct
& Cy°°t o Ph
N—N
&T\% &T& Cyoct T )ﬁ
\/ Cyoct Ph Pd Ph
Cyoct = cyclooctyl
[(IPr)Pd(cin)CI] [(SIPr)Pd(cin)CI] [(anti-(2,7)-SICyoctNap)Pd(cin)Cl] [(IPr*)Pd(cin)CI]

NHC %Veur?
IPr 36.7
SIPr 37.0
anti-(2,7)-SICyoctNap 42.0
IPr* 44.6

“Calculated experimentally.®

The quest for sterically hindered NHC ligands continues to grow in literature. The
applications of NHCs in literature span several applications in transition metal catalysis. Further

investigations to the design and tunability of NHC ligands are still being studied to this day.

14



1.5 Research Objectives

This chapter highlights the significance of the diverse array NHCs available in the
literature. Our research group has focused on exploring the synthesis and coordination chemistry
of NHC ligands with transition metals, aiming to leverage their potential in catalytic applications.
Our primary objective was to develop a straightforward synthesis of synthetically accessible NHC
ligands and to establish a practical approach for their metallation with transition metals. Chapter 2
describes our explorations into the synthesis of NHC copper complexes utilizing a weak base. The
primary focus of this work lies in the reproducibility and simplicity of the synthetic procedure.
This method avoids the use of a glovebox demonstrating a more accessible approach, making it
more practical. Additionally, this method benefits from faster times and the use of mild
temperatures, enhancing both efficiency and scalability. This chapter contributes to the burgeoning
field of weak-base methodologies for the metallation of NHCs with transition metals, offering an

alternative route that aligns with the growing demand for practical chemical processes.

Chapter 3 details our investigations into NHC ligands featuring 2,6-bis(alkoxyphenyl)
groups. Our research focuses on the development of synthetic procedures for these ligands as well
as the fine-tuning their steric parameters of these ligands, with a particular emphasis on increasing
their bulk. The literature on this specific type of NHC is limited, primarily due to the challenges
associated with their synthesis. Our exploration aims to develop a synthetic route that is both
accessible and reproducible. Additionally, we explored the metallation of these NHCs with various
transition metals, including copper, silver, and palladium. We further evaluated their catalytic

applications, particularly investigating trends related to changes in ligand size.

Finally, Chapter 4 focuses on the study of the electronic parameters of NHCs using species

that have been scarcely explored in the literature. Specifically, the use of (NHC)AgCN complexes
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as probes for the electronic properties of NHCs through IR spectroscopy of the bound cyanide
stretch, which would be trans to the NHC in this linear complex. This approach offers a cost-
effective alternative to the more commonly used complexes involving nickel, iridium, and
rhodium. Our research group has been working to develop a straightforward synthesis of
(NHC)AgCN complexes that can be performed under ambient conditions, thereby enhancing its

practicality and broadening its potential applications.
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Chapter 2

Convenient Preparation of Copper (I) N-Heterocyclic Carbene
Complexes under Mild Conditions

2.2 Introduction

Since their first report by Herrmann,> N-Heterocyclic carbenes (NHCs)!'®7>7 have been

extensively utilized as ligands in homogeneous catalysis.?* In particular, copper NHC complexes

7

have been attractive as catalysts in a wide variety of transformations,”’ including catalytic

78-80 81,82

hydrogenations, reductions of carbonyls, conjugate additions,®*** borylation of

85-88 89-92

unsaturated species, azide-alkyne cycloaddition reactions, and functionalization of carbon
dioxide.”*** Furthermore, Cu-NHC complexes have been demonstrated to act as carbene transfer
agents to other metals.”>” Often, the active catalyst is generated in situ from a copper salt and an
NHC-HX precursor; however, the benefits of a well-defined Cu-NHC catalyst have been

previously reported.?

a) Deprotonation Route:

NON® kou TN cux g-NegN-g
RNGNR — r-NNR —> 7 Y
@ .o Cu
Cl |
X

b) In Situ with Strong Base:

t
N/:\N(_D KO'Bu R’N\\FN\R
R™'~\ "R CuX Cu

©
Cl |
X

Scheme 2-1: Common synthetic routes of Cu-NHC complexes

While there have been many reported routes for the synthesis of (NHC) Cu(I) complexes,

they are commonly prepared by deprotonating the NHC salt precursor with a strong base, such as
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KO'Bu, resulting in the free carbene product, which is air and moisture sensitive (Scheme 2-1a).”’
The free carbene is then reacted with a Cu precursor to form the Cu(I)NHC complex.”” Similarly,
the free carbene can be generated in situ in a one-pot method using a strong base in the presence
of a Cu precursor to make the Cu(I)NHC complex (Scheme 2-1b). This method is particularly
useful in catalytic transformations, as the Cu-NHC species does not need to be isolated in
advance.?*¥1% Fyrthermore, treatment of NHC-HX salts in the presence of CuxO'?! with a weaker

base, NH3, has also been reported in the literature to generate Cu(I)NHC complexes.'%?

a) Weak-Base Route:

K,CO3 ___
— (3 equiv.)
Ao — R’NYN\R
R-NN-R  cux i
CI@ Acetone |u
60°C X
24 hours X = CI, Br, |
b) This Work:
NEt; —
— 10 equiv.
[\ (10 equi) R’N\\FN\R
R™'\r ""R CuX Cu
Cle Acetone |
60°C X
1 hour X=Cl, |

Scheme 2-2: Synthetic routes of Cu-NHC complexes using a weak base

A particularly attractive strategy to generate a variety of Cu(NHC)X (X = halide) type
complexes was reported by Cazin and Nolan, which uses a weak base, KoCO3, under air in acetone
solvent (Scheme 2-2a).!% This method has also been reported for other metals, such as gold.'*
The appealing nature of this “weak-base route” is the absence of an inert atmosphere or any type
of specialized equipment. This route allows for the facile synthesis of Cu-NHC complexes even

on a large scale, as well as by continuous flow!® or by ball milling.'%
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Although impressive, in some cases our group has observed inconsistent results with the
methodology using KoCOs as a base, often resulting in the re-isolation of the NHC-HX precursor
by '"H NMR spectroscopy. We hypothesized that this may be associated with the heterogeneous
nature of K»COs. As such, we reasoned that a homogeneous base may lead to higher reproducibility
while also reducing reaction times. Accordingly, Nolan’s group also reported the preparation of a
variety of NHC complexes bound to different transition and main group metals, utilizing the
inexpensive and convenient homogeneous base, triethylamine (NEt3).!%” Despite its mild nature,

108-110

NEt; has been extensively used in the metallation of different NHC ligands, most notably in

the formation of complexes possessing chelating functional groups or pincer-type complexes with

a variety of metals.!!!"113

To further expand this weak-base methodology, we were interested in investigating the
reactivity of Cu(I) halides with various NHC precursors using NEt; as a base under air (Scheme
2-2b). Herein, we report a convenient method to prepare [(NHC)CuX]-type complexes under mild

conditions and in a short reaction time.

2.3 Results and Discussion

We began by investigating the use of homogeneous amine bases for the preparation of Cu-
NHC complexes. Copper(I) chloride (CuCl) was treated with the commonly utilized NHC
precursor IPr-HCI in acetone with 3.0 equivalents of NEt; at 60°C. The resulting homogeneous
solution was stirred for 1 hour and [(IPr)CuCl] (2-1) was isolated in 38% yield after purification
by silica gel chromatography (Table 2-1, Entry 1). Increasing the reaction time to 3 hours resulted
in a yield increase to 70% (Table 2-1, Entry 2). Further extending the reaction time to 5 hours did
not yield any significant improvement compared to the 3-hour reaction (Table 2-1, Entry 3). We
then explored other reaction parameters, such as the equivalents of base. Increasing the base to 5.0
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equivalents for 3 hours did not produce a significant change in yield (Table 2-1, Entry 4). However,
increasing the base to 10.0 equivalents for 1 hour afforded a comparable 75% yield to the 3.0
equivalents reaction that had the reaction time of 3 hours (Table 2-1, Entry 5). Although the
reaction required a large excess of base, the short reaction time proved to beneficial for
convenience. These conditions were selected as optimal for further studies. Additionally, running
the reaction in an inert atmosphere offered no benefit, therefore, all subsequent reactions were

done under air.

Table 2-1: Generation of [(IPr)CuX] complexes with NEt3 as a base

NEt3 /—\
N /N CuX N\?N
Acetone c
60°C -
Cl

Entry CuX Product NEt; (equiv.) Time (h) 2Yield (%)
1 CuCl (IPr)CuCl (2-1) 3 1 38
2 CuCl (IPr)CuCl (2-1) 3 3 70
3 CuCl (IPr)CuCl (2-1) 3 5 61
4 CuCl (IPr)CuCl (2-1) 5 3 67
5 CuCl (IPr)CuCl (2-1) 10 1 75
6 Cul (IPr)Cul (2-2) 10 1 60
7 Cul (IPr)Cul (2-2) 2 24 39

Note: General Conditions: IPr-HCI (0.55 mmol), CuX (0.53 mmol), NEt3 (indicated amount) in
acetone (3.5 mL) at 60°C for the indicated time under air. “Isolated Yields. ®Using K,CO; as a
base.

We found that copper(I) iodide (Cul) also works as a copper precursor in place of CuCl
which resulted in achieving the product, [(IPr)Cul] (2-2), in 60% isolated yield (Table 2-1, Entry
6). For comparison, we tested Cazin and Nolan’s procedure'®* using K»COs as a base for 24 hours
(Table 2-1, Entry 7). This reaction resulted in a slightly lower yield. Moreover, other solvents such
as MeOH, THF, DCE, and iPrOH were also tested in place of acetone. MeOH, THF, and DCE

produced the product with comparable yield, whereas iPrOH failed to yield any product (Table
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2-2). In all cases, 'H NMR spectroscopy confirmed that the desired [(NHC)CuX] (X = Cl, I)

complex was the sole product after purification by silica gel column chromatography.

Table 2-2: Generation of [(IPr)CuCl] in different solvents

NEt;
N /N (100eqU|v NvN
CuCI
60°C, 1 hr

Entry Solvent aYield (%)
1 MeOH 75
2 THF 57
3 DCE 68
4 iPrOH 0

Note: General Conditions: IPr-HCI (0.55 mmol), CuX (0.53 mmol), NEt; (5.3 mmol) in solvent
(3.5 mL) at 60°C for the indicated time under air. “Isolated Yields.

We then tested the optimized procedure for generality with commonly utilized NHC
precursors such as IMes-HCI, SIPr-HCI, and SIMes-HCI with both CuCl and Cul (Table 2-3). The
reaction conditions were effective with IMes-HCI with CuCl giving [(IMes)CuCl] (2-3) in 92%
yield (Table 2-3, Entry 1). The saturated NHC precursors, SIMes-HCl and SIPr-HCI, reacted with
CuCl to give [(SIPr)CuCl] (2-4) and [(SIMes)CuCl] (2-5), however, we found that the yields for
these were lower compared to the unsaturated NHC precursors (Table 2-3, Entry 2 and 3). We
hypothesized that this may be due to the decreased acidity of the saturated NHC-HX precursors.
Additionally, we tested the reaction with IMes-HBF4 with CuCl and it resulted in [(IMes)CuCl]
(2-5) which indicates that the reaction conditions are tolerant to non-halide NHC salt counterions,

albeit with decreased yield (Table 2-3, Entry 4).
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Table 2-3: Preparation of [(NHC)CuX]-type complexes

NEt; [\
[\ ® (10 equiv.) R’N - N\R
R’NVN\R CuX g/
@CI Acetone |u
60°C, 1 hr X
X=Cl, I
Entry NHC-HX CuX Complex 2Yield (%)
1 IMes-HCI CuCl [(IMes)CuCl] (2-3) 92
2 SIPr-HCI CuCl [(SIPr)CuCl] (2-4) 61
3 SIMes-HCI CuCl [(SIMes)CuCl] (2-5) 25
4 IMes-HBF4 CuCl [(IMes)CuCl] (2-5) 44
5 SIPr-HClI Cul [(SIPr)Cul] (2-6) 46
5 IMes-HCl cul [(IMes)Cul] (2-7224C8[)(IMes)zCu][Culz] 9P
7 SIMes-HCI cul [(SIMes)Cul] (2-9()21([)()SIMes)zCu][Culz] 33b

General Conditions: NHC-HX (0.55 mmol), CuX (0.53 mmol), NEt3 (5.3 mmol), in acetone
(3.5 mL) at 60°C under air. *Isolated yields. ®"Combined yield of [(NHC)Cul] and
[(NHC),Cu][Cul2].

Moreover, the reaction conditions were effective with SIPr-HCl with Cul giving
[(SIPr)Cul] (2-6) in 46% yield (Table 2-3, Entry 5). However, when Cul was reacted with the
smaller ligands,?® IMes-HCI and SIMes-HCI1 (Table 2-3, Entry 6 and 7), additional NHC-
containing species was observed by 'H NMR spectroscopy (Figure 2-1 and Figure 2-2).% We
hypothesized that this was due to the formation of [(NHC),Cu][Culz] (2-8 and 2-10), which, have
been previously observed in other procedures (Figure 2-3). Interestingly, a bis(NHC) species was
never observed when instead using CuCl. We hypothesized that this may be related to the increased

lability of iodide relative to chloride in combination with the decreased steric parameters

associated with IMes and SIMes relative to IPr and SIPr, favouring a bis(NHC) product.
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Figure 2-1: 'H NMR spectrum of product mixture of [(IMes)Cul] and [(IMes).Cu][Cul]
*indicates [(IMes)>Cu] [Culz]
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Figure 2-2: 'H NMR spectrum of product mixture of [(SIMes)Cul] and [(SIMes)>Cu][Cul2].
*indicates [(SIMes):Cu][Cul>]
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Figure 2-3: [Cu(NHC)X] complexes prepared in this study

We also investigated the reaction conditions on larger scale to indicate scalability of this
reaction. Therefore, we tested the optimized conditions on 0.25 mmol of CuCl which represents a
five-fold increase in scale and a slightly decreased yield of 75% was isolated after purification
(Scheme 2-3). This result indicates general scalability of this reaction which illustrates its

practicality for applications in catalysis.
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Scheme 2-3: Larger scale synthesis of complex 2-5

To further test the limits of the ligand scope we also explored the use of the IPr* family of

114 which are significantly sterically bulkier NHC precursors. As such, we explored the use

ligands
of the remote functionalized NHC precursors [Pr*-HCI, p-F-IPr*-HCI, p-OMe-IPr*-HCI, p-Cl-
[Pr*-HCI, IPr#-HCIl, and p-morpholine-IPr*-HCI with CuCl (Table 2-4). Thus, also assessing any
potential impacts based on the electronic parameters of the ligands. Importantly, this family of

6367 a5 the high steric demand of

complexes have been found to be very active reduction catalysis,
these ligands help to stabilize monomeric (NHC)Cu-H type species.®® Previous reports of the
synthesis of CuCl complexes using these types of ligands involved harsh reagents, and an inert
atmosphere.5>!!> Therefore, the conditions in this study would be a more suitable way to address
potential limitations with synthesizing these complexes. Thus, we treated the sterically bulkier
NHC precursors using the optimized conditions (Table 2-4) and in all cases, '"H NMR spectroscopy
confirmed the formation of the desired complexes; [(IPr*)CuCl] (2-11), [(p-F-IPr*)CuCl] (2-12),
[(p-OMe-IPr*)CuCl] (2-13), [(p-CI-IPr*)CuCl] (2-14), and [(IPr#)CuCl] (2-15), respectively in
good to excellent yields (Figure 2-3). These results indicate that this procedure is truly general
with no issues with sterically larger ligands, or those featuring remote electronic functionalization.

Similar to the initial results, the general scalability of this reaction conditions was also applicable

to these species of ligands which further demonstrates its practicality.
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Table 2-4: Preparation of [(NHC)CuCl]-type complexes with sterically larger NHCs

NEt; [\
[\ @ (10 equiv.) R’N — N‘R
RT'~\7""R CuCl Cu
@CI Acetone |
60°C, 1 hr Cl
Entry NHC-HX Complex aYield (%)
1 IPr*-HCI [(IPr*)CuCl] (2-11) 82
2 p-F-1Pr*-HCI [(p-F-1Pr*)CuCl] (2-12) 91
3 p-OMe-IPr*-HCI [(p-OMe-IPr*)CuCl] (2-13) 73
4 p-Cl-1Pr*-HCI [(p-CI-IPr*)CuCl] (2-14) 76
5 IPr#-HCI [(IPr#)CuCl] (2-15) 89

Note: General Conditions: NHC-HX (0.55 mmol), CuX (0.53 mmol), NEt3 (5.3 mmol), in acetone
(3.5 mL) at 60°C under air. *Isolated yields.

2.4 Conclusions and Future Work

In conclusion, we report a new convenient protocol for the preparation of [(NHC)CuX] (X
= Cl, I) type complexes from simple copper salts and NHC precursors using NEt3 as a base. The
reaction was performed under air in acetone solvent in short reaction times. In general, unsaturated
NHC precursors, regardless of steric or electronic parameters, generally performed better
compared to the saturated NHC precursors, SIPr and SIMes. This may be associated with the
decreased acidity of the saturated NHC-HX salts relative to the unsaturated ones. Furthermore,
smaller ligands, IMes and SIMes, were found to have multiple products when reacted with Cul
which were not the case for SIPr and IPr. This study contributes to the growing number of synthetic
protocols for metal NHC complexes utilizing a weaker base which in turn results in milder reaction
conditions. We believe that the use of a homogeneous base will lead to greater reproducibility in
comparison to other protocols which may lead to widespread adoption. In particular, our method
may find applications in automated synthesis or in-situ generation in catalytic reactions featuring

NEt; as a base. Our group is currently pursuing the use of homogeneous bases in the preparation
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of other metal NHC complexes as well as further expanding the scope of what these reaction

conditions can achieve.

2.5 Experimental

General considerations: All manipulations were carried out under a nitrogen or argon atmosphere
unless otherwise noted using standard Schlenk techniques. All reagents were purchased from
commercial suppliers and used without further purification. Acetone, triethylamine, and copper
chloride were purchased from Fisher Scientific and used as received without further purification.
Copper iodide was purchased from Sigma—Aldrich. NHC precursors; IMes-HC,''® IMes-HBFa, !¢
SIMes-HCL,'"” IPr-HC1,!'® SIPr-HCI,>? IPr*-HCL,!'" p-F-IPr*-HCL,'!® p-CI-IPr*,'" p-OMe-IPr*-
HCL,'" and IPr#-HCI,'"® were synthesized by published procedures. Column chromatography was
performed using silica gel 60 (230400 mesh) purchased from Sigma—Aldrich. Thin layer
chromatography was performed using precoated Polygram® SIL G/UV2s4 TLC sheets, and spots
were visualized using a UV light at 254 nm. 'H NMR spectra were measured on a Varian INOVA
500 MHz or a Bruker Ascend 400 MHz spectrometer where noted at 298K. Chemical shifts are
reported in delta (0) units, expressed in parts per million (ppm) downfield from tetramethylsilane
(TMS) using residual protonated solvent as an internal standard (CDCl3 7.27 ppm). *C {'H} NMR
spectra were recorded at 126 MHz or 101 MHz where noted. Chemical shifts are reported as above
using the solvent as an internal standard (CDCls, 77.23 ppm). Metallation reactions were
conducted in 16 x 125 culture tubes purchased from VWR. High-resolution mass spectrometry
was performed by the Water Quality Centre at Trent University using a Thermo Qexactive Orbitrap

ESI in the positive ion mode, with samples dissolved into a MeOH solution for analysis.

General procedure for the preparation of [(NHC)CuX]
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A culture tube was charged with copper(I) chloride or copper(I) iodide (0.53 mmol), NHC-
HCl salt (0.55 mmol) and acetone (3.5 mL) under air. The tube was sealed and heated to 60°C for
5 min, typically resulting in a homogeneous solution. The tube was then cooled to room
temperature, and NEt3 (740 pL, 5.3 mmol, 10 equiv.) was added via a micropipette. The tube was
resealed and heated for an additional 60 min at 60°C. After returning the reaction to room
temperature, all volatiles were removed in vacuo, and the residue was dispersed into CH>Cl» and
applied to a short pad of silica gel, washing with CH2Cl,.The CH2Cl, was removed in vacuo using
a rotary evaporator to give a solid product. *The product can be further purified by layering

hexanes to a concentrated solution of CH>Cl.

Synthesis of [(IPr)CuCl] (2-1)

N/=\N The general procedure was followed using CuCl (52.4 mg, 0.53 mmol)
; \r and IPr-HCI (233.8 mg, 0.55 mmol) in acetone (3.5 mL) with NEt; (740
Cl

uL, 5.30 mmol) for 60 min at 60°C, giving 2-1 in 194.3 mg (75%) as a
white solid. 'TH NMR (500 MHz, CDCl3): 4 7.51 (t, J = 7.8 Hz, 2H), 7.31 (d, J = 7.8 Hz, 4H),
7.14 (s, 2H), 2.58 (s, J = 6.8 Hz, 4H), 1.32 (d, /= 6.8 Hz, 12H), 1.24 (d, J = 6.8 Hz, 12H) ppm.
BC{'H} NMR (126 MHz, CDCl3): 5 180.9, 145.8, 134.6, 130.8, 124.4, 123.3, 28.9, 25.0, 24.1

ppm. HRMS (ESI+, m/z): calc’d for C27H36CuN2 [M — CI1]" 451.2175, found 451.2164.

Synthesis of [(IPr)Cul] (2-2)

N/=\N The general procedure was followed using Cul (100.9 mg, 0.53 mmol)
; \r and IPr-HCI (233.8 mg, 0.55 mmol) in acetone (3.5 mL) with NEt3 (740
I

uL, 5.3 mmol) for 60 min at 60°C, giving 2-2 in 186.3 mg (60%) as a
white solid. "TH NMR (500 MHz, CDCl3): 8 7.51 (t, J = 7.8 Hz, 2H), 7.31 (d, J = 7.8 Hz, 4H),

7.15 (s, 2H), 2.60 (s, J = 6.9 Hz, 4H), 1.32 (d, /= 6.9 Hz, 12H), 1.24 (d, J = 6.9 Hz, 12H) ppm.
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BC{'H} NMR (126 MHz, CDCl3): 5 182.6, 145.8, 134.4, 130.8, 124.4, 123.3, 28.9, 25.0, 24.1

ppm. HRMS (ESI+, m/z): calc’d for C27H36CuN2 [M —I]" 451.2175, found 451.2164.

Synthesis of [(IMes)CuCl] (2-3)

E N/=\N \ The general procedure was followed using CuCl (52.4 mg, 0.53
g: mmol) and IMes-HCI (187.5 mg, 0.55 mmol) in acetone (3.5 mL)

cl with NEt3 (740 uL, 5.3 mmol) for 60 min at 60°C, giving 2-3 in

197.0 mg (92%) as an off-white solid. '"H NMR (500 MHz, CDCl3): 6 7.07 (br, 2H), 7.01 (s, 4H),
2.35 (s, 6H), 2.11 (s, 12H) ppm. BC{'H} NMR (126 MHz, CDCls): 5 179.2, 139.7, 134.7, 129.7,
122.4, 21.3, 17.9 ppm. HRMS (ESI+, m/z): calc’d for C42HasCuN4 [(2M) — CuClo]" 671.3175,

found 671.3164.

Synthesis of [(SIPr)CuCl] (2-4)

N/_\N The general procedure was followed using CuCl (52.4 mg, 0.53 mmol)
; \r and SIPr-HCl (235.2 mg, 0.55 mmol) in acetone (3.5 mL) with NEt; (740
Cl

uL, 5.3 mmol) for 60 min at 60°C, giving 2-4 in 158.4 mg (61%) as a
white solid. "H NMR (500 MHz, CDCls): 6 7.42 (t, J = 7.7 Hz, 2H), 7.26 (d, J = 7.8 Hz, 4H),
4.03 (s, 4H), 3.08 (s, J = 6.9 Hz, 4H), 1.38 (d, /= 6.9 Hz, 12H), 1.36 (d, /= 6.9 Hz, 12H) ppm.
BC{'H} NMR (126 MHz, CDCl3): 5 203.2, 146.8, 134.6, 130.1, 124.8, 53.9, 29.1, 25.7, 24.1

ppm. HRMS (ESI+, m/z): calc’d for C27H3sCuN2 [M — CI]" 453.2331, found 453.2319.

