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General Introduction 
 

1. Cooperative Catalysis 
 

   Looking at the synthetic point of view, catalytic reactions have gained much attention for the 

synthesis of organic compounds which has applications in organic, pharmaceutical, 

agrochemical and material chemistry. Catalysts facilitate the reactivity of non-activated or 

lower reactive reagents, offering high chemoselective organic transformations which reduce 

the formation of by-products to achieve high atom economy. 

   Cooperative catalysts consist of two or more active sites which individually activate multiple 

sites of a reactant or multiple reactants at the same time.1 Cooperative catalysts not only 

increase the rate of reaction but also increase the reactivity of non-activated substrates. Such 

cooperativity of multiple active sites are common in enzymatic reactions. For example, ‘kidney 

bean acid phosphatase’ contains a heterobimetallic Fe-Zn complex which efficiently promotes 

phosphate hydrolysis reaction (Figure 1).2 Coordination of Lewis acidic participation of the 

zinc metal enhances the electrophilicity of the phosphate ester while the Brønsted base site on 

the iron atom increases the nucleophilicity of hydroxide anion, facilitating hydrolysis reaction. 

 

 
Figure 1. Enzyme cooperativity in hydrolysis reaction. 

  

FeIII ZnII

H
O

O

R

NHis
NHis

P
O

OO
O

NH2

AsnO

OAsp

O

NHis
TyrO OH

R’

Lewis acid

Brønsted
base



 2 

A drawback of enzyme catalysis on the application to organic synthesis is the strictness in the 

substrate specificity. Hence, it is demanded to design the artificial cooperative systems which 

is flexible with different diversity of substrates for variety of organic transformation. Various 

kinds of artificial cooperative organometallic catalysts and organo-catalysts have been 

explored. In terms of substrate compatibility and versatility of reaction types, organometallic 

catalysts are attractive for preparing target molecules. 

 

 

2. Cooperative Organometallic Catalysis 

   Many of the chemical transformations have been achieved by using cooperative 

organometallic catalysts. The cooperative organometallic catalysts are categorized into metal-

organo cooperative catalysts and bimetallic catalysts. In metal-organo catalysis, one of the 

active sites is a metal and the other is an organic molecule or a functional group. In bimetallic 

cooperative catalysis, both active sites are constructed with metals, and they simultaneously 

activate substrate molecules, individually.  

   As the pioneering work of cooperative catalysts, Ito, Sawamura, and Hayashi demonstrated 

asymmetric aldol reaction for synthesizing substituted oxazolines in high enantioselectivity and 

high yield from aldehydes and isocyanoacetate with designed gold complex bearing the amine 

group which cooperatively activate the substrates (Figure 2a).3 Shibasaki and his coworkers 

achieved the broad utility of of Lewis acid-Brønsted base cooperative heterobimetallic catalysis 

by showing variety of catalytic asymmetric transformations.4 Especially, the early chemical 

transformation was asymmetric nitroaldol reaction with heterobimetallic catalysts, which was 

constructed with La and Li metals on binol ligands (Figure 2b).5 In the catalyst system, La 

promoted the activation of aldehydes and the activation of nitromethane through binol oxygen 

anion on Li. Shibasaki and co-workers also developed Lewis acid-Lewis base cooperative 

catalysts that consist of a Lewis acid aluminum metal and a phosphine oxide as a Lewis base. 

The complex cooperatively promoted the silyl-cynation of aldehydes in high enantioselectivity 

(Figure 2c).6 After these pioneering work, cooperative catalysis has been regarded as one of 

the most powerful tools for organic transformations, and hence various kinds of cooperative 

catalysts have been explored by using designed metal-organo and bimetallic catalytic systems.7 
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Figure 2. Cooperative catalysis in asymmetric aldol, nitroaldol and cyano-silylation reaction. 
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3. Cooperative Catalysis in Alkyne Activation 

   Cooperative catalysis has been proven an outstanding versatility in various types of organic 

transformations. The organic transformations from the alkyne substrates give valuable 

synthetic utility products.8 Especially, the nucleophilic addition reaction towards alkynes with 

a designed cooperative system is attractive in terms of achieving high activity and selectivity. 

The transformation of alkynes is promoted by soft Lewis acids like Pd, Au, Ag, Hg, Co, and Pt, 

and the simultaneous nucleophilic additions are possible through either Lewis base or Brønsted 

base catalysts. The cooperative catalysis in nucleophilic addition of alkynes can be divided into 

two categories: 

1. Metal-organo cooperative catalysis 

2. Bimetallic cooperative catalysis  

 

3.1.  Metal-organo Catalysis 

   In metal-organo catalysis, one of the active sites is a Lewis acid metal which promotes the 

activation of the alkyne substrate and the other active site is a Lewis base which enhances the 

nucleophilic addition through hydrogen-bonding or deprotonation. Reactions related to 

nucleophilic addition of alkyne with metal-organo cooperative catalysis are discussed below. 

  



 6 

Reactions Related to Metal-organic Cooperative Catalysis 
 

   In 2013, Bourissou and his coworkers reported the cycloisomerization of alkynoic acids by 

using a palladium indenediide cooperative catalytic system (Scheme 1).9 The author proposed 

that the palladium activates the alkyne moiety and the anionic indene ligand deprotonates the 

carboxy group of the substrate. The utility of palladium indene pincer complexes were also 

demostrated in various cycloisomerization reactions.10 DFT calculations supported the facile 

nucleophilic attack through the formation of a hydrogen bond network in a transition state 

involving two molecules of the alkynoic acid.11 

 
Scheme 1. Ligand-cooperated Pd Catalysis for Cyclization of Alkynoic Acids 
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   In 2014, Zhang and his coworkers reported the gold-catalyzed anti-nucleophilic addition of 

alkynes as the further development of highly active catalysts toward challenging intermolecular 

nucleophilic addition reactions (Scheme 2).12 The author used a JhonPhos gold complex 

bearing an amide moiety, which facilitates nucleophilic addition of benzoic acid through 

hydrogen bond formation. Control experiments with an untailored JhonPhos gold complex and 

an IPr gold complex showed almost no activity, indicating that the amide moiety facilitates the 

reactions. DFT calculations supported the hydrogen bond assisted mechanism. Various 

nucleophiles such as water,12 amine,12 N-hydroxybenzotriazin,13 azide,14 and napthol15 towards 

nucleophilic addition reactions with alkynes were explored using the amide-containing 

JhonPhos gold complexes. 
 
 

Scheme 2. Hydrocarboxylation of Alkynes 
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   In 2014, Zhang and his coworkers expanded his cooperative catalysis to the efficient bi-

functional designed JhonPhos gold complexes bearing an amine moiety which accelerated the 

propargylation of aldehydes followed by cycloisomerization (Scheme 3).16 It was proposed that 

the amine moiety deprotonates the alkyne at the propargylic position. The allenyl gold 

intermediate thus formed undergoes nucleophilic addition towards the aldehyde through the 

assistance of hydrogen-bonding with the protonated amine. A control experiment was 

conducted with an untailored JhonPhos gold complex, showing low activity of the catalyst 

toward nucleophilic addition to alkynes. The catalytic system demonstrated a broad utility of 

the JhonPhos gold complexes bearing the amine moiety in hydroalkenylation of alkynes,17 

isomerization of alkynes,18 propargylic esters,19 and propargylic alcohol,20 cycloisomerization 

of alkynoates and ynamides.21  

 
 
Scheme 3. Propargylation of Aldehyde and Silyl-Migrative Cyclization 
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   Cooperative catalysis is also beneficial for hydrofluorination of alkynes, while it is 

challenging to use hydrogen fluoride because of its high pKa value when compared with other 

halo-acids.22 In 2022, Braun and his coworkers reported platinum-catalyzed hydrofluorination 

of alkynes with metal-organo cooperative catalysts (Scheme 4)23, in which the indolyphosphine 

ligand stabilizes fluorine anion in a platinum polyfluorido complex through hydrogen-bonding. 

The hydrogen-bonding with polyfluorides in the outer sphere of the indole moiety facilitated 

the fluorination reaction. 

 
 
Scheme 4. Hydrofluorination of Internal Alkynes 
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   In 2022, Arrayas, Corpas, and their coworkers reported the directing group and cooperative 

action of acetate ligand assisted anti-acetoxylation of unsymmetrical alkynes with a palladium 

catalyst (Scheme 5).24, in which the acetate ligand acted as a base that deprotonates AcOH for 

accelerating its nucleophilic attack. The use of deuterated acetic acid instead of normal acetic 

acid slowed down the reaction rate. DFT calculations supported the cooperative action of the 

acetate ligand as a base site to increase the nucleophilicity of acetic acid.  

 
 
Scheme 5. Hydroacetoxylation of an Unsymmetrical Alkyne 
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   In 2020, Guinchard and his coworkers reported the monophosphine gold complexes bearing 

a phosphate moiety as the counter anion for the cyclization/Indole addition reactions (Scheme 

6).25 The phosphate anion was crucial for the high chemo-selectivity of the nucleophilic 

addition of indoles toward alkynyl-enones. DFT calculations supported the cooperative action 

of the gold center and the phosphate anion for achieving high selectivity through stabilizing 

carbocation intermediate. 

 

 

Scheme 6. Cooperative Catalysis of a Au-Phosphine-Phosphate Complex for 

Cycloisomerization/Nucleophilic Addition 
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3.2 Bimetallic Cooperative Catalysis 

 

   The intermolecular addition of nucleophiles to non-activated internal alkynes was 

challenging for the metal-organo cooperative catalysis, and hence, there was a requirement for 

more efficient catalytic systems. Bimetallic catalysts are candidate for the systems. In 

bimetallic catalysis, one of the active sites is a Lewis acidic metal which promotes the 

activation of alkynes and the other half of the catalyst has a Brønsted base bound to the other 

metal which enhances nucleophilicity of the substrate. Reactions related to nucleophilic 

addition of alkynes through bimetallic cooperative catalysis is discussed below. 

 

Reactions Related to Bimetallic Cooperative Catalysis 

 

   In 1983, Shvo and coworkers reported that a homobimetallic Ru complex accelerated 

hydrocarboxylation of alkynes (Scheme 7).26 In this reaction, one of the Ru metal center 

activated the alkyne and the other active site of metal increased nucleophilicity of the 

carboxylic acid through the formation of a carboxylate anion. 

 

 

Scheme 7. Homobimetallic Ru-catalyzed Hydrocarboxylation 
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   In 2010, Tsukada and his coworkers synthesized dinuclear palladium complexes towards 

improvement of the scope and efficiency of hydrocarboxylation of internal alkynes (Scheme 

8).27 Where two palladium centers were bridged through an amidine moiety. It was proposed 

that one of the palladium centers activated the alkyne while the other palladium center 

increased nucleophilicity of the acid through palladium carboxylate formation.  

 

 
Scheme 8. Hydrocarboxylation Catalyzed by a Dinuclear Pd Complex  
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   In 2013, Nolan and his coworkers reported the efficient dinuclear gold hydroxide catalytic 

systems for hydrophenoxylation of internal alkynes (Scheme 9).28 The dinuclear gold species 

dissociates into two gold complexes in a solution phase. It was proposed that one of the gold 

complexes activates the alkyne while the other gold complex increases the nucleophilicity of 

phenol through forming a gold phenoxide species. When the reactions were conducted solely 

with gold tetrafluoroborate or gold hydroxide, a drastic loss in the activity of the reaction was 

observed. The author demonstrated a broad utility of the dinuclear gold hydroxy 

homobimetallic complexes in hydroalkoxylation.29 DFT calculations suggested the cooperative 

action of the homobimetallic catalyst system in the nucleophilic addition reactions.30 

 

 
Scheme 9. Homobimetallic Gold Catalysis in Hydrophenoxylation 
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   In 2015, Nolan and his coworkers reported the utility of dinuclear gold hydroxide complexes 

in hydrocarboxylation of internal alkynes (Scheme 10),31 in which carboxylic acid is much less 

reactive nucleophile than phenols. During the reaction, the dinuclear gold species dissociates 

into two gold complexes. One of the gold complex activates alkyne and the other increases the 

nucleophilicity of acid by forming a carboxylate species. 

 

 
Scheme 10. Homobimetallic Gold-catalysis in Hydrocarboxylation 
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   In 2017 Cazin and his coworkers reported heterobimetallic Au-Cu catalyst systems to 

develop a cost-effective method for hydrophenoxylation of internal alkynes (Scheme 11).32 

Where the gold activates the alkyne moiety and the copper increases the nucleophilicity of the 

phenol by the formation of a copper phenoxide. When only copper hydroxide complex was 

utilized for the catalytic system, reaction did not occur, indicating that both of the gold and 

copper complexes were required. DFT calculations suggested the cooperative action of the 

heterobimetallic catalyst system in the nucleophilic addition reactions.30 

 
 

Scheme 11. Heterobimetallic Catalysis in Hydrophenoxylation 
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4. Cooperative Catalysis in C-O bond Activation 
 
 

   Coupling reactions are straightforward methods for the preparation of a wide variety of 

aromatic compounds, which are significant motifs in drugs, optoelectronics, and materials.33 

Aryl halides and sulfonates are the common substrates for the coupling reaction. Extension of 

a scope of coupling to include aryl ethers, which are attractive substrates in terms of readily 

availability from nature and less toxicity, is highly demanded. However, chemical stability of 

C-O bonds have hampered the development of coupling reactions with aryl ethers. For the 

activation of such a stable bond, the use of strongly nucleophilic metals such as low valent Ni 

and Rh in conjunction with hard Lewis acid metals such as Mg, Zn, Al, and Li are being 

recognized to be a general strategy. The role of Lewis acid is to coordinate to the oxygen atom 

of the ether and make them a better leaving group. 

 

4.1 Effect of Magnesium 

 

   In 1978, Wenkert and his coworkers developed the first-ever nickel catalyzed cross-coupling 

reaction of aryl ethers by using phenylmagnesium bromide as the coupling partner (Scheme 

12).34 The desired coupling product was obtained in good yield under harsh conditions with a 

prolonged reaction time. The utility of Kumada-coupling reactions was extended to different 

coupling partners such as aryl,35 alkyl,36 alkyne37 as nucleophiles and phenol as electrophiles.38  

 

 

Scheme 12. Kumada Coupling in Aryl Ethers 
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   In 2015, Uchiyama and his coworkers studied the mechanism of the Kumada-coupling 

reaction in aryl ethers with DFT calculations, where cooperative action of Ni and Mg in the 

cleavage of the C-O bond was revealed. The heterobimetallic Ni(0)-ate complex was the key 

intermediate for the cleavage of the C-O bond with a reasonable energy barrier (Scheme 13).39  

 

Scheme 13. Reaction Mechanism of Cross-coupling Between PhOMe and PhMgBr 
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Scheme 14. Reactions, DFT Models and Mechanism for AlMe3 Assisted C-O Bond Cleavage 
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   In 2018, Ong, Zhao and their coworkers revealed the nickel catalyzed cross-coupling of aryl 

ethers with heteroarene via C-O bond activation (Scheme 15).41 In the presence of a Lewis acid 

activator, o-tolyl-magnesium bromide, benziimadazoles were deprotonated and led to the 

formation of Ni(I) species. The activation of the C-O bond of aryl ethers were facilitated by 

the Ni(I) complex through the formation of a heterobimetallic Ni(I)-ate reactive intermediate. 

 

 
Scheme 15. Cross-coupling of Aryl ethers With Heteroarenes 
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4.2 Effect of Zinc 

    

   In 2012, Uchiyama and his coworkers reported the nickel catalyzed Negishi-type coupling 

from aryl ethers and aryl zinc reagents under mild conditions (Scheme 16).42 The use of 

dianionic-type Zincate such as PhZnMe3Li2 is crucial for the reaction due to its high 

nucleophilicity and low basicity.  

 

 

Scheme 16. Negishi Type Cross-coupling in Aryl Ethers 
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   In 2011, Hartwig and his coworkers realized the additive effect of Lewis acid in the nickel-

catalyzed reduction of aryl ethers (Scheme 17).44 The hydrogenolysis products were obtained 

in good yield at an elevated temperature of 120 °C. The same reaction was proceeded in better 

yields at relatively low temperature 80 °C in presence of organometallic trimethylaluminum 

species, indicating that C-O bond cleavage was promoted by Lewis acidic additives. 

 

 

Scheme 17. Additive Effect of Aluminum in Hydrogenolysis 
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Scheme 18. Aluminum Assisted Kumada Coupling 
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4.4 Effect of Lithium 

 

      In 2016, Uchiyama, Wang and their coworkers reported the use of an alternative Lewis acid 

organolithium reagents for the coupling partner in the nickel catalyzed coupling through the C-

O bond activation of aryl ethers (Scheme 19).47,48 The desired products were obtained in high 

yield at room temperature.  

 
 
Scheme 19. Nickel-catalyzed Cross-coupling Between Aryl Ethers and Aryl Lithium 

 

 
 

 

 
   The organometallic reagent is the key to facilitating the C-O bond cleavage in coupling 

reaction because of the formation of electron-rich nickel(0)-ate complexes. In contrast, metal 

salt, CsF, also showed acceleration effect in Suzuki-Miyaura coupling of aryl ethers without 

formation of Ni(0)-ate complexes (Scheme 20).49  

 

 

Scheme 20. Nickel Catalyzed Suzuki Coupling 
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   In 2017, Mori, Chatani, Tobisu, and their coworkers disclosed the detailed reaction 

mechanism by using DFT calculations (Scheme 21),50 revealing that the oxidative addition 

with Ni-PCy3 system requires high activation energy barrier of 33.0 kcal/mol. The activation 

energy barrier for C-O cleavage was lowered in the presence of CsF by 4.2 kcal/mol through 

the formation of a quaternary complex with Ni, PCy3, CsF, and starting materials.  

 

 
Scheme 21. Effect of CsF, Metal Salt in Suzuki coupling  
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   In 2021, Nakao and his coworkers reported a Rh-Al heterobimetallic complex for the 

reduction and selective borylation in aryl ethers (Scheme 22).51 The desired reduction products 

and borylated products were obtained in high yields at an elevated temperature of 120 °C and 

150 °C, respectively. To gain insight into the reaction mechanism, the intermediate was isolated 

and characterized, which demonstrated the activation of the C-O bond of anisole through the 

cooperative action of Rh and Al. 