Synthesis of [(SIMes)CuCl] (2-5)

E N/_\N \ The general procedure was followed using CuCl (263.3 mg, 2.66
;E mmol) and SIMes—HCI (946.4 mg, 2.76 mmol) in acetone (17.5

cl mL) with NEt; (3.7 mL, 26.5 mmol) for 60 min at 60°C, giving 2-5

in 798.2 mg (74%) as a white solid. "H NMR (500 MHz, CDCls): 8 6.97 (s, 4H), 3.96 (s, 4H),
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2.33 (s, 12H), 2.31 (s, 6H) ppm. *C{'H} NMR (126 MHz, CDCL3): § 202.8, 138.8, 135.6, 135.2,
130.0, 51.2, 21.2, 18.2 ppm. HRMS (ESI+, m/%): calc’d for CoyHs;CuNy [(2M) — CuCL]"

675.3488, found 675.3479.

Synthesis of [(SIPr)Cul] (2-6)

N/_\N The general procedure was followed using Cul (100.9 mg, 0.53 mmol)
; \r and SIPr-HCI (235.4 mg, 0.55 mmol) in acetone (3.5 mL) with NEt3 (740
I

uL, 5.3 mmol) for 60 min at 60°C, giving 2-6 in 144.4 mg (46%) as a
white solid. 'TH NMR (500 MHz, CDCI3): § 7.42 (t, J = 7.8 Hz, 2H), 7.26 (d, J = 7.8 Hz, 4H),
4.04 (s, 4H), 3.09 (s, J = 6.9 Hz, 1H), 1.39 (d, /= 6.9 Hz, 12H), 1.36 (d, J = 6.9 Hz, 12H) ppm.
BC{'H} NMR (126 MHz, CDCl3): § 204.7, 146.8, 134.4, 130.1, 124.9, 124.7, 53.9, 29.3, 29.1,
29.0,28.9, 25.7, 25.6, 24.2 ppm. HRMS (ESI+, m/z): calc’d for C27H3sCuN, [M — CI]" 453.2331,
found 453.2321.

Larger Scale Synthesis of [(IMes)CuCl|]

The general procedure was followed using CuCl (263.3 mg, 2.66 mmol) and IMes—HCl
(946.6 mg, 2.76 mmol) in acetone (17.5 mL) with NEt; (3.7 mL, 26.5 mmol) for 60 min at 60°C,
giving 2-3 in 804.7 mg (75%) as an off-white solid. The spectral data were consistent with our
other preparations of 2-3.
Synthesis of [(IMes)CuCl] using IMes-HBF4

The general procedure was followed using CuCl (52.4 mg, 0.53 mmol) and IMes—HBF4
(215.6 mg, 0.55 mmol) in acetone (3.5 mL) with NEt; (740 pL, 5.3 mmol) for 60 min at 60°C,
giving 2-3 in 94.1 mg (44%) as an off-white solid. The spectral data were consistent with our other

preparations of 2-3.

Synthesis of [(IPr*)CuCl] (2-11)
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Ph Ph The general procedure was followed using CuCl (52.4 mg, 0.53
Ph /\ Ph

N\TN mmol) and IPr*-HCI (522.5 mg, 0.55 mmol) in acetone (3.5 mL)
Ph=) Cu ©ph : : o e .
Ph CI:I Ph with NEt3 (740 pL, 5.3 mmol) for 60 min at 60°C, giving 2-11 in

443.7 mg (82%) as an off-white solid. '"H NMR (400 MHz, CDCl3): 6 7.22 — 7.14 (m, 24H), 7.02
(d,J= 6.65 Hz, 8H), 6.90 (dd, J = 6.47, 3.04 Hz, 8H), 6.85 (s, 4H), 5.82 (s, 2H), 5.21 (s, 4H), 2.23
(s, 6H) ppm. BC{'H} NMR (126 MHz, CDCL): 5 180.6, 143.3, 142.5, 141.1, 140.2, 134.4, 130.4,
129.8,129.6, 128.8,128.6, 126.8, 126.8, 123.4, 51.4, 22.0 ppm. Spectral data matches literature.'!”

HRMS (ESI+, m/z): calc’d for CeoHssCuN2 [M — CI]" 975.3740, found 975.3737.

Synthesis of [(p-F-IPr*)CuCl] (2-12)

Ph Ph The general procedure was followed using CuCl (52.4 mg, 0.53
Ph [\ Ph
N—N

F T F

Cu
T mL) with NEt; (740 uL, 5.3 mmol) for 60 min at 60°C, giving 2-

Cl
12 in 465.7 mg (91%) as an off-white solid. "H NMR (400 MHz, CDCl3): 6 7.25 — 7.16 (m, 24H),

mmol) and p-F-IPr*-HCI (526.7 mg, 0.55 mmol) in acetone (3.5

7.05-6.97 (m, 8H), 6.93 — 6.83 (m, 8H), 6.78 (d, J=8.97 Hz, 4H), 5.82 (s, 2H), 5.20 (s, 4H) ppm.
BC{'H} NMR (101 MHz, CDCls): & 181.2, 163.1 (d, J = 250.99 Hz), 144.4 (d, J = 7.96 Hz),
142.4, 141.6, 132.5 (d, J = 3.10 Hz), 129.6, 129.4, 129.1, 128.8, 127.3 (d, J = 2.25 Hz), 123.5,
117.0 (d, J = 23.95 Hz), 51.6 ppm. HRMS (ESI+, m/z): calc’d for Ce7HsoCuF2N2 [M — CIJ*

983.3238, found 983.3240.

Synthesis of [(p-OMe-1Pr*)CuCl] (2-13)

Ph Ph The general procedure was followed using CuCl (52.4 mg,
Ph /\ Ph
N\TN 0.53 mmol) and p-OMe-IPr*-HCl (539.9 mg, 0.55 mmol) in
MeO OMe
Ph=1 Cu ©pn : -
Ph | Ph acetone (3.5 mL) with NEt; (740 pL, 5.3 mmol) for 60 min

Cl
at 60°C, giving 2-13 in 404.7 mg (73%) as a light brown solid. 'H NMR (500 MHz, CDCls): §
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7.2~ 7.1 (m, 24H), 7.1 — 7.0 (m, 8H), 6.9 — 6.9 (m, 8H), 6.6 (s, 4H), 5.8 (s, 2H), 5.2 (s, 4H), 3.6
(s, 6H) ppm. 3C{'H} NMR (126 MHz, CDCls): 5 181.3, 160.2, 143.1, 143.0, 142.3, 129.7, 129.5,
128.9, 128.6, 126.9, 123.6, 115.1, 55.3, 51.6 ppm. HRMS (ESI+, m/z): calc’d for CeoHssCuN,0,

[M — CI1]" 1007.3638, found 1007.3621.

Synthesis of [(p-CI-IPr*)CuCl] (2-14)
Ph Ph The general procedure was followed using CuCl (52.4 mg, 0.53
Ph =\ Ph
N—N

Cl \r Cl

Cu
I:’hPh | PhPh mL) with NEt3 (740 pL, 5.3 mmol) for 60 min at 60°C, giving 2-

Cl
14 in 425.3 mg (76%) as an off-white solid. "TH NMR (400 MHz, CDCl3): § 7.3 — 7.1 (m, 24H),

mmol) and p-Cl-IPr*-HCI (544.8 mg, 0.55 mmol) in acetone (3.5

7.0 (s, 4H), 7.0 — 7.0 (m, 8H), 6.9 — 6.8 (m, 8H), 5.8 (s, 2H), 5.2 (s, 4H) ppm. 3C{'H} NMR (101
MHz, CDCls): 6 180.7, 143.5, 142.3, 141.4,136.7, 135.1, 130.0, 129.6, 129.4, 129.1, 128.8, 127.3,
127.3, 123.4, 51.5 ppm. HRMS (ESI+, m/z): calc’d for Ce7HsoCl,CuN2 [M — CI1]" 1015.2647,

found 1015.2657.

Synthesis of [(IPr#)CuCl] (2-15)

Ph Ph The general procedure was followed using CuCl (52.4 mg,
Ph /\ Ph
N—N - i
Ph \r Ph 0.53 mmol) and IPr#-HCl (689.7 mg, 0.55 mmol) in
Ph Phe C|“ Cpn Ph acetone (3.5 mL) with NEt; (740 uL, 5.3 mmol) for 60 min
Cl

at 60°C, giving 2-15 in 625.5 mg (89%) as an off-white solid. '"H NMR (400 MHz, CDCl3): 5 7.2
— 7.0 (m, 36H), 7.0 — 6.9 (m, 16H), 6.8 — 6.8 (m, 12H), 5.9 (s, 2H), 5.4 (s, 2H), 5.2 (s, 4H) ppm.
BC{'H} NMR (101 MHz, CDCl3): 5 180.6, 145.8, 143.2, 143.1, 142.2, 141.1, 134.8, 130.9, 129.5,
129.4,129.4,128.7, 128.5, 128.5, 126.8, 126.7, 126.5, 56.3, 51.5 ppm. HRMS (ESI+, m/z): calc’d

for Co3H72CuNz [M — CI]" 1279.4992, found 1279.4982.
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Chapter 3

Design and Synthesis of 2,6-bis-Alkoxyphenyl N-Heterocyclic Carbenes
for Applications in Transition Metal Catalysis

3.1 Introduction

3.1.1 N-Heterocyclic Carbenes

As highlighted in Chapter 1, N-Heterocyclic carbenes (NHCs) are a class of ligand in
organometallic chemistry that have been shown to possess stronger electron donating abilities than
phosphine ligands, which renders their metal complexes very electron rich.!” Furthermore, they
have particularly high bond dissociation energies (BDE) to metals and this commonly results in
air, moisture and often thermally stable metal complexes.’® NHCs have been heavily utilized as

ligands in transition metal catalysis, most notably in palladium?*2¢

catalyzed cross coupling
reactions and ruthenium'? olefin metathesis. Similarly, as highlighted in Chapter 2, copper(I)

NHC complexes have been heavily reported in a number of transformations in homogeneous

catalysis.!?!

&b, Ao G55 58

Plenio Bullock and Tran Cesar Organ

Figure 3-1: Select examples of electronically tuned NHCs in literature

NHC:s are highly tunable and a major theme of research with NHCs has been dedicated to
structural modifications to enhance or modify their properties in catalysis. In this regard, Plenio

and coworkers demonstrated that the incorporation of various functional groups into the para-
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position of the aryl wingtip groups allows for electronic tunability (Figure 3-1).!22 The
incorporation of functional groups into the para- position has been further investigated by Bullock,
Tran and coworkers who demonstrated the direct impacts of these modifications on the properties
of the metal.®>%® Consequently, Organ and coworkers have demonstrated that precatalysts
featuring NHC ligands with electron withdrawing groups to the imidazolium ring display
drastically higher catalytic activity in challenging Buchwald-Hartwig amination (BHA) reactions
of aryl chlorides (Figure 3-1).!2* This was hypothesized to be related to the decrease in pK, of an
amine bound Pd(II) intermediate in the rate limiting deprotonation step of the reaction. Similarly,
César and coworkers reported that the incorporation of electron donating dimethylamino groups
similarly resulted in much higher catalytic activity in BHA reactions of aryl tosylates (Figure
3-1).!12* This was hypothesized to be associated with the facilitation of the rate limiting oxidative

addition of the C-O bond in the substrate.

gNC\N\Q @\/NQN\Q QN/;\N
A
O 2
\
Luning O O Glorius

N/

Schrodi

Figure 3-2: Select examples of 2,6-bis(alkoxyphenyl) substituted NHCs in literature

Modifications to the ortho- position of the aryl wingtip groups have also been reported to have
beneficial impacts in catalysis. In this regard, Schrodi and coworkers reported that NHCs featuring

methoxyethoxy substituents displayed rate enhancement in the ring closing metathesis reactions
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(Figure 3-2).'% In this report, hemilabile coordination was postulated to be the origin of increased
catalyst activity.!? Furthermore, reports by Glorius and coworkers'?® as well as Liining and
coworkers'?” of NHCs featuring 2,6-bis(alkoxyphenyl) substituents showed promising results in
catalysis (Figure 3-2). Despite these examples, NHCs featuring 2,6-bis(alkoxyphenyl) wingtip
groups have been scarcely explored as ligands for transition metals. Furthermore, sterically bulky
and electron rich NHC ligands have been reported to be challenging to synthesize with lengthy
procedures.!?®1?% As such, we endeavored to develop new synthetic protocols for NHC ligands
featuring 2,6-bis(alkoxyphenyl) wingtip groups and investigate their metallation for the

preparation of transition metal complexes to be used in catalysis (Figure 3-3).
N o L

o SR} R
C(m“@ C(m“@ C( @ C(V@ C({;@

This species of NHC ligands offer synthetic accessibility as we hypothesized that we could

Figure 3-3: NHCs featuring 2,6-bis(alkoxyphenyl) substituents

tune the steric parameters of the NHC by increasing or decreasing the size of the alkyl chains in
the ortho- positions of the wingtip groups. Moreover, the addition of alkoxy substituents should
increase the electron donating properties of the ligand resulting in more electron rich ligands which

may find a unique place in catalysis.

3.1.2 Copper Hydrides for Reduction of Carbonyl Containing Compounds

The use of NHCs as ancillary ligands in copper-mediated catalysis has become a

burgeoning field of research.””'?! Since Arduengo’s reports of the first NHC-ligated copper in
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1993,1%% a diverse scope of reactions catalyzed by these complexes have been studied.'?! Ligated
copper (I) hydride (Cu-H) generated from [Cu(NHC)X] (where X = halide) has been showed to be
highly reactive in reduction of carbonyl containing compounds® and semihydrogenation of
alkynes.” [Cu(NHC)X] type species have been reported to be air and moisture stable and suitable
for long term storage under ambient conditions'?! and can be prepared by several routes.!%!3! It
has been demonstrated that NHC ligands containing sterically bulky groups destabilize
[(NHC)CuH]> dimers which form as off-cycle resting states in catalytic reactions by steric
repulsion (Scheme 3-1).°” Sterically hindered groups help push the equilibrium towards the
[(NHC)CuH] monomeric species which has been shown to be more reactive than the
[(NHC)CuH]z dimer species towards less electrophilic substrates.®® In addition to steric bulk, the
strong electron donating ability of the many NHC ligands has been shown to result in higher copper

hydride migratory insertion reactivity into different unsaturated functionalities allowing for low

catalyst loadings leading to milder reaction conditions.!*?

Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph
Ph = Ph Ph =\ Ph Ph =\ Ph Ph = Ph Ph =\ Ph
NN NN NN NN NN
[¢]] = Cl  Me = Me Et = Et MeO = OMe tBu = tBu
o I Ph o I Ph o I Ph o I Ph o PhPh

Substrate Insertion Rate

Ph Ph
N\./N
Ph Cu Ph /&NVNﬁ\ R1 — R? N\./Nﬁ
P
Ph Cu Ph Ph Cu Pph
1 \ H
N"\N
Ph Ph R?
Ph

Scheme 3-1: Steric effects of the wingtip groups towards monomer-dimer equilibrium

These results demonstrate the importance of both steric and electronic tuning of NHCs for
the optimal reactivity of metal complexes. As such, we propose to investigate the synthesis and

coordination chemistry of NHC ligands containing 2,6-bis(alkoxyphenyl) wingtip groups as we
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propose that these will not only result in very electron rich metal centers, but also provide a runway

for steric modularity.

3.1.3 Pd-NHC Complexes for Homogeneous Catalysis

Due to their properties, NHCs have had a tremendous impact in the field of palladium
catalyzed cross coupling reactions.?® Their strong electron donating capabilities have helped to
facilitate the activation of strong bonds through oxidative addition processes.?>*® Furthermore,
their high BDEs with metal centers result in transition metal complexes that are very stable to

decomposition pathways, generally resulting in very high turnover numbers.>®

( \
X M
©/ O/ Catalyst
—>
Base O

. M = Mg, Sn
X = ) ]
\ halide Zn. B, Si )

If M = Mg — Kumada; M = Zn — Negishi; M = Sn — Stille; M = B — Suzuki; M = Si - Hiyama

Scheme 3-2: General scheme of transition metal catalyzed cross coupling reactions

Palladium catalyzed cross coupling reactions has been a widely used method in the
generation of new sp?-sp? C-C bonds.'** In general, these reactions feature the use of aryl
electrophiles such as aryl halides, and aryl organometallic nucleophiles (Scheme 3-2).!3* The
properties of the ligand have the capability to influence the catalyst performance of the reaction.!*>
Specifically, the oxidative addition of the aryl electrophiles is facilitated by electron rich
complexes, and the reductive elimination is facilitated by sterically bulky ligands. As a result of
their strong o-donating abilities, and large steric bulk, NHCs have been excellent ligands in Pd

catalyzed cross coupling.
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It i1s within our interest to study the properties of the 2,6-bis(alkoxyphenyl) substituted
NHC ligands for its applications in Pd catalyzed cross coupling reactions. More specifically, we
aim to investigate their effects in the widely used Suzuki-Miyaura reaction (SMR) which has
become instrumental in the synthesis of pharmaceutical agents.®! These ligands are expected to be
more electron rich than the standard NHCs yet benefit from steric tunability by the incorporation
of alkyl groups by simple alkylation reactions. The steric tunability provided by these novel NHC

ligands would be ideal for their implementation in catalytic reactions.
3.2 Results and Discussion

3.2.1 Ligand Synthesis

Following a report by Liining and coworkers,'*® we began by developing a synthetic route
consisting of five steps to generate the RO-NHC-HX salts (Scheme 3-3). The proposed synthesis
begins with the alkylation of commercially available 2-nitroresorcinol, followed by the reduction
of the nitro functional group, thus synthesizing a 2,6-bis(alkoxy) aniline. The aniline would then
be reacted with oxalyl chloride to synthesize a diamide, which would be reduced with lithium
aluminum hydride (LiAlH4). The resulting diamine would be ring closed with triethyl orthoformate

under acidic conditions producing the RO-NHC-HX salt.

R
_R R !
OH (0] (0] R\O OO
NO, K,CO3 NO, Fe NH, 1/, (COCI), H
________ X L Fe 112 (©00); A
X
oH R o EtOH/H,0 o NEts O H o.
| 1 (0] R
2-nitroresorcinol R R Fli

R = Me, Et, nPr, iPr, nBu

R, R R, R
1) LiAlH, NH HN NH X N/ ,\N
---------- > R e
N HC(OEt), o
2) H30 (,) Q P " Q
R R B R

3
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Scheme 3-3: Proposed synthesis of RO-NHC-HX salt

We began by reacting 2-nitroresorcinol with an excess of alkyl halide and using K>COs3 as
a base at reflux in CH3CN or DMF (Scheme 3-4). This procedure proved to be successful and
applicable towards a variety of alkyl groups (methyl, ethyl, n-propyl, iso-propyl, and n-butyl) as
well as high yielding with isolated yields ranging from 97-99%. The resulting products were
characterized by using GC-MS, as well as 'H and *C {'"H} NMR spectroscopy which confirmed
the structure of the products that were isolated. We then proceeded to use the isolated products
without further purification in the reduction of the nitro group using Fe metal as a reducing agent

under acidic conditions.

OH (@)

R~ >
oH DMF/CH,CN o

60°C/85°C I

R = Me (3-1) 99%
Et (3-2) 99%
n-Pr (3-3) 99%
i-Pr (3-4) 97%
n-Bu (3-5) 99%

Scheme 3-4: Alkylation of 2-nitroresorcinol

The alkylated nitro aromatics 3-1 to 3-5 were reacted with excess Fe (4.0 equiv.) in the
presence of an excess of NH4Cl (4.0 equiv.) at 90°C in a 2:1 mixture of EtOH and H>O for 18
hours (Scheme 3-5). While we successfully isolated product from this reaction, the initial isolated
yields were unsatisfactory, ranging from 20-30%. This inefficiency represented a problem as this
was early in the multistep synthesis. As full conversion of the starting material was observed by
TLC, we hypothesized that our low yields stemmed from the workup process. Specifically, we

proposed that the residual ethanol solvent proved challenging for separation and isolation of our
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desired product during aqueous workup. As such, removal of the ethanol solvent in vacuo prior to
aqueous workup was investigated, which dramatically increased our isolated yields to 70-90% of
3-6 to 3-10. Moreover, we found that it was pertinent for the product to have minimal residual Fe
in order to synthesize a clean product for the next steps of the synthesis. As such, careful filtration
through Celite® along with careful purification using silica gel chromatography ensures the

product’s high purity.
R Fe powder (4.0 equiv.)  Rsg

NO, NH,4CI (4.0 equiv.) NH,
2:1 EtOH:H,0 0

(@]
1 90°C, 18 hrs 1
R

R = Me (3-6) 79%
Et (3-7) 85%
n-Pr (3-8) 85%
i-Pr (3-9) 77%
n-Bu (3-10) 90%

Scheme 3-5: Synthesis of 2,6-bis(alkoxy) aniline precursors by Fe reduction

Following the synthetic pathway in Scheme 3-3, we next reacted the sterically smaller
anilines, 3-6 and 3-7, with oxalyl chloride in the presence of the base, NEt3, in anhydrous THF at
room temperature for 18 hours (Scheme 3-6). We faced a major challenge with the isolation of 3-
11 as it seems to be insoluble in common organic solvents such as EtOAc. This feat led to a difficult
extraction, and we failed to isolate 3-11 for analysis. As for the reaction with 3-7, were able to
isolate product 3-12 by extracting it with EtOAc and washing it with H,O. We observed
inconsistent and low yielding results, likely related to solubility issues associated with the

corresponding amide products.
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R= Me (3-11) 79%
Et (3-12) 85%
n-Pr (3-13) 85%
i-Pr (3-14) 77%
n-Bu (3-15) 90%

Scheme 3-6: Synthesis of the RO-amide precursors

We reviewed procedures from literature and examined a related procedure reported by
Schrodi et al.'® Precipitation of the product by slowly layering hexanes in a concentrated solution
of CH,Cl, afforded us 3-12 to 3-15. However, this workup failed to successfully isolate compound
3-11. In addition, analyses by 'H NMR spectroscopy revealed minor impurities which we
hypothesized to be residual ammonium salts. We therefore changed the workup process once more
and we found that products 3-12 to 3-15 were not soluble in H>O, but the ammonium salts were,
thus, the crude mixture was dispersed in copious amounts of H>O to dissolve the ammonium salts.
The aqueous solution was filtered, and the product was washed with hexanes/Et2O to remove
further organic impurities leading us to good to excellent yields of compounds 3-12 to 3-15.

Due to the success of the isolation of compounds 3-12 to 3-15, we applied the same workup
conditions, and successfully isolated 3-11 in excellent yields. Analyses of compounds 3-11 to 3-
15 by GC-MS as well as 'H and "*C{'H} NMR spectroscopy confirmed we have successfully

synthesized our products with high purity.
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Scheme 3-7: Synthesis of RO-diamine precursor via LiAlH4 reduction

The reduction of the amide precursors followed, and we were successful at reducing amide
precursors, 3-11 and 3-12, using 5.0 equivalents of LiAlH4 in anhydrous THF at 60°C for 18 hours
(Scheme 3-7). Upon completion of the reaction by TLC analysis, the excess LiAlH4 was quenched
with the slow addition of EtOAc and MeOH then H>O resulting in the significant formation of
insoluble salts. These salts were filtered through Celite® before extracting the product into EtOAc
which resulted in an oil product which we opted to carry through without further purification. The
oil product was characterized by 'H NMR spectroscopy as well as GC-MS revealing the diamines
3-16 and 3-17.

As we increased the steric bulk of the alkyl substituents, major challenges were
encountered with this procedure. We first attempted to reduce 3-13 under the same conditions but
unfortunately, full conversion of the starting material was not observed by TLC. This was
confirmed further by GC-MS analysis of the reaction mixture which showed a peak for the residual
amide precursor. Additionally, residual NH protons about the amide were observed in the 'TH NMR
spectrum. Initially, we attempted to circumvent this issue by increasing the equivalents of LiAlH4
(>10 equiv.) and extend heating times (48 — 72 hours). Unfortunately, in all cases we observed
incomplete conversion. These results were also observed with amide precursors, 3-14 and 3-15.
We hypothesize the origin of this to be steric in nature, as the amide carbonyl is more sterically

shielded by the increasing size of the R groups in precursors 3-13 to 3-15.
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Scheme 3-8: Synthesis of RO-diamine precursor via Red-Al® reduction

To help mitigate this problem, we investigated the use of sodium bis(2-methoxyethoxy)
aluminum hydride (Red-Al®) as an alternative reducing agent which was inspired by reports by
Schrodi et al.'® In contrast to LiAlH4, Red-Al® is fully homogeneous in many organic solvents,
which should facilitate this reaction kinetically, which may translate to higher reactivity. Indeed,
Red-Al® successfully reduced 3-13, along with 3-14 and 3-15 achieving compounds 3-18 to 3-20
in high yields (Scheme 3-8). In all cases, full conversion of the starting material to the product
was observed by TLC as well as results from the analysis of the products using the GC-MS showed

one peak which was the m/z values of the reduced products 3-18 to 3-20 which was 444.2, 444.2,

and 501.3, representing the [M]" of these products respectively.

R. R R, R
0 0 0 0
NHHN NH,CI (1.7 equiv.) ' \2
> 7
HC(OEt)s
o) (o) 110°C, 18 hrs 0O © O
] \ | Cl \
R R R R

R = Me (3-21) 0%
Et (3-22) 47%

Scheme 3-9: Attempts to synthesize RO-NHC-HCI salts

With the diamine precursors in hand, 3-16 to 3-20, we began the ring closing procedure

with triethyl orthoformate under acidic conditions. We initially treated 3-16 and 3-17 with NH4Cl
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in triethyl orthoformate at 110°C for 18 hours to synthesize RO-NHC-HCI salts 3-21 and 3-22
(Scheme 3-9). Unfortunately, the isolation of 3-21 failed as we isolated an insoluble oily mixture
which presented intractable mixtures by 'H NMR spectroscopy.

Continuing to the isolation process of compound 3-22, the product was isolated by
extraction into CH>Cl» and was characterized by 'H NMR spectroscopy. The 'H NMR spectrum
of the chloride salt displayed multiple products and impurities. We attempted a myriad of ways to
purify the crude compounds starting with recrystallization by layering hexanes onto a concentrated
solution of CH,Cl> which resulted in a minimal amount of product. Additionally, the '"H NMR
spectrum of the recrystallized product showed numerous impurities. We then tried to recrystallize
the crude product by layering hexanes onto a concentrated solution of isopropanol. Unfortunately,
no crystals were formed from this recrystallization attempt. We then proceeded to adjust the ratio
of the solvents and tried a 4:1 as well as a 2:1 mixture of hexanes to isopropanol. The 4:1 mixture
precipitated a small amount of product resulting in a 47% isolated yield. The '"H NMR spectrum
of the isolated product still showed baseline impurities, and the procedure was not reproducible.
Therefore, we proposed changing the counter ion would influence the solubility, which may in turn
translate to more facile purification. Schrodi ef al. reported facile purification with similar species

using a BF4 counter ion.!'?
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Scheme 3-10: Synthesis of RO-NHC-HBF; salts

Treatment of compounds 3-16 to 3-20 with NH4BF; in triethyl orthoformate at 110°C for
18 hours under an inert atmosphere successfully resulted in compounds 3-23 to 3-27 (Scheme
3-10). This reaction had noticeable visual differences compared to NH4Cl such as the formation of
transparent crystals after 18 hours, around the round bottom flask, just above the solution. These
clear crystals were used as an indication that the reaction has reached completion. In some cases,
specifically with 3-27, the reaction mixture solidifies as it was cooled to room temperature, and
we treated this as an indication that the reaction has reached completion. For further confirmation,
TLC analysis was utilized to observe the disappearance of the diamine starting material to indicate
full conversion. The product was then extracted into CH2Cl, and was precipitated out by layering
hexanes into a concentrated solution of CH2Clo. The RO-NHC-HBF; salt procedure was high
yielding and the hypothesized solubility issue in the isolation process was resolved. 'H and
BC{'H} NMR spectroscopy confirmed that we have successfully synthesized the target products
and that we have successfully synthesized pure products as we acquired clean NMR spectra as

well as high solution mass spectrometry (HRMS) for compounds 3-23 to 3-27.
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3.2.2 Metallation Studies

Metallation to Sulfur and Copper

R R R R R R
[ \® I\ [\
NN Base Q/N\?N\/@ M] N?N

M

R © R R R R R
X

Scheme 3-11: General metallation path of NHCs in literature

In most cases in literature, the metallation of NHC ligands to transition metals is a two-
step process that begins with the ligand being deprotonated with a strong base, such as KO'Bu, to
create the free carbene, followed by treatment with a suitable metal precursor to create the metal
complex (Scheme 3-11).2° However, because free carbenes are highly air and moisture-sensitive,
the entire process is typically carried out in a glovebox. We viewed the requirement of a glovebox
as a limitation at this stage of this thesis, and thus sought to develop methods which could be

conducted on the benchtop.

R, R NaHMDS (1M in THF) R, R
(2.0 equiv.)
[\® . [\
N__N Sg (1.5 equiv.) N N
A4 - \"/
e) THF o S o
I BE, | -78°C -r.t.,, 18 hrs ] \
R 4 R R R

R = Me (3-28) 43%
Et (3-29) 53%
n-Pr (3-30) 29%
i-Pr (3-31) 15%
n-Bu (3-32) 61%

Scheme 3-12: Synthesis of RO-NHC sulfur complexes

To confirm the potential of 3-23 to 3-27 as ligands, we first explored metallation to sulfur

in a one-pot procedure (Scheme 3-12), developed by our group.'3” Sulfur represents an ideal metal
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to test the metallation of these ligands, as the resulting products are air and moisture stable and can
easily be characterized to confirm successful metallation. Thus, treatment of 3-23 to 3-27 with 2.0
equivalents of a 1M solution of NaHMDS in anhydrous THF at -78°C which was gradually
warmed to room temperature over the course of 18 hours resulted in the desired sulfur complexes
in satisfactory yields. The structures of 3-28 to 3-32 were confirmed by 'H NMR spectroscopy
which showed the disappearance of the signal at & 7.62 — 8.00 ppm corresponding to the C-H
proton as well as GC-MS confirmed the masses of the complexes. These results indicated that 3-
23 to 3-27 could act as suitable ligand precursors, and thus were investigated towards metallation
with copper. We selected copper(I) halide salts as precursors as the expected products would be
linear and therefore useful in the characterization of the steric parameters of the ligand.>*

We first attempted to metallate 3-24 with a strategy we developed in our laboratories, using
a one-pot procedure with the weak base NEts, in the presence of CuCl at 60°C for 1 hour.!*!
Unfortunately, the desired product was isolated in very poor yields for 3-24 (<5%).!*8 We then
repeated this procedure with longer reaction times of 18 hours. The yield increased to 18%
however, analysis by 'H NMR spectroscopy showed an impure product with residual ligand and
baseline impurities. Similar results were also observed using Cul. We hypothesized that the
ineffectiveness of this procedure towards RO-NHC-HBF4 salts may be due to their decreased

acidity compared to other common NHCs that this method was effective with.
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Scheme 3-13: Metallation of RO-NHC-HBF4 to copper(I) halides using a strong base

Thus, we employed the use of a stronger base, NaHMDS, using the same procedure we
used to metallate the ligands to sulfur.!®” We subjected preligands, 3-23 to 3-27, with 2.0
equivalents of NaHMDS under the presence of CuCl in THF at -78°C, which was gradually
warmed to room temperature over the course of 18 hours (Scheme 3-13). This procedure resulted
in the desired copper(I) complexes in satisfactory yields. The products were purified by simple
filtration through basic alumina and then silica gel which gave the products in high purity as judged
by 'H NMR spectroscopy. Filtration using basic alumina was found to be essential to remove
heterogeneous copper(I) salts whereas silica gel assures that residual ligand and other organic
based impurities were removed. This procedure proved to be successful as well as reproducible
which was transferable towards other copper precursors, CuBr and Cul, leading us to isolate
[Cu(NHC)Br] (3-38 to 3-42) and [Cu(NHC)I] (3-43 to 3-47) complexes as well (Scheme 3-13).
All the copper complexes were all characterized by 'H and '*C{'H} NMR spectroscopy as well as

high resolution mass spectrometry (HRMS).
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3-33;R=CH,

» C2 C3

cu
3-35; R=nPr 3-36; R=iPr

3-44;R = Et

Figure 3-4: Crystallographically determined structure of a) [Cu(SIDMP)CI] (3-33), b)
[Cu(SIDeP)CI] (3-34), c¢) [Cu(SIDnPP)CI] (3-35), d) [Cu(SIDnPP)CI] (3-36), and ¢)
[Cu(SIDEP)I] (3-44) displaying thermal ellipsoids drawn at the 50% confidence level. Hydrogen
atoms and solvent (THF/CHCIlz) are omitted for clarity. In complex 3-36, disordered atoms are

omitted for clarity. Selected interatomic distances [A] and angles [deg] are detailed in Table 3-1.
(vide infra)

Table 3-1: Selected interatomic distances [A] and angles [deg] for crystallographic data in

Figure 3-4.

Bonds 3-33 3-34 3-35 3-36 3-44
N(1)—C(1) [deg] 1.342(2) 1.330(9) 1.338(1) 1.332(8) 1.336(0)
C(1)-N(2) [deg] 1.342(2) 1.330(9) 1.338(1) 1.332(8) 1.332(4)

N(1)-C(1)-N(2) [A] 107.8(1) 107.8(5) 107.5(8) 107.7(6) 108.0(3)
C(1)—Cu(1) [deg] 1.888(1) 1.885(2) 1.883(6) 1.891(1) 1.891(5)
Cu(1)—CI(1) [deg] 2.109(9) 2.102(9) 2.105(9) 2.116(3) 2.401(6)

C()-Cu(1)-X(1)[A]  180.000)  180.000)  180.000)  180.000)  176.1(3)
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Furthermore, single crystals of 3-33 to 3-37 suitable for X-ray diffraction were grown from
the slow diffusion of hexanes into a concentrated THF or CHCI3 solutions to give definitive
structural confirmation (Figure 3-4). The X-ray structure clearly demonstrates the successful
ligation of these ligands about the copper center. In both cases, the copper exists in a linear

geometry with the Cecarbene-Cu bond lengths being closely resembled to the literature.!'*

0.00
-0.75
-1.50
-2.25
-3.00
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
a) 3-33;R=CH; b) 3-34; R=Et
%Vpg,=45.4 %Vp,,=49.0

3 3.00 3 /"’ 7 3.00

2 225 5 2.25

1.50 1.50

1 0.75 A1 0.75

0 0.00 0 0.00
= -0.75 i -0.75
-1.50 -1.50
_2 -225 2] -2.25
-3 -3.00 -3 -3.00

-3 -2 - o 1 2 3 -3 =2 -1 0 1 2 3
c) 3-35; R=nPr d) 3-36; R=iPr
%V, =51.2 %V, ,=47.1

Figure 3-5: Topographical steric maps (along z-axis) of 3-33 to 3-36 showing % Vsur values per
quadrant and average % Vur for each complex

The steric parameters of the ligands from 3-23 to 3-27 were analyzed using the SambVca

2.1 web application to calculate the percent buried volume (%Vgur) and three-dimensional steric
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maps of the linear [Cu(NHC)CI] and [Cu(NHC)I] complexes 3-33 to 3-36.°* Figure 3-5 displays
the topography maps analyzing the %Vpu in four different regions surrounding the metal center.
All four complexes display two quadrants that are more sterically crowded and two that are less
hindered characteristic of NHC ligands.!?*!4? As predicted, an increase in the steric crowding was
observed by increasing the size of the alkyl groups which is evident by the increase of in the
averaged % Vgur values. Interestingly, a different morphology can be observed when comparing
isomers 3-35 and 3-36 as the longer linear chains in 3-35 results in distinct regions of steric strain
while the secondary substituents in complex 3-36 appear more dispersed. When comparing the
quadrant %Vgyr values of these two complexes 3-36 displays an increase in the NE and the SW
quadrants while a decrease in the NW and SE quadrants relative to 3-35. The topographical steric
maps displayed in Figure 3-5 demonstrates flexibility of such ligands that are promising for
applications in catalysis.

Metallation to Silver, Palladium and Ruthenium

Preliminary Attempts

Following the success of metallating preligands, 3-23 to 3-27, to sulfur and copper, we
investigated the metallation to some other late transition metals such as palladium, ruthenium and

silver.
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Scheme 3-14: Initial attempts at metallation to Pd using literature procedures

We first attempted to metallate 3-24 to palladium using a similar one-pot procedure that
was successful with sulfur and copper.'*” Thus, we treated 3-24 with 2.4 equivalents of NaHMDS
in the presence of [Pd(allyl)Cl], in anhydrous THF at -78°C, which was gradually warmed to room
temperature over the course of 2 hours (Scheme 3-14a). The reaction mixture was then quenched
with the addition of CH2Clz, and the product was isolated using silica gel chromatography and
precipitated with hexanes. Analysis by 'H NMR spectroscopy revealed that the reaction was
unsuccessful as both the ligand and the Pd dimer were present in the spectrum with no evidence
of a Pd coordinated ligand due to the remaining Ccarbene-H peak at 6 7.86 ppm.

After the failed attempts with [Pd(allyl)Cl]2, we sought out other metallation procedure of
NHC ligands to palladium in literature. First, we attempted the preparation of a PEPPSI-type
complex (PEPPSI = pyridine enhanced precatalysts preparation stabilization and initiation) which
was developed by Professor Michael Organ and colleagues.?? Thus, we treated 1.2 equivalents of

3-24 with PdCl and 5.0 equivalents of K2COs3 in pyridine at 80°C for 18 hours under air (Scheme
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3-14b). Unfortunately, this method was also met with failure and analysis by 'H NMR
spectroscopy showed multiple compounds which includes the presence of an unreacted NHC salt
as indicated by the Cecarvene-H peak at 6 7.86 ppm. We hypothesized that the weak base, K,COs3,
may be ineffective at deprotonating the ligand due to the increased pK. of the ligand precursor.
Therefore, we changed the conditions treating 3-24 with NaHMDS with a pre-formed Pd precursor,
[PACl2(py):], in anhydrous THF at -78°C which was gradually cooled to room temperature during
the course of 2 hours (Scheme 3-14¢). '"H NMR spectroscopy results showed that the reaction had
failed once again. Multiple undiscernible compounds were observed leading us to the assumption
that the ligand may have decomposed under these conditions. Finally, we attempted to metallate
1.5 equivalents of 3-24 to [Pd(acac),] with 10.0 equivalents of KCI in anhydrous dioxane at 105°C
for 18 hours (Scheme 3-14d).'*! Unfortunately, this reaction was also met with failure. Analysis
of the isolated product by 'H NMR spectroscopy revealed trace amounts of the ligand and majority
of the peaks were from the Pd precursor. Similarly, as before, coordination of the ligand to Pd was

not observed as we did not see the disappearance of the Ccarbene-H peak at & 7.86 ppm.
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Scheme 3-15: Attempts at metallation of 3-24 to Ru using literature procedure

As shown in Scheme 3-15, attempts to metallate RO-NHC-HBFs to ruthenium
precursors,'*” [RuUHCI(CO)(PPhs)s] and [Ru(p-cym)Cl,]> were met with the same fate as our initial
attempts with palladium. In both cases, multiple compounds that were difficult to identify and

ascertain were observed by '"H NMR spectroscopy.

Table 3-2: Synthesis of complex 3-48 using procedures from literature

EtO
OEt EtO Q/ \Q

+

Nvg Ag,0 (X equiv.) OEt EtO
OEt EtO Solvent, Y°C, Z hr OEt EtO
: o 0
BF4 N Caa N
/
3.24 Ot EtO

3-48
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Entry Temperature (°C) Solvent Ag0 (equiv.) Time (h)

1 85 CH3;CN 1.75 3
2 85 CH3;CN 1.75 24
3 85 CH3CN 1.75 48
4 45 CHxCl, 1.15 24

General Consideration: 3-24 (0.10-0.21 mmol) and Ag>O (0.18-0.37 mmol) in solvent (1-2 mL).

As all other methods attempted to metallate ligand 3-24 to palladium and ruthenium failed,
we instead pivoted towards other common NHC metallation routes. As such, we investigated the
direct metallation of 3-24 to Ag>O.’” NHC complexes of Ag have been demonstrated to be labile
in nature and undergo facile transmetallation to other transition metals.>®!*> Furthermore,
metallation onto Ag>O is commonly reported to occur under air giving bench-stable complexes.

143.144 which involved refluxing conditions in

We first attempted procedures from literature
acetonitrile, resulting in complex 3-48 (Table 3-2, Entry 1). Upon analysis of the '"H NMR
spectrum, a new species we attributed to successful metallation appeared to form. However
residual ligand was also observed indicating incomplete conversion. Therefore, we attempted the

optimization of this reaction with longer reactions times, higher temperatures, and solvent changes

(Table 3-2, Entry 2 to 4).

EtO
PEL — B Ag,0 (1.75 equiv.) Q/ t@

[Angr4]2'

Nvg KBr (5.0 equiv.) _ OEt EtO
OEt EtO CH3CN, r.t.,, 3 days OFEt EtO
: Q g
BF4 N/\N
/
3-24 OEt EtO

3-49; 69%

Scheme 3-16: Metallation of 3-24 to silver using literature procedure
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Unfortunately, these modifications resulted in the apparent decomposition of Ag,O in
solution as indicated by a silver mirror forming around the reaction flask after every reaction. We
hypothesize that the silver mirror formed via the consumption of Ag>O, preventing further
conversion. As such, we attempted another procedure from literature!*> which operated under
milder conditions which hopefully would hinder silver mirror formation. The procedure was
followed verbatim, and we successfully synthesized complex 3-49 in full conversion and in good
yield (Scheme 3-16). The disappearance of the Cecabene-H peak as well as the shift in the position
of the backbone peak of the ligand in the '"H NMR spectrum, was indicative of the formation of

complex 3-49.

% Eto? [Angr4]2
OEt EtO
Q Y @
N._N

OEt EtO 1/2 [Pd(aIIyI)CI]Z
OEt EtO CH,Cl, OEIEtO
P
rt., 1hr &/ d‘CI
NN
/
OEt EtO 3-50; 27%

3-49

Scheme 3-17: Synthesis of Pd complex through transmetallation

We proceeded to attempt transmetallation of 3-49 to Pd and Ru with the silver complex in
hand. Treatment of 3-49 with [Pd(allyl)Cl]; in CH2Cl, under air resulted in the immediate
formation of a white precipitate, likely indicative of AgX salts. Upon filtration and removal of all
volatiles in vacuo, an off-white solid tentatively assigned complex 3-50 was isolated (Scheme
3-17). Although analysis by '"H NMR spectroscopy was consistent with the structure of 3-50,
additional byproducts were also observed. Upon further analysis with TLC, multiple spots were

observed which confirmed that the product was impure, and purification was attempted by column
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chromatography which clearly resulted in the formation of our desired product in relatively low

isolated yield of 27%.
R, R "o o
? — 3 M\
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R = Me (3-51) 48%
Et (3-52) 44%
n-Pr (3-53) 70%
i-Pr (3-54) 49%
n-Bu (3-55) 71%

Scheme 3-18: Synthesis of RO-NHC Pd complexes using the glovebox

During the late stages of this project, our research group acquired a nitrogen atmosphere
glovebox. We were then able to test the most common metallation method for NHCs precursors,
including a two-step deprotonation then metallation method. Thus, in a nitrogen filled glovebox,
we treated 3-23 to 3-27 with NaHMDS for 2 hours at -15°C, which, was gradually warmed to room
temperature (Scheme 3-18). After the 2 hours, a solution of [Pd(allyl)Cl], in THF was added to
the solution containing the free ligand, and this stirred at room temperature for 1 hour. The reaction
mixture was then taken out of the glovebox and worked up in the fumehood. It was quenched with
MeOH, and the solvent was removed in vacuo. The residue was dispersed in CH2Cl> and filtered
through Celite® on a frit to remove heterogeneous Pd black. Analysis by TLC revealed three spots
which we were able to separate via flash column chromatography. The '"H NMR spectroscopy and
HRMS was consistent with the structures of 3-51 to 3-55 with higher yields compared to the
transmetallation route. Upon analysis of their 'H spectra, we observed broad peaks for the allyl
region which was sharpened when cooled to 278K suggesting thermally fluxional behaviour.!4¢

We hypothesized that this behaviour could potentially be indicative of hemilability of the NHC
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wingtip groups which was most evident in complex 3-51, the smallest ligand of the series.
Complexes 3-51 to 3-55 were observed to exhibit decomposition as indicated by slow discoloration

upon standing and were store under No».

3-52 (2 mol%) O
Cl ©/B(OH)2 K3POy4 (1.5 equiv.) O
EtOH, 50°C, 18 hr

O (1.2 equiv.) o

*100%
3-56

Scheme 3-19: Suzuki-Miyaura coupling with 3-52 as the catalyst. *denotes conversion by GC-
MS

With pure Pd complexes in hand, we investigated their activity in a benchmark Suzuki-
Miyaura reaction (SMR) of aryl chlorides (Scheme 3-19). Aryl chlorides represent challenging
substrates in cross coupling reactions such as the SMR, and use of highly electron rich and
sterically hindered ligands such as NHCs have been previously demonstrated to be highly effective
in this transformation.?**> Thus, this transformation would allow us to evaluate the potential
synthetic applications of complexes 3-51 to 3-55. Full conversion by GC-MS of the starting
material to the product was achieved using 2 mol% of the 3-52 using 4-chloroacetophenone as our
electrophile. This demonstrates that the catalyst, 3-52, was indeed active in catalysis. Moreover,
we were interested at investigating the influence of sterics in catalyst activity. Therefore, the non-
activated and subsequently very challenging substrate, 4-chloroanisole, was used instead
investigated as a starting material with catalysts 3-51 to 3-55, run under otherwise identical
conditions. As shown in Table 3-3, an obvious pattern emerges with the more sterically bulky the
ligands giving higher the conversions by GC-MS. Additionally, for catalyst comparison with a

known catalyst, we used [(SIMes)Pd(allyl)Cl] and found that catalyst 3-55 was more active (Table
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3-3, Entry 6). This trend helps to demonstrate the influence of a ligand on catalytic results and
helps to signify the importance of steric tunability and modularity in ligand design.

While a trend can be observed with the higher steric parameters and the yields, the catalytic
performance of complex 3-55 is lower compared to reported Pd-NHC precatalysts in literature.'#’
Palladium catalysts bound to a single monodentate ligand are typically reported to have higher
catalytic performance. Thus, we hypothesize that the lower catalytic activity of precatalysts 3-51
to 3-55 may be due to non-productive hemilabile coordination of the RO-NHC ligand to the
palladium center under these conditions. We believe that these ligands may be more effective in
other catalytic transformations and are currently exploring alternative applications in our

laboratories.

Table 3-3: Suzuki-Miyaura reaction with 4-chloroanisole comparing the Pd catalysts

Catalyst (2 mol%) O
/©/CI ©/B(OH)2 K3PO, (1.5 equiv.) O
~o EtOH, 50°C, 18 hr o

(1.2 equiv.)
Entry Catalyst *Conversion (%)
1 3-51 16
2 3-52 26
3 3-53 46
4 3-54 47
5 3-55 60
6 [(SIMes)Pd(allyl)Cl] 45

General Consideration: 4-chloroanisole (0.3 mmol), phenyl boronic acid (0.36 mmol), K3PO4
(0.45 mmol), catalyst (0.006 mmol), in solvent (1.5 mL) at 50°C for 18 hours. *denotes conversion
by GC-MS, average of 2 replicates.

3.3 Conclusions and Future Work

In conclusion, we have established the synthesis of several new sterically modular and very

electron rich NHCs, which are conveniently prepared in high yield with little purification in
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between steps. We have further demonstrated that these ligands can be metallated to sulfur, copper,
palladium and silver. The highest yields and purities were obtained using the strong base
NaHMDS, but we demonstrated that a transmetallation route via Ag-NHCs is also viable, which
does not require inert conditions or a glovebox. Modulation of the alkyl groups installed into the
NHC-HX salts in the first step of their metallation ultimately results in different steric parameters
of the ligands which can be structurally observed via X-ray crystallography. The direct impact of
the steric environment provided by the ligand was made evident in the SMR of aryl chlorides using
[(RO-NHC)Pd(allyl)Cl] type precatalysts, with the highest conversions being observed by the
sterically largest ligand (SIDnBP). This proof of principle helps to indicate the significance of
being able to sterically manipulate ligands in catalysis.