 

 
Scheme 22. Heterobimetallic Complex in C-O Bond Cleavage 
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5. Strategy 
 

Design of Bifunctional Ligand  

   The author selected a rigid imidazo[1,5-a]pyridine-3-ylidine (IPC) ligand framework,52 

pursuing highly efficient nucleophilic addition towards alkynes (Figure 4a). The substituent at 

the C5 position of the IPC ligands impacts the catalytic environment around the metal atom, 

which is bound to the carbene at the C3-position of IPC ligand (Figure 3a). The rigidity of the 

IPC skeleton places the substituents at the vicinity of the metal centre to introduce a cooperative 

effect in facilitating the nucleophilic addition (Figure 3b). 
 

 
Figure 3. a) Structure of imidazo[1,5-a]pyridine-3-ylidine (IPC) ligand, b) Strategy for 

cooperative catalysis for nucleophilic addition.  
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6. Overview of the Thesis 
 

   Chapter 1 describes the development of highly active catalysts towards intramolecular 

nucleophilic additions with alkyne. He prepared novel imidazo[1,5-a]pyridin-3-ylidene silver 

complexes including an organic basic site, the imidazole moiety, at C5 position, which enable 

to form metal-organo cooperative catalysts. The rigid imidazo[1,5-a]pyridin-3-ylidene 

skeleton caused the silver and imidazole, to be placed in close proximity and display a 

cooperative effect in facilitating intramolecular reactions. 

   Chapter 2 describes the development of highly active catalysts towards challenging 

intermolecular nucleophilic additions with non-activated alkyne. He prepared novel 

imidazo[1,5-a]pyridin-3-ylidene gold complexes including bipyridine coordination site at the 

C5 position, which enable to form the hetero-bimetallic cooperative catalysts through the 

binding of hard metals at the coordination site. The rigid imidazo[1,5-a]pyridin-3-ylidene 

skeleton caused the two metals, gold and zinc, to be placed in close proximity and display a 

cooperative effect in facilitating intermolecular reactions. 

   Chapter 3 describes the application of Lewis acid Mg(anthracene)(thf)3 reductant in the 

cleavage of stable C-O bond of aryl ethers for homocoupling reaction to produce symmetrical 

diaryl ethers. DFT calculations elucidate the behavior of Mg(anthracene)(thf)3 reductant as a 

Grignard type of reagent, which participate cooperatively with nickel to facilitate cleavage of 

the C-O bond. 
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Chapter 1 
 

Use of Imidazo[1,5-a]pyridin-3-ylidene as a Platform 

for Metal- Imidazole Cooperative Catalysis: Silver-

Catalyzed Cyclization of Alkyne-Tethered 

Carboxylic Acids 

 

Abstract 

Silver complexes with 5-(4-(tert-butyl)- 1H-imidazol-1-yl)-imidazo[1,5-a]pyridin-3-

ylidene ligands were synthesized as metal-imidazole acid- base cooperative catalysts. Single 

crystal XRD analysis revealed that the silver atom was located in the vicinity of the imidazole 

ring and that cationic silver complexes formed dimers through coordination between the silver 

metal and the imidazole pendant. These cationic silver complexes served as catalysts for 

cyclization of alkyne-tethered carboxylic acids. NMR experiments indicated that the dimeric 

cationic silver complex dissociated to a monomer upon protonation of the imidazole moiety, 

resulting in coordination of an acetonitrile to the silver atom. DFT calculations supported the 

acid- base cooperative action of the silver-imidazole for the efficient alkyne-carboxylic acid 

cyclization.  
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Introduction 

 

   N-Heterocyclic carbenes (NHCs) are strong 𝜎-donating ligands, and their transition metal 

complexes have been widely investigated as catalysts for reaction development due to their 

robustness and tunability.1 To date, a broad spectrum of NHC ligands with different electronic 

and steric properties have been synthesized and evaluated. Imidazo[1,5-a]pyridin-3-ylidene 

(Figure 1a) is an NHC scaffold with a rigid bicyclic framework, introduced independently by 

Lassaletta2 and Glorius.3 Since the substituent at the C5 position of the imidazo[1,5-a]pyridin-

3-ylidene projects into the catalytic environment around the NHC-bound metal centre, it is 

expected that ligand modification at this position would have great impact on the nature of the 

catalyst not only through steric effect but also through a coordinative interaction. In fact, 

imidazo[1,5-a]pyridin-3-ylidene ligands have been modified at the C5 position with sterically 

bulky aromatic rings, 4 coordinative substituents,5 chiral auxiliaries,6 and other substituents.7  

   Therefore, the author envisioned that imidazo[1,5-a]pyridin-3-ylidene could be used as a 

robust template for producing acid-base cooperative catalysts8 by locating a Lewis acidic 

transition metal centre and a basic functional group such as imidazole at the C3 carbene carbon 

and the C5 position, respectively (Figure 1b). More specifically, the 4-(tert-butyl)-1H-

imidazol-1-yl group was chosen as the rigid basic substituent at the C5 position so as to 

spatially separate the Lewis acidic centre and the basic centre in the catalytic region. This 

chapter describes the synthesis of protonated precursors for such imidazo[1,5-a]pyridin-3-

ylidene ligands, their conversion to the corresponding silver(I) complexes, and their application 

to the silver-catalyzed cyclization of alkyne-tethered carboxylic acids (Figure 1c).9,10 
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Figure 1. General chemical diagrams for a) imidazo[1,5-a]pyridin-3-ylidene metal complexes 

and b) Lewis acid-base cooperative catalysts with an imidazo[1,5-a]pyridin-3-ylidene platform. 

c) Cyclization of alkyne-tethered carboxylic acids through Lewis acid-base cooperative 

catalysis. 
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Synthesis of Ligands & Complexes 

   The synthesis of 5-(4-(tert-butyl)-1H-imidazol-1-yl)-imidazo[1,5-a]pyridinium salt as an 

NHC precursor is outlined in Scheme 1. Acetal protection of commercially available 6-bromo-

2-pyridinecarboxaldehyde (1) gave 2-bromo-6-(diethoxymethyl)pyridine (2) in 96% yield. The 

4-(tert-butyl)-1H-imidazolyl substituent was introduced through copper-catalyzed coupling 

between 2 and 4-(tert-butyl)-1H-imidazole to give 2-(4-(tert-butyl)-1H-imidazol-1-yl)-6-

(diethoxymethyl)pyridine (3) in 79% yield. In this coupling, using benzotriazole11 as a ligand 

for the copper catalyst was crucial for obtaining 3 in a reasonable yield. After removing the 

acetal protection under acidic conditions, reductive amination with 2,4,6-

trimethylphenylamine or 2,6-diisopropylphenylamine followed by N-formylation12 produced 

the corresponding N-aryl formamides (4a: R = 2,4,6-trimethylphenyl; 4b: R = 2,6-

diisopropylphenyl). Next, dehydrative cyclization2 of 4a and 4b furnished 5-(4-(tert-butyl)-

1H-imidazol-1-yl)-imidazo[1,5-a]pyridinium salts 5a (69%) and 5b (66%), respectively. The 

chloride anions on the imidazolium salts 5a and 5b were replaced with a weakly coordinating 

PF6 anion through salt metathesis with KPF6, yielding 6a and 6b in 86% and 85% yields, 

respectively. 
 

 
 

Figure 2. Synthesis of NHC precursors 5 and 6. (a) TsOH·H2O (7 mol%), HC(OEt)3 (1.2 

equiv), EtOH, r.t., 3 h; (b) CuI (10 mol%), benzotriazole (20 mol%), 4-(tert-butyl)-1H-

imidazole (1 equiv), KOtBu (1.4 equiv), DMSO, 110 °C, 14 h; (c) 1 M HCl aq., acetone, 60 °C, 

3 h; (d) RNH2 (1.2 equiv), AcOH (1 equiv), NaBH(OAc)3 (1.5 equiv), DCM, r.t., 14 h; (e) 

HCOOH (excess), Ac2O (excess), THF, 0 °C, 3 h; (f) POCl3 (1.3 equiv), toluene, 100 °C, 38 

h; (g) KPF6 (2 equiv), H2O, r.t., 18 h. 
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   Silver(I) chloride complexes 7a and 7b bearing the 5-(4-(tert-butyl)-1H-imidazol-1-yl)-

imidazo[1,5-a]pyridin-3-ylidene framework were synthesized through the reaction of Ag2O 

and imidazolium salts 5a or 5b in 84% and 82% yields, respectively (Scheme 2). Single crystals 

of 7a and 7b suitable for XRD analysis were grown from DCM/Et2O and DCE/Et2O solutions, 

respectively. XRD analysis gave the mononuclear structures of complexes 7a and 7b. An 

ORTEP drawing of 7a is shown in Scheme 2. As expected, the silver atom is located in the 

vicinity of the imidazole ring uncoordinated to the N(4) atom. 

 

Scheme 1. Synthesis of neutral silver complexes 7a and 7b 
 

 
 

 
Figure 3. ORTEP drawing of 7a and 7b is described with 50% probability thermal ellipsoids. 

Hydrogen atoms are omitted for clarity. 

 
   Cationic silver(I) complexes 8a and 8b were prepared from imidazolium salts 6a and 6b, 
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acetonitrile at 50 ºC for 38 hours gave the desired complexes 8a and 8b in 69% and 68% yields, 

respectively (Scheme 3). XRD analysis of single crystals of 8a and 8b obtained through 

recrystallization from a DCM/Et2O solution indicated that both complexes existed as dimers 

with intermolecular coordination between the pendant imidazole and the silver atom. The 

average Ccarbene–Ag interatomic distance was 2.08 Å for both 8a and 8b, which is comparable 
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CD2Cl2, resonances for the carbene carbon bound to the silver metal were observed as a pair 

of doublets at 167.3 ppm {1J(13C–107Ag) = 287.1 Hz, 1J(13C–109Ag) = 248.5 Hz} for 8a and at 

167.3 ppm {1J(13C–107Ag) = 289.0 Hz, 1J(13C–109Ag) = 249.5 Hz} for 8b. The appearance of 

C–Ag coupling indicated that dissociation of the silver metal from the carbene is much slower 

than the NMR time scale.14,15 

 

Scheme 2. Synthesis of silver complexes 8a and 8b. 
 

 
 

 
 

Figure 4. ORTEP drawing of 8a and 8b is described with 50% probability thermal ellipsoids. 

Hydrogen atoms are omitted for clarity. 
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Investigation of Catalytic Activity 

   Next, the author evaluated the neutral and cationic silver complexes 7a, 7b, 8a, and 8b (2 

mol% Ag) for catalytic activity in the cyclization of 6-phenylhex-5-ynoic acid (9a) in 

acetonitrile at 80 °C for 15 hours. When he applied the cationic complex (8a) with the N(1)-

mesityl-substituted NHC ligand, the starting material was fully consumed to afford 6-exo-dig 

lactonization product 10a in 98% isolated yield with exclusive Z-selectivity (Table 1, entry 1). 

The cationic silver complex (8b) having the NHC ligand subsituted with a bulkier N(1)-aryl 

group (2,6-diisopropylphenyl) was much less active, yielding (Z)-10a in only 21% yield (entry 

3). The neutral silver chloride complexes 7a and 7b gave only a trace or none of the cyclization 

product (entries 4 and 5). In accordance with the literature,9 Ag2CO3 as a basic silver complex 

also promoted this cyclization to give 10a (83%), albeit with lower efficiency than 8a (entry 

6). Using ligand-free cationic silver(I) salt AgPF6 as a catalyst resulted in only 12% yield (entry 

8).  

   Combinations of AgPF6 and conventional NHC ligands such as IMes (L1)16 and IPr (L2)17 

gave 10a in 27% and 16% yields, respectively (Table 1, entries 9 and 10). Imidazo[1,5-

a]pyridin-3-ylidene ligand L3 with a phenyl group at the C5 position gave even lower yield 

(13%, entry 11). The addition of 1-phenylimidazole (11) as an exogenous organic base to the 

reaction systems with L1, L2, or L3 led to substantial increases in the yield of 10a to 62%, 

44%, or 18%, respectively (entries 12-14). These results suggest cooperative action of the 

cationic silver centre and the imidazole derivative (11) as a Lewis acid and a Brønsted base, 

respectively. Furthermore, comparison of these results with those for the cationic silver 

complex (8a) with the imidazole-functionalized NHC ligand (entry 1) confirms that the 

expected acid-base cooperative catalysis with the intramolecularly arranged cationic Ag centre 

and imidazole moiety has been achieved. 

   The catalyst loading could be reduced to 1 mol% on the Ag atom using 8a as the catalyst for 

the reaction of 9a over an extended reaction time (50 h) with the product yield nearly 

unchanged (Table 1, entry 2). In contrast, the reaction of 9a catalyzed by the reduced amount 

of Ag2CO3 (1 mol% Ag) remained at only 25% even with the extended reaction time (entry 7). 

A time-course profile for the Ag2CO3-catalyzed reaction indicated that Ag2CO3 was more 

active than 8a but lost its activity at 10 h (see Supporting Information for time-yield profiles). 

Thus, the NHC ligand (8a) with the basic pendant is useful for maintaining the activity of the 

cationic silver catalyst. 
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Table 1. Silver-Catalyzed Cyclization of 9a 
 

 
entry catalyst 

(xx mol% Ag) 
additive yield [%][a] 

1 8a (2) none 98[b] 
2 8a (1) none 94[c] 
3 8b (2) none 21 
4 7a (2) none trace 
5 7b (2) none 0 
6 Ag2CO3 (2) none 83 
7 Ag2CO3 (1) none 25[d] 
8 AgPF6 (2) none 12 
9 AgPF6 (2) L1 27 
10 AgPF6 (2) L2 16 
11 AgPF6 (2) L3 13 
12 AgPF6 (2) L1+11 62 
13 AgPF6 (2) L2+11 44 
14 AgPF6 (2) L3+11 18 

 
Reaction conditions: 9a (0.10 mmol) and Ag catalyst (1-2 mol% on Ag atom) in CH3CN (0.5 

mL) at 80 oC for 15 h. 11: 1-Phenylimidazole. [a]Yield was determined by 1H NMR analysis 

using 1,3,5-trimethoxybenzene as an internal standard. [b]Isolated yield. [c]Reaction over 50 h. 
[d]Reaction over 30 h. 

 
 

Effects of solvents were examined toluene, 1,4-dioxane, and 1,2-dichloroethane (Table 2). 

When toluene, 1,4-dioxane, and DCE were used as solvent for the cyclization of 9a, only trace 

amount of the product was obtained. These results suggested that the use of CH3CN is crucial 

for the silver catalyzed cyclization. 

  

9a 10a

CH3CN, 80 °C, 15 h

catalyst (xx mol% on Ag)
additive (2 mol%) O

O

PhOH

OPh

N N N N

Ph

N N
iPr

iPr
iPr

iPr

IMes (L1) IPr (L2) L3
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Table 2. Solvent Effects on the Cyclization of Alkynoic Acid 
 

 
 

entry solvent Yield [%] 

1 CH3CN 98a 
2 Toluene traceb 
3 1,4-dioxane traceb 
4 DCE 6b 

 
aIsolated yield. bYield was determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as 

an internal standard. 
 

With the optimal conditions in hand using 8a as the acid-base cooperative catalyst, the scope 

of alkyne-tethered carboxylic acids (9) was explored (Table 2). Both electron-donating (-OMe; 

9b) and withdrawing groups (-NO2 and -CN: 9c,d) were competent substituents at the para 

position of the aromatic ring of the phenylacetylene derivatives to afford the cyclized products 

10b–d in high yields (94–99%, entries 1-3). Terminal alkyne 9e was less reactive (25%, entry 

4). 5-Phenyl-4-pentynoic acid (9f) underwent 5-exo-dig cyclization with exclusive regio- and 

stereoselectivities to produce (Z)-benzylidenebutyrolactone (10f) in 93% yield (entry 5). The 

reaction of 2-(phenylethynyl)benzoic acid (9g) occurred preferentially in 5-exo-dig cyclization 

mode to afford (Z)-3-benzylideneisobenzofuran-1(3H)-one (10g) as the major product, while 

the competitive 6-endo-dig cyclization formed the corresponding 𝛾-lactone (1%) as an 

inseparable by-product (entry 6). 4-Nonynoic acid 9h was transformed to an E/Z mixture 

(13/87) of the corresponding 𝛾-lactone 10h in 88% yield (entry 7). Similar erosion of 

stereoselectivity on the cyclization of 9h was reported for other silver(I) and gold(I) catalytic 

systems.9b,18 Monomethyl malonate derivatives 9i and 9j were suitable substrates for the exo 

cyclization, giving the corresponding six- (10i) and five-membered (10j) lactones in 87% and 

84% yields, respectively (entries 8 and 9). Two-fold cyclization of dodeca-5,7-diynedioic acid 

9k occurred cleanly to furnish the bislactone 10k in 98% yield (entry 10). 
  

9a 10a

solvent (0.5 mL)
 80 °C, 15 h

8a (2 mol% on Ag) O

O

PhOH

OPh
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Table 3. Cyclization of Alkyne-Tethered Carboxylic Acids (9) Catalyzed by 8a 
 

 
Reaction conditions: 9 (0.1 mmol) and 8a (0.001 mmol, 2 mol% on Ag atom) in CH3CN (0.5 

mL) at 80 ºC for 15 h. [a]Determined by 1H NMR analysis using phenanthrene as an internal 

standard due to the volatility of the product. [b]Including 1% of 3-phenyl-1H-isochromen-1-one. 
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NMR Experiment 
 

To gain insight into the reaction mechanism, the interactions between 8a and 9a were 

investigated by 1H NMR titration with varying amounts of carboxy-tethered alkyne 9a (9a/Ag: 

0–4 equiv) in CD3CN at 25 °C (eq. 1). Only a trace of cyclization was observed at this 

temperature. Upon addition of the alkyne (9a), signals for a new species appeared and their 

intensities increased gradually as the 9a/Ag ratio increased (Table 7). Figure 5 shows aromatic 

regions of the spectra of 8a in CD3CN and the mixture of 8a and 9a at 9a/Ag = 4, where the 

ratio between the new species and 8a is 19:81 (the apparent chemical shift change was observed 

for Ha* upon the addition of 9a. It may be due to weak interaction between Ha* and 9a). The 

most significant spectral change upon addition of 9a is the downfield shift of the signals arising 

from the imidazole pendant. This is likely due to protonation of the imidazole at the N(4) atom 

by the carboxyl group of 9a, resulting in dissociation of the intermolecular N–Ag interactions 

and monomerization of the silver complex. Since no significant chemical shift change was 

observed at the propargylic methylene protons of 9a, its alkyne moiety should be virtually 

uncoordinated with the silver atom. Instead, coordination of CD3CN to the vacant site of the 

silver atom is reasoned. 
 