Future work on this project will be dedicated to the further investigations of these ligands
in catalysis. Additionally, we propose the synthesis of several new ligands, which would further
push their steric boundaries. As these ligands represent sterically tunable and very electron rich
spectator ligands, we anticipate that they will find use in a variety of different catalytic
transformations. The steric modularity made possible for these ligands will help to decouple
electronic vs steric consideration in ligand/catalyst design which would otherwise have been very

challenging to consider.
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3.4 Experimental

General Considerations: All manipulations were carried out under a nitrogen or argon
atmosphere unless otherwise noted using standard Schlenk techniques or in a nitrogen filled
glovebox (Vigor technologies) with Oz and H2O levels below 0.1 ppm. Anhydrous N,N’-
dimethylformamide (DMF) and acetonitrile (MeCN) were purchased from Acros Organics and
stored under argon prior to use. Anhydrous tetrahydrofuran was purchased from Sigma Aldrich
and stored on 3A molecular sieves under an atmosphere of Argon. Sodium hexamethyldisilazide
(NaHMDS) was purchased as 1M solutions in THF and stored under Argon at 5°C. NaHMDS as
a solid at 95% purity was purchased from Sigma Aldrich All reagents were purchased from
commercial suppliers and used without further purification. [Pd(allyl)CIl]. and
[(SIMes)Pd(allyl)CI] were synthesized by our previous literature procedures.'?” Catalytic
reactions were performed in 16x125 culture tubes purchased from VWR. *H NMR spectra
were measured on a Varian INOVA 500 MHz, Nanalysis 60 MHz, or a Bruker Ascend 400 MHz
spectrometer where noted at 298K. Chemical shifts are reported in delta (8) units, expressed in
parts per million (ppm) downfield from tetramethylsilane (TMS) using residual protonated solvent
as an internal standard (CDClz 7.27 ppm). BC{*H} NMR spectra were recorded at 126 MHz or
101 MHz where noted. Chemical shifts are reported as above using the solvent as an internal
standard (CDCl3, 77.23 ppm). Low resolution mass spectrometry was determined by GCMS using
an Agilent 7890B GC equipped with a HP-5MS Ul column and a 5977A MSD. High resolution
mass spectrometry was performed at the Water Quality Centre at Trent University using a Thermo
Qexactive Orbitrap ESI in the positive ion mode. Reaction progress was monitored by thin layer
chromatography, using pre-coated Polygram® SIL G/UV2s4 TLC sheets, and spots were visualized

using a UV light at 254 nm. Silica gel and basic alumina filtrations were performed with silica gel
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60 (230-400-mesh) and aluminum oxide (99%, metals basis) purchased from Sigma Aldrich.
Purifications of [(NHC)Pd(allyl)CI] complexes were completed using a Buchi C-805 automated

chromatography system using Buchi irregular silica gel cartridges.

Synthesis of RO-NHC-HBF4 Precursors:
Synthesis of 1,3-dimethoxy-2-nitrobenzene (3-1)
~o 2-nitroresorcinol (4.0 g, 25.8 mmol, 1.0 equiv.), and K.CO3 (8.8 g, 64.5 mmol, 2.5

NO,
@: equiv.), were combined in anhydrous acetonitrile (20 mL) in a 50 mL pressure tube

O/

under argon. Methyl iodide (3.4 mL, 54.2 mmol, 2.1 equiv.) was injected via syringe
and the pressure tube was sealed and heated at 85°C (oil bath temperature) for 18 hours. The
consumption of the starting material was confirmed by TLC analysis. The solution was then cooled
to room temperature then extracted into EtOAc, washed with distilled H2O and saturated aqueous
solution of NaCl. The organic layers were combined and dried with MgSOs, filtered, and
concentrated in vacuo giving 4.7 g (99%) of an orange solid. The product was used in further
transformation without purification. 'H NMR (400 MHz, CDClz): § 7.34 (t, J = 8.6 Hz, 1H), 6.63
(d, J = 8.5 Hz, 2H), 3.89 (s, 6H) ppm. *C{*H} NMR (101 MHz, CDCls): § 152.1, 131.3, 104.7,
56.6 ppm. LRMS (El, m/z): calc’d for CsHoNO4: 183.1 (M*); found: 183.1.
General Procedure for the Synthesis of RO-Nitrobenzene Precursors (Et, iPr, nPr, nBu):
Under Ar, a 150 mL round bottom flask equipped with a condenser was charged with 2-
nitroresorcinol, K>COgs, and anhydrous DMF. The haloalkane was injected via syringe into the
solution. The reaction mixture was heated at 60°C (oil bath temperature) for 18 hours. The
consumption of the starting material was confirmed by TLC analysis. The solution was then cooled

to room temperature then extracted into EtOAc, washed with distilled H>O and saturated aqueous
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solution of NaCl. The organic layers were combined and dried with MgSQOs, filtered, and

concentrated in vacuo. The product was used in further transformation without purification.

Synthesis of 1,3-diethoxy-2-nitrobenzene (3-2)

k The general procedure was followed with 2-nitroresorcinol (4.0 g, 25.8 mmol) and
1 No,  K2COs (14.2 g, 103 mmol), in 40 mL of anhydrous DMF with bromoethane (7.6

©:o/\ mL, 102 mmol) giving 5.3 g (99%) as a light yellow microcrystalline solid. *H

NMR (500 MHz, CDCls): § 7.28 (t, J = 8.5 Hz, 1H), 6.59 (d, J = 8.5 Hz, 2H), 4.12 (q, J = 7.0 Hz,

4H), 1.40 (t, J = 7.0 Hz, 6H) ppm. $*C{*H} NMR (126 MHz, CDCls): § 151.4, 131.0, 105.5, 65.4,

14.7 ppm. LRMS (EI, m/z): calc’d for C1oH13NO4: 211.1 (M"); found: 211.1.

Synthesis of 1,3-dipropoxy-2-nitrobenzene (3-3)
\|\ The general procedure was followed with 2-nitroresorcinol (4.0 g, 25.8 mmol)

Q NO, and K>COz (14.2 g, 103 mmol), in 40 mL of anhydrous DMF with 1-

C[ bromopropane (10.7 mL, 117 mmol) giving 6.2 g (99%) as a dark yellow oil. *H

\\‘ NMR (400 MHz, CDCls): & 7.27 (t, J = 8.4 Hz, 1H), 6.59 (d, J = 8.5 Hz, 2H),

4.00 (t, J = 6.4 Hz, 4H), 1.79 (sext, J = 7.4 Hz, 4H), 1.00 (t, J = 7.4 Hz, 6H) ppm. 2*C{:H} NMR

(101 MHz, CDCls): § 151.6, 131.0, 105.4, 71.1, 22.5, 10.5 ppm. LRMS (El, m/z): calc’d for

C12H17NO4: 239.1 (M*); found: 239.1.

Synthesis of 1,3-diisopropoxy-2-nitrobenzene (3-4)

)\ The general procedure was followed with 2-nitroresorcinol (4.0 g, 25.8 mmol)

é[Noz and K>COs (14.2 g, 103 mmol), in 40 mL of anhydrous DMF with 2-iodopropane

o (10.4 mL, 104 mmol) giving 6.0 g (97%) as a dark yellow crystalline solid. *H

NMR (400 MHz, CDCla): 8 7.25 (t, J = 8.5 Hz, 1H), 6.58 (d, J = 8.5 Hz, 2H),

4.59 (sept, J = 6.1 Hz, 2H), 1.33 (d, J = 6.1 Hz, 12H) ppm. 3C{{H} NMR (101 MHz, CDCl3): §
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150.6, 134.8, 130.6, 106.8, 72.6, 22.0 ppm. LRMS (El, m/z): calc’d for C12H17NO4: 239.1 (M*);

found: 239.1.

Synthesis of 1,3-dibutoxy-2-nitrobenzene (3-5)
kL The general procedure was followed with 2-nitroresorcinol (4.0 g, 25.8 mmol)

and K>COs3 (14.2 g, 103 mmol), in 40 mL of anhydrous DMF with 1-iodobutane

C[N% (13.2 mL, 116 mmol) giving 6.9 g (99%) as a yellow microcrystalline solid. *H

o NMR (400 MHz, CDCls): § 7.27 (t, J = 8.5 Hz, 1H), 6.59 (d, J = 8.5 Hz, 2H),

H\ 4.04 (t, J = 6.4 Hz, 4H), 1.75 (pent, J = 6.4 Hz, 4H), 1.45 (sext, J = 7.4 Hz, 4H),

0.95 (t, J = 7.4 Hz, 6H) ppm. 3C{*H} NMR (101 MHz, CDCls): § 151.6, 131.0, 105.4, 69.4, 31.1,

19.2, 13.9 ppm. LRMS (El, m/z): calc’d for C14H21NO4: 267.1 (M™); found: 267.1.

General Procedure for the Synthesis of the RO-Aniline Precursors:

Under air, a 250 mL round bottom flask was charged with the nitrobenzene precursor,
NH4Cl (4 equiv.), Fe powder (4 equiv.), EtOH, and distilled H20. The solution was stirred and
heated at 90°C (oil bath temperature) for 18 hours. The consumption of the starting material was
confirmed by TLC analysis. The solution was cooled to room temperature, diluted with EtOAc,
and filtered over Celite® on a frit. The filtrate was then extracted into EtOAc and washed with
distilled H20 and a saturated solution of NaHCOa. The organic layers were combined and dried
with MgSOg4 and filtered. The solvent was then removed under reduced pressure to give a black
oil which was allowed to solidify. The resulting solid was purified by silica gel flash column
chromatography using a 4:1 mixture of hexane to EtOAc as the eluent. The product was used in

further transformation without purification.

Synthesis of 2,6 — dimethoxyaniline (3-6)
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~0 The general procedure was followed with 3-1 (3.0 g, 16.4 mmol), NH4CI (3.5 g, 65.5
C[NHZ mmol), Fe powder (3.7 g, 65.5 mmol) in 30 mL of EtOH and 15 mL of distilled H.0

giving 2.0 g (79%) as an amethyst-coloured crystalline solid. *H NMR (400 MHz,
CDCls): § 6.71 (t,J = 7.7 Hz, 1H), 6.55 (d, J = 8.2 Hz, 2H), 3.87 (s, 6H), 3.78 (s, 2H) ppm. 3C{*H}
NMR (101 MHz, CDCls): § 151.8, 126.8, 120.4, 104.8, 56.1, 47.2 ppm. LRMS (El, m/z): calc’d
for CgH11NO2: 153.1 (M"), found: 153.1.

Synthesis of 2,6 — diethoxyaniline (3-7)
L The general procedure was followed with 3-2 (3.0 g, 14.2 mmol), NH4CI (3.04 g,
1 NH, 96.8 mmol), and Fe powder (3.2 g, 56.8 mmol) in 30 mL of EtOH and 15 mL of
@io/\ distilled H20 giving 2.2 g (85%) as a pale mauve flaky solid. *H NMR (400 MHz,
CDCls): § 6.65 (t, J = 7.6 Hz, 1H), 6.51 (d, J = 7.9 Hz, 2H), 4.08 (q, J = 7.0 Hz, 4H), 3.95 (s, 2H),
1.44 (t, J = 7.0 Hz, 6H) ppm. ¥C{H} NMR (101 MHz, CDCls): & 147.1, 125.8, 117.1, 105.3,
64.3, 15.3 ppm. LRMS (EI, m/z): calc’d for C10H1sNO2: 181.1 (M*), found: 181.1.
Synthesis of 2,6 — dipropoxyaniline (3-8)
\k The general procedure was followed with 3-3 (4.4 g, 18.6 mmol), NH4CI (3.97 g,
@ NH, 74.2 mmol), and Fe powder (4.1 g, 74.2 mmol) in 7.0 mL of EtOH and 3.5 mL of
@: distilled H20 giving 3.3 g (85%) as a dark brown crystalline solid. *H NMR (400
H MHz, CDCls): § 6.66 (d, J = 7.9 Hz, 1H), 6.52 (d, J = 8.2 Hz, 2H), 3.98 (t, J = 6.5
Hz, 4H), 3.85 (s, 2H), 1.85 (sext, J = 7.1 Hz, 4H), 1.07 (t, J = 7.4 Hz, 6H) ppm. ¥C{:H} NMR
(101 MHz, CDCls): 8 147.1, 126.1, 116.9, 105.2, 70.3, 22.9, 10.8 ppm. LRMS (EI, m/z): calc’d

for C12H19NO32: 209.1 (M™), found: 209.2.

Synthesis of 2,6 — diisopropoxyaniline (3-9)
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)\ The general procedure was followed with 3-4 (3.0 g, 12.7 mmol), NH4CI (2.7 g,
7 NH, °0.8 mmol), and Fe powder (2.8 g, 50.8 mmol) in 30 mL of EtOH and 15 mL of
©:o distilled H20 giving 2.0 g (77%) as a black oil. 'TH NMR (400 MHz, CDClz3): §
A 7.25 (t, J=8.5 Hz, 1H), 6.58 (d, J = 8.5 Hz, 2H), 4.59 (sept, J = 6.1 Hz, 2H), 1.33

(d, J = 6.1 Hz, 12H) ppm. 3C{*H} NMR (101 MHz, CDCl3): & 146.1, 128.1, 116.8, 107.1, 71.0,

22.6 ppm. LRMS (El, m/z): calc’d for C12H19NO2: 209.1 (M™); found: 209.2.

Synthesis of 2,6 — dibutoxyaniline (3-10)
The general procedure was followed with 3-5 (709 mg, 2.65 mmol), NH4CI (568
kko mg, 10.6 mmol), and Fe powder (593 g, 10.6 mmol) in 7 mL of EtOH and 3.5
C[NHZ mL of distilled H20 giving 572 mg (90%) as a dark brown crystalline solid. *H
o NMR (400 MHz, CDCls): § 6.66 (t, J = 7.6 Hz, 1H), 6.53 (d, J = 8.2 Hz, 2H),
H\ 4.02 (t, J = 6.5 Hz, 4H), 3.80 (s, 2H), 1.81 (pent, J = 6.5 Hz, 4H), 1.53 (sext, J
= 7.4 Hz, 4H), 1.00 (t, J = 7.4 Hz, 6H) ppm. 3C{*H} NMR (101 MHz, CDCl5): & 147.1, 126.0,
116.9, 105.2, 68.4, 31.7, 19.5, 14.0 ppm. LRMS (El, m/z): calc’d for C14H2sNO: 237.3 (M™);

found: 237.1.

General Procedure for the Synthesis of the RO-Diamide Precursors:

Following a modified literature procedure,'?* the RO-aniline precursor was dispersed into
anhydrous THF in a 150 mL round bottom flask under Ar. NEts was added via syringe. The flask
was cooled on an ice bath and oxalyl chloride (2M in CH2Cl;) was injected dropwise to the
solution. The solution was then stirred at room temperature for 18 hours. The consumption of the
starting material was confirmed by TLC analysis. The reaction was quenched with MeOH, and the
solvent was removed under reduced pressure. The residue was washed with distilled H>.O and

filtered, then it was rinsed with hexane or ether.
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Synthesis of Nl,N2-bis(2,6-methoxyphenyl)-oxa|amide (3-11)
The general procedure was followed with 3-6 (2.0 g, 13.1 mmol) in 40

C[ VL :@ mL of THF with NEt3 (2.0 mL) and oxalyl chloride (2M in CH2Cl,— 5.8
RN mL, 11.6 mmol). The resulting product was rinsed with hexane giving

229 (93%) of a course white solid. *H NMR (500 MHz, CDCls): § 8.73 (s, 1H), 7.24 (t, J=8.4

Hz, 2H), 6.63 (d, J = 8.5 Hz, 4H), 3.87 (s, 12H) ppm. 3C{*H} NMR (101 MHz, CDCls): § 158.2,

155.4, 128.3,113.1, 104.5, 56.2 ppm. LRMS (EI, m/z): calc’d for C1sH20N20¢: 360.1 (M*), found:

360.1.

Synthesis of N*,N2-bis(2,6-ethoxyphenyl)-oxalamide (3-12)

|\ \I The general procedure was followed with 3-7 (1.0 g, 5.52 mmol) in 20

o X O O:@ mL of THF with NEt; (850 uL) and oxalyl chloride (2M in CH2Cl, —

©: I)HLH o. 2.5mL, 5.0 mmol). The resulting product was rinsed with ether giving
OK \I 1.0 g (87%) of a fine white solid. *H NMR (500 MHz, CDCls):  8.75

(s, 2H), 7.17 (t, J = 8.4 Hz, 2H), 6.59 (d, J = 8.4 Hz, 4H), 4.09 (g, J = 7.0 Hz, 8H), 1.40 (t, J = 7.0

Hz, 12H) ppm. 3C{*H} NMR (126 MHz, CDCls): 5 158.1, 154.8, 128.0, 113.7, 105.5, 64.7, 15.0

ppm. LRMS (EIl, m/z): calc’d for C22H23N20e: 416.2 (M™), found: 416.1.

Synthesis of N*,N2-bis(2,6-propoxyphenyl)-oxalamide (3-13)

\\‘ The general procedure was followed with 3-8 (550 mg, 2.63

o o mmol) in 15 mL of THF with NEts (410 uL) and oxalyl chloride

CKH\”)(N:Q (2M in CH2Cl> — 1.2 mL, 2.4 mmol). The resulting product was
(¢} o " \|\ rinsed with ether giving 561 mg (90%) of an off white solid. ‘H
H NMR (400 MHz, CDCls): § 8.75 (s, 2H), 7.17 (t, J = 8.4 Hz, 2H),

6.59 (d, J = 8.4 Hz, 4H), 3.97 (t, J = 6.5 Hz, 8H), 1.79 (sext, J = 7.1 Hz, 8H), 1.02 (t, J = 7.4 Hz,
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12H) ppm. BC{*H} NMR (101 MHz, CDCls): & 158.0, 155.1, 129.1, 113.7, 105.4, 70.5, 22.8,
10.7 ppm. LRMS (El, m/z): calc’d for C2sH3sN2Qs: 472.3 (M), found: 472.2.

Synthesis of N*,N2-bis(2,6-isopropoxyphenyl)-oxalamide (3-14)
The general procedure was followed with 3-9 (2.04 g, 9.75 mmol)

)\ o)
° , 0 :@ in 40 mL of THF with NEts (1.5 mL) and oxalyl chloride (2M in
Nj‘)k
N : .
CK o5 H O\l/ CH2CI> — 4.4 mL, 8.8 mmol). The resulting product was rinsed

(0]

N

(500 MHz, CDCl3): § 8.71 (s, 2H), 7.15 (t, J = 8.4 Hz, 2H), 6.59 (d, J = 8.8 Hz, 4H), 4.52 (sept, J

with hexane giving 1.6 g (71%) of an off white solid. *H NMR

= 6.2 Hz, 4H), 1.33 (d, J = 6.8 Hz, 24H) ppm. 3C{*H} NMR (101 MHz, CDCl3): § 158.0, 154.1,
127.8, 115.9, 107.3, 71.6, 22.4 ppm. LRMS (EI, m/z): calc’d for C26H3sN20s: 472.3 (M*), found:

472.2.
Synthesis of N*,N2-bis(2,6-butoxyphenyl)-oxalamide (3-15)
The general procedure was followed with 3-10 (3.08 g, 13.0
\\L mmol) in 60 mL of THF with NEtz (2.0 mL) and oxalyl chloride
0

o}
0
Hj‘)\ :@ (2M in CH2Cl, — 5.8 mL, 11.6 mmol). The resulting product was
[ j N
H
o ©

rinsed with ether giving 2.7 g (77%) of a light fine pale yellow

(0]
\ jﬁ solid. tH NMR (400 MHz, CDCls): § 8.74 (s, 2H), 7.17 (t, J = 8.4

Hz, 2H), 6.59 (d, J = 8.4 Hz, 4H), 4.01 (t, J = 6.5 Hz, 8H), 1.76 (d,
J=6.7 Hz, 8H), 1.48 (sext, J = 7.3 Hz, 8H), 0.95 (t, J = 7.4 Hz, 12H) ppm. 3C{'H} NMR (101
MHz, CDCls): § 158.0, 154.9, 128.0, 113.7, 105.4, 77.5, 77.2, 76.9, 68.7, 31.5, 25.6, 19.3, 14.0

ppm. HRMS (ESI+, m/2): calc’d for CaoHasN2Os: 529.3251 [M + H]*, found: 529.3276.

General Procedure for the Synthesis of the RO-Diamine Precursors:
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A 150 mL round bottom flask under Ar was charged with RO-diamide precursor and
anhydrous THF. The reaction flask was cooled on an ice bath and LiAlH4 was added in portions.
The mixture stirred at 0°C for 20 minutes then at room temperature for another 20 minutes. The
reaction was heated at 60°C for 18 hours. The consumption of the starting material was confirmed
by TLC analysis. The reaction was quenched with careful addition of EtOAc then MeOH. Distilled
H>O was then added, and the solution was filtered through Celite®. The filtrate was extracted into
EtOAc and washed with distilled H.O followed by a saturated aqueous solution of NaCl. The
organic layer was dried with MgSOQsa, filtered, and the solvent was removed under vacuum. The

product was used in further transformation without purification.

Synthesis of the N*,N?-bis(2,6-dimethoxyphenyl)ethane-1,2-diamine (3-16)

o o~ The general procedure was followed with 3-11 (1.0 g, 2.77 mmol) in 20

[\
QNH HN mL of THF with LiAlH4 (526 mg, 13.9 mmol) giving 764 mg (82%) as
;3 O\ ablack oil. tH NMR (500 MHz, CDCls): § 6.84 (t, J = 8.3 Hz, 2H), 6.56

(d, J = 8.1 Hz, 4H), 3.84 (s, 12H), 3.28 (s, 4H) ppm. BC{*H} NMR (101 MHz, CDCl3): § 151.6,
126.7, 120.2, 104.6, 55.9, 47.0 ppm. LRMS (EI, m/z): calc’d for C1sH2sN2O4: 332.2 (M*), found:
332.2.

Synthesis of the N*,N2-bis(2,6-diethoxyphenyl)ethane-1,2-diamine (3-17)
The general procedure was followed with 3-12 (1.0 g, 2.40 mmol) in 20

L)
[\ mL of THF with LiAIH4 (460 mg, 12.0 mmol) giving 910 mg (97%) as a
NH HN
@: \D copper-coloured crystalline solid. *H NMR (400 MHz, CDCls): 6 6.65 (t,
o] o)
L) J=7.6Hz, 1H), 6,51 (d, J = 7.9 Hz, 2H), 4.08 (g, J = 7.0 Hz, 4H), 3.95

(s, 2H), 1.44 (t, J = 7.0 Hz, 6H) ppm. 3C{*H} NMR (126 MHz, CDCls): § 159.3, 142.5, 131.4,

69



127.3, 113.2, 43.1, 31.1, 15.1 ppm. LRMS (EI, m/z): calc’d for C22HaN204: 388.2 (M*), found:

388.1.

General Procedure for the Synthesis of the RO-Diamine Precursors:

Following a modified literature procedure,* a 150 mL round bottom flask under Ar was
charged with RO-diamide precursor and anhydrous THF. The reaction flask was cooled on an ice
bath and a solution of 70w% Red Al® in toluene was added dropwise. The mixture stirred at 0°C
for 20 minutes then at room temperature for another 20 minutes. The reaction was heated at 60°C
for 18 hours. The consumption of the starting material was confirmed by TLC analysis. The
reaction was quenched with careful addition of aqueous 20w% KOH and the solution was filtered
through Celite®. The filtrate was extracted into EtOAc and washed with distilled H2O followed
by a saturated aqueous solution of NaCl. The organic layer was dried with MgSOyg, filtered, and
the solvent was removed under vacuum. The product was used in further transformation without
purification.

Synthesis of the N*,N2-bis(2,6-dipropoxyphenyl)ethane-1,2-diamine (3-18)
\L )/ The general procedure was followed with 3-13 (500 mg, 1.06 mmol) in
0 — @) 10 mL of THF with Red AI® (70% in Toluene — 3.0 mL, 10.6 mmol)
NH HN\@ giving 384 mg (81%) as a brown crystalline solid. 'H NMR (400 MHz,
TS CDCls): § 6.78 (t, J = 8.2 Hz, 2H), 6.52 (d, J = 8.2 Hz, 4H), 3.93 (t, J =
S ﬁ 6.7 Hz, 8H), 3.40 (s, 4H), 1.81 (sext, J = 7.2 Hz, 8H), 1.01 (t, J = 7.4 Hz,
12H) ppm. BC{*H} NMR (101 MHz, CDCls): 5 150.7, 127.7, 119.6, 105.7, 70.4, 47.6, 22.9, 10.8

ppm. LRMS (EIl, m/z): calc’d for C26H4oN204: 444.3 (M™), found: 444.2.

Synthesis of the N, N2-bis(2,6-diisopropoxyphenyl)ethane-1,2-diamine (3-19)
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/4 The general procedure was followed with 3-14 (1.09 g, 2.31 mmol) in
i Nﬁ\N ] 20 mL of THF with Red AI® (70% in Toluene — 6.5 mL, 23.1 mmol)
Q/o O\D giving 915 mg (89%) as a black oil. *H NMR (500 MHz, CDCls): &
/K )\ 6.73 (t, J = 8.21 Hz, 2H), 6.51 (d, J = 8.21 Hz, 4H), 4.54 (sept, J = 6.10
Hz, 4H), 3.36 (s, 4H), 1.34 (d, J = 6.09 Hz, 24H) ppm. BC{*H} NMR (101 MHz, CDCl3): & 149.4,
129.9, 119.4, 107.7, 70.8, 47.5, 22.5, 22.4, 22.3 ppm. LRMS (EIl, m/z): calc’d for C2sHaoN20a4:
444.3 (M*), found: 444.2.
Synthesis of the N*,N2-bis(2,6-dibutoxyphenyl)ethane-1,2-diamine (3-20)
The general procedure was followed with 3-15 (350 mg, 0.66 mmol) in 5
8 mL of THF with Red AI® (70% in Toluene — 1.9 mL, 6.60 mmol) giving
é\/NﬁN\b 266 mg (80%) as a brown crystalline solid. *H NMR (400 MHz, CDCls):
o G 8 6.77 (t, J = 8.2 Hz, 2H), 6.52 (d, J = 8.3 Hz, 4H), 3.97 (t, J = 6.6 Hz,
S\ )) 8H), 3.38 (s, 4H), 1.77 (pent, J = 6.4 Hz, 8H), 1.46 (sext, J = 7.4 Hz, 8H),
0.94 (t, J = 7.4 Hz, 12H) ppm. BC{*H} NMR (101 MHz, CDCls): &

150.7, 127.8, 119.5, 105.7, 68.6, 47.6, 31.6, 19.5, 14.0 ppm. HRMS (ESI+, m/z): calc’d for
CaoHasN204: 501.3666 [M + H]*, found: 501.3691.
General Procedure for the Synthesis of the RO-NHC-HBF4 Salt:

To areaction flask containing RO-diamine, NH4BF, and triethyl orthoformate were added.
The solution was heated at 110°C for 18 hours. Transparent crystals formed around the sides of
the flask indicating the reaction was successful. The solution was extracted into CH.Cl> and
washed with distilled H20. The organic layer was dried with MgSO4 and filtered and dried in
vacuo. The residue was dissolved in minimal CH2Cl. and layered with hexanes. The precipitate

was filtered through a frit and washed with cold hexanes then EtOAc.
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Synthesis of the N*,N2-bis(2,6-dimethoxyphenyl)imidazolinium BF4 (3-23)

é?: The general procedure was followed with 3-16 (521 mg, 1.57 mmol) in
4

\O e O/ 5 mL of triethyl orthoformate with NH4BF4 (279 mg, 2.66 mmol) giving
N__N .
@: N \Q 645 mg (95%) as a dark brown solid. *H NMR (500 MHz, CDCls): &
? ] 8.00 (s, 1H), 7.36 (t, J = 8.5 Hz, 2H), 6.68 (d, J = 8.5 Hz, 4H), 4.53 (s,
4H), 3.94 (s, 12H) ppm. BC{*H} NMR (126 MHz, CDCl3): 5 160.3, 155.2, 155.2, 131.3, 112.7,
104.7, 56.6, 51.2 ppm. HRMS (ESI+, m/z): calc’d for C1oH23BF4aN204: 343.1652 [M — BF4]",
found: 343.1654.

Synthesis of the N*,N2-his(2,6-dimethoxyphenyl)imidazolinium BF4 (3-24)

é?: The general procedure was followed with 3-17 (1.4 g, 3.57 mmol) in 20
4

/_\@ mL of triethyl orthoformate with NH4BF4 (636 mg, 6.06 mmol) giving 1.6
@: \D g (90%) as a white solid. *H NMR (500 MHz, CDCls): § 7.28 (t,J = 8.5
Hz, 1H), 6.59 (d, J = 8.5 Hz, 2H), 4.12 (g, J = 7.0 Hz, 4H), 1.40 (t, J = 7.0

Hz, 6H) ppm. 13C{1H} NMR (126 MHz, CDCls): & 160.4, 154.9, 131.5, 113.0, 105.4, 65.2, 51.5,

14.8 ppm. HRMS (ESI+, m/z): calc’d for C2sHa1BFaN204: 399.2278 [M — BF,]*, found: 399.2275.
Synthesis of the N*,N2-bis(2,6-dipropoxyphenyl)imidazolinium BF4 (3-25)

o )/ The general procedure was followed with 3-18 (1.1 g, 2.36 mmol) in 10
BF,

/_\@ mL of triethyl orthoformate with NH4BF4 (421 mg, 4.01 mmol) giving 1.2
Q/ \D g (90%) as a white solid. *H NMR (400 MHz, CDCls): § 7.85 (s, 1H),
7.33 (t, J=8.5 Hz, 2H), 6.64 (d, J = 8.5 Hz, 4H), 4.53 (s, 4H), 4.03 (t, J =

6 6.6 Hz, 8H), 1.84 (sext, J = 7.1 Hz, 8H), 1.03 (t, J = 7.4 Hz, 12H) ppm.

BC{*H} NMR (101 MHz, CDCls): § 160.5, 155.0, 131.5, 113.0, 105.3, 71.0, 51.7, 22.5, 10.6

ppm. HRMS (ESI+, m/z) calc’d for C27H30BF4N204: 455.2904 [M — BF4]*, found: 455.2906.
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Synthesis of the N*,N2-bis(2,6-diisopropoxyphenyl)imidazolinium BF4 (3-26)

é?: The general procedure was followed with 3-19 (1.4 g, 3.15 mmol) in 10
4

mL of triethyl orthoformate with NH4BF4 (562 mg, 5.36 mmol) giving

@:N 7 N\/© 1.2 g (70%) as a pale yellow microcrystalline solid. *H NMR (400 MHz,
CDCl3): § 7.62 (s, 1H), 7.32 (t, J = 8.5 Hz, 2H), 6.62 (d, J = 8.6 Hz, 4H),

4.64 (sept, J= 6.1 Hz, 4H), 4.49 (s, 4H), 1.39 (d, J = 6.0 Hz, 24H) ppm. BC{*H} NMR (101 MHz,
CDCl3): 5 160.2, 154.2, 131.2, 114.7, 106.3, 72.2, 51.8, 22.2 ppm. HRMS (ESI+, m/z): calc’d for

Ca7HsoBF4N204: 455.2904 [M — BF4]*, found: 455.2903.

Synthesis of the N*,N2-his(2,6-dibutoxyphenyl)imidazolinium BF (3-27)
e The general procedure was followed with 3-20 (1.0 g, 1.99 mmol) in 10

mL of triethyl orthoformate with NH4BF4 (355 mg, 3.38 mmol) giving
@/Nf\:\,@/@ 894 mg (75%) as a white solid. *H NMR (400 MHz, CDCls): 5 7.83 (s,
o o 1H), 7.33 (t, J = 8.5 Hz, 2H), 6.64 (d, J = 8.5 Hz, 4H), 4.52 (d, J = 1.4 Hz,

i )) 4H), 4.07 (t, J = 6.7 Hz, 8H), 1.81 (pent, J = 6.9 Hz, 8H), 1.46 (sext, J =

7.4 Hz, 8H), 0.97 (t, J = 7.4 Hz, 12H) ppm. 3C{*H} NMR (101 MHz,

CDCls): 6 160.5, 155.0,131.4,113.0, 105.3,69.3, 51.7, 31.2, 19.4, 14.0 ppm. HRMS (ESI+, m/z):

calc’d for Ca1H47BFsN204: 511.3530 [M — BF4]*, found: 511.3533.

Synthesis of RO-NHC Sulfur Complexes:
A flame dried 50 mL round bottom flask under argon was charged with RO-NHC-HBF4,

Sg (1.5 equiv.) and anhydrous THF. The flask was cooled to -78°C and NaHMDS (1M in THF —
2.0 equiv.) was injected via syringe dropwise. The solution was stirred at this temperature and was
allowed to gradually warm to room temperature over the course of 18 hours. The colour of the

reaction mixture darkening over time was typically observed. At this time, the flask was exposed
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to air, 1 mL of MeOH was added and the THF was removed in vacuo. The residue was then
dispersed in EtOAc and run through a short pad of basic alumina and then silica gel eluting with

EtOAc.

Synthesis of Complex 3-28

Following the general procedure using Sg (11.2 mg, 0.35 mmol) and 3-
AN /
0

)
[\ 23 (100 mg, 0.23 mmol), in 5 mL of anhydrous THF with 460 uL of
N_ _N
Q/ lr \D NaHMDS (1M in THF) giving 37.7 mg (43%) as a brown solid. 'H
0 o)
/ \ NMR (CDCls, 400 MHz): 5 7.27 (d, J = 8.40 Hz, 2H), 6.65 (d, J = 8.4

Hz, 4H), 3.99 (s, 4H), 3.90 (s, 12H) ppm. BC{{H} NMR (101 MHz, CDCls): & 184.7, 157.8,
129.4,118.8, 105.6, 56.7, 48.2 ppm. LRMS (EI, m/z): calc’d for C19H22N204S: 374.1 (M*), found:

374.1.

Synthesis of Complex 3-29
Following the general procedure using Sg (10.3 mg, 0.32 mmol) and 3-24

LO N/_\N O) (100 mg, 0.21 mmol), in 5 mL of anhydrous THF with NaHMDS (1M in
®:o lr O\D THF —0.42 mL, 0.42 mmol) giving 48.3 mg (53%) as a pale yellow solid.
L) IH NMR (500 MHz, CDCls): 5 7.21 (t, J = 8.4 Hz, 2H), 6.63 (d, J = 8.4

Hz, 4H), 4.20 — 4.05 (m, 8H), 3.99 (s, 4H), 1.43 (t, J = 7.0 Hz, 12H) ppm. *C{*H} NMR (126

MHz, CDCls): § 184.3, 157.3, 129.1, 119.6, 106.9, 65.1, 48.2, 15.3 ppm. LRMS (EI, m/z): calc’d

for C23H30N204S: 430.1 (M*), found: 430.1.

Synthesis of Complex 3-30
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\( /( Following the general procedure using Sg (8.98 mg, 0.28 mmol) and 3-

0 — 0 25 (100 mg, 0.18 mmol), in 5 mL of anhydrous THF with 360 uL of
Q/NTN\D NaHMDS (1M in THF) giving 26.2 mg (29%) as a white solid. *H NMR
0 ° 0 (CDCls, 400 MHz): 5721 (t, J = 8.38 Hz, 2H), 6.61 (d, J = 8.40 Hz, 4H),

S 6 4.10 — 4.03 (m, 4H), 3.99 — 3.91 (m, 8H), 1.90 — 1.78 (m, 8H), 1.06 (t, J

= 7.44 Hz, 12H) ppm. BC{*H} NMR (101 MHz, CDCls): § 184.2, 157.4, 129.1, 119.0, 106.1,

70.7, 48.2, 22.9, 10.9 ppm. LRMS (El, m/z): calc’d for C27H3sN204S: 486.2 (M™), found: 486.1.

Synthesis of Complex 3-31

/L Following the general procedure using Sg (8.98 mg, 0.28 mmol) and 3-

0 o) . .
I\ 26 (100 mg, 0.18 mmol), in 5 mL of anhydrous THF with NaHMDS

N_ _N
Q/ jsr \D (AM in THF - 0.36 mL, 0.36 mmol) giving 13.5 mg (15%) as a yellow
0 o)

A~ oily product. *H NMR (400 MHz, CDCls): 8 7.18 (t, J = 8.39 Hz, 2H),
6.59 (d, J = 8.38 Hz, 4H), 4.60 (sept, J = 6.12 Hz, 4H), 3.96 (s, 4H), 1.38 (dd, J = 13.05, 6.04 Hz,
24H) ppm. BC{*H} NMR (101 MHz, CDCls): & 183.7, 156.5, 128.8, 120.4, 107.1, 77.5, 77.2,

76.8, 71.0, 48.0, 22.7, 22.7 ppm. LRMS (EIl, m/z): calc’d for CarHssN204S: 486.2 (M), found:

486.2.

Synthesis of Complex 3-32
Following the general procedure using Sg (8.0 mg, 0.25 mmol) and 3-27

(100 mg, 0.17 mmol), in 5 mL of anhydrous THF with NaHMDS (1M in

é\/N/_\Nb THF — 0.3 mL, 0.3 mmol) giving 57 mg (61%) as a yellow oily product.
o \[Sf o IH NMR (400 MHz, CDCls): & 7.21 (t, J = 8.39 Hz, 2H), 6.62 (d, J =

i )) 8.37 Hz, 4H), 4.13 — 3.98 (m, 8H), 3.97 (s, 4H), 1.90 — 1.74 (m, 8H), 1.62

—1.42 (m, 8H), 0.98 (t, J = 7.39 Hz, 12H) ppm. 3C{*H} NMR (101 MHz,
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CDCls): 5 184.0, 157.3, 129.0, 119.0, 106.2, 68.8, 48.1, 31.5, 19.3, 14.0 ppm. LRMS (EI, m/z):

cale’d for Ca1HsN204S: 542.3 (M¥), found: 542.2.

Synthesis of RO-NHC Copper Complexes
Weak Base Route

Following a procedure we previously reported,'3! a culture tube was charged with copper(l)
chloride (28 mg, 0.28 mmol), 3-24 (146 mg, 0.3 mmol), and acetone (1.6 mL) under air. The tube
was sealed and heated at 60°C for 5 minutes which resulted in a homogeneous reaction solution.
The tube was then cooled to room temperature and NEtz (390 uL, 2.8 mmol) was added via a
micropipette. The tube was resealed and heated for an additional 60 minutes at 60°C. After
returning to room temperature, all volatiles were removed in vacuo and the residue was dispersed
into CH.Cl, and applied to a short pad of silica gel washing with CH>Cl,. The CH2Cl> was removed
in vacuo using a rotary evaporator to give an off-white solid product (4.9 mg, 3%) which was
triturated with hexanes and isolated by filtration. Analysis by *H NMR spectroscopy gave identical

results to the strong base route below.

Strong Base Route

A flame dried 50 mL round bottom flask under argon was charged with RO-NHC-HBF4
(1.0 equiv.) and CuX (1.5 equiv.) and was dissolved into anhydrous THF. The flask was cooled to
-78°C and NaHMDS (1M in THF — 2.0 equiv.) was injected via syringe dropwise. The solution
was stirred at this temperature and was allowed to gradually warm to room temperature over the
course of 18 hours. The colour of the reaction mixture darkening over time was typically observed.
At this time, the flask was exposed to air, 1 mL of MeOH was added and the THF was removed
in vacuo. The residue was then dispersed in CH2Cl2 and run through a short pad of basic alumina

and then silica gel eluting with CH2Clo.
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Synthesis of 3-33 [Cu(SIDMP)CI]

o o~ Following the general procedure using CuCl (68.3 mg, 0.69 mmol) and
@\/N\?N@ 3-23 (200 mg, 0.46 mmol), in 10 mL of anhydrous THF with NaHMDS
;) Cé:ul (i (IM in THF — 0.92 mL, 0.92 mmol) giving 23.4 mg (11%) as an off-

white solid. Single crystals suitable for X-ray diffraction were grown by slow diffusion of hexanes
into a concentrated solution of CHCIs. 'H NMR (400 MHz, CDClz): & 7.26 (t, J = 8.50 Hz, 2H),
6.63 (d, J = 8.47 Hz, 4H), 4.00 (s, 4H), 3.90 (s, 12H) ppm. 3C{*H} NMR (101 MHz, CDCls): &
156.7, 129.0, 118.6, 104.8, 56.2, 50.3 ppm. Despite our best efforts, the carbene carbon could not

be located. HRMS (ESI+, m/z): calc’d for C3gHasCuN4Og [M — CI]* 747.2455, found: 747.2454.

Synthesis of 3-34 [Cu(SI DEP)CI]
Following the general procedure using CuCl (31.2 mg, 0.32 mmol) and 3-

I\ 24 (100 mg, 0.21 mmol), in 10 mL of anhydrous THF with NaHMDS (1M
Q/ Y \D in THF — 0.42 mL, 0.42 mmol) giving 52.3 mg (50%) as an off-white
K CI ) solid. Single crystals suitable for X-ray diffraction were grown by slow
diffusion of hexanes into a concentrated solution of THF. *H NMR (500 MHz, CDCls): § 7.20 (t,
J=8.39 Hz, 2H), 6.60 (d, J = 8.38 Hz, 4H), 4.15 — 4.07 (m, 8H), 3.99 (s, 4H), 1.44 (t, J = 6.95 Hz,

12H) ppm. BC{*H} NMR (126 MHz, CDCls): § 205.2, 156.5, 129.2, 119.3, 106.0, 64.8, 50.6,

15.2 ppm. HRMS (ESI+, m/z): calc’d for CagHsoCuN+Og [M — CI]* 859.3707, found: 859.3694.

Synthesis of 3-35 [(CuSIDnPP)CI]
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\L )/ Following the general procedure using CuCl (55.4 mg, 0.56 mmol) and 3-
— o) 25 (200 mg, 0.37 mmol), in 10 mL of anhydrous THF with NaHMDS (1M
@:NYN\D in THF — 0.74 mL, 0.74 mmol) giving 91.0 mg (44%) as an off-white
by solid. Single crystals suitable for X-ray diffraction were grown by slow

6 diffusion of hexanes into a concentrated solution of CHCls. 'H NMR (400

MHz, CDCl3): & 7.17 (t, J = 8.49 Hz, 2H), 6.38 (d, J = 8.42 Hz, 4H), 3.80 — 3.64 (m, 12H), 1.68
(sext, J = 7.09 Hz, 8H), 0.98 (t, J = 7.40 Hz, 12H) ppm. BC{*H} NMR (101 MHz, CDCls): &
204.2, 156.0, 129.4, 118.0, 105.3, 70.0, 50.9, 22.7, 10.9 ppm. HRMS (ESI+, m/z): calc’d for

Cs4H76CuN4Os [M — CI]* 971.4959, found: 971.4961.

Synthesis of 3-36 [Cu(SIDiPP)CI]
)\ Following the general procedure using CuCl (26.7 mg, 0.27 mmol) and

3-26 (100 mg, 0.18 mmol), in 5 mL of anhydrous THF with NaHMDS
NN
Q/ \D (IM in THF — 0.36 mL, 0.36 mmol) giving 34.0 mg (16%) as an off-
CI . e : . .

/K )\ white solid. Single crystals suitable for X-ray diffraction were grown by
slow diffusion of hexanes into a concentrated solution of CHCls. *H NMR (400 MHz, CDCls): §
7.18 (t, J = 8.41 Hz, 2H), 6.57 (d, J = 8.46 Hz, 4H), 4.60 (sept, J = 6.06 Hz, 4H), 3.93 (s, 4H), 1.41
(d, J =6.0 Hz, 12H), 1.36 (d, J = 6.1 Hz, 12H). 3C{*H} NMR (101 MHz, CDCls): § 205.0, 155.7,

128.9, 120.4, 106.7, 71.1, 50.6, 22.8, 22.6 ppm. HRMS (ESI+, m/z): calc’d for CsaH76CuN4Og [M

— CI]* 971.4959, found: 971.4975.

Synthesis of 3-37 [Cu(SIDnBP)CI]
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S 8 Following the general procedure using CuCl (49.5 mg, 0.50 mmol) and 3-

27 (200 mg, 0.33 mmol), in 10 mL of anhydrous THF with NaHMDS (1M

0 o)
QNTN@ in THF — 0.66 mL, 0.66 mmol) giving 122.5 mg (61%) as an off-white
o Cu o solid. Single crystals suitable for X-ray diffraction were grown by slow
cl
i )) diffusion of hexanes into a concentrated solution of CHCls. 'H NMR (400

MHz, CDCls):  7.63 (t, J = 8.41 Hz, 2H), 7.02 (d, J = 8.43 Hz, 4H), 4.54
—4.39 (m, 8H), 4.38 (s, 4H), 2.23 (pent, J = 6.70 Hz, 8H), 1.93 (q, J = 7.44 Hz, 8H), 1.40 (t, J =
7.38 Hz, 12H) ppm. 3C{*H} NMR (101 MHz, CDCls): § 205.4, 156.5, 129.1, 118.8, 105.5, 68.6,
50.6, 31.5, 19.5, 14.1 ppm. HRMS (ESI+, m/z): calc’d for Cs2Ha2CuN4Og [M — CIJ* 1083.6211,

found: 1083.6222.

Synthesis of 3-38 [Cu(SIDMP)Br]

o J o~ Following the general procedure using CuBr (99.0 mg, 0.69 mmol) and

QN\?N\D 3-23 (200 mg, 0.46 mmol), in 10 mL of anhydrous THF with NaHMDS
Cu

? Br c{ (IM in THF — 0.92 mL, 0.92 mmol) giving 114.6 mg (51%) as an off-

white solid. 'H NMR (400 MHz, CDCls): § 7.25 (t, J = 8.53 Hz, 2H), 6.63 (d, J = 8.44 Hz, 4H),
4.00 (s, 4H), 3.90 (s, 12H) ppm. BC{'H} NMR (101 MHz, CDCl3): § 206.5, 156.7, 129.1, 118.6,

104.9, 56.3, 50.4 ppm.

Synthesis of 3-39 [Cu(SIDEP)Br]

Following the general procedure using CuBr (88.9 mg, 0.62 mmol) and

{ )
N/_\N 3-24 (200 mg, 0.41 mmol), in 10 mL of anhydrous THF with NaHMDS
;E (IMin THF — 0.82 mL, 0.82 mmol) giving 110 mg (49%) as an off-white
0 1 O

{8) solid. 'H NMR (400 MHz, CDCls): § 7.20 (t, J = 8.39 Hz, 2H), 6.60 (d,
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J=8.44 Hz, 4H), 4.15— 4.08 (m, 8H), 3.99 (s, 4H), 1.44 (t, J = 6.97 Hz, 12H) ppm. 3C{{H} NMR

(101 MHz, CDCls): 6 205.8, 156.4, 129.1, 119.1, 105.6, 64.7, 50.5, 15.2 ppm.

Synthesis of 3-40 [Cu(SIDnPP)Br]

\L )/ Following the general procedure using CuBr (80.3 mg, 0.56 mmol) and 3-
— o) 25 (200 mg, 0.37 mmol), in 10 mL of anhydrous THF with NaHMDS (1M
Q/N\TN in THF — 0.74 mL, 0.74 mmol) giving 119.5 mg (53%) as an off-white
? ?_'»,ur ] solid. 'H NMR (400 MHz, CDCl): & 7.20 (t, J = 8.39 Hz, 2H), 6.58 (d,

S 6 J =8.45 Hz, 4H), 4.09 — 3.91 (m, 12H), 1.83 (sext, J = 7.05 Hz, 8H), 1.05

(t, J = 7.41 Hz, 12H) ppm. C{*H} NMR (101 MHz, CDCl3): § 205.9, 156.5, 129.1, 118.6, 105.4,

70.3, 50.6, 22.9, 10.9 ppm.

Synthesis of 3-41 [Cu(SIDiPP)Br]
)\ Following the general procedure using CuBr (38.7 mg, 0.27 mmol) and

I\ 3-26 (100 mg, 0.18 mmol), in 5 mL of anhydrous THF with NaHMDS
Q/ Y \D (AM in THF — 0.36 mL, 0.36 mmol) giving 59.0 mg (54%) as an off-
/K B’)\ white solid. 1H NMR (400 MHz, CDCls): § 7.18 (t, J = 8.40 Hz, 2H),
6.57 (d, J = 8.43 Hz, 4H), 4.60 (sept, J = 5.99 Hz, 4H), 3.93 (s, 4H), 1.41 (d, J = 6.0 Hz, 12H),

1.36 (d, J = 6.1 Hz, 12H) ppm. 3C{tH} NMR (101 MHz, CDCls): & 205.6, 155.7, 129.0, 120.4,

106.7, 71.1, 50.6, 22.9, 22.5 ppm.

Synthesis of 3-42 [Cu(SIDnBP)Br]
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Following the general procedure using CuBr (71.7 mg, 0.50 mmol) and
3-27 (200 mg, 0.33 mmol), in 10 mL of anhydrous THF with NaHMDS

@\/N/TN \/@ (1M in THF — 0.66 mL, 0.66 mmol) giving 164.6 mg (76%) as an off-

white solid. H NMR (400 MHz, CDCls): § 7.20 (t, J = 8.43 Hz, 2H),

B
i )) 6.59 (d, J = 8.42 Hz, 4H), 4.12 — 3.99 (m, 8H), 3.96 (s, 4H), 1.81 (pent, J

= 6.5 Hz, 8H), 1.50 (sext, J = 7.40 Hz, 8H), 0.97 (t, J = 7.39 Hz, 12H)

-

ppm. 3C{*H} NMR (101 MHz, CDCls): § 206.0, 156.4, 129.1, 118.8, 105.4, 68.6, 50.6, 31.5,

19.4,14.1 ppm.