 
1H NMR titration of 8a with benzoic acid in CD3CN produced new signals similar to those 

detected in the titration of 8a with 9a in CD3CN.  In contrast, no new species appeared in the 

titration of 8a with benzoic acid in CD2Cl2. This suggests that acetonitrile coordinates to the 

cationic silver complex, facilitating the monomerization of the complex with simultaneous 

protonation of the imidazole moiety. This behavior is consistent with low catalytic activity of 

8a in toluene, 1,4-dioxane, or 1,2-dichloroethane. 
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Figure 5. 1H NMR titration with varying amounts of 9a (9a/8a = 0-4). 8a = *, 9a = ●, new 

silver complex = ▲. 
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DFT Calculation 
 
   Density functional theory (DFT) calculations were conducted to investigate the mechanism 

of the Ag-catalyzed cyclization. The geometry optimizations as well as frequency calculations 

were performed at the M06/lanl2dz (for silver) and 6-31+G(d,p) (for other elements) levels of 

theory19,20 using Gaussian 16,21 and the solvation effect of acetonitrile was introduced using 

the CPCM model.22 The relative energies were corrected for the Gibbs free energies and given 

in kcal mol–1 (Figure 3). 

   A mononuclear silver-alkyne 𝜋 complex (Int-A) with an interaction between imidazole and 

the carboxylic acid is proposed as a plausible precursor for the cyclization. Nucleophilic anti-

attack of the carboxy group to the alkyne moiety in the 6-exo-dig mode occurs through TS-A 

to form a six-membered lactone (Int-B) hydrogen-bonded with the protonated imidazole 

moiety. This step has an energy barrier of 21.4 kcal/mol and is 15.7 kcal mol–1 endothermic. 

After dissociation of the hydrogen bond leading to the more stable intermediate Int-C, 

protonation of the Ag–C bond through TS-B gives the lactone (Int-D) 𝜋-coordinated to the Ag 

atom at the exo alkene moiety. These results support the expectation that the Brønsted base 

moiety of the NHC ligand would participate cooperatively in the silver-catalyzed cyclization 

of the alkyne-tethered carboxylic acid.  

 

 
 
Figure 6. Energy diagram for cyclization of 9a catalyzed by silver complex 8a. Calculations 

were performed at M06/ lanl2dz (for silver) and 6-31+G(d,p) (for other elements) levels of 

theory. The counter anion (PF6–) of 3D model of TS-A is omitted for clarity. 

  

N

N

N
tBu

N Mes

Ag
Ph

O
O N

N

N
tBu

N Mes

Ag

O
Ph

O

N

N

N
tBu

N Mes

Ag
Ph

H

N

N

N
tBu

N Mes

Ag
O O

H PhPF6

0.0

21.4

15.7

6.4

21.8

-17.3

Int-A

TS-A

Int-B

Int-C

Int-D

TS-B

ΔG (kcal/mol)

H

H
Int-A

TS-A
Int-B

Int-C

TS-B

Int-D

N

N

N
tBu

N Mes

Ag

O
Ph

OH

N

N

N
tBu

N Mes

Ag

H O
O

Ph

O

O
PF6

PF6

PF6

PF6

PF6



 44 

Conclusion 
   In conclusion, the author synthesized neutral and cationic silver(I) complexes with 5-(4-(tert-

butyl)-1H-imidazol-1-yl)-imidazo[1,5-a]pyridin-3-ylidene ligands. Single-crystal XRD 

analysis showed that the neutral and cationic complexes existed as monomers or dimers. The 

cationic silver complexes showed catalytic activity for the cyclization of alkyne-tethered 

carboxylic acids. NMR experiments and DFT calculations indicated that an in situ generated 

monomeric cationic silver complex with an imidazole pendant acts as a cooperative Lewis 

acid-base catalyst. 

Experimental Section 

   All air and moisture-sensitive reactions were operated using the standard Schlenk techniques 

or glove box under nitrogen gas atmosphere. THF, DCM, and toluene were dried and 

deoxygenated by using Grubbs column (Glass Counter Solvent Dispensing System, Nikko 

Hansen & Co, Ltd.). Dry CH3CN was purchased from Kanto Chemical Co., Inc.. CD3CN was 

distilled with CaH2 as a drying reagent and degassed by freeze pump thaw cycles. 6-Bromo-2-

pyridinecarboxaldehyde was purchased from BLD Pharmatech Ltd.. Other commercially 

available compounds were purchased from Tokyo Chemical Industry Co., Ltd. (TCI), Sigma-

Aldrich Co. LLC, or FUJIFILM Wako Pure Chemical Corporation. 1H NMR (400 MHz) and 
13C{1H} NMR (100 MHz) spectra were measured on JEOL ECZ-400S spectrometer. All 1H 

NMR chemical shifts were reported in ppm (δ) relative to the chemical shifts of residual solvent 

resonances (CDCl3 at δ 7.26, C6D6 at δ 7.16, DMSO-d6 at δ 2.50, and DCM-d2 at δ 5.32). All 
13C{1H} NMR chemical shifts were reported in ppm (δ) relative to carbon resonances of CDCl3 

at δ 77.0, C6D6 at δ 127.7, DMSO-d6 at δ 39.5, or DCM-d2 at δ 53.8. High-resolution mass 

spectra were obtained with Thermo Fisher Scientific Exactive, JEOL JMS-T100LP, or JEOL 

JMS-700TZ at the Instrumental Analysis Division, Equipment Management Center, Creative 

Research Institution, Hokkaido University. IR spectra were obtained on JASCO FT-IR-4600 

spectrometer. Flash column chromatography was performed using silica gel (Wakogel FC-40, 

0.020-0.040 nm >70%), and Celite® 535 was used for Celite filtration. Silver catalyzed 

cyclization was conducted using EYELA RCH-1000 of TOKYO RIKAKIKAI CO, LTD as a 

heating reactor. 

  



 45 

2-Bromo-6-(diethoxymethyl)pyridine (2)23 

 

 

 

   6-Bromopicolinaldehyde (5.02 g, 27.0 mmol) and p-toluenesulfonic acid monohydrate (380 

mg, 2.0 mmol, 7 mol%) were dissolved in EtOH (54 mL) under nitrogen atmosphere. After 

addition of triethyl orthoformate (5.50 mL, 33.0 mmol, 1.2 equiv), the reaction mixture was 

stirred for 3 hours at room temperature. The resulting solution was quenched with saturated 

NaHCO3 aqueous solution, and the aqueous layer was extracted with EtOAc. The combined 

organic layer was dried over Na2SO4, filtrated, and evaporated. The crude mixture was purified 

by silica-gel flash column chromatography (hexane/EtOAc 4:1) to afford the desired product 

as colorless oil (6.71 g, 25.8 mmol, 96% yield). 

   Colorless oil. 1H NMR (400 MHz, CDCl3, 25 °C): d 7.57-7.54 (m, 2H), 7.43 (dd, J = 6.3, 

2.5 Hz, 1H), 5.38 (s, 1H), 3.77-3.67 (m, 2H), 3.64-3.55 (m, 2H), 1.23 (t, J = 7.1 Hz, 1H). 
13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 159.9, 141.1, 139.0, 127.8, 119.8, 102.2, 62.7, 

15.1.  
 

2-(4-(Tert-butyl)-1H-imidazol-1-yl)-6-(diethoxymethyl)pyridine (3)24 

 
   CuI (190 mg, 1.0 mmol, 10 mol%) and 1,2,3-benzotriazole (238 mg, 2.0 mmol, 20 mol%) 

was dissolved in dry DMSO (10 mL) under nitrogen atmosphere. 2-bromo-6-

(diethoxymethyl)pyridine (2.60 g, 10 mmol), 4-(tert-butyl)-1H-imidazole (1.24 g, 10 mmol, 

1.0 equiv), and KOtBu (1.57 g, 14 mmol, 1.4 equiv) were added to the resulting yellow solution, 

and the reaction mixture was stirred at 110 ºC for 14 hours. After cooling to room temperature, 

water was poured into the solution, and the aqueous layer was extracted with EtOAc. The 

combined organic layer was washed with brine twice, dried over Na2SO4, filtrated, and 

evaporated. The crude mixture was purified by silica-gel flash column chromatography 

(hexane/EtOAc 4:1 to 1:1) to afford the desired product (2.40 g, 7.9 mmol, 79% yield). 
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   Pale yellow oil. IR (ATR, n /cm-1): 2968 w, 2900 w, 2871 w, 1581 m, 1464 s, 1390 w, 1333 

w, 1261 m, 1192 w, 1113 m, 1057 s, 837 w, 802 s, 729 m, 677 w, 619 w. 1H NMR (400 MHz, 

CDCl3, 25 °C): d 8.31 (d, J = 1.1 Hz, 1H), 7.80 (t, J = 7.9 Hz, 1H), 7.48 (d, J = 7.8 Hz, 1H), 

7.33 (d, J = 1.6 Hz, 1H), 7.27 (d, J = 8.2 Hz, 1H), 5.42 (s, 1H), 3.77-3.67 (m, 2H), 3.65-3.57 

(m, 2H), 1.32 (s, 9H), 1.24 (t, J = 7.1 Hz, 6H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 

158.3, 153.5, 148.3, 139.5, 134.1, 118.7, 111.6, 109.8, 102.2, 62.5, 31.8, 29.9, 15.2. HRMS 

(EI+) m/z calc. for C17H25N3O2 303.19468 found 303.19409. 

 

5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-mesitylimidazo[1,5-a]pyridin-2-ium Chloride 

(5a)25 

 

 
 

   2-(4-(tert-butyl)-1H-imidazol-1-yl)-6-(diethoxymethyl)pyridine (1.35 g, 4.94 mmol, 1 

equiv) was dissolved in the mixed solvent of acetone (11 mL) and 1 M HCl aq (11 mL) under 

nitrogen atmosphere, and the resulting solution was stirred at 60 ºC for 3 hours. After 

quenching with saturated NaHCO3 aqueous solution, the aqueous layer was extracted with 

DCM. The combined organic layer was dried over Na2SO4, filtrated, and evaporated. The crude 

mixture was dissolved in dry DCM (18 mL) under nitrogen atmosphere, and acetic acid (297 

mg, 4.94 mmol, 1 equiv) and 2,4,6-trimethylanaline (802 mg, 5.93 mmol, 1.2 equiv) were 

added to the solution. After addition of NaBH(OAc)3 (1.57 g, 7.41 mmol, 1.5 equiv) to the 

reaction mixture at 0 ºC, the resulting suspension was stirred at room temperature for 14 hours. 

After quenching with saturated NaHCO3 aqueous solution, aqueous layer was extracted with 

DCM, and the combined organic layer was dried over Na2SO4, filtrated, and evaporated. The 

resulting brown oil was dissolved in dry THF (16 mL) under nitrogen atmosphere. Formic acid 

(1.0 mL) and acetic anhydride (1.0 mL) were stirred for 2 hours at room temperature under 

nitrogen atmosphere before it was added dropwise to the above THF solution at 0 ºC. The 

resulting mixture was stirred for 3 hours at 0 ºC, and the mixture was quenched with saturated 
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N
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NaHCO3 aqueous solution. Aqueous layer was extracted with DCM, and the combined organic 

layer was dried over Na2SO4, filtrated, and evaporated. The crude mixture was just pass through 

silica-gel. The crude product was dissolved in dry toluene (3.0 mL) under nitrogen atmosphere. 

POCl3 (0.978 g, 6.42 mmol, 1.3 equiv) was added dropwise to the solution, and the resulting 

solution was stirred for 38 hours at 100 ºC. After quenching with MeOH (1.0 mL), the resulting 

precipitation was stirred for an additional 1 hour at room temperature. The crude solution was 

directly purified by basic alumina column chromatography (DCM/MeOH 9:1 to 7:3) to afford 

the desired product (1.29 g, 3.26 mmol, 66% yield). 

   Light gray solid. mp: 116 ºC (decomp.). IR (ATR, n /cm-1): 3359 br, 3063 w, 2959 w, 2902 

w, 2862 w, 1665 m, 1551 m, 1485 s, 1259 s, 1196 m, 1151 m, 1036 m, 962 m. 1H NMR (400 

MHz, DMSO-d6, 25 °C): d 9.94 (s, 1H), 8.62 (s, 1H), 8.11 (s, 1H), 8.05 (d, J = 9.2 Hz, 1H), 

7.54-7.41 (m, 3H), 7.17 (s, 2H),  2.35 (s, 3H), 2.03 (s, 6H), 1.27 (s, 9H). 13C{1H} NMR (100 

MHz, DMSO-d6, 25 °C): d 152.6, 140.5, 137.6, 134.4, 131.7, 131.5, 129.1, 129.0, 125.8, 125.6, 

118.2, 116.4, 114.1, 113.3, 31.7, 29.7, 20.6, 17.1. HRMS (ESI+) m/z calc. for C23H27N4 

359.22302 found 359.22290. 

 

5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-(2,6-diisopropylphenyl)imidazo[1,5-a]pyridin-2-

ium Chloride (5b)25 

 

 
 

   2-(4-(tert-butyl)-1H-imidazol-1-yl)-6-(diethoxymethyl)pyridine (1.20 g, 3.95 mmol, 1 

equiv) was dissolved in mixed solvent of acetone (11 mL) and 1 M HCl aq (11 mL) under 

nitrogen atmosphere, and the resulting solution was stirred at 60 ºC for 3 hours. After 

quenching with saturated NaHCO3 aqueous solution, the aqueous layer was extracted with 

DCM. The combined organic layer was dried over Na2SO4, filtrated, and evaporated. The crude 

mixture was dissolved in dry DCM (18 mL) under nitrogen atmosphere, and acetic acid (237 
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mg, 3.95 mmol, 1 equiv) and 2,6-diisopropylanaline (840 mg, 4.74 mmol, 1.2 equiv) were 

added to the solution. After addition of NaBH(OAc)3 (1.25 g, 5.92 mmol, 1.5 equiv) to the 

reaction mixture at 0 ºC, the resulting suspension was stirred at room temperature for 14 hours. 

After quenching with saturated NaHCO3 aqueous solution, aqueous layer was extracted with 

DCM, and the combined organic layer was dried over Na2SO4, filtrated, and evaporated. The 

resulting brown oil was dissolved in dry THF (16 mL) under nitrogen atmosphere. Formic acid 

(1.0 mL) and acetic anhydride (1.0 mL) were stirred for 2 hours at room temperature under 

nitrogen atmosphere before it was added dropwise to the above THF solution at 0 ºC. The 

resulting mixture was stirred for 3 hours at 0 ºC, and the mixture was quenched with saturated 

NaHCO3 aqueous solution. Aqueous layer was extracted with DCM, and the combined organic 

layer was dried over Na2SO4, filtrated, and evaporated. The crude mixture was just pass through 

silica-gel. The crude product was dissolved in dry toluene (3.0 mL) under nitrogen atmosphere. 

POCl3 (0.792 g, 5.13 mmol, 1.3 equiv) was added dropwise to the solution, and the resulting 

solution was stirred for 38 hours at 100 ºC. After quenching with MeOH (1.0 mL), the resulting 

precipitation was stirred for an additional 1 hour at room temperature. The crude solution was 

directly purified by basic alumina column chromatography (DCM/MeOH 9:1 to 7:3) to afford 

the desired product (1.19 g, 2.72 mmol, 69% yield). 

   Light gray solid. mp: 205 ºC (decomp.). IR (ATR, n /cm-1): 3292 w, 3205 w, 3058 m, 2960 

m, 1662 m, 1550 m, 1485 s, 1172 s, 1033 s, 802 s, 756 s, 703 m. 1H NMR (400 MHz, DMSO-

d6, 25 °C): d 10.00 (d, J = 0.8 Hz, 1H), 8.69 (s, 1H), 8.08 (d, J = 1.4 Hz, 1H), 8.05 (d, J = 9.2 

Hz, 1H), 7.65 (t, J = 8.0 Hz, 1H), 7.54-7.45 (m, 4H), 7.40 (d, J = 0.8 Hz, 1H), 2.27 (sept., J = 

6.9 Hz, 2H), 1.26 (s, 9H), 1.14 (d, J = 6.8, 6H), 1.13 (d, J = 6.8 Hz, 6H). 13C{1H} NMR (100 

MHz, DMSO-d6, 25 °C): d 152.7, 145.0, 137.3, 131.6, 131.5, 131.2, 129.1, 126.11, 126.06, 

124.3, 118.1, 117.2, 114.0, 112.8, 31.6, 29.7, 27.6, 24.2, 23.9. HRMS (ESI+) m/z calc. for 

C26H33N4 401.26997 found 401.26975. 
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5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-mesitylimidazo[1,5-a]pyridin-2-ium 

Hexafluorophosphate (6a) 

 

 
 

   5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-mesitylimidazo[1,5-a]pyridin-2-ium chloride (100 

mg, 0.25 mmol) was dissolved in deionized water (0.6 mL), and KPF6 (92.2 mg, 0.5 mmol, 2 

equiv) in water (1.0 mL) was added dropwise to the reaction mixture at room temperature. The 

resulting mixture was stirred at room temperature for 18 hours. The resulting white 

precipitation was filtered and washed with ether and deionized water. The filtrate was dried in 

vacuo to afford the desired product as a white solid (108 mg, 0.21 mmol, 86% yield). 

   White solid. mp: 193 ºC (decomp.). IR (ATR, n /cm-1): 3157 br, 2958 m, 1668 s, 1556 s, 

1502 s, 1400 m, 1360 w, 1261 s, 1157 m, 1119 w, 1039 s, 970 w, 833 s. 1H NMR (400 MHz, 

DMSO-d6, 25 °C): d 9.92 (d, J = 0.9 Hz, 1H), 8.53 (d, J = 1.8 Hz, 1H), 8.08 (d, J = 1.6 Hz, 

1H), 8.02 (d, J = 9.2 Hz, 1H), 7.51-7.40 (m, 3H), 7.16 (s, 2H), 2.34 (s, 3H), 2.02 (s, 6H), 1.27 

(s, 9H). 13C{1H} NMR (100 MHz, DMSO-d6, 25 °C): d 152.6, 140.4, 137.5, 134.4, 131.7, 

131.5, 129.1, 128.9, 125.8, 125.6, 118.1, 116.2, 114.0, 113.2, 31.6, 29.7, 20.6, 17.0. HRMS 

(ESI+) m/z calc. for C23H27N4 359.22302 found 359.22315. 