Synthesis of 3-43 [Cu(SIDMP)I]

o J o~ Following the general procedure using Cul (131 mg, 0.69 mmol) and 3-

QN\?N\D 23 (200 mg, 0.46 mmol), in 10 mL of anhydrous THF with NaHMDS (1M
Cu

? i C{ in THF — 0.92 mL, 0.92 mmol) giving 79.2 mg (32%) as an off-white

solid. *H NMR (400 MHz, CDCls): § 7.25 (t, J = 8.36 Hz, 2H), 6.63 (d, J = 8.54 Hz, 4H), 4.01
(s, 4H), 3.91 (s, 12H) ppm. BC{'H} NMR (101 MHz, CDCls): § 207.5, 156.7, 129.1, 118.5, 104.9,

56.4, 50.4 ppm.

Synthesis of 3-44 [Cu(SI DEP)I]

Following the general procedure using Cul (118 mg, 0.62 mmol) and 3-

I\ 24 (200 mg, 0.41 mmol), in 10 mL of anhydrous THF with NaHMDS (1M
Q/ Y \D in THF — 0.82 mL, 0.82 mmol) giving 159.6 mg (65%) as a white solid.
Single crystals suitable for X-ray diffraction were grown from a slow

diffusion of hexanes into a concentrated THF solution. *H NMR (500 MHz, CDCls): § 7.21 (t, J

= 8.42 Hz, 2H), 6.60 (d, J = 8.42 Hz, 4H), 4.18 — 4.06 (m, 8H), 4.00 (s, 4H), 1.44 (t, J = 6.96 Hz,
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12H) ppm. BC{*H} NMR (126 MHz, CDCls): & 206.9, 156.4, 129.1, 119.0, 106.0, 106.0, 105.9,

64.8, 50.5, 15.3 ppm.

Synthesis of 3-45 [Cu(SIDnPP)I]

\L )/ Following the general procedure using Cul (107 mg, 0.56 mmol) and 3-
— o) 25 (200 mg, 0.37 mmol), in 10 mL of anhydrous THF with NaHMDS (1M
Q/N\TN in THF — 0.74 mL, 0.74 mmol) giving 178.1 mg (74%) as a white solid.
? Ciu ] IH NMR (400 MHz, CDCls): & 7.20 (t, J = 8.43 Hz, 2H), 6.59 (d, J =
S 8.47 Hz, 4H), 4.09 — 3.91 (m, 12H), 1.84 (sext, J = 7.10 Hz, 8H), 1.05 (t,

J = 7.43 Hz, 12H) ppm. BC{*H} NMR (101 MHz, CDCl3): § 207.0, 156.4, 129.1, 118.6, 105.4,
70.3,50.6, 22.9, 11.0 ppm.

Synthesis of 3-46 [Cu(SIDiPP)I]
/L )\ Following the general procedure using Cul (51.4 mg, 0.27 mmol) and 3-

P N/_\N ] 26 (100 mg, 0.18 mmol), in 5 mL of anhydrous THF with NaHMDS
Q/ Y \D (IM in THF — 0.36 mL, 0.36 mmol) giving 75.7 mg (65%) as a white
A )~ solid. H NMR (400 MHz, CDCls): 8 8 7.19 (t, J = 8.40 Hz, 2H), 6.58

(d, J = 8.44 Hz, 4H), 4.60 (sept, J = 6.05 Hz, 4H), 3.94 (s, 4H), 1.42 (d, J = 6.03 Hz, 12H), 1.36

(d, J =6.06 Hz, 12H) ppm. BC{*H} NMR (101 MHz, CDCls): § 206.7, 155.7, 129.0, 120.2, 106.7,

71.1, 50.6, 23.1, 22.5 ppm.

Synthesis of 3-47 [(SIDnBP)Cul]
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Following the general procedure using Cul (95.2 mg, 0.50 mmol) and 3-
27 (200 mg, 0.33 mmol), in 10 mL of anhydrous THF with NaHMDS (1M

QNTN@ in THF — 0.66 mL, 0.66 mmol) giving 159.8 mg (69%) as a white solid.
Cu 'H NMR (400 MHz, CDCls): 6 7.20 (t, J = 8.40 Hz, 2H), 6.59 (d, J =

(O
|
ij 8.44 Hz, 4H), 4.11 — 3.99 (m, 8H), 3.97 (s, 4H), 1.81 (pent, J = 6.60 Hz,
8H), 1.50 (sext, J=7.43 Hz, 8H), 0.97 (t, J = 7.40 Hz, 12H) ppm. 13C{lH}

0]

NMR (101 MHz, CDCls): 6 207.1, 156.4, 129.1, 105.4, 68.6, 50.6, 31.6, 19.5, 14.1 ppm.

Synthesis of RO-NHC Palladium Complexes
Transmetallation Route

Under air, Ag20 (100 mg, 0.43 mmol), 3-24 (119 mg, 0.245 mmol), and KBr (145 mg,
1.25 mmol) were added as solids to culture tube and dissolved in anhydrous acetonitrile (20 mL)
and stirred with the exclusion of light for 3 days at room temperature. A white precipitate was
observed in the reaction mixture. The opaque solution was then diluted with CH2Cl; and filtered
through Celite® on a frit, and all volatiles were removed in vacuo. Precipitation was induced with
the addition of hexanes, followed by filtration resulting in an off-white powder in 99.5 mg in (69%)
yield. The formation of the Ag-NHC complex was confirmed by *H NMR spectroscopy and was
carried through directly to the next step without any purification. 'H NMR (60 MHz, CDClzs): &
7.5-7.0 (m, 4H), 6.8 — 6.4 (m, 8H), 4.4 — 3.8 (m, 24H), 1.4 (t, J = 6.77 Hz, 24H). (see Figure

A113)

A solution of Ag-NHC complex (99.5 mg, 0.17 mmol) in CH.Cl, (3 mL) was added to a
stirring solution of [Pd(allyl)Cl]> (62.1 mg, 0.17 mmol) in CH2Cl> (3 mL) under air. A white
precipitate was observed immediately. The resulting solution was stirred at room temperature for

1 hour, then diluted with CH>Cl> and filtered through Celite® on a frit, rinsed with CH>Cl> and all
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volatiles were removed in vacuo. The crude product was purified by silica gel flash
chromatography with an eluent of hexanes/EtOAc, giving 25.1 mg (27%) as a white
microcrystalline solid. Analysis by *H NMR matched the spectra obtained from the carbene route

below.

Free Carbene Route: General Procedure

In a nitrogen-filled glovebox, a solution of NaHMDS (2.1 equiv.) in THF (2 mL) was added
to a stirring solution of RO-NHC-HBF4 (2.1 equiv.) in THF (2 mL) in a 4-dram vial at -15°C. This
reaction solution was stirred for 2 hours while gradually warming to room temperature. After the
2 hours, a solution of [Pd(allyl)Cl]> (1 equiv.) in THF (2 mL) was added to the free carbene
solution. This reaction mixture continued to stir for 1 hour at room temperature. The vial was then
exposed to air, diluted with CH2Cl, and filtered through Celite® on a frit and all volatiles were
removed in vacuo. The crude product was purified by silica gel flash column chromatography with
an eluent of hexanes/EtOAc gradient solution. The resulting products were stable under air for
days, but displayed discolouring upon extended timeframes, and were stored under N at -15 °C.

Synthesis of 3-51 [(SIDMP)Pd(ally)CI]
OMe /—\ MeO Following the general procedure using NaHMDS (42.6 mg, 0.23 mmol),

NN
oMe IMeo 3-23 (100 mg, 0.23 mmol), [Pd(allyl)Cl]2 (42.5 mg, 0.12 mmol) in THF
k"dcu (6 mL) giving 55.0 mg (48%) as a white solid. *H NMR (400 MHz,

CDCls, 298K): & 7.23 (t, J = 8.41 Hz, 2H), 6.56 (d, J = 8.43 Hz, 4H), 4.70 — 4.56 (m, 1H), 4.06 —
3.76 (M, 17H), 3.37 — 3.20 (M, 1H), 2.66 — 2.53 (m, 1H), 1.79 — 1.70 (m, 1H) ppm. *H NMR (400
MHz, CDCls, 278K): § 7.23 (t, J = 8.43 Hz, 2H), 6.57 (d, J = 8.39 Hz, 4H), 4.68 — 4.59 (m, 1H),
4.04 —3.73 (m, 17H), 3.31 — 3.12 (m, 1H), 2.56 (d, J = 13.44 Hz, 1H), 1.71 (d, J = 12.16 Hz, 1H)

ppm. BC{*H} NMR (101 MHz, CDCls, 298K): & 157.8, 129.3, 114.3, 104.5, 104.4, 70.7, 56.3,
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51.0, 48.7 ppm. Despite our best efforts, the carbene peak was not observed. HRMS (ESI+, m/z):

cale’d for C22H27N204Pd [M-CI]* 489.1006, found: 489.1007.

Synthesis of 3-52 [(SIDEP)Pd(allyl)CI]

OEt /™ EtO Following the general procedure using NaHMDS (38.5 mg, 0.21 mmol),

N_N
OEtTEtO 3-24 (100 mg, 0.21 mmol), [Pd(allyl)Cl] (40.2 mg, 0.11 mmol) in THF
kpdm (6 mL) giving 53.5 mg (44%) as a white solid. H NMR (400 MHz,

CDCls, 298K): & 7.17 (t, J = 8.38 Hz, 2H), 6.54 (d, J = 8.41 Hz, 4H), 4.74 — 4.60 (m, 1H), 4.18 —
3.94 (m, 12H), 3.66 (d, J = 7.42 Hz, 1H), 3.42 — 3.19 (m, 1H), 2.59 (d, J = 13.38 Hz, 1H), 1.87 —
1.69 (M, 1H), 1.49 (t, J = 6.94 Hz, 12H) ppm. *H NMR (400 MHz, CDCls, 278K): § 7.17 (t, J =
8.38 Hz, 2H), 6.53 (d, J = 5.16 Hz, 4H), 4.73 — 4.59 (m, 1H), 4.15 — 3.92 (m, 12H), 3.65 (d, J =
6.03 Hz, 1H), 3.32 (d, J = 4.88 Hz, 1H), 2.58 (d, J = 13.38 Hz, 1H), 1.77 — 1.73 (m, 1H), 1.50 (d,
J=6.20 Hz, 12H) ppm. 3C{H} NMR (101 MHz, CDCls, 298K): & 211.8, 157.5, 129.1, 119.2,
114.1, 105.0, 70.7, 64.4, 50.8, 48.9, 15.3 ppm. HRMS (ESI+, m/z): calc’d for C2sHasN204Pd [M-

CI]* 545.1632; found: 545.1633.

Synthesis of 3-53 [(SIDnPP)Pd(allyl)CI]
OPr /—\ Pro Following the general procedure using NaHMDS (33.8 mg, 0.18 mmol),

NN
opr lero 3-25 (100 mg, 0.18 mmol), [Pd(allyl)Cl]2 (33.7 mg, 0.09 mmol) in THF
|¥Pd~0| (6 mL) giving 82.7 mg (70%) as a white solid. 'H NMR (400 MHz,

CDCls, 298K): 8 7.17 (t, J = 8.40 Hz, 2H), 6.53 (d, J = 8.42 Hz, 4H), 4.73 — 4.60 (m, 1H), 4.12 —
3.87 (m, 12H), 3.66 (d, J = 7.40 Hz, 1H), 3.40 — 3.19 (m, 1H), 2.59 (d, J = 13.40 Hz, 1H), 1.92
(dh, J = 14.05, 7.00 Hz, 8H), 1.80 — 1.67 (m, 1H), 1.06 (t, J = 7.44 Hz, 12H) ppm. *H NMR (400
MHz, CDCls, 278K): § 7.19 (t, J = 8.40 Hz, 2H), 6.54 (d, J = 5.37 Hz, 4H), 4.76 — 4.59 (m, 1H),

4.14 —3.83 (M, 12H), 3.66 (d, J = 1.42 Hz, 1H), 3.31 (d, J = 6.30 Hz, 1H), 2.59 (d, J = 13.35 Hz,
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1H), 2.01 — 1.83 (m, 8H), 1.75 (d, J = 12.71 Hz, 1H), 1.07 (t, J = 7.43 Hz, 12H) ppm. BC{iH}
NMR (101 MHz, CDCls, 298K): & 212.0, 157.5, 129.1, 119.1, 114.1, 104.8, 70.6, 70.2, 50.9,
48.9, 22.9, 10.9 ppm. HRMS (ESI+, m/z): calc’d for CaoHasN204Pd [M-CI]* 601.2258; found:

601.2264.

Synthesis of 3-54 [(SIDiPP)Pd(allyl)CI]

Pr<g p O/iF’r Following the general procedure using NaHMDS (33.8 mg, 0.18 mmol),
QNTN\Q 3-26 (100 mg, 0.18 mmol), [Pd(allyl)Cl]2 (33.7 mg, 0.09 mmol) in THF
0 0
iPr” N

|¥Pd‘0| iPr (6 mL) giving 57.1 mg (49%) as a white solid. *H NMR (400 MHz,

CDCls, 298K): § 7.14 (t, J = 8.40 Hz, 2H), 6.51 (d, J = 8.41 Hz, 4H),
4.81— 4.70 (m, 1H), 4.65 — 4.54 (m, 4H), 3.94 (s, 4H), 3.68 (d, J = 7.42 Hz, 1H), 3.44 — 3.20 (m,
1H), 2.65 (d, J = 13.37 Hz, 1H), 1.86 — 1.69 (m, 1H), 1.47 (d, J = 6.03 Hz, 12H), 1.36 (d, J = 6.00
Hz, 12H) ppm. *H NMR (400 MHz, CDCls, 278K): 5 7.15 (t, J = 8.39 Hz, 2H), 6.51 (d, J = 8.43
Hz, 4H), 4.83 — 4.69 (m, 1H), 4.59 (s, 4H), 4.05 — 3.81 (m, 4H), 3.67 (d, J = 1.31 Hz, 1H), 3.36
(d, J = 6.16 Hz, 1H), 2.63 (d, J = 13.39 Hz, 1H), 1.77 (d, J = 12.29 Hz, 1H), 1.47 (d, J = 6.05 Hz,
12H), 1.35 (d, J = 6.01 Hz, 12H) ppm. *C{IH} NMR (101 MHz, CDCls, 298K): 5 210.9, 156.4,
128.7, 120.9, 114.1, 106.0, 70.8, 70.6, 50.7, 49.7, 22.8, 22.6 ppm. HRMS (ESI+, m/z): calc’d for

C3oHa3N204Pd [M-CI]* 601.2258; found: 601.2262.

Synthesis of 3-55 [(SIDnBP)Pd(allyl)Cl]
nBu\ ,“BU Following the general procedure using NaHMDS (31.2 mg, 0.17

Q/ T \Q mmol), 3-27 (100 mg, 0.17 mmol), [Pd(allyl)Cl]> (31.1 mg, 0.085

I¥ - Bu mmol) in THF (6 mL) giving 84.1 mg (71%) as a white solid. H NMR
(400 MHz, CDCls, 298K): & 7.09 (t, J = 8.38 Hz, 2H), 6.45 (d, J =

8.40 Hz, 4H), 4.64 — 4.51 (m, 1H), 4.06 — 3.83 (m, 12H), 3.57 (d, J = 7.40 Hz, 1H), 3.31 — 3.09

86



(m, 1H), 2.50 (d, J = 13.37 Hz, 1H), 1.89 — 1.71 (m, J = 6.57 Hz, 8H), 1.65 (d, J = 6.44 Hz, 1H),
1.49 - 1.36 (m, 8H), 0.92 (t, J = 7.40 Hz, 12H) ppm. *H NMR (400 MHz, CDCls, 278K): § 7.17
(t, J = 8.39 Hz, 2H), 6.53 (d, J = 6.75 Hz, 4H), 4.66 (ddd, J = 18.24, 13.37, 7.56 Hz, 1H), 4.12 —
3.90 (m, 12H), 3.64 (d, J = 1.42 Hz, 1H), 3.32 — 3.23 (m, 1H), 1.97 — 1.78 (m, 8H), 1.72 (d, J =
1.60 Hz, 1H), 1.50 (g, J = 7.40 Hz, 8H), 0.9 (t, J = 7.40 Hz, 12H) ppm. 3C{*H} NMR (101 MHz,
CDCls, 298K): 5 211.9, 157.5, 129.1, 119.1, 114.1, 104.8, 70.5, 68.5, 50.9, 48.8, 31.5, 19.4, 14.1

ppm. HRMS (ESI+, m/z): calc’d for C3aHs1N204Pd [M-CI]* 657.2884; found: 657.2887.
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Chapter 4

N-Heterocyclic Carbene Complexes of Ag Bound Cyanides: An
Economical Approach to Studying Electronic Properties

4.1 Introduction

Since the discovery of the first isolable N-heterocyclic carbenes (NHCs) by Arduengo and
coworkers,'® a variety of structurally distinct NHCs have been reported with attempts to modulate
steric and electronic parameters as well as incorporate chelating functional groups or chirality.?®
Due to the numerous different NHC species reported in the literature, extensive studies have been
conducted to investigate and benchmark their properties. In any catalytic situation, ligands for
homogeneous catalysts are not necessarily suitable towards other metals or other applications. As
such, the design and discovery of new ligands is a common theme in organometallic chemistry.
Thus, researchers require methods to bench mark the properties of new ligands for their
comparisons. Understanding the specific properties of ligands will help to build trends and

optimize catalysts for their applications.

PR3 cO NHC
OC/I\lli‘l//CO PR3 OC/,\lli'l//CO NHC OC/I\lli‘l//CO
\CO CH,Cl, CcO Solvent \CO
-CO -CO
Tolman Nolan

Figure 4-1: Preparation of [Ni(CO)3(PR3/NHC)] complexes for TEP measurements

The o-donating and m-accepting electronic properties of a ligand can be studied by their
Tolman electronic parameters (TEP). One of the most common methods utilized was TEP to study
the electronic parameters of NHC ligands, and this originated from phosphine ligand studies

(Figure 4-2).%
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Tolman 1970 - [Ni(CO)3(PR3)]

PF3 P(OPh)a P(OMe)3 PPh3 PMe3 PtBU3
2110.8 2085.0 2079.5 2068.9 2064 .1 2056.1

Increasing Donor Ability (cm™)

Figure 4-2: Electronic studies of select phosphine ligands using TEP by IR spectroscopy

In Tolman’s original report, [Ni(CO)4] was treated with one equivalent of a phosphine
ligand liberating one molecule of CO and resulting in a tetrahedral [(PR3)Ni(CO)3] complex
(Figure 4-1). This complex is then analyzed by the infrared (IR) spectroscopy looking at the
stretching frequency of carbonyl ligands. Essentially, the more electron density the ligand donates
to the metal, in this case Ni, the more electron rich the metal becomes which weakens the C-O
bond eliciting a lower IR frequency.***® As shown in Figure 4-2, are select examples of phosphine
ligands demonstrating the effectiveness of TEP by showing a trend in which the most electron

donating ligand gives the lowest IR frequency.*’

Nolan 2005 - [Ni(CO);(NHC)]

t
IPr=2051.5 IMes = 2050.7 _
2068.9 2056.4 2056.1 SIPr = 2052 2 SIMes = 20515 ICy = 2049.6

Y

Increasing Donor Strength (cm™)

Figure 4-3: Electronic studies of select NHC ligands compared to select electron rich phosphine
ligands by Nolan and coworkers using IR spectroscopy

Nolan and coworkers demonstrated the efficacy of this method in some common NHCs
(Figure 4-3).%° This method helped benchmark NHCs as more donating ligands compared to most

phosphines and is therefore very significant. While this method utilizing [Ni(CO)4] is effective,
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[Ni(CO)4] 1s a volatile and highly toxic reagent which also not economical making its use very
impractical. As a result, alternative methods have been developed which operate by the same basic
principles which instead employ the use transition metals such as iridium and rhodium to study

the electronic donating abilities of NHCs.?®

Herrmann 2006

| \ClI CO(g) OC/// \\NHC
- “\\ 11y, ] -
' RN Rh \ solvent I Rh / \

Scheme 4-1: TEP using rhodium square planar complex by Herrman and coworkers

Herrmann and coworkers reported the use of square planar rhodium carbonyl complexes
of general formula [(NHC)Rh(CO),Cl] comparing the electronics of select NHC ligands.'*® These
complexes can easily be prepared by the treatment of bench stable [Rh(COD)CIl], with a free NHC
ligand, followed by treatment with CO(g) (Scheme 4-1). Similarly, [(NHC)Ir(CO),ClI] have also
been utilized which can be prepared by the same manner. Although effective, there are still
practical limitations of this method as rhodium or iridium complexes are very costly limiting their
practicality. Furthermore, the presence of two CO ligands leads to two CO stretching frequencies
by the #rans and cis carbonyls which can complicate analysis. Finally, studies using this method
have demonstrated that these species do not exhibit large differences in between different ligands,

which can result in experimental errors in comparisons.
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Huynh 2009

ii) Ag,0

< 2 N i) 2 NHC-HB Q
)),.Pd‘\Bfn. ‘\Br\/ ) r ‘7/N - N\(
Br

N Pd N
g T T
/KBI’ Br K@ CH,Cl, Pd"\
\( Br” |
NHC

Scheme 4-2: Synthesis of HEP complex probe for NHC electronic studies

As such, alternative methods for the analysis of the electronic properties of NHCs have
been reported. Most notably, the Huynh electronic parameter (HEP) which was introduced by
Huynh and colleagues in 2009 (Scheme 4-2). This utilizes *C NMR studies on Pd-NHC
complexes.*”!* HEP evaluates the influence of a ligand, such as an NHC, that is ¢rans to a reporter
ligand, IPr2-bimy, on its *Cearbene NMR signal.?” In essence, a strongly donating ligand will induce
a downfield shift on the *Cearbene 0f the reporter ligand and a weakly donating ligand will induce
a upfield shift on the *Cearbene of the reporter ligand.?” Although this HEP avoids the use of CO
systems, it has its limitations. This method requires lengthy experiment times and can be
problematic when ‘super strong’ electron donating ligand is frans to IPr2-bimy, it can dissociate.

Additionally, increased steric bulk has been shown to be a limitation.?’

To combat these practical problems of the above experimental studies, computational
analysis has been recently utilized. By measuring the energies of the HOMO and LUMO of the
free carbenes, the 6-donating and m-accepting capabilities of a ligand can be probed.'*® However,
as this method is not experimental in nature, the predicted geometries of ligands by DFT may not
be structurally accurate. Furthermore, no benchmark conditions have been reported for the use of
basis sets or DFT functionals, making comparisons between different reports challenging. As such,

we believe that a more practical experimental method for the determination of electronic properties
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of NHC:s is needed, ideally using easily available and inexpensive reagents, and widely accessible
forms of spectroscopy. Furthermore, the analysis should be free of experimental error and display

large experimental differences where possible.

In this study, we propose the use of Cu(I) and Ag(I) NHC complexes bound to cyanide
ligands may be ideal study the electronic effects of NHC ligands using the same principle as TEP.
Both copper and silver precursors are more cost-effective transition metals compared to iridium or
rhodium, and there have been many practical syntheses reported for [(NHC)CuX]'! or
[(NHC)AgX]'*? type complexes (X = halide). Additionally, these complexes generally display
linear 2-coordinate geometries indicating that the NHC ligand will be directly frans to the CN
without any additional competing ligands. This will likely give a more accurate depiction of
electronic properties of NHCs while reducing variables such as cis- and frans- isomers involved
when studying these complexes through IR spectroscopy. The choice of CN was due to its
characteristic region in IR spectroscopy, typically giving distinct signals. Furthermore, the use of
[(NHC)AgCN] complexes have been shown to be diagnostic towards electronic activities of an

NHC ligand.'*#
4.2 Results and Discussion

4.2.1 Electronic Parameter Studies: An Attempt

As our group has extensive experience working with copper complexes of general type
[(NHC)CuX], we hypothesized that these might be ideal precursors to begin investigating
electronic properties of the NHC. Gaillard and coworkers reported the straightforward synthesis

of [(NHC)CuCN] complexes by treating [(NHC)CuCl] complexes with KCN (Scheme 4-3).!%
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Following their procedure, [(IPr)CuCl] was treated with 1.0 equivalents of KCN in MeOH at 50°C

N\_,N
MeOH
50°C, 4 hr

Scheme 4-3: Synthesis of [(IPr)CuCN] (4-1)

for 4 hours.