 

5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-(2,6-diisopropylphenyl)imidazo[1,5-a]pyridin-2-

ium Hexafluorophosphate (6b) 

 

 
   5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-(2,6-diisopropylphenyl)imidazo[1,5-a]pyridin-2-ium 

chloride (202 mg, 0.46 mmol, 1 equiv) was dissolved in deionized water (1.3 mL), and KPF6 
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(169 mg, 0.92 mmol, 2 equiv) in deionized water (2.0 mL) was added dropwise to the reaction 

mixture at room temperature. The resulting mixture was stirred at room temperature for 18 

hours. The white precipitate was filtered and washed with ether and deionized water. The 

filtrate was dried in vacuo to afford the desired product as a white solid (213.1 mg, 0.39 mmol, 

85% yield). 

   White solid. mp: 188 ºC (decomp.). IR (ATR, n /cm-1): 3170 w, 3140 m, 2964 s, 1670 m, 

1558 m, 1487 s, 1361 w, 1263 s, 1223 w, 1034 m, 845 s, 754 s, 708 w. 1H NMR (400 MHz, 

DMSO-d6, 25 °C): d 10.00 (d, J = 1.2 Hz, 1H), 8.66 (d, J = 1.6 Hz, 1H), 8.07 (d, J = 1.6 Hz, 

1H), 8.03 (d, J = 8.8 Hz, 1H), 7.65 (t, J = 8.0 Hz, 1H), 7.54-7.45 (m, 4H), 7.40 (d, J = 1.2 Hz, 

1H), 2.27 (sept., J = 6.8 Hz, 2H), 1.26 (s, 9H), 1.14 (d, J = 6.8 Hz, 6H), 1.13 (d, J = 6.8 Hz, 

6H). 13C{1H} NMR (100 MHz, DMSO-d6, 25 °C): d 152.7, 145.0, 137.3, 131.6, 131.5, 131.2, 

129.1, 126.2, 126.1, 124.3, 118.1, 117.1, 113.9, 112.9, 31.6, 29.7, 27.6, 24.2, 23.9. HRMS 

(ESI+) m/z calc. for C26H33N4 401.26997 found 401.26988. 

 

(5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-mesityl-2,3-dihydroimidazo[1,5-a]pyridin-3-

yl)silver(I) Chloride (7a) 
 

 
 

   5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-mesitylimidazo[1,5-a]pyridin-2-ium chloride (48.9 

mg, 0.124 mmol, 1 equiv) was dissolved in dry DCM (1.5 mL), and silver(I) oxide (16.2 mg, 

0.064 mmol, 0.52 equiv) was added to the reaction mixture. The reaction mixture was stirred 

at room temperature for 3 hours under the dark. The mixture was then filtered through celite 

and subsequently eluted with DCM. The filtrate was dried in vacuo to afford the desired product 

as a white solid (52.2 mg, 0.10 mmol, 84% yield). The crystal suitable for X-ray 

crystallography was grown from DCM/Et2O solution. 

   White solid. mp: 141 ºC (decomp.). IR (ATR, n /cm-1): 3084 w, 2952 m, 1662 m, 1541 w, 

1485 s, 1377 m, 1315 w, 1255 s, 1196 s, 1039 s, 960 w, 791 s, 748 w, 708 s, 632 s. 1H NMR 

(400 MHz, CDCl3, 25 °C): d 7.75 (d, J = 1.4 Hz, 1H), 7.57 (dd, J = 9.4, 0.9 Hz, 1H), 7.47 (s, 
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1H), 7.13 (d, J = 1.4 Hz, 1H), 7.07 (dd, J = 9.3 Hz, 6.7 Hz, 1H), 6.98 (s, 2H), 6.76 (dd, J = 6.7 

Hz, 1.0 Hz, 1H), 2.33 (s, 3H), 1.95 (s, 6H), 1.42 (s, 9H). 13C{1H} NMR (100 MHz, CDCl3, 

25 °C): d 155.3, 140.1, 137.0, 136.0, 133.9, 132.8, 131.9, 129.6, 122.8, 118.7, 114.8, 113.2, 

113.0, 32.1, 29.7, 21.1, 17.7. A signal from carbon adjacent to silver was not detected. HRMS 

(ESI+) m/z calc. for C23H26AgClN4Na 523.07946 found 523.07868. 

 
(5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-(2,6-diisopropylphenyl)-2,3-dihydroimidazo[1,5-

a]pyridin-3-yl)silver(I) Chloride (7b) 

 

 
 

   5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-(2,6-diisopropylphenyl)imidazo[1,5-a]pyridin-2-ium 

chloride (60.0 mg, 0.14 mmol, 1 equiv) was dissolved in dry DCM (2.0 mL) and then silver(I) 

oxide (16.3 mg, 0.07 mmol, 0.52 equiv) was added to the reaction mixture. The reaction 

mixture was stirred at room temperature for 3 hours under the dark. The mixture was then 

filtered through celite and subsequently eluted with DCM. The filtrate was dried in vacuo to 

afford the desired product as a white solid (61.0 mg, 0.11 mmol, 82% yield). The crystal 

suitable for X-ray crystallography was grown from DCE/Et2O solution. 

   White solid. mp: 143 ºC (decomp.). IR (ATR, n /cm-1): 3114 w, 3076 w, 3076 w, 2958 s, 

2866 w, 1664 m, 1543 m, 1485 s, 1383 s, 1315 m, 1257 s, 1178 s, 1113 m, 1041 s, 758 s, 629 

s. 1H NMR (400 MHz, DCM-d2, 25 °C): d 7.78 (d, J = 1.4 Hz, 1H), 7.61 (d, J = 9.4 Hz, 1H), 

7.57 (d, J = 1.2 Hz, 1H), 7.56 (t, J = 8.0 Hz, 1H), 7.33 (d, J = 7.8 Hz, 2H), 7.10 (dd, J = 9.1, 

6.9 Hz, 1H), 7.08 (d, J = 1.4 Hz, 1H), 6.80 (dd, J = 6.9, 1.1 Hz, 1H), 2.17 (sept., J = 6.8 Hz, 

2H), 1.34 (s, 9H), 1.22 (d, J = 6.9 Hz, 6H), 1.13 (d, J = 6.9 Hz, 6H). 13C{1H} NMR (100 MHz, 

DCM-d2, 25 °C): d 155.2, 145.7, 137.1, 136.0, 133.1, 132.2, 131.2, 124.6, 123.4, 119.0, 116.3, 

113.6, 113.4, 32.4, 29.8, 28.7, 24.6, 24.5. A signal from carbon adjacent to silver was not 

detected. HRMS (ESI+) m/z calc. for C26H32AgClN4Na 565.12641 found 565.12465. 
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(5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-mesityl-2,3-dihydroimidazo[1,5-a]pyridin-3-

yl)silver(I) Hexafluorophosphate dimer (8a) 

 

 
 

   5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-mesitylimidazo[1,5-a]pyridin-2-ium 

hexafluorophosphate (278.2 mg, 0.55 mmol, 1 equiv) was dissolved in dry CH3CN (12 mL) 

under nitrogen atmosphere, and silver(I) oxide (69.5 mg, 0.3 mmol, 0.55 equiv) was added to 

the reaction mixture. The reaction mixture was stirred at 50 °C for 38 hours under the dark. 

The mixture was filtered through Celite and subsequently eluted with dry CH3CN. The filtrate 

was dried in vacuo. Minimum amount of DCM was added to dissolve the residue, and ether 

was added to the DCM solution until white precipitation was formed. White precipitation was 

filtered and washed with ether as well as deionized water and dried under the reduced pressure 

to afford the desired product as a white solid (231.5 mg, 0.19 mmol, 69% yield). The crystal 

suitable for X-ray crystallography was grown from DCM/Et2O solution. 

   White solid. mp: 198 ºC (decomp.) . IR (ATR, n /cm-1): 3134 br, 2952 m, 1664 m, 1494 s, 

1385 m, 1259 s, 1157 w, 1122 w, 835 s, 708 s, 681 m, 646 s. 1H NMR (400 MHz, DCM-d2, 

25 °C): d 8.98 (s, 2H), 7.76 (d, J = 9.2 Hz, 2H), 7.72 (s, 2H), 7.17 (t, J = 8.0 Hz, 2H), 7.07 (d, 

J = 8.2 Hz, 2H), 7.06 (s, 2H), 7.01 (s, 2H), 6.93 (s, 1H), 6.92 (s, 1H), 2.33 (s, 6H), 2.09 (s, 6H), 

1.94 (s, 6H), 1.09 (s, 18H). 13C{1H} NMR (100 MHz, DCM-d2, 25 °C): d 167.3 (1J(13C—
107Ag) = 287.1 Hz, 1J(13C—109Ag) = 248.5 Hz , C-carbene), 151.73, 151.70, 141.1, 140.6, 140.5, 

136.7, 136.0, 134.3, 134.2, 134.1, 130.20, 130.18, 129.6, 123.2, 120.8, 117.6, 117.5, 116.44, 

116.38, 115.0, 31.2, 30.2, 21.2, 17.7, 17.3. 31P{1H} NMR (162 MHz, DCM-d2, 25 °C): d -

143.9 (quint., J = 711 Hz). HRMS (ESI+) m/z calc. for C46H52Ag2F6N8P 1075.20586 found 

1075.20311. 
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(5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-(2,6-diisopropylphenyl)-2,3-dihydroimidazo[1,5-

a]pyridin-3-yl)silver(I) hexafluorophosphate Dimer (8b) 

 

 
 

   5-(4-(Tert-butyl)-1H-imidazol-1-yl)-2-(2,6-diisopropylphenyl)imidazo[1,5-a]pyridin-2-ium 

hexafluorophosphate (120.2 mg, 0.22 mmol, 1 equiv) was dissolved in dry CH3CN (5.0 mL) 

under nitrogen atmosphere, and silver(I) oxide (28.1 mg, 0.12 mmol, 0.55 equiv) was added to 

the reaction mixture. The reaction mixture was stirred at 50 °C for 38 hours under the dark. 

The mixture was then filtered through Celite and subsequently eluted with dry CH3CN. The 

filtrate was dried in vacuo. Minimum amount of DCM was added to dissolve the residue and 

then ether was added to the DCM solution until white precipitation was formed. White 

precipitation was filtered and washed with ether as well as deionized water and dried under the 

reduced pressure to afford the desired product as white solid (97.2 mg, 0.074 mmol, 68% yield). 

The crystal suitable for X-ray crystallography was grown from DCM/Et2O solution. 

   White solid. mp: 194 ºC (decomp.). IR  (ATR, n /cm-1): 3157 br, 2962 m, 2871 w, 1668 m, 

1495 m, 1363 m, 1257 s, 1124 w, 1053 m, 835 s, 710 s, 648 m. 1H NMR (400 MHz, DCM-d2, 

25 °C): d 8.90 (d, J = 1.4 Hz, 2H), 7.80 (d, J = 9.6 Hz, 2H), 7.76 (d, J = 1.8 Hz, 2H), 7.52 (t, J 

= 7.8 Hz, 2H), 7.33 (dd, J = 10.1, 7.8 Hz, 4H), 7.23 (dd, J = 9.4 Hz, 7.1 Hz, 2H), 7.05 (dd, J = 

4.6 Hz, 0.9 Hz, 2H), 7.04 (s, 2H), 2.48 (sept., J = 6.8 Hz, 2H), 2.06 (sept., J = 6.8 Hz, 2H), 1.29 

(d, J = 6.9 Hz, 6H), 1.15 (d, J = 6.9 Hz, 6H), 1.13 (d, J = 6.0 Hz, 6H), 1.11 (d, J = 6.4 Hz, 6H), 

0.96 (s, 18H). 13C{1H} NMR (100 MHz, DCM-d2, 25 °C): d 167.3 (1J(13C—107Ag) = 289.0 Hz, 
1J(13C—109Ag) = 249.5 Hz, C-carbene), 151.7, 146.4, 145.5, 140.10, 140.06, 135.8, 133.6, 

133.5, 131.4, 129.6, 124.8, 124.2, 123.3, 120.9, 117.53, 117.47, 115.9, 31.0, 29.9, 28.5, 25.3, 

24.4, 24.2, 23.8. 31P{1H} NMR (162 MHz, DCM-d2, 25 °C): d -143.9 (sept., J = 711 Hz).  

HRMS (ESI+) m/z calc. for C52H64Ag2F6N8P 1159.29976 found 1159.29889. 
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2-(Diethoxymethyl)-6-phenylpyridine26 

 

 
 

   Phenylboronic acid (1.22 g, 10 mmol, 1.25 equiv) was dissolved in degassed toluene (27 mL), 

ethanol (6.0 mL), and H2O (27 mL). Na2CO3 (6.11 g, 58.0 mmol, 7.25 equiv), Pd(PPh3)4 (347.1 

mg, 0.24 mmol, 3 mol%) and 2-bromo-6-(diethoxymethyl)pyridine (1.79 g, 8.0 mmol, 1 equiv) 

were added to the solution under nitrogen atmosphere. The reaction mixture was refluxed for 

16 hours. After filtration through short-pad of silica-gel with DCM, the resulting mixture was 

poured into water, extracted with DCM, dried over Na2SO4, filtrated, and evaporated. The 

residue was purified by silica-gel flash column chromatography (hexane/EtOAc 97:3) to afford 

the desired product as colorless oil (1.29 g, 5.02 mmol, 63% yield). 

   Colorless oil. 1H NMR (400 MHz, CDCl3, 25 °C): d 8.02 (d, J = 6.9 Hz, 2H), 7.80 (t, J = 7.8 

Hz, 1H), 7.68 (dd, J = 7.9, 1.0 Hz, 1H), 7.56 (dd, J = 7.7, 0.8 Hz, 1H), 7.47 (tt, J = 6.8, 1.2, 

2H), 7.41 (tt, J = 7.6, 1.2 Hz, 1H), 5.56 (s, 1H), 3.83-3.75 (m, 2H), 3.70-3.63 (m, 2H), 1.27 (t, 

J = 7.1 Hz, 6H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 158.4, 156.4, 139.2, 137.3, 128.8, 

128.6, 127.0, 120.0, 119.2, 103.3, 62.5, 15.2. 

 

2-Mesityl-5-phenylimidazo[1,5-a]pyridin-2-ium Chloride27 

 

 
 

   2,4,6-Trimethylaniline (135.2 mg, 1.0 mmol, 1 equiv) was dissolved in ethanol (2.0 mL). 

Formalin (58.8 µL, 1.5 mmol, 1.5 equiv), 2-(diethoxymethyl)-6-phenylpyridine (257.3 mg, 1.0 

mmol, 1 equiv), and 12 N aqueous HCl solution (83.3 µL, 1.0 mmol, 1.0 equiv) were added to 

the solution under nitrogen atmosphere. The reaction mixture was stirred at 40 °C for 12 hours. 
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The reaction mixture was concentrated, and the residue was purified by column 

chromatography with basic alumina (DCM/MeOH 9:1) to afford the desired product as white 

solid (196.2 mg, 0.562 mmol, 56% yield). 

   White solid. 1H NMR (400 MHz, DMSO-d6, 25 °C): d 10.02 (s, 1H), 8.53 (s, 1H), 7.99 (d, J 

= 9.1 Hz, 1H), 7.86-7.83 (m, 2H), 7.62-7.61 (m, 3H), 7.49 (dd, J = 9.3, 7.0 Hz, 1H), 7.30 (dd, 

J = 6.9, 0.9 Hz, 1H), 7.15 (s, 2H), 2.34 (s, 3H), 2.02 (s, 6H). 13C{1H} NMR (100 MHz, DMSO-

d6, 25 °C): d 140.2, 135.8, 134.3, 131.8, 131.3, 131.1, 130.6, 129.4, 129.0, 126.5, 125.7, 118.3, 

117.5, 115.5, 20.6, 17.0. HRMS (ESI+) m/z calc. for C22H21N2 313.16993 found 313.16947. 

 

2-Mesityl-5-phenyl-2H-imidazo[1,5-a]pyridin-3-ylidene 

 

 
 

   In a nitrogen-filled glove box, potassium bis(trimethylsilyl)amide (28.9 mg, 0.145, 1.05 

equiv) was added to 2-mesityl-5-phenylimidazo[1,5-a]pyridin-2-ium chloride (48.3 mg, 0.138 

mmol, 1.0 equiv) in dry benzene (3.0 mL). After stirring the mixture at room temperature for 2 

hours, the resulting mixture was filtrated through dry celite and subsequently eluted with dry 

benzene. The filtrate was concentrated under reduced pressure. The residue was washed with 

dry pentane three times, and volatile compounds were removed in vacuo to afford the desired 

product as a light grey solid (36.1 mg, 0.115 mmol, 83% yield). 

   Light grey solid. 1H NMR (400 MHz, C6D6, 25 °C): d 8.14 (d, J = 7.1 Hz, 2H), 7.22 (t, J = 

7.5 Hz, 2H), 7.13 (t, J = 7.3 Hz, 1H), 6.94 (d, J = 9.1 Hz, 1H), 6.76 (s, 2H), 6.73 (s, 1H), 6.43 

(dd, J = 9.1, 6.6 Hz, 1H), 6.28 (dd, J = 6.6, 0.9 Hz, 1H), 2.12 (s, 3H), 1.94 (s, 6H). 13C{1H} 

NMR (100 MHz, C6D6, 25 °C): d 210.9, 142.8, 139.2, 137.2, 136.1, 134.8, 132.1, 130.5, 128.7, 

128.4, 128.2, 121.4, 116.4, 111.6, 111.1, 20.6, 17.6. 
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General Procedure for the Silver-Catalyzed Cyclisation of Alkyne-Tethered Carboxylic 

Acids 

   In a nitrogen-filled glove box, alkynoic acid (0.1 mmol) was placed in a screw vial containing 

a magnetic stirring bar. A solution of cationic silver complex 8a (2 mol% on Ag) in dry CH3CN 

(0.5 mL) was added to the vial, and the vial was sealed with screw-cap and taken out from the 

glove box. After stirring at 80 °C for 15 hours, the resulting mixture was filtrated through the 

cotton, and the resulting solution was concentrated under reduced pressure. The residue was 

purified by silica-gel column chromatography to afford the corresponding product. 

 

Characterization Data for cyclized product 10a–k 

(Z)-6-Benzylidenetetrahydro-2H-pyran-2-one (10a)28 

 

White solid. (18.5 mg, 98% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.61 (d, J = 7.3 Hz, 

2H), 7.32 (t, J = 7.3 Hz, 2H), 7.20 (t, J = 7.8 Hz, 1H), 5.50 (s, 1H), 2.72 (t, J = 6.9 Hz, 2H), 

2.60 (t, J = 6.4 Hz, 2H), 1.97 (quint., J = 6.4 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): 

d 167.6, 148.2, 133.8, 128.9, 128.4, 126.9, 108.4, 30.6, 28.3, 18.8.  

(Z)-6-(4-Methoxybenzylidene)tetrahydro-2H-pyran-2-one (10b) 

 

White Solid. (21.3 mg, 98% yield). mp: 72-77 ºC. IR (ATR, n /cm-1): 2958 w, 2846 w, 1745 

s, 1670 m, 1604 w, 1508 m, 1332 w, 1240 s, 1130 s, 1028 s, 767 w. 1H NMR (400 MHz, 

CDCl3, 25 °C): d 7.57 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 5.44 (s, 1H), 3.80 (s, 3H), 

2.71 (t, J = 6.9 Hz, 2H), 2.57 (t, J = 6.4 Hz, 2H), 1.95 (quint., J = 6.4 Hz, 2H). 13C{1H} NMR 

(100 MHz, CDCl3, 25 °C): d 167.9, 158.3, 146.6, 130.2, 126.6, 113.8, 107.9, 55.2, 30.6, 28.1, 

18.9. HRMS (EI+) m/z calc. for C13H14O3 218.09429 found 218.09360. 
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(Z)-6-(4-Nitrobenzylidene)tetrahydro-2H-pyran-2-one (10c)28  

 

Pale yellow Solid. (23.1 mg, 99% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 8.17 (d, J = 

7.1 Hz, 2H), 7.76 (d, J = 8.7 Hz, 2H), 5.57 (s, 1H), 2.77 (t, J = 6.9 Hz, 2H), 2.66 (t, J = 6.4 Hz, 

2H), 2.01 (quint., J = 6.4 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 166.6, 152.0, 

145.9, 140.6, 129.3, 123.7, 106.5, 30.5, 28.4, 18.5. 

(Z)-4-((6-Oxotetrahydro-2H-pyran-2-ylidene)methyl)benzonitrile (10d)  

 

White Solid. (20.1 mg, 94% yield). mp: 113-116 ºC . IR (ATR, n /cm-1): 2920 w, 2224 w, 1749 

m, 1657 m, 1410 w, 1203 w, 1126 s, 1043 s, 848 s, 596 w. 1H NMR (400 MHz, CDCl3, 25 °C): 

d 7.70 (d, J = 8.5 Hz, 2H), 7.58 (d, J = 8.7 Hz, 2H), 5.50 (s, 1H), 2.75 (t, J = 6.9 Hz, 2H), 2.63 

(t, J = 6.6 Hz, 2H), 1.99 (quint., J = 6.4 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 

166.7, 151.4, 138.5, 132.1, 129.3, 119.1, 109.8, 106.8, 30.5, 28.3, 18.5. HRMS (EI+) m/z calc. 

for C13H11N1O2 213.07898 found 213.07831. 

(Z)-6-Ethylidenetetrahydro-2H-pyran-2-one (10e)28 

 

1H NMR (400 MHz, CDCl3, 25 °C): d 4.64 (s, 1H), 4.28 (s, 1H), 2.61 (t, J = 6.8 Hz, 2H), 2.45 

(t, J = 6.4 Hz, 2H), 1.88 (quint., J = 6.4 Hz, 2H). Yield was determined by 1H NMR analysis 

due to the volatility of 10e. 
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(Z)-5-Benzylidenedihydrofuran-2(3H)-one (10f)29 

 

White solid. (16.2 mg, 93% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.55 (d, J = 7.3 Hz, 

2H), 7.33 (t, J = 7.7 Hz, 2H), 7.21 (t, J = 7.3 Hz, 1H), 5.55 (t, J = 1.6, 1H), 3.03 (t, J = 8.6, 

2H), 2.71 (t, J = 8.5, 2H ). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 174.9, 148.1, 133.9, 

128.4, 128.3, 126.7, 104.9, 26.9, 26.3. 

(Z)-3-Benzylideneisobenzofuran-1(3H)-one (10g)26  

 

White solid. (21.5 mg, 97% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.94 (d, J = 7.8 Hz, 

1H), 7.86 (d, J = 8.2 Hz, 2H), 7.79-7.69 (m, 2H), 7.55 (t, J = 7.3 Hz, 1H), 7.42 (t, J = 7.8 Hz, 

2H), 7.34-7.30 (m, 1H), 6.43 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 167.1, 144.6, 

140.6, 134.5, 133.1, 130.1, 129.8, 128.8, 128.4, 125.6, 123.4, 119.8, 107.1. 1% of six-

membered lactone, 4-phenyl-1H-isochromen-1-one, was detected by 1H NMR analysis.[17] 

(Z) and (E)-5-Butylidenedihydrofuran-2(3H)-one (10h)30  

 

Colorless oil. (13.6 mg, 88% yield). 1H NMR (400 MHz, C6D6,  25 °C): for (Z)-isomer; d 4.17 

(tt, J = 7.2, 1.4 Hz, 1H), 2.18-2.12 (m, 2H), 1.88-1.82 (m, 2H), 1.73-1.69 (m, 2H), 1.31-1.22 

(m, 4H), 0.90-0.86 (t, J = 7.1 Hz, 3H ), for (E)-isomer; d 4.40 (t, J = 4.4 Hz, 1H), 2.01 (t, J = 

8.0 Hz, 2H), 1.92-1.90 (m, 2H), 1.55-1.50 (m, 2H), 1.38-1.32 (m, 2H), 1.18-1.12 (m, 2H), 0.80 

(t, J = 7.2 Hz, 3H). 13C{1H} NMR (100 MHz, C6D6, 25 °C): for (Z)-isomer; d 173.6, 148.0, 
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103.6, 31.8, 27.1, 24.9, 24.4, 22.2, 13.8, for (E)-isomer; d 167.5, 153.5, 98.7, 32.4, 28.4, 28.2, 

22.0, 18.4, 13.6. 

Methyl (Z)-6-Benzylidene-2-oxotetrahydro-2H-pyran-3-carboxylate (10i)28  

 

Colorless oil. (21.5 mg, 87% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.59 (d, J = 7.3 Hz, 

2H), 7.33 (t, J = 7.8 Hz, 2H), 7.22 (tt, J = 7.6, 1.1 Hz, 1H), 5.57 (s, 1H), 3.77 (s, 3H), 3.69 (t, 

J = 7.6 Hz, 1H), 2.76-2.70 (m, 1H), 2.66-2.59 (m, 1H), 2.41-2.32 (m, 1H), 2.24-2.17 (m, 1H). 
13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 168.6, 164.0, 146.8, 133.4, 129.0, 128.4, 127.2, 

110.0, 53.0, 47.7, 26.3, 22.2. 

Methyl (Z)-5-Benzylidene-2-oxotetrahydrofuran-3-carboxylate (10j)28  

 

Pale yellow oil. (19.6 mg, 84% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.54 (d, J = 7.3 

Hz, 2H), 7.33 (t, J = 8.0 Hz, 2H), 7.22 (tt, J = 7.3, 1.4 Hz, 1H), 5.63 (t, J = 1.6 Hz, 1H), 3.85 

(s, 3H), 3.80 (dd, J = 10.4, 7.7 Hz 1H), 3.48 (ddd, J = 16.7, 7.7, 1.9 Hz, 1H), 3.24 (ddd, J = 

16.6, 10.3, 1.5 Hz, 1H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 169.6, 167.2, 145.3, 133.3, 

128.49, 128.45, 127.1, 105.9, 53.5, 45.3, 30.6. 

(6Z,6'Z)-6,6'-(Ethane-1,2-diylidene)bis(tetrahydro-2H-pyran-2-one) (10k)30  
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White solid. (21.8 mg, 98% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 5.72 (s, 2H), 2.65 

(t, J = 6.6 Hz, 4H), 2.49 (t, J = 6.4 Hz, 4H), 1.88 (quint., J = 6.4 Hz, 4H). 13C{1H} NMR 

(100 MHz, CDCl3, 25 °C): d 167.7, 147.4, 101.5, 30.6, 27.2, 18.7. 

 

Time Course Experiment with Complex 8a 

   In a nitrogen-filled glove box, 9a (18.8 mg, 0.1 mmol) was placed in a screw vial containing 

a magnetic stirring bar. A stock solution of cationic silver complex 8a (2.4 mg, 0.002 mmol) 

in dry CH3CN (2.0 mL) was prepared and distributed (0.5 mL) from the stock solution equally 

into the four screw vials. These vials were sealed with screw-caps and taken out from the glove 

box. After stirring at 80 °C for 5-50 hours, the resulting mixture was cotton-filtrated, and the 

resulting solution was concentrated under reduced pressure. The yield was determined by 1H 

NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. 

 

Table 4. Time Course Experiment with Complex 8a 
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Time Course Experiment with Ag2CO3 

   In a nitrogen-filled glove box, Ag2CO3 (0.15 mg, 0.0005 mmol, 1 mol% on Ag) was placed 

in a screw vial containing a magnetic stirring bar. A stock solution of 9a (75.2 mg, 0.4 mmol) 

in dry CH3CN (2.0 mL) was prepared and distributed (0.5 mL) from the stock solution equally 

into the four screw vials. These vials were sealed with screw-caps and taken out from the glove 

box. After stirring at 80 °C for 1-30 hours, the resulting mixture was cotton-filtrated, and the 

resulting solution was concentrated under reduced pressure. The yield was determined by 1H 

NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. 

 

Table 5. Time Course Experiment with Ag2CO3 
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Single Crystal XRD Analysis 

   A suitable crystal was mounted with liquid paraffin on a MiTeGen MicroMounts and 

transferred to the goniometer in a nitrogen stream at 123(2) K. Measurement was made on a 

RIGAKU XtaLAB Synergy-DW system with 1.2 kW PhotonJet-DW microfocus rotating 

anode using graphite monochromated Cu-Ka radiation (λ = 1.54184 Å) and HyPix-6000HE 

detector. Cell parameters were determined and refined, and raw frame data were integrated 

using CrysAlisPro (Agilent Technologies, 2010). The structures were solved by direct methods 

with SHELXT31 and refined by full-matrix least-squares techniques against F2 with SHELXL-

2018/332 by using Olex2 software package.33 The non-hydrogen atoms were anisotropically 

refined, and hydrogen atoms were placed using AFIX instructions. Crystal data and structure 

refinement parameters are in Table 6. The ORTEP-3 program was used to draw the molecule 

structures.34  
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Table 6. Crystal Data and Structure Refinement Parameters 
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DFT Calculations 

General Information 

  All calculations of the geometry optimizations were performed using Gaussian 16 package.21 

The geometry optimizations as well as frequency calculations of all structures were conducted 

at the M06 functional19 in conjunction with the lanl2dz (ECP) (for silver) 6-31+G(d,p) (for 

other elements) basis set.20 The self-consistent reaction field (SCRF) method based on 

conductor-like polarizable continuum model (CPCM) was introduced to evaluate the effects of 

solvent (CH3CN).22 All the transition states were traced with intrinsic reaction coordinate (IRC) 

analyses by the use of Global Reaction Route Mapping (GRRM) program35 to describe the 

reaction pathway. For describing energy diagram in the main text, the relative energies were 

corrected for the Gibbs free energies and given in kcal/mol. The structures of intermediates and 

transition states were described using GaussView 6.0 package. 

 

Summary of energies 
Structure 
Name 

Electronic Energy (EE) 
[Hartree] 

Electronic Energy + 
Zero-point Energy 
[Hartree] 

Electronic Energy + 
Thermal Free Energy 
Correction [Hartree] 

Int-A -2811.159376 -2810.485945 -2810.573946 
TS-A -2811.128881 -2810.454082 -2810.539816 
Int-B -2811.143251 -2810.465934 -2810.548893 
Int-C -2811.154344 -2810.477532 -2810.563754 
TS-B -2811.123991 -2810.452601 -2810.539283 
Int-D -2811.194868 -2810.518532 -2810.601565 
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NMR Titration of Silver Complex 8a 
 
   Silver complex 8a (6.1 mg, 0.005 mmol) was dissolved in CD3CN (0.6 mL), and the sample 

was monitored on 1H NMR analysis (eq. 1). After addition of 0.5 M stock solution (10 mL) of 

9a in CD3CN, the silver complex solution was further recorded 1H NMR analysis. Addition of 

alkynoic acid was repeated eight times to add the 8 equivalents of alkynoic acid in total. The 

result was shown in Figure S1. All the peaks were assigned from the reference point of residual 

solvent peak DCM (5.44 ppm). 
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Chapter 2 
Construction of Heterobimetallic Catalytic Scaffold 

with a Carbene-Bipyridine Ligand: Gold-Zinc Two-

Metal Catalysis for Intermolecular Addition of O-

Nucleophiles to Non-activated Alkynes 

 
Abstract 

A gold(I) complex bearing an imidazo[1,5-a]pyridin-3-ylidene ligand with a 2,2’-bipyridine 

moiety at the C5 position was prepared as a template for constructing heterobimetallic 

cooperative catalysts. In situ generated gold-zinc bimetallic systems enabled intermolecular 

nucleophilic anti-addition of O-nucleophiles such as carboxylic acids and phenols toward non-

activated internal alkynes. DFT calculations supported the proposed cooperative action of the 

cationic gold atom and the zinc salt site for activating the alkyne and the carboxylic acid, 

respectively. 
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Introduction 

   Cationic gold(I) complexes are well known as effective catalysts for nucleophilic additions 

toward alkynes with excellent turnover efficiency due to their strong Lewis acidic character 

and high affinity for alkyne π-systems.1 Despite the versatile utility of gold catalysts, 

intermolecular nucleophilic additions of weak oxygen-nucleophiles2 such as carboxylic acids3 

and phenols4 toward non-activated internal alkynes, which form synthetically valuable enol 

derivatives with high atom economy, are underdeveloped. As a successful precedent, Nolan 

and co-workers introduced cationic μ2-hydroxo-bridged dinuclear gold(I) complexes, which 

liberate a Lewis acidic cationic gold(I) species and a Brønsted basic hydroxogold(I) complex 

as components for activating the alkyne and the nucleophile, respectively.3c,g,4b,d,e Zhang and 

co-workers developed gold(I) catalysts coordinated with a phosphine ligand with an amide 

pendant for hydrocarboxylation of alkynes and proposed that the carboxylic acid is activated 

through hydrogen-bonding with the amide moiety, directing the anti-attack to the gold-bound 

alkyne.3b Regardless of the importance of these contributions, further conceptual advances are 

demanded for intermolecular O-nucleophilic addition to alkynes. 

   The author envisioned that heterobimetallic complexes would be effective catalyst candidates 

for O-nucleophilic addition toward non-activated internal alkynes, expecting cooperative 

action of the two metal sites for dual activation of electrophiles and nucleophiles as in 

enzymatic reactions.5 As a platform for the heterobimetallic cooperative catalysis, the author 

synthesized a rigid imidazo[1,5-a]pyridin-3-ylidene ligand6,7 with a 2,2’-bipyridine moiety at 

the C5 position and used it for the preparation of a gold(I) carbene complex. The resulting gold 

complex was converted into heterobimetallic catalysts through in situ binding of various hard 

metals at the bipyridine moiety.8 The heterobimetallic catalysts thus formed were examined for 

catalytic activity in the intermolecular nucleophilic addition of O-nucleophiles such as 

carboxylic acids and phenols towards non-activated internal alkynes. Indeed, the catalytic 

systems showed apparent bimetallic cooperativity with a strong dependence on the nature of 

the hard metal site, most favouring Zn(acac)2 as a Brønsted base site. DFT calculations 

supported the proposed cooperative action of the Au-Zn bimetallic catalyst system. 
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Synthesis of Ligand 

   The synthesis of imidazo[1,5-a]pyridinium chloride 3a bearing a bipyridine moiety at the 5-

position is outlined in Figure 1. First, Negishi cross-coupling9 between organozinc species 

prepared from 2-bromo-6-(diethoxymethyl)pyridine 1 and 5-bromo-2,2ʼ-bipyridine gave 

terpyridine 2a in 78% yield. The acetal 2a was hydrolyzed to an aldehyde and subjected to 

reductive amination with 2,4,6-trimethylaniline. The N-formylation of the resulting amino 

group with acetic formic anhydride followed by dehydrative cyclization with POCl3 afforded 

5-bipyridyl imidazo[1,5-a]pyridinium chloride 3a (73% yield over 4 steps from 2a). Next, the 

reaction of 3a with AuCl·SMe2 in the presence of K2CO3 in acetone at 60 °C for 3 hours10 

gave, after purification by silica-gel column chromatography, N-heterocyclic carbene gold(I) 

complex 4a in 82% yield as an air-stable colorless solid. The molecular structure of 4a was 

confirmed by single crystal XRD analysis. Similarly, gold(I) complexes with 4-pyridyl or 3-

pyridyl pendants (4b,c) were also synthesized. 
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Figure 1. Synthesis of gold complexes 4. (a) 1 (1.4 equiv), nBuLi (1.5 equiv), ZnCl2 (1.6 equiv), 

THF/hexane/Et2O, -78 °C then 5-bromo-2,2’-bipyridine (1 equiv), Pd(PPh3)4 (5 mol%), THF, 

reflux, 18 h; (b) 2a (1 equiv), 1 M HCl aq., acetone, 60 °C, 3 h; (c) 2,4,6-trimethylaniline (1.2 

equiv), AcOH (1 equiv), NaBH(OAc)3 (1.5 equiv), DCM, r.t., 14 h; (d) HCOOH (excess), Ac2O 

(excess), THF, 0 °C, 3 h; (e) POCl3 (1.3 equiv), toluene, 100 °C, 21 h; (f) 3a (1.0 equiv), 

AuCl·SMe2 (1.0 equiv), K2CO3 (2.0 equiv), acetone, 60 °C, 3 h. All hydrogen atoms were 

omitted for clarity from ORTEP drawing of 4a showing 50% probability thermal ellipsoids. 