Following this reaction, the product was isolated in 88% yield and was characterized by
"H NMR spectroscopy however, it bears a near identical spectrum to the '"H NMR spectrum of
[(IPr)CuCl], rendering this characterization method of little value. Similarly, high-resolution mass
spectrometry (HRMS) was also ineffective, as the CN group, like CI, would dissociate, resulting
in an m/z value corresponding to either the [(NHC)Cu]" or the bis-NHC [(NHC).Cu]" species, 313!
indistinguishable from the (NHC)CuCl complex. Therefore, to confirm the coordination of CN,
we utilized IR spectroscopy for the presence of a CN stretching frequency around ~2200 cm™'. For
complex 4-1, we observed a sharp signal at 2136.7 cm™! which was tentatively assigned to be a CN
stretch (Figure 4-4).!°2 Additionally, the CN can be observed using '*C{'H} NMR spectroscopy,

however, this requires several scans resulting in long experiments.
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Figure 4-4: Section of the IR spectrum of complex 4-1 showing the CN stretching frequency
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Figure 4-5: Series of CuCN complexes attempted. ND denotes none detected

From this result, we proceeded to attempt to synthesize a variety of [(NHC)CuCN]

complexes with the more sterically hindered ligands, but electronically distinct X-IPr* derivatives,
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as well as SIDEP-HBF; (Figure 4-5). Unfortunately, the distinctive sharp signals corresponding
to a CN stretch were not observed with the series of [(X-IPr*)CuCN] complexes (4-2 to 4-6).
Furthermore, the IR stretching frequency that we observed for [(SIDEP)CuCN] (4-7) was at 2141.4
cm’™ which was higher compared to complex 4-1, suggesting a less donating NHC. Based on the
principles of TEP, this result was unexpected as it suggests that IPr as a ligand is more electron-
donating than the SIDEP. As SIDEP contains aromatic wingtip groups bearing electron donating
substituents in the ortho- position of the wingtip groups, it was expected to exhibit a stretching
frequency lower than 4-1. This was further supported by our DFT studies.!>* To help explain our
experimental results, we hypothesized potential macromolecular structures may be present,
potentially with bridging CN ligands complicating analysis. This phenomenon has been reported
before for phosphine ligands.!>* Due to the insoluble nature of KCN in the reaction mixture, we
hypothesized that the reaction was largely unsuccessful and the crude product mixture may only
contain a small percentage of the desired [(NHC)CuCN] complex. As such, attempts to isolate
single crystals suitable for X-ray diffraction (XRD) of the presumed CuCN complexes (4-1 to 4-

6) to support this hypothesis for our results were met with failure.

Given the inconsistent results we encountered with [(NHC)CuCN] type complexes, we
shifted our focus to studying Ag(I) complexes. Following reports by Albrecht and coworkers,'*?
we aimed to synthesize and investigate [(NHC)AgCN] complexes as these species have been
previously reported and structurally characterized as monomolecular species. The preparation of
[(NHC)AgCN] type complexes was reported to occur from the treatment of an NHC-HX precursor
with Ag>O in CH3CN at elevated temperature via a C-C bond activation process along with the
formation of CH30OH. However, this procedure was only demonstrated with a limited ligand set,

all of which were not sterically demanding. We tested the procedure to various ligands from the
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more common, SIMes-HCI, IMes-HCI, IPr-HCI, SIPr-Cl and the sterically hindered X-IPr* series
and analyzed all of the products obtained by IR spectroscopy. The values obtained are presented

in Table 4-1.

Table 4-1: Synthesis of [(NHC)AgCN] complexes using Albrecht’s procedure

R R R R
M\ @ |
N\?N Ag,0 (1.75 equw.l NYN
CleR CH3CN A.g

R reflux, 3 hr R CN R
Entry [(NHC)AgCN] ven (cm™)
1 IPr (4-8) ND
2 IMes (4-9) 2211.8 (br), 2137.8 (s)
3 SIMes (4-10) 2133.2 (s)
4 SIPr (4-11) 2202.3 (br), 2139.1 (s)
5 IPr* (4-12) ND
6 p-F-1Pr* (4-13) ND
7 p-MeO-IPr* (4-14) ND
8 p-Morpholine-IPr* (4-15) ND

General Conditions: NHC-HX (0.05-0.15 mmol), Ag>O (0.09-0.20 mmol) in CH3CN (1-2 mL)
at refluxed under air for 3 hours. ND means none detected.

In our hands, we received curious results. Complex 4-8 appeared to have no signal in the
characteristic CN region (Figure 4-6). However, when the same procedure was used instead with
the smaller IMes-HCI, producing complex 4-9, two signals were present in the CN region (Figure
4-6). Specifically we observed a relatively broad signal at 2211.8 cm™!, whose wavenumber

143 and a second sharper signal at 2137.8 cm’!

approximately aligned with Albrecht’s results,
(Figure 4-6). With regards to complex 4-10, which contained the saturated SIMes ligand,
surprisingly only a single sharp signal at 2133.2 cm™! was observed (Figure 4-6). Next, we

synthesized another complex, 4-11, containing SIPr, which gave a spectrum similar to 4-9, with

two signals, a broad one at 2202.3 cm™! and another sharper signal at 2139.1 cm™! (Figure 4-6).
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Single crystals of complex 4-11 were grown from the slow diffusion of hexanes into a concentrated
CHj3Cl solution. Complex 4-11 co-crystallized with the desired [(SIPr)Ag-CN] and [(SIPr)Ag-Cl]
complex in approximately 1:1 ratio (Figure 4-7). The [(SIPr)AgCl1]'** analog likely forms as an
intermediate on route to the desired cyanide complex. Of note, while this structure helps to confirm
the structure of our desired product, it is not necessarily representative of the bulk sample as it

does not explain the second IR stretching frequency observed.

[(IPr)AgCN] (4-8)
- — N~

[(IMes)AgCN] (4-9)

[(SIMes)AQCN] (4-10)

[(SIPr)AgCN] (4-11)

[(IPr*)AgCN] (4-12)

2520 2480 2440 2400 2360 2320 2280 2240 2200 2160 2120 2080 2040 2000 1960 1920
wavenumber [cm1]

Figure 4-6: IR spectra associated with the complexes made in Table 4-1

Figure 4-7: Crystallographically determined structure of 4-11 a) as a co-crystal (~50%
occupancy of CN", ~50% occupancy of CI°), b) separated [(SIPr)AgCN] complex, and ¢)
separated [(SIPr)AgCN] displaying thermal ellipsoids drawn at the 50% confidence level.
Hydrogen atoms and solvent (CHCI3) are omitted for clarity. interatomic distances [A] and
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angles [deg] (identical for both complexes with exceptions to AgCN and AgCl bonds):
N(1)—C(1), 1.327(9); C(1)-N(2), 1.327(9); N(1)—C(1)-N(2), 108.4(3); C(1)—Ag(1), 2.081(1);
Ag(1)—C(4), 1.899(2); C(4)-N(3), 1.115(0); Ag(1)—CI(1), 2.403(3); C(1)—Ag(1)—C(4), 180.0(0);
C(1)—Ag(1)—CI(1), 180.0(0).

Our attempts to synthesize [(NHC)AgCN] complexes with X-IPr* derivatives were
unsuccessful (4-12 to 4-15). In all cases, analysis by 'H NMR spectroscopy of all complexes
showed that the ligand successfully coordinated to silver due to the disappearance of the Ccarbene-
H peak indicating successful metallation. Though complex 4-12 appears to have a peak in the CN
region (Figure 4-6), this was very broad and not characteristic of a CN stretch, therefore, we
concluded that no CN stretching frequencies were observed in any of the X-IPr* complexes made
by IR spectroscopy. We hypothesized that this may be due to the complicated nature of the reaction,
which likely produces multiple Ag-NHC type complexes.'*? In terms of complexes, 4-9 and 4-11,
which both gave two signals in the IR spectrum we hypothesized the presence of a second CN
containing product. As such, we explored alternative procedures from the literature in the hopes of
generating pure [(NHC)AgCN] type complexes. We hypothesized that the formation of a
[(NHC)AgCI] type complex could then be followed with treatment of KCN to generate

[(NHC)AgCN] type complexes.
Table 4-2: Two-step method of generating AgCN complexes
R = R
Q/N\é’ﬁb Ag,0 (1.15 equw @/NvNﬁ @/NvNﬁ
© CH,Cl, MeOH R

cl
R R 45018hr 50°C, 5 hr
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Entry [(NHC)AgCN] ven (cm™)

1 IPr (4-16) 2143.4
2 IMes (4-17) 2138.4
3 SIMes (4-18) 2133.3
4 SIPr (4-19) 2139.6
5 IPr* (4-20) ND
6 p-F-1Pr* (4-21) ND
7 p-MeO-IPr* (4-22) ND
8 p-Morpholine-IPr* (4-23) ND
9 IPr# (4-24) ND

General Considerations: NHC-HX (0.05-0.15 mmol), Ag>O (0.06-0.17 mmol) in CH>Cl> (1 mL)
at 45°C under air. [(NHC)AgCl] (0.04-0.48 mmol), KCN (0.04-0.48 mmol) in MeOH (1-10 mL)

at 50°C under air. ND means none detected.

[(IPr)AgCN] (4-16)

N I .

[(IMes)AgCN] (4-17) A

e ——| -_—

[(SIMes)AgCN] (4-18)

Figure 4-8: IR spectra associated with the complexes in Table 4-2

We attempted conditions from the literature reported by Nolan for the formation of
[(NHC)AgCl] complexes followed by Gaillard’s method by treating with KCN in MeOH (Table
4-2).14:150 We then measured the obtained crude samples (4-16 to 4-24) using IR spectroscopy,
and the results are summarized in Table 4-2. Unfortunately, our attempts to synthesize
[(NHC)AgCN] type complexes with the sterically large X-IPr* NHC ligands (4-20 — 4-24) were
unsuccessful once again (Table 4-2). However, a single sharp peak characteristic of a CN

stretching frequency was observed for complexes 4-16 to 4-19 which contained smaller NHC
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ligands (Table 4-2). Most notably, in all cases with the smaller ligands, the observed stretching
frequency appeared at 2133 — 2144 cm’! (Figure 4-8). In the case of SIPr (4-19) and IMes (4-17)

the signal observed closely resembled the sharp signals from the previous procedure (Figure 4-8).

Curiously, the stretching frequencies obtained for 4-16 — 4-19 differs from those reported
by Albrecht and coworkers'** by more than 50 cm™ and leads to the questions regarding the
specific structural identity of these species. As with the copper species, NMR and HRMS analysis
was unfortunately not informative as [(NHC)AgCl] and [(NHC)AgCN] appear to have near
identical spectra. Furthermore, we failed to observe the CN ligand by '*C NMR spectroscopy,
presumably due to a very slow relaxation of the metal bound CN ligand, which would be further
impacted by the Ag, as it exists as two NMR active nuclei '“’Ag and '"Ag likely resulting in
multiple doublets of lower intensity, combined with low concentration from incomplete product
formation. In our hands, all attempts to grow single crystals suitable for x-ray diffraction of these

species obtained by this procedure have failed.
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Figure 4-9: Aromatic region of a) complex 4-9 and b) complex 4-17 using '"H NMR

spectroscopy. (* was tentatively assigned to be [(IMes)AgCN], °and ¢ were unknown
compounds observed)

While our structural assignments of complexes 4-16 to 4-19 are tentative, it appears that

our two-step procedure in Table 4-2 is a cleaner route to what we believe to be the desired
[(NHC)AgCN] products, possessing a single sharp IR stretching frequency in the anticipated
region of a CN moiety. It is worth noting that while analogous phosphine silver cyanide complexes
are rare,'>> their reported IR spectra are more consistent with our results in Table 4-2 than those
reported by Albrecht. Upon analysis by "H NMR spectroscopy, the presence of another compound
was observed for complexes 4-17 to 4-19. An example of this is represented in Figure 4-9 which
shows [(IMes)AgCN] produced from Albrecht’s procedure (Figure 4-9a) and the two-step
procedure (Figure 4-9b). Unfortunately, for complexes 4-17 and 4-18 the identity of the other

compound was unknown as we could not isolate a single crystal suitable for X-ray crystallography.
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For complex 4-19, we hypothesized that the identity of the other compound observed was
[(SIPr)AgCl] which we observed in the X-ray crystallography analysis of complex 4-11 as well as

in literature.'®

While the exact structural identity of complexes 4-16 to 4-19 are still ambiguous, the
stretching frequencies observed clearly show an obvious trend, which is particularly interesting
when compared to the literature. Analysis of the results obtained indicated that SIMes (4-18) had
the lowest stretching frequency, indicating it was the most electron-donating ligand, followed by
IMes (4-17), SIPr (4-19), and IPr (4-16), which was the least electron-donating ligand. This overall
trend can be rationalized as both IMes and SIMes have wingtip groups with three electron donating
substituents in the ortho- and para- positions, where as IPr and SIPr only have two in the ortho
positions. Furthermore, in contrast to IMes and IPr, SIMes and SIPr are not aromatic heterocycles,
and one could reasonably predict that would directly impact the electron donating abilities of the

NHC:s.

Notably, there was also a clear distinction between the ligands' stretching frequencies
compared to examples of literature studies (Table 4-3). We further hypothesize that the failure to
form [(NHC)AgCN] type complexes with the X-IPr* type ligands result from the increased steric

parameters of these ligands, hindering substitution at the Ag.

Table 4-3: Comparison of literature electronic studies to this study

[(NHC)Ni(CO)3] (cm” [(NHC)Ir(CO).Cl] [(NHC)AgCN]
NHC 1\[a] -1y[a] -1
(cm”) (cm™)
IMes 2050.7 2023.1 2138.4
IPr 2051.5 2023.9 2143.4
SIMes 20515 2024.6 2133.3
SIPr 2052.5 2024.9 2139.6

[a] Determined experimentally.?®4¢
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In the literature electronic measurement studies, IMes was identified as the most electron-
donating ligand.?®*%!48 In the nickel study, IPr and SIMes showed no distinguishable differences
in electron-donating abilities (2051.5 and 2051.5 respectively), while SIPr was the least donating.
In the iridium study, the differences in stretching frequencies between IMes and IPr (2050.7 and
2051.5 cm’! respectively), as well as between SIMes and SIPr (2051.5 and 2052.5 cm’!
respectively), were minimal, essentially falling within the margin of error. However, in our system,
a clear distinction between the stretching frequencies of each ligand was observed. Specifically,
the differences in IR frequencies between the ligands were all greater than 1.0 cm™. We
hypothesize that this is due to the lack of competing back-bonding ligands on the [(NHC)AgCN]
type complex, with the CN directly trans to the NHC ligand. This would render the CN ligand
more susceptible to changes with to the NHC ligand. Ultimately, our study proposes a different

trend relative to electron donating ability than previous studies.

Our study shows a promising start for a cost effective and user-friendly method of studying
NHC ligands, however our study has been hampered by synthetic methods either resulting in poor
yields or multiple products complicating our analysis We hypothesize if new synthetic procedures
can be developed for the preparation of [(NHC)Ag-CN] type complexes in high yield and purity,

these complexes may be ideal to be used for this purpose.

4.3 Conclusions and Future Work

Though, we initially focused on Cu-NHC complexes to investigate the electronic properties
and the impact of NHC ligands, the results from this system were largely inconclusive. This was
particularly the case when comparing observed results of the IR studies with [(IPr)CuCN] and
[(SIDEP)CuCN] which gave counter intuitive results. Our shift to Ag(I) complexes, shows a

promising start in studying the electron-donating abilities of the ligands by their CN stretching
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frequencies. While our results indicate a clear obvious trend with the electronic properties of
common NHC ligands, structural ambiguity and problematic synthetic procedures have hindered
progress. Significantly, despite our best efforts, we were unable to synthesize pure [(NHC)AgCN]
complexes with larger NHC ligands such as the X-IPr* family, indicating the narrow operating

window for this method.

In conclusion, our study highlights the potential of Ag(I) cyanide complexes as a cost-
effective and user-friendly method for exploring the electronic donating properties of NHC
ligands. The distinct differences in IR frequencies among the ligands suggest that Ag(I) systems
may offer clearer differentiation in electronic properties when compared to the iridium and nickel
systems. Future work will focus on refining these methods to successfully coordinate the more
sterically bulky ligands to AgCN to further elucidate the electronic effects in these systems.
Specifically, we will explore the use of homogeneous sources of cyanide such as TMS-CN to help

improve our synthetic procedures.

4.4 Experimental

General Considerations: All manipulations were carried out under a nitrogen or argon
atmosphere unless otherwise noted using standard Schlenk techniques. All reagents were
purchased from commercial suppliers and used without further purification. Acetonitrile was
purchased from Sigma Aldrich and stored on 3A molecular sieves. [(NHC)CuCl] precursors were
synthesized by procedures from Chapter 2. [(SIDEP)CuCl] was synthesized by procedures from
Chapter 3. Celite® was purchased from Sigma—Aldrich. '"H NMR spectra were measured on a
Varian INOVA 500 MHz, Bruker Ascend 400 MHz, or a Nanalysis 60 MHz benchtop spectrometer
where noted at 298K. Chemical shifts are reported in delta (0) units, expressed in parts per million
(ppm) downfield from tetramethylsilane (TMS) using residual protonated solvent as an internal
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standard (CDCls, 7.27 ppm). 1*C{'H} NMR spectra were recorded at 126 MHz or 101 MHz where
noted. Chemical shifts are reported as above using the solvent as an internal standard (CDCls,

77.23 ppm).

Synthesis of [NHC)CuCN] Complexes

Under Ar, an oven-dried culture tube was charged with [(NHC)CuX] (0.3 mmol), KCN
(0.3 mmol), and degassed MeOH. The tube was sealed and heated at 50°C for 4 hours. The reaction
solution was then cooled to room temperature and the solvent was removed in vacuo. The residue
was dissolved in CH>Cl; and filtered through a small plug of silica gel. The filtrate was evaporated

to remove excess solvent and the product was precipitated in hexanes under vacuum.

Synthesis of [(IPr)CuCN] (4-1)

The general procedure was followed with [(IPr)CuCl] (150 mg, 0.3
/\
N\?N mmol) and KCN (19 mg, 0.3 mmol), in 5 mL of degassed MeOH giving
C
(':UN 127.1 mg (88%) as an off-white solid. Spectra matches literature.>* "H

NMR (400 MHz, CDCL3): § 7.52 (t, J = 7.80 Hz, 2H), 7.31 (d, J = 7.76 Hz, 4H), 7.15 (s, 2H),
2.51 (sept, J = 6.89 Hz, 4H), 1.28 (d, J = 6.88 Hz, 12H), 1.23 (d, J = 6.90 Hz, 12H) ppm. 3C{'H}

NMR (101 MHz, CDCl3): 6 180.6, 145.7, 143.5, 134.1, 131.0, 124.4, 123.5, 28.9, 25.1, 24.0 ppm.

Synthesis of [(SIDEP)CuCN] (4-7)
The general procedure was followed with [(SIDEP)Cul] (176.7 mg, 0.3

{, )
[\ mmol) and KCN (19 mg, 0.3 mmol), in 5 mL of degassed MeOH giving
N—N
\E 22.7 mg (15%) as an off-white solid. *NMR spectra pending.
O O
L eN
Synthesis of [NHC)AgCN] Complexes using Albrecht ef al. Procedure
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Under air, a culture tube equipped with a stirbar was charged with NHC-HX, Ag>O, and
CH;CN. The tube was sealed and heated at reflux for 3 hours in the absence of light.!** A white
precipitate was typically observed after the reaction. The solution was then cooled to room
temperature and the solvent was removed in vacuo. The residue was dissolved in CH>Cl> and
filtered through Celite® on a frit. The filtrate was evaporated to dryness and the crude residue was
dissolved in minimal amounts of CH>Cl, and layered with hexanes to precipitate the product out.

The precipitate was collected by filtration and washed with Et;0O.

Synthesis of [(IMes)AgCN] (4-9)

=\ The general procedure was followed with IMes-HCI (50 mg, 0.15
N—N
AY mmol) and Ag>O (60.3 mg, 0.26 mmol), in 1.5 mL of CH3CN giving
g
(I:N 50.5 mg (76%) as an off-white solid. '"H NMR (400 MHz, CDCls):

8 7.14 (d, J = 1.57 Hz, 2H), 7.01 (s, 4H), 2.37 (s, 6H), 2.06 (s, 12H) ppm. *C{'H} NMR (101
MHz, CDCl): 5 184.6 (d, J = 212.3 Hz), 140.0, 134.7, 129.7, 122.9 (d, J = 6.51 Hz), 21.3, 17.8

ppm. Carbene peak found by 'H-'3C HMBC experiment.

Synthesis of [(SIMes)AgCN] (4-10)

/\ The general procedure was followed with IPr-HCI (50 mg, 0.15
N—N
AY mmol) and Ag>O (59.1 mg, 0.26 mmol), in 1.5 mL of CH3CN giving
g
(I;N 50.3 mg (76%) as an off-white solid. '"H NMR (400 MHz, CDCls):

8 6.96 (s, 4H), 4.00 (s, 4H), 2.32 (s, 6H), 2.28 (s, 12H) ppm. BC{'H} NMR (101 MHz, CDCl3):
0 139.2, 135.6, 130.0, 51.3 (d, J=7.58 Hz), 21.2, 18.1 ppm. Despite our best efforts, the carbene

carbon was not observed.

Synthesis of [(SIPr)AgCN] (4-11)
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The general procedure was followed with SIPr-HCI (50 mg, 0.12 mmol)

N\er and AgxO (47.5 mg, 0.20 mmol), in 1.2 mL of CH3CN giving 33.4 mg
AfN (53%) as an off-white solid. Single crystals suitable for X-ray diffraction
were grown by slow diffusion of hexanes into a concentrated solution of CHClz. 'TH NMR (400
MHz, CDCl3): & 7.43 (t, J=7.77 Hz, 2H), 7.26 (d, J = 7.78 Hz, 4H), 4.07 (s, 4H), 3.13 — 2.90 (m,
4H), 1.39 — 1.22 (m, 24H) ppm. 3C{!H} NMR (101 MHz, CDCL): 5 146.5, 130.1, 124.7, 53.9
(d, J = 7.82 Hz), 28.9, 25.4, 24.0 ppm. Despite our best efforts, the carbene carbon was not

observed.

Synthesis of [(NHC)AgCN] Complexes using Nolan ef al. and Gaillard ef al. Procedure

Under air, a culture tube equipped with a stirbar was charged with NHC-HX, Ag,0, and
CH>Cl. The tube was sealed and heated at 45°C for 18 hours in the absence of light.'** A
precipitate was typically observed at the end of the reaction. The solution was then cooled to room
temperature and the solvent was removed in vacuo. The residue was dissolved in CH>Cl> and
filtered through Celite® on a frit. The filtrate was evaporated to dryness and the product was
precipitated in hexanes under vacuum. The formation of the Ag-NHC complex was confirmed by

'H NMR spectroscopy and was carried through directly to the next step without any purification.

Synthesis of [(IPr)AgCl]
The general procedure was followed with IPr-HCI (50 mg, 0.12 mmol)

N\?N and Ag>O (31.3 mg, 0.14 mmol), in 1 mL of CH,Cl, giving 44.8 mg
A|g (70%) as an orange solid. Spectra matches literature.'** "TH NMR (60
Cl

MHz, CDCl3): § 7.5 — 6.9 (m, 8H), 2.8 — 2.1 (m, 4H), 1.4 — 0.8 (m, 24H) ppm.

Synthesis of [(IMes)AgCl]
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=\ The general procedure was followed with IMes-HCI (50 mg, 0.15
N—N
AY mmol) and Ag>0 (39.1 mg, 0.17 mmol), in 1 mL of CH>Cl> giving
g
(|3 54.9 mg (81%) as a white solid. Spectra matches literature.'** "H

NMR (60 MHz, CDCL): § 7.14 (s, 2H), 7.01 (s, 4H), 2.36 (s, 6H), 2.08 (s, 12H) ppm.

Synthesis of [(SIMes)AgCl]

™\ The general procedure was followed with SIMes-HCI (50 mg, 0.15
N~—N
AY mmol) and Ag>O (38.9 mg, 0.17 mmol), in 1 mL of CH2Cl> giving
g
(|3 49.6 mg (73%) as a white solid. Spectra matches literature.'** "H

NMR (60 MHz, CDCl3): 6 7.0 (s, 4H), 4.0 (s, 4H), 2.3 (s, 18H) ppm.