 
Catalytic Activity Investigation 

   The author tested the catalytic activity of gold complexes 4 in the hydrocarboxylation of non-

activated alkynes. The results are summarized in Table 1. Bimetallic catalysts were prepared in 

situ from 4a, a hard metal salt, and an anion source. When nucleophilic addition of benzoic 

acid (6a) toward diphenylacetylene (5a) as a non-activated alkyne was conducted with 4a, 

Zn(acac)2, and AgNTf2 in 1,2-dichloroethane (DCE) at 80 °C for 16 h, enol ether 7a was 

obtained in 61% yield (entry 1). When the use of other metal zinc salt (Table 1, entry 2-4), 

resulted into the decreased yield of desired enolate product 7a (not detected-36%). 

Employment of different variety of copper salt didnʼt help the reaction to exceed greater yield 

than 61% (Table 1, entry 5-8).  When other acetylacetonato-metal salts such as Cu(acac)2, 

Ni(acac)2, Pd(acac)2, Co(acac)2, Fe(acac)2, Mn(acac)3, and Cr(acac)3 were examined (entries 

2-8), the reaction occurred with decreased yield of 7a (3‒23%). The metal alkoxides such as 

Ti(OiPr)4, Y(OiPr)3, and Mg(OtBu)2 induced almost no reaction (entries 9‒11). Additionally, 

the gold complex 4a did not cause the reaction in the absence of the metal salt (entry 12). 

Hence, the hard metal salt had a significant influence on the catalytic activity of 4a, with 

Zn(acac)2 being optimal. In contrast, no reaction was observed with gold complexes (4b,c) 

with the monopyridyl pendant (entries 13 and 14), indicating the necessity of chelation, thus 

supporting the cooperative participation of the zinc site for the gold catalysis. Similarly, the 

gold carbene complex 8a with a phenyl substituent at the C5 position and its phosphine variant 

8b showed almost no catalytic activity (entries 15 and 16). The addition of 2,2'-bipyridine to 

the reaction system with 8a and 8b, expecting it to act as an external ligand for zinc, showed 

little effect, indicating the importance of the proximity of the gold and zinc metals for the two-

metal cooperativity (entries 17 and 18). 
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   Next, effects of counteranions of the gold complex were investigated. While the replacement 

of NTf2‒ with BF4‒, PF6‒, or SbF6‒ resulted in significant reduction of the product yield (Table 

1, entries 19‒21), the use of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBArF) 

as a source of a non-coordinative anion improved the yield to 75% (entry 22). Finally, 

quantitative yield of 7a (>99% by 1H NMR analysis, 98% for the isolated product) was 

obtained by conducting the reaction under high concentration conditions (12 M in DCE) (entry 

23). The reaction at a catalyst loading of 0.5 mol% gave 7a in 80% yield (entry 24). Based on 

these results, I employed the reaction conditions of entry 23 as the protocol for subsequent 

experiments exploring the substrate scope. 
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Table 1. Screening of Reaction Conditions 

  
entry Au 

catalyst 
metal salt anion 

source 
yield of 
7a [%]a 

1 4a Zn(acac)2 AgNTf2 61 
2 4a Cu(acac)2 AgNTf2 18 
3 4a Ni(acac)2 AgNTf2 8 
4 4a Pd(acac)2 AgNTf2 23 
5 4a Co(acac)2 AgNTf2 17 
6 4a Fe(acac)2 AgNTf2 3 
7 4a Mn(acac)3 AgNTf2 12 
8 4a Cr(acac)3 AgNTf2 6 
9 4a Ti(OiPr)4 AgNTf2 2 
10 4a Y(OiPr)3 AgNTf2 1 
11 4a Mg(OtBu)2 AgNTf2 4 
12 4a none AgNTf2 N.D. 
13 4b Zn(acac)2 AgNTf2 N.D. 
14 4c Zn(acac)2 AgNTf2 N.D. 
15 8a Zn(acac)2 AgNTf2 trace 
16 8b Zn(acac)2 AgNTf2 trace 
17b 8a Zn(acac)2 AgNTf2 2 
18b 8b Zn(acac)2 AgNTf2 1 
19 4a Zn(acac)2 AgBF4 23 
20 4a Zn(acac)2 AgPF6 40 
21 4a Zn(acac)2 AgSbF6 26 
22 4a Zn(acac)2 NaBArF 75 
23c 4a Zn(acac)2 NaBArF >99 (98)d 
24c,e 4a Zn(acac)2 NaBArF 80 

 

Au catalyst (2 mol%), metal salt (2 mol%), anion source (2 mol%), 5a (0.10 mmol) and 6a 

(0.12 mmol) in DCE (0.1 mL, 1 M). aDetermined by 1H NMR analysis using 1,3,5-

trimethoxybenzene as an internal standard. b2 mol% of 2,2'-bipyridine was added. c5a (0.4 

mmol) and 6a (0.48 mmol) in DCE (33 μL, 12 M). dIsolated yield. e0.5 mol% of 4a, Zn(acac)2, 

and NaBArF were used. N.D.=not detected. 

Ph

Ph
+

Ph OH

O

Au catalyst (2 mol%)
metal salt (2 mol%)

anion source (2 mol%)
DCE, 80 °C, 16 h

Ph

O
Ph

Ph

O

5a 6a
(1.2 equiv) 7a
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   The scope of carboxylic acids and alkynes is summarized in Scheme 1.11 Electron-donating 

substituents such as methoxy and methylenedioxy groups on the benzoic acid were compatible 

with the protocol. The corresponding enol esters 7b and 7c were obtained in 92% and 88% 

yields, respectively. Electron-withdrawing substitutions as in 4-bromo and 2,3,4,5,6-

pentafluorobenzoic acids were also compatible, affording 7d and 7e in 95% and 92% yields, 

respectively. The reaction with sterically demanding 2,6-dimethylbenzoic acid gave product 7f 

in 96% yield. Pyridine-2-carboxylic acid was nearly unreactive probably due to the inhibitory 

effect of pyridyl N-coordination toward zinc or gold. Aliphatic carboxylic acids, heptanoic acid 

and ibuprofen, were also competent substrates to give 7h and 7i in 97% and 98% yields, 

respectively. The scope of alkynes was investigated for the reaction with benzoic acid (6a). The 

addition of 6a to 1,2-di(thiophen-2-yl)ethyne proceeded smoothly, giving 7j in 91% yield. An 

unsymmetrical alkyne, 1-phenyl-1-propyne, was transformed to an isomeric mixture in 99% 

yield (7k/7kʼ 93:7). The protocol was applicable to other internal alkynes such as 4-octyne, 

1,4-dimethoxy-2-butyne, and ethyl phenylpropiolate, affording anti-addition products 7l, 7m, 

and 7n in 99%, 94%, and 99% yields, respectively. Excellent functional group tolerance of the 

protocol was demonstrated in the reaction with Efavirenz, a non-nucleoside reverse 

transcriptase inhibitor, which afforded 7o in 39% yield as a single constitutional/geometrical 

isomer. The moderate yield of 7o was due to a partial conversion of Efavirenz. The molecular 

structure of 7o was unambiguously confirmed by single-crystal XRD analysis. 

   I also investigated the effect of the present gold-zinc heterobimetallic catalyst system toward 

the reaction of a terminal alkyne, phenylacetylene (5b), and benzoic acid (6a) as model 

substrates (eq. 1). Interestingly, when the protocol for the internal alkynes was applied to this 

reaction, an anti-Markovnikov addition product with Z-configuration was obtained as the major 

product in 73% yield (7p) along with a Markovnikov addition product (7p’, 21% yield) and a 

product of Markovnikov addition of acetylacetone (9, 2% yield). This regioselectivity favoring 

anti-Markovnikov addition contrasts with the reported carboxylation with the PPh3-

AuCl/AgPF6 catalyst system.3a This interesting regioselectivity is an issue for further 

investigation.12 

N
N

Au

Cl

P
Au

Cl

tBu
tBu

8a 8b
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Scheme 1. Nucleophilic Addition of Carboxylic Acids to Alkynes 
 

  

4a (2 mol%), Zn(acac)2 (2 mol%), NaBArF (2 mol%), 5 (0.40 mmol), and 6 (0.48 mmol) in 

DCE (33 μL). aDetected by 1H NMR analysis. 
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The addition of phenols and fluorinated alcohols (10) to internal alkynes (5) was also 

investigated. After re-optimizing the reaction conditions, the scope of substrates was 

investigated under the conditions using the gold complex 4a (2 mol%), Zn(acac)2 (2 mol%), 

NaBArF (2 mol%) in toluene (12 M) at 100 °C for 16 h (Scheme 2) (see Supporting Information 

for details). The reaction between phenol (1.2 equiv) and diphenylacetylene (5a) gave (Z)-(1-

phenoxyethene-1,2-diyl)dibenzene 11a in 97% yield. p-Methoxyphenol, p-bromophenol, and 

2- naphthol were competent with the protocol to afford 11b, 11c, and 11e in 98, 97, and 95% 

yields, respectively, while a p-pinacolatoboron substituent led to a decrease in the yield (57%) 

of 11d with the formation of unidentified side products. Sterically hindered 2,6-dimethylphenol 

gave only a trace amount of 11f. Pentafluorophenol was a suitable substrate, giving 11g in 97% 

yield. The protocol was also applicable to electron-deficient fluorinated alcohols such as 

2,2,3,3,4,4,4-heptafluoro-1-butanol and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), giving the 

corresponding fluoroalkyl enol ethers 11h and 11i in 94% and 41% yields, respectively. The 

use of 3 equiv of HFIP improved the yield of the latter (11i) to 92%. Thus, the lower yield with 

the use of 1.2 equiv of HFIP may have been due to its low boiling point (58 °C).13 The scope 

of alkynes was examined using phenol as a model nucleophile. The addition of 1,2-di(thiophen-

2-yl)ethyne gave 11j in 98% yield. 1-Phenyl-1-propyne gave an isomeric mixture (11k/11k’ 

92:8) in 98% yield. 4-Octyne and 1,4-dimethoxy-2-butyne produced 11l and 11m in 93% and 

91% yields, respectively. Efavirenz showed no reactivity with phenol under the optimized 

conditions. 
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Scheme 2. Nucleophilic Addition of Alcohols to Alkynes 

 

  
 

4a (2 mol%), Zn(acac)2 (2 mol%), NaBArF (2 mol%), 5 (0.40 mmol) and 10 (0.48 mmol) in 

toluene (33 μL). aDetected by 1H NMR analysis. bDetermined by 1H NMR analysis using 1,3,5-

trimethoxybenzene as an internal standard. c3.0 equiv of HFIP was used. 

 
Characterization of Heterobimetallic Complex 
 
   To gain information on the gold-zinc heterobimetallic complexes, the interactions between 

the neutral gold complex 4a and zinc salts were investigated both in the solid state and in 

solution phase. Mixing 4a and ZnCl2 in a DCE/THF mixed solvent gave gold-zinc bimetallic 

complex 4a-ZnCl2 as a pale yellow powder in 78% yield (Figure 2). Recrystallization of this 

solid from a DCM/THF solution gave single crystals suitable for XRD analysis. The molecular 

structure of the gold-zinc bimetallic complex 4a-ZnCl2 as depicted in Figure 2 shows the 

existence of a linear two-coordinate gold(I) center and a tetrahedral zinc center in a spatially 
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independent manner. Interactions between the pyridine moiety of complexes 4 and zinc salts 

were also observed in the solution phase (THF-d8). 

 

  

Figure 2. Complexation of gold-zinc bimetallic complex 4a-ZnCl2. All hydrogen atoms and a 

solvent molecule were omitted for clarity from the ORTEP drawing of 4a-ZnCl2 showing 50% 

probability thermal ellipsoids. Selected bond lengths (Å) and angles (deg.) of 12: Au–Cl 

2.2951(9); Au–C 1.992(4); Zn–N3 2.066(3); Zn–N4 2.062(3); C–Au–Cl 178.84(12). 
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Reaction Mechanism 

   For gaining mechanistic insights into the gold-zinc cooperative catalysis, DFT calculations 

were conducted at the M06/SDD,6-311+G(d,p)/SMD(DCE)//M06/SDD,6-31G(d) level of 

theory with the Gaussian 16 package.15 Gold-zinc complexes were calculated as mono-cationic 

species without BArF‒ anions. The relative energies were corrected for Gibbs free energy and 

reported in kcal/mol (Figure 3). 

   The cationic gold complex Int-1 including alkyne 5a is formed through the coordination of 

the bipyridine moiety of Int-0 to Zn(Obz)2 generated from Zn(acac)2 and benzoic acid. This 

complexation is an exergonic process by 18.4 kcal/mol. The nucleophilic anti-attack of the zinc 

benzoate toward the alkyne moiety activated by the gold atom proceeds through TS1-2 with an 

energy barrier of 24.7 kcal/mol. This step is 15.9 kcal/mol endergonic to afford alkenyl gold(I) 

intermediate Int-2. Alternatively, the benzoate can act as a base to deprotonate benzoic acid. 

Thus, Int-1 captures another benzoic acid molecule through hydrogen-bonding at the benzoate 

oxygen atom to form Int-3. The bound benzoic acid undergoes deprotonation coupled with 

nucleophilic anti-attack toward the alkyne moiety through TS3-4 with an energy barrier of 21.5 

kcal/mol, producing alkenyl gold(I) complex Int-4. The difference in the relative energies 

between TS1-2 and TS3-4 is only 0.6 kcal/mol indicating that nucleophilic attack could occur 

through either TS3-4 or TS1-2. Int-2 is transformed to more stable Int-4 (∆G = –4.7 kcal/mol) 

through ligand exchange on the zinc atom from the enol ester to an external benzoic acid 

molecule. Int-4 alters its conformation to Int-5, then undergoes protonation at the alkenyl gold 

moiety through TS5-6 to form product-bound gold(I) complex Int-6. Since TS5-6 is ca. 4 

kcal/mol lower in energy than TS1-2 and TS3-4, the protonation should be faster than the 

nucleophilic attack. 
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Figure 3. Energy diagram for nucleophilic addition of 6a toward 5a. DFT calculations were 

conducted at the M06/SDD,6-311+G(d,p)/SMD(DCE)//M06/SDD,6-31G(d) level of theory. 

The relative energies were corrected for the Gibbs free energies and reported in kcal/mol. 

 
 
Conclusion 
 

   In summary, heterobimetallic cationic gold(I) catalyst systems with a 5-(2,2ʼ-bipyrid-5-

yl)imidazo[1,5-a]pyridin-3-ylidene ligand allowed intermolecular additions of carboxylic 

acids and phenols across non-activated internal alkynes. The activity of the heterobimetallic 

systems was highly dependent on the nature of the hard metal site, with Zn(acac)2 being 

optimal. The molecular structure of the heterobimetallic gold-zinc complex was revealed by 

single-crystal XRD analysis. DFT calculations supported a proposed cooperative action of the 

cationic gold(I) atom and the zinc site for the intermolecular nucleophilic anti-addition of 

benzoic acid toward diphenylacetylene. 
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Experimental Section 

General 

   All air and moisture-sensitive reactions were operated using the standard Schlenk techniques 

and glove box under nitrogen gas atmosphere. THF, DCM, Et2O, and toluene were dried and 

deoxygenated by using Grubbs column (Glass Counter Solvent Dispensing System, Nikko 

Hansen & Co, Ltd.). Anhydrous 1,2-dichloroethane (DCE) was purchased from Sigma-Aldrich 

Co. LLC. Dry CH3CN was purchased from Kanto Chemical Co., Inc.. Efavirenz was purchased 

from Tokyo Chemical Industry Co., Ltd. (TCI). Other commercially available chemicals were 

purchased from TCI, Sigma-Aldrich, Kanto Chemical, or FUJIFILM Wako Pure Chemical 

Corporation. 1H NMR (400 MHz), 13C{1H} NMR (100 MHz), and 19F NMR (376 MHz) spectra 

were measured on JEOL ECZ-400S spectrometer. All 1H NMR chemical shifts were reported 

in ppm (δ) relative to the chemical shifts of residual solvent resonances (CDCl3 at δ 7.26 and 

DCM-d2 at δ 5.32). All 13C{1H} NMR chemical shifts were reported in ppm (δ) relative to 

carbon resonances of CDCl3 at δ 77.0 and DCM-d2 at δ 53.8. High-resolution mass spectra 

were obtained with Thermo Fisher Scientific Exactive, JEOL JMS-T100LP, or JEOL JMS-

700TZ at the Instrumental Analysis Division, Equipment Management Center, Creative 

Research Institution, Hokkaido University. IR spectra were obtained on JASCO FT-IR-4600 

spectrometer. Melting points were obtained with OptiMelt (MPA100) of Stanford Research 

Systems. Flash column chromatography was performed using silica gel (Wakogel FC-40, 

0.020-0.040 nm >70%). Gold catalyzed nucleophilic addition was conducted using EYELA 

RCH-1000 of TOKYO RIKAKIKAI CO, LTD as a heating reactor with screw-cap vial (NN-

13) of Maruemu Corporation. 

 

6''-(Diethoxymethyl)-2,2':5',2''-terpyridine (3) 

 
   nBuLi (1.57 M in hexane, 16.2 mL, 25.6 mmol, 1.5 equiv) was added dropwise to the solution 

of 2-bromo-6-(diethoxymethyl)pyridine15 (6.19 g, 23.8 mmol, 1.4 equiv) in dry Et2O (28 mL) 

at -78 ºC under nitrogen atmosphere, and the resulting pale yellow mixture was stirred at -78 °C 

N
OEt

OEt

NBr OEt

OEt

1) nBuLi (1.5 equiv)
ZnCl2 (1.6 equiv)
Et2O, -78 °C, 30 min

2) Pd(PPh3)4 (5 mol%)
THF, 70 °C, 18 h NN N

Br

(1.4 equiv) N
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for 30 minutes. ZnCl2 (1.0 M in Et2O, 27.2 mL, 27.2 mmol, 1.6 equiv) was added dropwise to 

the solution at -78 ºC, and the resulting mixture was stirred for 1 hour at -78 ºC. The resulting 

organo-zinc solution was added to the solution of 5-bromo-2,2’-bipyridine (3.99 g, 17.0 mmol, 

1.0 equiv) and Pd(PPh3)4 (982 mg, 0.85 mmol, 5 mol%) in dry THF (88 mL) at room 

temperature under nitrogen atmosphere. The mixture was stirred under reflux conditions at 70 

ºC for 18 hours. After quenching with EDTA·2Na (21.9 g, 76.5 mmol, 4.5 equiv) and water, 

the aqueous layer was extracted with CHCl3, and the combined organic phase were dried over 

Na2SO4, filtrated, and evaporated under reduced pressure. The crude mixture was purified by 

silica-gel flash column chromatography (EtOAc/hexane=2/8 to 3/7) to afford the desired 

product (4.43 g, 13.2 mmol, 78% yield). 

   Light orange solid. mp: 63-66 ºC. IR (ATR, n /cm-1): 2976 w, 2870 w, 1589 w, 1573 w, 1448 

w, 1427 w, 1325 m, 1143 m, 1109 m, 1058 s, 1027 m, 914 w, 817 m, 782 m, 745 s, 633 w. 1H 

NMR (400 MHz, CDCl3, 25 °C): d 9.31 (dd, J = 2.1, 0.9 Hz, 1H), 8.72 (ddd, J = 4.8, 1.6, 0.9 

Hz, 1H), 8.54-8.47 (m, 3H), 7.88-7.82 (m, 2H), 7.77 (dd, J = 7.8, 0.9 Hz, 1H), 7.62 (dd, J = 

7.7, 1.0 Hz, 1H), 7.34 (ddd, J = 7.4, 4.9, 1.1 Hz, 1H), 5.55 (s, 1H), 3.84-3.77 (m, 2H), 3.72-

3.65 (m, 2H), 1.29 (t, J = 7.1, 6H). 13C{1H} NMR (100 MHz, CD2Cl2, 25 °C): d 159.4, 156.6, 

156.1, 153.9, 149.6, 148.1, 137.9, 137.2, 135.4, 134.9, 124.2, 121.4, 121.0, 120.40, 120.37, 

103.4, 62.8, 15.5. HRMS (ESI+) m/z calc. for C20H21N3O2Na 358.15260 found 358.15240. 

 

5-([2,2'-Bipyridin]-5-yl)-2-mesitylimidazo[1,5-a]pyridin-2-ium Chloride (5a) 

 
   6''-(Diethoxymethyl)-2,2':5',2''-terpyridine (4.43 g, 13.2 mmol, 1 equiv) was dissolved in the 

mixed solvent of acetone (21 mL) and 1 M HCl aq (21 mL) under nitrogen atmosphere. The 

resulting solution was stirred at 60 ºC for 3 hours. The reaction mixture was quenched with 

saturated NaHCO3 aqueous solution, the aqueous layer was extracted with DCM. Organic layer 

was dried over Na2SO4, filtrated, and evaporated. The crude was dissolved in dry DCM (36 

mL) under nitrogen atmosphere, and acetic acid (0.75 mL, 13.2 mmol, 1 equiv) and 2,4,6-

N
OEt

OEt 1) 1M HCl aq.
acetone, 60 °C, 3 h
2) Mesitylamine (1.2 equiv)
AcOH (1 equiv)
NaBH(OAc)3 (1.5 equiv)
DCM, rt, 14 h

3) HCOOH (excess)
Ac2O (excess)
THF, 0 °C, 3 h

N N

Cl

4) POCl3 (1.3 equiv)
toluene, 100 °C, 21 h

N N

N N
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trimethylaniline (2.2 mL, 15.8 mmol, 1.2 equiv) were added to the solution followed by 

addition of NaBH(OAc)3 (4.22 g, 19.8 mmol, 1.5 equiv) to the reaction mixture at 0 ºC. The 

resulting mixture was stirred at room temperature for 14 hours. The reaction mixture was 

quenched with saturated NaHCO3 aqueous solution. The aqueous layer was extracted with 

DCM, and the combined organic layer was dried over Na2SO4, filtrated, and evaporated. The 

resulting brown viscous oil was dissolved in dry THF (42 mL) under nitrogen atmosphere. The 

mixture of formic acid (3.5 mL) and acetic anhydride (3.5 mL) were stirred for 2 hours at room 

temperature before adding to the above THF solution at 0 ºC under nitrogen atmosphere. The 

resulting mixture was stirred for 3 hours at 0 ºC. The mixture was quenched with saturated 

NaHCO3 aqueous solution. Aqueous layer was extracted with DCM, and the combined organic 

layer was dried over Na2SO4, filtrated, and evaporated. The crude mixture was passed through 

short-pad of silica-gel with EtOAc/DCM = 5/5 to 8/2 to remove highly polar impurity. The 

crude product was dissolved in dry toluene (20 mL) under nitrogen atmosphere. POCl3 (1.72 

mL, 17.2 mmol, 1.3 equiv) was added dropwise to the solution, and the resulting solution was 

stirred for 21 hours at 100 ºC. After quenching with MeOH (1.5 mL), the reaction mixture was 

stirred for an additional 1 hour at room temperature. The crude solution was directly purified 

by basic alumina column chromatography (DCM/MeOH=9/1 to 7/3) to afford the desired 

product (4.13 g, 9.68 mmol, 73% yield). 

   Gray Solid. mp: 162 ºC (decomp.). IR (ATR, n /cm-1): 2911 w, 1648 w, 1586 m, 1537 w, 

1458 m, 1434 w, 1358 w, 1229 w, 1194 w, 1150 m, 1080 w, 1036 m, 936 w, 797 s, 768 m, 750 

s, 727 s, 679 m, 580 m, 465 w. 1H NMR (400 MHz, CD3OD, 25 °C): d 9.93 (s, 1H), 9.05 (d, J 

= 2.3 Hz, 1H), 8.71-8.69 (m, 1H), 8.56 (dd, J = 8.2, 0.7 Hz, 1H), 8.46 (dd, J = 8.0, 0.9 Hz, 1H), 

8.41-8.33 (m, 2H), 8.04-7.96 (m, 2H), 7.56 (dd, J = 9.4, 6.9 Hz, 1H), 7.52-7.46 (m, 1H), 7.40 

(d, J = 7.1 Hz, 1H), 7.15 (s, 2H), 2.37 (s, 3H), 2.09 (s, 6H). 13C{1H} NMR (100 MHz, CD3OD, 

25 °C): d 159.0, 156.2, 150.5, 150.3, 142.8, 138.9, 138.8, 135.7, 134.5, 133.5, 133.1, 130.7, 

129.2, 127.6, 127.2, 126.0, 123.0, 122.6, 121.0, 119.5, 117.3, 21.1, 17.3. HRMS (ESI+) m/z 

calc. for C26H23N4 391.19172 found 391.19137. 
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(5-([2,2'-Bipyridin]-5-yl)-2-mesitylimidazo[1,5-a]pyridin-3(2H)-ylidene)gold(I) Chloride 

(7a) 

 
   In nitrogen filled glove box, 5-([2,2'-bipyridin]-5-yl)-2-mesitylimidazo[1,5-a]pyridin-2-ium 

chloride (102 mg, 0.24 mmol, 1 equiv), AuCl·SMe2 (60.7 mg, 0.24 mmol, 1 equiv), dry K2CO3 

(66.3 mg, 0.48 mmol, 2.0 equiv), and dry acetone (6.0 mL) were filled in a screw vial 

containing a magnetic stirring bar. The reaction mixture was stirred at 60 ºC for 3 hours under 

dark conditions. The mixture was then filtered through celite and subsequently eluted with 

DCM. The filtrate was evaporated and purified by silica-gel flash column chromatography 

(DCM/EtOAc=9/1 to 8/2) to afford the desired product (122 mg, 0.20 mmol, 82% yield). The 

crystal suitable for X-ray crystallography was grown from DCE/ether solution. 

   White solid. mp: 110 ºC (decomp.). IR (ATR, n /cm-1): 2917 w, 1731 w, 1651 w, 1587 w, 

1488 w, 1456 s, 1434 m, 1362 m, 1315 w, 1240 m, 1175 m, 1025 m, 851 m, 786 s, 748 s, 684 

m, 591 m, 520 w. 1H NMR (400 MHz, CD2Cl2, 25 °C): d 8.85 (d, J = 2.1 Hz, 1H), 8.70-8.69 

(m, 1H), 8.57 (d, J = 8.0 Hz, 1H), 8.47 (d, J = 8.0 Hz, 1H), 8.00 (dt, J = 8.1, 2.0 Hz, 1H), 7.85 

(tt, J = 7.8, 1.8 Hz, 1H), 7.56 (d, J = 9.4 Hz, 1H), 7.41 (s, 1H), 7.35 (t, J = 6.2 Hz, 1H), 7.12-

7.08 (m, 1H), 7.03 (s, 2H), 6.71 (d, J = 6.6 Hz, 1H), 2.35 (s, 3H), 1.99 (s, 6H). 13C{1H} NMR 

(100 MHz, CD2Cl2, 25 °C): d 164.8, 157.5, 155.9, 149.7, 149.6, 140.4, 138.7, 137.3, 136.7, 

136.5, 134.8, 132.4, 131.0, 129.6, 124.4, 123.4, 121.7, 121.2, 118.5, 118.0, 113.5, 21.3, 17,9. 

HRMS (ESI+) m/z calc. for C26H22AuN4 587.15045 found 587.15048. 
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N(DMS)AuCl (1.0 equiv)
K2CO3 (2.0 equiv)

acetone, 60 °C, 3 h
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6-(Diethoxymethyl)-2,4'-bipyridine (3) 

 
   In a nitrogen filled glove box, Pd2(dba)3 (366 mg, 0.40 mmol, 2 mol%) and PCy3 (269 mg, 

0.96 mmol, 4.8 mol%) was dissolved in dry 1,4-dioxane (50 mL). The solution was tranferred 

to the schlenk containing 2-bromo-6-(diethoxymethyl)pyridine (5.20 g, 20.0 mmol, 1 equiv) 

inside the glove box, and the Schlenk tube was taken out from the glove box. Pyridin-4-

ylboronic acid (2.71 g, 22.0 mmol, 1.1 equiv) was added to the reaction solution under nitrogen 

atmosphere followed by addition of degassed solution of K3PO4 (7.22 g, 34.0 mmol, 1.7 equiv) 

in deionized water (27 mL). The resulting solution was stirred at 100 ºC for 14 hours. After 

cooling to room temperature, water was poured into the solution, and the aqueous layer was 

extracted with DCM. The combined organic layer was dried over Na2SO4, filtrated, and 

evaporated. The crude mixture was purified by silica-gel flash column chromatography 

(hexane/EtOAc = 7/3 to 2/8) to afford the desired product (4.56 g, 17.7 mmol, 88% yield). 

   Orange oil. IR (ATR, n /cm-1): 2975 w, 2879 w, 1589 m, 1551 w, 1453 m, 1334 w, 1110 m, 

1054 s, 993 m, 908 w, 800 s, 772 m, 620 s. 1H NMR (400 MHz, CDCl3, 25 °C): d 8.71 (dd, J 

= 4.5, 1.7 Hz, 2H), 7.92 (dd, J = 4.5, 1.7 Hz, 2H), 7.85 (t, J = 7.8 Hz, 1H), 7.75 (dd, J = 7.8, 

0.9 Hz, 1H), 7.65 (dd, J = 7.8, 0.7 Hz, 1H), 5.53 (s, 1H), 3.82-3.74 (m, 2H), 3.70-3.62 (m, 2H), 

1.27 (t, J = 7.1 Hz, 6H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 159.0, 153.6, 150.4, 146.2, 

137.7, 121.1, 121.0, 120.4, 103.1, 62.6, 15.2. HRMS (ESI+) m/z calc. for C15H18N2O2Na 

281.12605 found 281.12590. 
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2-Mesityl-5-(pyridin-4-yl)imidazo[1,5-a]pyridin-2-ium Chloride (5a) 

 
   6-(Diethoxymethyl)-2,4'-bipyridine (2.07 g, 8.01 mmol, 1 equiv) was dissolved in the mixed 

solvent of acetone (14 mL) and 1 M HCl aq (14 mL) under nitrogen atmosphere. The resulting 

solution was stirred at 60 ºC for 3 hours. The reaction mixture was quenched with saturated 

NaHCO3 aqueous solution, the aqueous layer was extracted with DCM. The combined organic 

layer was dried over Na2SO4, filtrated, and evaporated. The crude was dissolved in dry DCM 

(23 mL) under nitrogen atmosphere. Acetic acid (0.46 mL, 8.01 mmol, 1 equiv) and 2,4,6-

trimethylaniline (1.35 mL, 9.6 mmol, 1.2 equiv) were added to the solution followed by 

addition of NaBH(OAc)3 (2.54 g, 12.0 mmol, 1.5 equiv) to the reaction mixture at 0 ºC. The 

resulting mixture was stirred at room temperature for 14 hours. The resultant mixture was 

quenched with saturated NaHCO3 aqueous solution, aqueous layer was extracted with DCM, 

and the combined organic layer was dried over Na2SO4, filtrated, and evaporated. The resulting 

brown viscous oil was dissolved in dry THF (37 mL) under nitrogen atmosphere. The mixture 

of formic acid (2.3 mL) and acetic anhydride (2.3 mL) were stirred for 2 hours at room 

temperature before adding dropwise to the above THF solution at 0 ºC. The resulting mixture 

was stirred for 3 hours at 0 ºC. The mixture was quenched with saturated NaHCO3 aqueous 

solution. Aqueous layer was extracted with DCM, and the combined organic layer was dried 

over Na2SO4, filtrated, and evaporated. The crude mixture was passed through short-pad of 

silica-gel with EtOAc/hexane = 3/7 to 6/4 to remove highly polar impurity. The crude product 

was dissolved in dry toluene (7.0 mL) under nitrogen atmosphere. POCl3 (0.97 mL, 10.4 mmol, 

1.3 equiv) was added dropwise to the solution, and the resulting solution was stirred for 21 

hours at 100 ºC. After quenching with MeOH (1.0 mL), the reaction mixture was stirred for an 

additional 1 hour at room temperature. The crude solution was directly purified by basic 

alumina column chromatography (DCM/MeOH = 9/1 to 8/2) to afford the desired product (2.31 

g, 6.60 mmol, 82% yield). 

N
OEt

OEt
1) 1M HCl aq.
acetone, 60 °C, 3 h
2) Mesitylamine (1.2 equiv)
AcOH (1 equiv)
NaBH(OAc)3 (1.5 equiv)
DCM, rt, 14 h

3) HCOOH (excess)
Ac2O (excess)
THF, 0 °C, 3 h

N N

Cl

4) POCl3 (1.3 equiv)
toluene, 100 °C, 21 h

N N
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   Brown oil. IR (ATR, n /cm-1): 3348 w, 3032 w, 2967 w, 1652 w, 1596 s, 1552 w, 1407 m, 

1200 w, 1154 m, 1033 w, 849 m, 813 s, 671 s, 613 s. 1H NMR (400 MHz, CDCl3, 25 °C): d 

9.49 (t, J = 0.8 Hz, 1H), 8.88 (dd, J = 4.6, 1.6 Hz, 2H), 8.53 (d, J = 1.6 Hz, 1H), 8.37 (d, J = 

9.4 Hz, 1H), 7.87 (dd, J = 4.3, 1.6 Hz, 2H), 7.44 (dd, J = 9.4, 6.9 Hz, 1H), 7.22 (d, J = 6.9 Hz, 

1H), 7.01 (s, 2H), 2.34 (s, 3H), 2.10 (s, 6H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 151.7, 

141.7, 138.3, 134.1, 133.4, 132.0, 131.1, 129.8, 125.6, 124.2, 122.8, 120.2, 120.0, 117.1, 21.1, 

17.8. HRMS (ESI+) m/z calc. for C21H20N3 314.16517 found 314.16499. 

 

(2-Mesityl-5-(pyridin-4-yl)imidazo[1,5-a]pyridin-3(2H)-ylidene)gold(I) Chloride (7a) 

 
   In nitrogen filled glove box, 2-mesityl-5-(pyridin-4-yl)imidazo[1,5-a]pyridin-2-ium chloride 

(87.4 mg, 0.25 mmol, 1 equiv), AuCl·SMe2 (73.6 mg, 0.25 mmol, 1 equiv), dry K2CO3 (69.1 

mg, 0.51 mmol, 2.0 equiv), and dry acetone (5.0 mL) were filled in a screw vial containing a 

magnetic stirring bar. The reaction mixture was stirred at 60 °C for 3 hours under dark 

conditions. The mixture was then filtered through celite and subsequently eluted with DCM. 

The filtrate was evaporated and was purified by silica-gel flash column chromatography 

(DCM/EtOAc = 9/1 to 8/2) to afford the desired product as white solid (104 mg, 0.19 mmol, 

76% yield). The crystal suitable for X-ray crystallography was grown from DCM/ether solution. 

   White solid. mp: 125 ºC (decomp.). IR (ATR, n /cm-1): 3140 w, 2980 w, 2916 w, 1596 m, 

1548 w, 1488 w, 1408 m, 1377 m, 1282 w, 1198 m, 994 w, 852 w, 810 m, 791 s, 687 m, 630 

m. 1H NMR (400 MHz, CD2Cl2, 25 °C): d 8.75 (dd, J = 4.3, 1.6 Hz, 2H), 7.57-7.53 (m, 3H), 

7.41 (s, 1H), 7.07 (dd, J = 9.1, 6.6 Hz, 1H), 7.04 (s, 2H), 6.62 (dd, J = 6.6, 1.1 Hz, 1H), 2.36 

(s, 3H), 1.98 (s, 6H). 13C{1H} NMR (100 MHz, CD2Cl2, 25 °C): d 164.6, 150.6, 142.4, 140.4, 

137.1, 136.5, 134.7, 132.3, 129.6, 124.9, 123.4, 118.6, 117.3, 113.5, 21.3, 17.9. HRMS (ESI+) 

m/z calc. for C21H19AuClN3Na 568.08252 found 568.08493. 
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6-(Diethoxymethyl)-2,3'-bipyridine (3) 

 
   In a nitrogen filled glove box, Pd2(dba)3 (366 mg, 0.40 mmol, 2 mol%) and PCy3 (269 mg, 

0.96 mmol, 4.8 mol%) was dissolved in dry 1,4-dioxane (50 mL). The solution was transferred 

to the schlenk containing 2-bromo-6-(diethoxymethyl)pyridine (5.20 g, 20.0 mmol) inside the 

glove box, and the Schlenk tube was taken out from the glove box. Pyridin-3-ylboronic acid 

(2.70 g, 22.0 mmol, 1.1 equiv) was added to the reaction mixture under nitrogen atmosphere 

followed by addition of degassed solution of K3PO4 (7.22 g, 34.0 mmol, 1.7 equiv) in deionized 

water (27 mL). The resulting mixture was stirred at 100 ºC for 14 hours. After cooling to room 

temperature, water was poured into the solution, and the aqueous layer was extracted with 

DCM. The combined organic layer was dried over Na2SO4, filtrated, and evaporated. The crude 

mixture was purified by silica-gel flash column chromatography (EtOAc/hexane = 3/7 to 5/5) 

to afford the desired product (4.31 g, 16.7 mmol, 83% yield). 