Synthesis of [(SIPr)AgCl]

The general procedure was followed with SIPr-HCI (50 mg, 0.12 mmol)
N v N and Ag2O (31.2 mg, 0.13 mmol), in 1 mL of CH2Cl, giving 55.5 mg
(86%) as a white solid. Spectra matches literature."** "H NMR (60 MHz,

CDCL): § 7.7 ~7.0 (m, 6H), 4.1 (s, 4H), 3.4 — 2.7 (m, 4H), 1.4 (d, J = 6.90 Hz, 24H) ppm.

Under Ar, an oven-dried culture tube was charged with [(NHC)AgCl], KCN, and degassed
MeOH. The tube was sealed and heated at 50°C for 18 hours in the absence of light. The reaction
solution was then cooled to room temperature and the solvent was removed in vacuo. The residue
was dissolved in CH»Cl, and filtered through Celite® on a frit. The filtrate was evaporated to

remove excess solvent and the product was precipitated in hexanes under vacuum.

Synthesis of [(IPr)AgCN] (4-16)
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The general procedure was followed with [(IPr)AgCl] (44.8 mg, 0.08

N\?N mmol) and KCN (5.5 mg, 0.08 mmol), in 2 mL of degassed MeOH giving
Ag
I
CN
J=17.81 Hz, 2H), 7.31 (d, J = 7.78 Hz, 4H), 7.22 (d, J = 1.54 Hz, 2H), 2.50 (sept, J = 6.91 Hz,

37.7 mg (90%) as a white solid. '"H NMR (400 MHz, CDCl3): 5 7.52 (t,

4H), 1.26 (d, J = 6.86 Hz, 12H), 1.23 (d, J = 6.83 Hz, 12H) ppm. 3C{'H} NMR (101 MHz,
CDCL): 5 186.4 (d, J = 15.26 Hz), 145.7, 134.5, 131.0, 124.5, 123.8 (d, J = 6.39 Hz), 28.9, 24.9,

24.2 ppm.

Synthesis of [(IMes)AgCN] (4-17)

—\ The general procedure was followed with [(IMes)AgCl] (54.9 mg,
N—N
AY 0.12 mmol) and KCN (7.9 mg, 0.12 mmol), in 2 mL of degassed
g
|
CN MeOH giving 49.5 mg (94%) as a white solid. "H NMR (400 MHz,

CDCL): § 7.14 (d, J = 1.56 Hz, 2H), 7.01 (s, 4H), 2.37 (s, 6H), 2.07 (s, 12H) ppm. *C{'H} NMR

(101 MHz, CDCl): 6 140.0, 134.7, 129.8, 122.9 (d, J= 6.57 Hz), 21.3, 17.8 ppm.

Synthesis of [(SIMes)AgCN] (4-18)
The general procedure was followed with [(SIMes)AgCl] (49.6 mg,

N~—N
A 0.11 mmol) and KCN (7.2 mg, 0.11 mmol), in 2 mL of degassed
g
(|3N MeOH giving 39.2 mg (80%) as an off-white solid. "H NMR (400

MHz, CDCL): § 6.95 (s, 4H), 4.00 (s, 4H), 2.32 (s, 6H), 2.28 (s, 12H) ppm. *C{'H} NMR (101
MHz, CDCL3): § 209.1 (d, J = 14.20 Hz), 139.0, 135.4, 129.9, 51.2 (d, J = 7.44 Hz), 21.0, 17.9

Synthesis of [(SIPr)AgCN] (4-19)
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The general procedure was followed with [(SIPr)AgClI] (55.5 mg, 0.10

[\
N\?N mmol) and KCN (6.8 mg, 0.10 mmol), in 2 mL of degassed MeOH giving
A
|g 43.6 mg (83%) as an off-white solid. "H NMR (400 MHz, CDCl3): §
CN

7.42 (t,J="7.78 Hz, 2H), 7.24 (d, J = 7.81 Hz, 4H), 4.06 (s, 4H), 3.06 — 2.97 (m, 4H), 1.34 (d, J =
6.91 Hz, 12H), 1.30 (d, J = 6.85 Hz, 12H) ppm. 3C{'H} NMR (101 MHz, CDCL3): § 209.3 (d, J

=14.16 Hz), 146.7, 130.2, 124.8, 29.0, 25.5, 24.1 ppm.

110



Chapter 5
Conclusions and Future Work

In Chapter 2, the synthesis of a variety of Cul-NHC complexes using triethylamine as a
base was presented. This method offers several advantages, including mild reaction conditions,
short reaction times, and compatibility with air, which makes it both scalable and accessible for
broader applications. Notably, the unsaturated NHC precursors generally performed better than the
saturated ones, likely due to a decrease in acidity. We found that the smaller ligands, IMes and
SIMes, produced multiple products with Cul. The bulkier ligands, IPr and SIPr, did not exhibit the

same results.

Future work involves investigations on expanding the substrate scope of the NHC
precursors that can be coordinated to Cu! precursors using this weak base method. Our group is
further interested in applying this methodology towards the coordination of NHC precursors to
different transition metals. Preliminary investigations of expanding the scope of NHC precursors

metallated using this method is underway.

In Chapter 3, the synthesis of the sterically modular and electron-rich 2,6-
bis(alkoxyphenyl) substituted NHCs and their coordination to copper, silver, and palladium was
presented. Attempts to metallate these ligands to Cu' precursors using the weak base method
developed in Chapter 2 was low yielding, likely due to the decreased acidity of the NHC
precursors. This was mitigated by the use of a strong base, NaHMDS, yielding [Cu(RO-NHC)X]
(X = Cl, Br, I) type complexes. The different steric parameters were observed using X-ray
crystallography of CuCl complexes 3-34 to 3-36. Metallation to palladium was achieved using two

different methods, silver transmetallation and the free carbene route. However, the silver
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transmetallation method was low yielding due to the presence of multiple products. The free
carbene route effectively mitigated the low yield issue obtaining high yields of [(RO-
NHC)Pd(allyl)CI] type complexes. The direct impact of the steric parameters was demonstrated
using SMR of aryl chlorides using well-defined [(RO-NHC)Pd(allyl)Cl] precatalysts. The more
sterically bulky ligands provided higher conversions, showcasing the importance of steric control

in ligand design.

Future work will delve into further optimizations in the usage of these NHC ligands in
catalysis. Preliminary investigations towards the synthesis of their unsaturated counterparts are
underway. Additionally, our group is interested in synthesizing several new ligands pushing the
steric boundaries that this methodology can achieve. Applications of these new ligands will then

be further studied in catalysis.

In Chapter 4, explores a more economical and practical alternatives to measuring electronic
properties of NHC ligands, utilizing Cu' and Ag' NHC complexes bound to cyanide. The synthesis
and characterization of these complexes revealed several challenges, particularly with sterically
demanding ligands such as X-IPr* derivatives, likely due to complex reaction pathways and
potential formation of macromolecular structures. The shift to a different method synthesizing
Ag(I) complexes provided some success with the smaller ligands, showing clear trends in electron-
donating abilities, as indicated by IR spectroscopy. Yet, even with these successes, the structural
identity of the synthesized complexes remains ambiguous, and the inability to consistently form

complexes with larger ligands points to the limitations of this method.

Future work involves the optimization of the synthetic method to achieve [Ag(X-1Pr*)CN]

complexes using the homogeneous TMSCN as an alternative to KCN. Our group is further
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interested in the isolation of single crystals suitable for X-ray crystallography of these AgCN

complexes to eliminate structure ambiguities.
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Appendix A: Representative NMR Spectra

N—=ONOMNT —HOWNLW!m Mm = nm
nhYmas Lo mmaN
NSNS NANNNN o o
- &= = ~

NN
&r$
Cu

T T T T T
7.5 7.4 7.3 7.2 7.1

135 130 1.25

“ 37t E—

T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.5 4.0
f1 (ppm)

Figure A1: 'H NMR spectrum of 2-1 in CDCls at 500 MHz
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Figure A2: BC{'H} NMR spectrum of 2-1 in CDCl; at 126 MHz
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Figure A3: 'H NMR spectrum of 2-2 in CDCls at 500 MHz
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Figure A4: BC{'H} NMR spectrum of 2-2 in CDCl; at 126 MHz
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Figure A6: 3C{'H} NMR spectrum of 2-3 in CDCl; at 126 MHz
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Figure A58: BC{'H} NMR spectrum of 3-18 in CDCl3 at 101 MHz
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BC{TH} NMR spectrum of 3-19 in CDCl3 at 101 MHz
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Figure A62: BC{'H} NMR spectrum of 3-20 in CDCl3 at 101 MHz
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Figure A63: '"H NMR spectrum of 3-23 in CDCI3 at 500 MHz
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CDCls at 400 MHz
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Figure A81: '"H NMR spectrum of 3-32 in CDCls at 400 MHz
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Figure A83: '"H NMR spectrum of 3-33 in CDCls3 at 400 MHz
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H NMR spectrum of 3-34 in CDCls at 500 MHz

Figure A85
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Figure A87: '"H NMR spectrum of 3-35 in CDClz at 400 MHz
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Figure A88: 3C{'H} NMR spectrum of 3-35 in CDCl; at 101 MHz
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H NMR spectrum of 3-36 in CDCls at 400 MHz
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Figure A91: '"H NMR spectrum of 3-37 in CDCls at 400 MHz
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Figure A92: BC{'H} NMR spectrum of 3-37 in CDCl; at 101 MHz
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Figure A93: '"H NMR spectrum of 3-38 in CDCls3 at 400 MHz

n ~ — o (=)}
0 © o @ < N m ¥
] 4 S o S RRR B R
~ [
N /
@) (@)
N\?N
Cu
- O
[ Br \

T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50

f1 (ppm)

Figure A94: BC{'H} NMR spectrum of 3-38 in CDCl; at 101 MHz
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TH NMR spectrum of 3-39 in CDCl;s at 400 MHz

Figure A95
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H NMR spectrum of 3-40 in CDCls at 400 MHz

Figure A97
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H NMR spectrum of 3-41 in CDCl;s at 400 MHz
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Figure A112: 3C{'H} NMR spectrum of 3-47 in CDCl; at 101 MHz
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Figure A123: VI-'H NMR spectrum of 3-53 in CDCl3 at 400 MHz (*denotes allyl peaks)
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Figure A124: 'H, 'TH-COSY NMR (400 MHz) spectrum of 3-53 in CDCl; at 278 K (5°C)
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Figure A127: VI-'H NMR spectrum of 3-54 in CDCI3 at 400 MHz (*denotes allyl peaks)
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Figure A131: VI-'H NMR spectrum of 11e in CDCls at 400 MHz (*denotes allyl peaks)
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Figure A134: "H NMR spectrum of 4-1 in CDCl; at 400 MHz
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Figure A135: 3C{'H} NMR spectrum of 4-1 in CDCl; at 101 MHz
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Figure A136: "H NMR spectrum of 4-9 in CDCl; at 400 MHz
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Figure A144: "H NMR spectrum of 4-17 in CDCl3 at 400 MHz

197



Syaad nNo @
ERANN RRE LS
PN 35 N
N Y N
Ag
1
CN
|
|
L |‘ A ]
2‘10 260 1‘90 1‘80 1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 1‘00 5;0 8‘0 7‘0 éO .‘10 “10 ?lO 2‘0 1‘0 b *‘10
f1 (ppm)
Figure A145: BC{'H} NMR spectrum of 4-17 in CDClz at 101 MHz
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Figure A146: "H NMR spectrum of 4-18 in CDCl; at 400 MHz
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Figure A148: 3C{'H} NMR spectrum of 4-19 in CDCl3 at 400 MHz
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Appendix B: Crystallographic Data

Crystallographic Data for [Cu(NHC)X] in Chapter 3

Complex 3-33 3-34 3-35 3-36 3-44
Empirical C19H2Cl1 C23H30Cl1Cuy C27H3Cl1Cuy C27H3sCl1Cuy Ca3Hs3ol1Cuy
formula CU1N204 N204 N204 N204 N204
Formula 441.37 497.48 553.59 553.58 588.93
weight
Temperature | 173(2) K 173(2) K 173(2) K 173(2) K 173(2) K
Wavelength | 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal Monoclinic Orthorhombic | Orthorhombic Monoclinic Monoclinic
System
Space Group | C12/cl Pnna Pbcn C2lc P21/n
Hall Group -C 2yc -P 2a 2bc -P 2n 2ab -C 2yc -P 2yn
Unit Cell a=16.2946(5) a=9.4420(2) a=16.1902(8) a=17.6793(7) |a=
Dimensions | b=9.5622(3) b=16.0648(4) | b=9.5239(5) b=9.6888(3) 10.3183(3)
c=13.8134(4) c=16.3280(4) | c=18.2825(9) c=16.5397(5) | b=
a=90 a=90 a=90 a=90 14.8253(4)
B=111.2900(10) | B=90 =90 = c=
=90 =90 =90 91.1890(10) 17.3937(5)
=90 a=90
B:
104.7150(10)
v=90
Volume 2005.41(11) 2476.69(10) 2819.0(2) 2832.50(17) 2573.48(13)
Z 4 4 4 4 4
Density 1.462 1.334 1.304 1.298 1.520
(calculated)
F (000) 912.0 1040.0 1168.0 1168.0 1184.0
Crystal Size | 0.25x0.25 x 0.25x0.25 x 0.075x0.075x | 0.15x0.05 x 0.25x0.25 x
0.25 mm?3 0.25 mm? 0.075 mm?3 0.05 mm? 0.2 mm3
Thetarange | 2.683-33.251 | 2.492-30.501 | 2.228 -27.518 | 2.304-28.279 | 1.831 —
for data 33.142
collection
Index -25<=h<=23, -12<=h<=13, -20<=h<=21, -23<=h<=23, -15<=h<=15,
Ranges -14<=k<=14, -22<=k<=22, - | -12<=k<=12, -12<=k<=12, | -22<=k<=22,
-21<=I<=21 23<=1<=23 -23<=1<=23 -22<=1<=22 -26<=1<=26
Reflections 27879 36516 43300 35182 70687
Collected
Independent | 3853/0.0338 3779/0.0451 3242/0.0912 3520/0.0572 9813
Reflections/
Rint
Data / 3853/0/126 3779/0/194 | 3242/0/ 162 3520/6/194 |9813/0/
Restraints / 284
Parameters
Goodness- 1.055 1.140 1.278 1.055 1.056
of-fit on F?
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Final R R1=0.0326 R1 =0.0592 R1=0.1086 R1 =0.0365 R1=0.0434

Indices wR2 = 0.0929 wR2 =0.1356 | wR2 =0.2109 wR2 =0.0821 | wR2 =

[1>2sigma(l) 0.0740

]

R Indices (all | R1=0.0442 R1=0.0785 R1=0.1329 R1=0.0539 R1=0.0676

data) wR2 =0.0988 wR2 =0.1473 | wR2 = 0.2207 WR2 =0.0896 | wR2 =
0.0873

Largest diff. | 0.722; -0.347 0.901; -0.810 | 0.790; -0.986 0.326; -0.279 | 1.780;

peak and -1.147

hole (e.A?)

Crystallographic Data for [Ag(SIPr)CN] in Chapter 4

Complex 4-11
Empirical Formula C27H3sCIN2
Formula Weight 559.95
Temperature 173(2) K
Wavelength 0.71073
Crystal System Orthorhombic
Space Group Pccn

Hall Group -P 2ab 2 ac

Unit Cell Dimensions

a= 10.8422(3)

b= 12.5514(3)

c=20.1634(5)
a=90

B=90
v=90
Volume 2743.93(12)
Z 4
Density (calculated) 1.292
F (000) 1112.0
Mu (mm?) 0.847
h, K, Imax 15, 17, 28
Nref 4212
Tmin, Tmax 0.703, 0.746
Theta (max) 30.569

Calculations using SambVeca 2.1

Topography maps (Figure 3-5 in this document) were generated using SambVca 2.1 web
application.* For complexes 3-33, 3-34, and 3-35 .xyz files were generated using Mercury'>® of
the .cif files from the X-ray structures obtained and submitted directly. In the case of 3-36, which
displayed some positional disorder in one of the isopropyl groups, two positional isomers were
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separated into individual structures (below), and isomer 2 was submitted to SambVca calculations

for simplicity.

Isomer 1:
Cu 8.753850000000
Cu 8.753850000000
Cl 8.753850000000

TOTZTOTZTOIZIOOOOQ0ZOD TN I IODIZDIOZIOOTIOTOTZTOCOOO0O00ZO

7.869110000000
9.192400000000
11.761220000000
8.753850000000
9.824230000000
11.134650000000
11.742930000000
12.636210000000
11.030480000000
11.447560000000
9.735670000000
9.270360000000
9.124560000000
7.053180000000
7.605350000000
6.481020000000
5.909080000000
5.950860000000
7.212140000000
5.987960000000
6.409540000000
5.406180000000
5.455190000000
9.020730000000
9.881920000000
8.370210000000
9.638590000000
8.315300000000
5.746480000000
7.683470000000
6.373050000000
4.933250000000
5.195880000000
5.764770000000
4.871490000000
6.477220000000
6.060140000000
7.772030000000
8.237330000000

5.146880000000
5.146880000000
3.030560000000
7.907420000000
7.823610000000
6.976130000000
7.037940000000
7.348570000000
6.893580000000
6.435300000000
6.112830000000
6.456620000000
6.136050000000
6.925550000000
6.932870000000
7.388680000000
7.980670000000
8.305940000000
6.621330000000
6.322250000000
6.679500000000
5.981560000000
8.996050000000
9.850420000000
9.116980000000
8.680550000000
9.261520000000
9.745230000000
9.667660000000
7.907420000000
7.823610000000
6.976130000000
7.348570000000
6.893580000000
5.836530000000
5.029450000000
6.435300000000
6.112830000000
6.456620000000
6.136050000000
6.925550000000
6.932870000000

4.134030000000
4.134030000000
4.134030000000
7.433820000000
5.117270000000
5.047990000000
4.134030000000
6.302420000000
6.258430000000
7.420100000000
7.401390000000
8.602930000000
9.393930000000
8.678500000000
9.506660000000
7.517000000000
8.619130000000
9.386950000000
8.945890000000
8.208640000000
9.768030000000
9.072970000000
8.297500000000
8.068500000000
9.076650000000
7.537770000000
4.853190000000
4.918330000000
5479180000000
0.834250000000
3.150800000000
3.220080000000
1.965650000000
2.009640000000
3.628030000000
3.098900000000
0.847970000000
0.866680000000
-0.334860000000
-1.125860000000
-0.410430000000
-1.238590000000
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T TTZTOQOZITOQOZIITOIZIITQOIDIIZIQOIIIODIZIQITITNTITOTOON

Isomer

8.383140000000
10.454520000000
9.902350000000
11.026680000000
11.598620000000
11.556830000000
10.295560000000
11.519740000000
11.098160000000
12.101520000000
12.052500000000
8.486970000000
7.625780000000
9.137490000000
3.467060000000
3.193720000000
2.932490000000
3.325300000000
5.184210000000
6.087450000000
4.527940000000
5.101870000000
12.961270000000
13.557530000000
12.837770000000
14.430740000000
13.823020000000
12.636280000000
11.905060000000
12.243700000000
13.519330000000
13.689270000000

2:
8.753850000000
8.753850000000
8.753850000000
8.753850000000
7.869110000000
9.192400000000
11.761220000000
8.753850000000
9.824230000000
11.134650000000
12.574450000000
11.742930000000

7.388680000000
7.980670000000
8.305940000000
6.621330000000
6.322250000000
6.679500000000
5.981560000000
8.996050000000
9.850420000000
9.116980000000
8.680550000000
9.261520000000
9.745230000000
9.667660000000
6.137860000000
6.883980000000
5.345920000000
6.379950000000
5.588500000000
5.227060000000
4.944580000000
6.430440000000
6.230870000000
6.928460000000
6.943150000000
6.400310000000
7.932040000000
4.835680000000
4.739660000000
4.436800000000
4.297080000000
6.222290000000

5.146880000000
5.146880000000
5.146880000000
3.030560000000
7.907420000000
7.823610000000
6.976130000000
7.037940000000
7.348570000000
6.893580000000
5.836530000000
6.435300000000

0.751070000000
-0.351060000000
-1.118880000000
-0.677820000000
0.059430000000
-1.499960000000
-0.804900000000
-0.029430000000
0.199580000000
-0.808580000000
0.730300000000
3.414880000000
3.349740000000
2.788890000000
3.399830000000
3.973980000000
3.617330000000
2.460810000000
5.079900000000
5.197290000000
5.419010000000
5.573570000000
4.742560000000
3.527160000000
2.735560000000
3.205490000000
3.786490000000
4.557360000000
3.782120000000
5.469330000000
4.283440000000
5.526680000000

4.134030000000
4.134030000000
4.134030000000
4.134030000000
7.433820000000
5.117270000000
5.047990000000
4.134030000000
6.302420000000
6.258430000000
4.640040000000
7.420100000000
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OXDNTZOIDIZIOZOOTIOIIOZIOIIOO0ON0CZOONOOIIDOQOIIIIOINIOIOOIOIOT

12.636210000000
11.030480000000
11.447560000000
9.735670000000
9.270360000000
9.124560000000
7.053180000000
7.605350000000
6.481020000000
5.909080000000
5.950860000000
7.212140000000
5.987960000000
6.409540000000
5.406180000000
5.455190000000
9.020730000000
9.881920000000
8.370210000000
14.040630000000
12.323480000000
9.638590000000
8.315300000000
5.746480000000
7.683470000000
6.373050000000
4.933250000000
5.195880000000
5.764770000000
4.871490000000
6.477220000000
6.060140000000
7.772030000000
8.237330000000
8.383140000000
10.454520000000
9.902350000000
11.026680000000
11.598620000000
11.556830000000
10.295560000000
11.519740000000
11.098160000000
12.101520000000
12.052500000000
8.486970000000

6.112830000000
6.456620000000
6.136050000000
6.925550000000
6.932870000000
7.388680000000
7.980670000000
8.305940000000
6.621330000000
6.322250000000
6.679500000000
5.981560000000
8.996050000000
9.850420000000
9.116980000000
8.680550000000
9.261520000000
9.745230000000
9.667660000000
6.137860000000
5.588500000000
7.907420000000
7.823610000000
6.976130000000
7.348570000000
6.893580000000
5.836530000000
5.029450000000
6.435300000000
6.112830000000
6.456620000000
6.136050000000
6.925550000000
6.932870000000
7.388680000000
7.980670000000
8.305940000000
6.621330000000
6.322250000000
6.679500000000
5.981560000000
8.996050000000
9.850420000000
9.116980000000
8.680550000000
9.261520000000

7.401390000000
8.602930000000
9.393930000000
8.678500000000
9.506660000000
7.517000000000
8.619130000000
9.386950000000
8.945890000000
8.208640000000
9.768030000000
9.072970000000
8.297500000000
8.068500000000
9.076650000000
7.537770000000
4.853190000000
4.918330000000
5.479180000000
4.868240000000
3.188170000000
0.834250000000
3.150800000000
3.220080000000
1.965650000000
2.009640000000
3.628030000000
3.098900000000
0.847970000000
0.866680000000
-0.334860000000
-1.125860000000
-0.410430000000
-1.238590000000
0.751070000000
-0.351060000000
-1.118880000000
-0.677820000000
0.059430000000
-1.499960000000
-0.804900000000
-0.029430000000
0.199580000000
-0.808580000000
0.730300000000
3.414880000000

205



enjiasasfaniiasianiiasfasfiasii@Nusfasiasii@aniian

7.625780000000
9.137490000000
3.467060000000
3.193720000000
2.932490000000
3.325300000000
5.184210000000
6.087450000000
4.527940000000
5.101870000000
14.424670000000
14.582180000000
14.151170000000
12.316730000000
12.585450000000
11.287760000000

9.745230000000
9.667660000000
6.137860000000
6.883980000000
5.345920000000
6.379950000000
5.588500000000
5.227060000000
4.944580000000
6.430440000000
6.691090000000
5.220300000000
6.715110000000
4.971590000000
6.460930000000
5.365580000000

3.349740000000
2.788890000000
3.399830000000
3.973980000000
3.617330000000
2.460810000000
5.079900000000
5.197290000000
5.419010000000
5.573570000000
4.036770000000
4.966850000000
5.762360000000
5.214810000000
2.626800000000
3.038230000000
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“The only way to achieve the impossible is to believe it is possible.” — Lewis Carroll
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