   Yellow oil. IR (ATR, n /cm-1): 2975 w, 2879 w, 1738 w, 1577 m, 1449 m, 1392 w, 1323 m, 

1162 w, 1110 m, 1055 s, 1021 m, 796 s, 767 m, 708 m. 1H NMR (400 MHz, CDCl3, 25 °C): d 

9.21 (d, J = 2.1 Hz, 1H), 8.64 (dd, J = 4.8, 1.6 Hz, 1H), 8.35 (dt, J = 8.0, 1.9 Hz, 1H), 7.83 (t, 

J = 7.8 Hz, 1H), 7.70 (dd, J = 7.9, 0.8 Hz, 1H), 7.60 (dd, J = 7.7, 0.6 Hz, 1H), 7.39 (dd, J = 7.8, 

4.8 Hz, 1H), 5.53 (s, 1H), 3.82-3.74 (m, 2H), 3.70-3.63 (m, 2H), 1.28 (t, J = 7.1 Hz, 6H). 
13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 158.9, 153.8, 149.9, 148.4, 137.6, 134.7, 134.4, 

123.5, 120.1, 120.0, 103.1, 62.6, 15.2. HRMS (ESI+) m/z calc. for C15H18N2O2Na 281.12605 

found 281.12587. 
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2-Mesityl-5-(pyridin-3-yl)imidazo[1,5-a]pyridin-2-ium Chloride (5a) 

 
   6-(Diethoxymethyl)-2,3'-bipyridine (2.07 g, 8.01 mmol, 1 equiv) was dissolved in the mixed 

solvent of acetone (14 mL) and 1 M HCl aq (14 mL) under nitrogen atmosphere. The resulting 

solution was stirred at 60 ºC for 3 hours. The reaction mixture was quenched with saturated 

NaHCO3 aqueous solution, the aqueous layer was extracted with DCM. The combined organic 

layer was dried over Na2SO4, filtrated, and evaporated. The crude was dissolved in dry DCM 

(23 mL) under nitrogen atmosphere, acetic acid (0.46 mL, 8.01 mmol, 1 equiv) and 2,4,6-

trimethylaniline (1.35 mL, 9.59 mmol, 1.2 equiv) were added to the solution followed by 

addition of NaBH(OAc)3 (2.55 g, 12.0 mmol, 1.5 equiv) to the reaction solution at 0 ºC. The 

resulting mixture was stirred at room temperature for 14 hours. The reaction mixture was 

quenched with saturated NaHCO3 aqueous solution. The aqueous layer was extracted with 

DCM, and the combined organic layer was dried over Na2SO4, filtrated, and evaporated. The 

resulting brown viscous oil was dissolved in dry THF (37 mL) under nitrogen atmosphere. The 

mixture of formic acid (2.3 mL) and acetic anhydride (2.3 mL) were stirred for 2 hours at room 

temperature before adding dropwise to the above THF solution at 0 ºC. The resulting mixture 

was stirred for 3 hours at 0 ºC. The mixture was quenched with saturated NaHCO3 aqueous 

solution. Aqueous layer was extracted with DCM, and the combined organic layer was dried 

over Na2SO4, filtrated, and evaporated. The crude mixture was just pass-through silica-gel. The 

crude mixture was passed through short-pad of silica-gel with EtOAc/hexane = 3/7 to 6/4 to 

remove highly polar impurity. The crude mixture was dissolved in dry toluene (7.0 mL) under 

nitrogen atmosphere. POCl3 (0.97 mL, 10.4 mmol, 1.3 equiv) was added slowly to the solution, 

and the resulting solution was stirred for 21 hours at 100 ºC. After quenching with MeOH (1.0 

mL), the reaction mixture was stirred for an additional 1 hour at room temperature. The crude 

solution was directly purified by basic alumina column chromatography (DCM/MeOH = 9/1 

to 7/3) to afford the desired product (2.03 g, 5.80 mmol, 72% yield). 

N
OEt

OEt
1) 1M HCl aq.
acetone, 60 °C, 3 h
2) Mesitylamine (1.2 equiv)
AcOH (1 equiv)
NaBH(OAc)3 (1.5 equiv)
DCM, rt, 14 h

3) HCOOH (excess)
Ac2O (excess)
THF, 0 °C, 3 h

N N

Cl

4) POCl3 (1.3 equiv)
toluene, 100 °C, 21 h
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   Gray Solid. IR (ATR, n /cm-1): 3453 m, 3388 m, 2979 w, 2885 m, 1651 w, 1297 m, 1229 m, 

1158 m, 1026 w, 802 s, 774 m, 705 s, 681 m. 1H NMR (400 MHz, CDCl3, 25 °C): d 9.60 (dd, 

J = 1.6, 0.7 Hz, 1H), 8.83 (dd, J = 2.3, 0.9 Hz, 1H), 8.78 (dd, J = 5.0, 1.6 Hz, 1H), 8.69 (dt, J 

= 8.0, 1.8 Hz, 1H), 8.40 (d, J = 1.6 Hz, 1H), 8.27 (dd, J = 9.4 Hz, 1H), 7.68-7.64 (m, 1H), 7.43 

(ddd, J = 8.5, 6.9, 1.6 Hz, 1H), 7.17 (d, J = 7.1 Hz, 1H), 7.00 (s, 2H), 2.32 (s, 3H), 2.09 (s, 6H). 
13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 152.2, 149.0, 141.6, 137.4, 134.1, 133.0, 131.9, 

131.1, 129.8, 127.1, 125.7, 124.9, 124.7, 119.8, 119.4, 116.7, 21.1, 17.8. HRMS (ESI+) m/z 

calc. for C21H20N3 314.16517 found 314.16488. 

 

(2-Mesityl-5-(pyridin-3-yl)imidazo[1,5-a]pyridin-3(2H)-ylidene)gold(I) Chloride (7a) 

 
   In nitrogen filled glove box, 2-mesityl-5-(pyridin-3-yl)imidazo[1,5-a]pyridin-2-ium chloride 

(76.4 mg, 0.22 mmol, 1 equiv), AuCl·SMe2 (64.7 mg, 0.22 mmol, 1 equiv), dry K2CO3 (60.8 

mg, 0.44 mmol, 2.0 equiv), and dry acetone (5.0 mL) were filled in a screw vial containing a 

magnetic stirring bar. The reaction mixture was stirred at 60 °C for 3 hours under dark 

conditions. The mixture was then filtered through celite and subsequently eluted with DCM. 

The filtrate was evaporated and was purified by silica-gel flash column chromatography 

(DCM/EtOAc = 9/1 to 8/2) to afford the desired product (92.7 mg, 0.17 mmol, 77% yield). The 

crystal suitable for X-ray crystallography was grown from DCM/ether solution. 

   White solid. mp: 118 ºC (decomp.). IR (ATR, n /cm-1): 3137 w, 2979 w, 2912 w, 1651 w, 

1486 w, 1407 m, 1367 m, 1313 w, 1175 m, 1023 m, 865 m, 784 s, 707 s, 686 m. 1H NMR (400 

MHz, CD2Cl2, 25 °C): d 8.78-8.74 (m, 2H), 7.89 (dt, J = 7.9, 1.9 Hz, 1H), 7.56 (dd, J = 9.3, 0.8 

Hz, 1H), 7.48 (ddd, J = 7.8, 4.9, 0.8 Hz, 1H), 7.41 (s, 1H), 7.09 (dd, J = 9.4, 6.6 Hz, 1H), 7.04 

(s, 2H), 6.66 (dd, J = 6.6, 1.1 Hz, 1H) 2.36 (s, 3H), 1.98 (s, 6H). 13C{1H} NMR (100 MHz, 

CD2Cl2, 25 °C): d 164.6, 151.1, 150.3, 140.4, 137.8, 136.6, 134.7, 132.4, 131.3, 129.6, 123.9, 

123.4, 118.5, 118.0, 113.5, 21.3, 17.9. HRMS (ESI+) m/z calc. for C21H19AuClN3Na 

568.08252 found 568.08222. 
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(2-Mesityl-5-phenylimidazo[1,5-a]pyridin-3(2H)-ylidene)gold(I) Chloride (8a) 

 
   In nitrogen filled glove box, 2-mesityl-5-phenylimidazo[1,5-a]pyridin-2-ium chloride1 (45.6 

mg, 0.13 mmol, 1 equiv), AuCl·SMe2 (38.6 mg, 0.13 mmol, 1 equiv), dry K2CO3 (36.2 mg, 

0.26 mmol, 2.0 equiv), and dry acetone (5.0 mL) were filled in a screw vial containing a 

magnetic stirring bar. The reaction mixture was stirred at 60 °C for 3 hours under dark condition. 

The mixture was filtered through celite and subsequently eluted with DCM. The filtrate was 

evaporated and was purified by silica-gel flash column chromatography (only DCM) to afford 

the desired product (65.4 mg, 0.12 mmol, 92% yield). 

   White solid. mp: 185 ºC (decomp.). IR (ATR, n /cm-1): 3145 w, 2913 w, 1651 w, 1542 w, 

1486 m, 1442 w, 1365 m, 1315 w, 1282 m, 1200 m, 1160 w, 1030 w, 867 m, 786 s, 760 s, 736 

m, 710 m, 694 s, 684 m, 624 m. 1H NMR (400 MHz, CD2Cl2, 25 °C): d 7.59-7.48 (m, 6H), 

7.36 (s, 1H), 7.07-7.03 (m, 3H), 6.60 (dd, J = 6.6, 1.4 Hz, 1H), 2.36 (s, 3H), 1.98 (s, 6H). 
13C{1H} NMR (100 MHz, CD2Cl2, 25 °C): d 164.8, 140.2, 139.9, 136.8, 135.1, 134.8, 132.5, 

130.3, 129.5, 129.2, 123.6, 117.6, 116.9, 113.0, 21.3, 17.9. HRMS (ESI+) m/z calc. for 

C22H20AuClN2Na 567.08727 found 567.08568. 

 

Hetero-bimetallic Complex 

 
   In the glove box, the solution of ZnCl2 (5.99 mg, 0.044 mmol, 1.1 equiv) in dry THF (1.0 

mL) was added to the solution of gold complex (25.1 mg, 0.040, 1 equiv) in dry DCE (2.0 mL) 

and dry THF (2.0 mL). The yellow solution was stirred for 30 minutes at room temperature, 

and the pale-yellow precipitate was formed. The resulting mixture was cooled to -20 °C, and 

the precipitate was filtrated, washed with cold THF, and dried under reduced pressure to afford 

N N

Cl

N N(DMS)AuCl (1.0 equiv)
K2CO3 (2.0 equiv)

acetone, 60 °C, 3 h
Au

Cl

N

N

N

N

Au
Cl

Zn
Cl

Cl

N

N

N

N

Au
Cl ZnCl2 (1.1 equiv)

DCE/THF, rt, 30 min
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the bimetallic complex (23.7 mg, 0.031 mmol, 78%). The crystal suitable for X-ray 

crystallography was grown from DCM/THF solution. 

   Pale yellow solid. IR (ATR, n /cm-1): 3500 w, 3143 w, 3054 w, 2920 w, 2852 w, 1652 w, 

1489 m, 1470 s, 1439 s, 1365 m, 1316 m, 1282 w, 1199 w, 1051 w, 854 m, 787 s, 735 s, 685 

m. 1H NMR (400 MHz, CD2Cl2, 25 °C): d 8.89 (brs, 1H), 8.74 (brs, 1H), 8.52 (d, J = 6.6 Hz, 

1H), 8.42 (d, J = 8.2 Hz, 1H), 8.34 (d, J = 7.8 Hz, 1H), 8.16 (brs, 1H), 7.69 (brs, 1H), 7.61 (d, 

J = 9.6 Hz, 1H), 7.44 (s, 1H), 7.14 (brs, 1H), 7.03 (s, 2H), 6.88 (brs, 1H), 2.33 (s, 3H), 1.99 

(brs, 3H), 1.93 (brs, 3H). Sharp 13C{1H} NMR chart was not obtained due to its poor solubility. 
13C{1H} NMR analysis with saturated DCM-d2 solution for 39 hours showed only few signals: 
13C{1H} NMR (400 MHz, CD2Cl2, 25 °C): d 149.7, 140.6, 136.3, 129.7, 122.5, 114.2, 21.3, 

18.0. HRMS (ESI+) m/z calc. for C26H22AuCl2N4Zn 721.01785 found 721.01706. 

 

General Procedure for the Gold-catalyzed Hydrocarboxylation of Alkynes 

   In a nitrogen-filled glove box, Au catalyst (5.0 mg, 0.008 mmol, 2 mol%) and NaBArF (7.1 

mg, 0.008 mmol, 2 mol%) were placed in a screw vial containing a magnetic stirring bar. After 

addition of dry DCE (0.3 mL), the reaction mixture was stirred for 10 minutes. The resulting 

solution was filtrated through a glass-fiber pad packed into a pipet, and the filtrate was added 

to Zn(acac)2 (2.1 mg, 0.008 mmol, 2 mol%) and alkyne (0.40 mmol, if boiling point of alkyne 

is higher than 220 °C) in a screw vial containing a magnetic stirring bar. After stirring 30 

minutes, all volatile compounds were removed under reduced pressure. Carboxylic acid (0.48 

mmol), alkyne (0.40 mmol, if boiling point of alkyne is lower than 220 °C), and dry DCE (33 

μL) was added to the mixture, and the reaction vial was sealed with screw-cap and taken out 

from the glove box. After stirring at 80 °C for 16 hours, the resulting mixture was quenched 

through a short pad of silica-gel. The crude mixture was purified by silica-gel column 

chromatography to give the desired compound. 

  



 95 

Characterization Data for Hydrocarboxylation products  

(Z)-1,2-Diphenylvinyl Benzoate (7a)16 

 
White solid. (117.4 mg, 0.391 mmol, 98% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 8.28-

8.23 (m, 2H), 7.70-7.66 (m, 1H), 7.61-7.58 (m, 2H), 7.57-7.53 (m, 4H), 7.40-7.35 (m, 2H), 

7.35-7.26 (m, 2H), 7.23-7.19 (m, 1H), 6.82 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): 

d 164.3, 146.6, 135.7, 134.2, 133.8, 130.3, 129.2, 128.75, 128.68, 128.63, 128.56, 127.6, 124.8, 

117.1. 

 

(Z)-1,2-Diphenylvinyl 4-Methoxybenzoate (7b)16 

 
White solid (122.0 mg, 0.369 mmol, 92%). 1H NMR (400 MHz, CDCl3, 25 °C): d 8.22-8.19 

(m, 2H), 7.61-7.58 (m, 2H), 7.57-7.54 (m, 2H), 7.39-7.35 (m, 2H), 7.34-7.28 (m, 2H), 7.22-

7.19 (m, 1H), 7.04-7.00 (m, 2H), 6.80 (s, 1H), 3.91 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3, 

25 °C): d 164.1, 164.0, 146.7, 135.9, 134.4, 132.4, 128.75, 128.65, 128.5, 127.5, 124.8, 121.6, 

117.0, 114.0, 55.5. 

 

(Z)-1,2-Diphenylvinyl Benzo[d][1,3]dioxole-5-carboxylate (7c)  
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White solid. (121.2 mg, 0.352 mmol, 88% yield). mp: 127-128 ºC. IR (ATR, n /cm-1): 1736 

m, 1484 m, 1435 w, 1368 w, 1255 s, 1218 m, 1038 m, 922 m, 761 s, 746 m, 690 s, 511 m, 438 

w. 1H NMR (400 MHz, CDCl3, 25 °C): d 7.89-7.87 (m, 1H), 7.66-7.65 (m, 1H), 7.59 (d, J = 

8.2 Hz, 2H), 7.55 (d, J = 8.2 Hz, 2H). 7.40-7.33 (m, 3H), 7.30 (t, J = 7.7 Hz, 2H), 7.22 (t, J = 

7.3 Hz, 1H), 6.94 (d, J = 8.0 Hz, 1H), 6.80 (s, 1H), 6.09 (s, 2H). 13C{1H} NMR (100 MHz, 

CDCl3, 25 °C): d 163.6, 152.4, 148.1, 146.6, 135.7, 134.3, 128.73, 128.66, 128.6, 128.5, 127.6, 

126.4, 124.7, 123.1, 117.1, 110.0, 108.3, 102.0. HRMS (EI) m/z calc. for C22H16O4 344.10486 

found 344.10427. 

 

(Z)-1,2-Diphenylvinyl 4-Bromobenzoate (7d)16 

 
White solid. (144.5 mg, 0.381 mmol, 95% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 8.10-

8.07 (m, 2H), 7.70-7.67 (m, 2H), 7.58-7.55 (m, 2H), 7.52-7.48 (m, 2H), 7.40-7.33 (m, 3H), 

7.30-7.27 (m, 2H), 7.24-7.21 (m, 1H), 6.81 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): 

d 163.6, 146.4, 135.4, 134.1, 132.2, 131.7, 129.1, 128.73, 128.69, 128.6, 128.1, 127.7, 124.8, 

117.2. 

 

(Z)-1,2-Diphenylvinyl 2,3,4,5,6-Pentafluorobenzoate (7e)  

 
Orange solid. (143.9 mg, 0.369 mmol, 92% yield). mp: 119-121 ºC. IR (ATR, n /cm-1): 3070 

w, 3030 w, 1749 s, 1653 w, 1523 m, 1503 s, 1450 w, 1422 m, 1327 m, 1194 s, 1095 m, 987 s, 

844 w, 756 s, 687 s. 1H NMR (400 MHz, CDCl3, 25 °C): d 7.65-7.62 (m, 2H), 7.51 (d, J = 8.0 

Hz, 2H), 7.46-7.38 (m, 3H), 7.38-7.34 (m, 2H), 7.31-7.27 (m, 1H), 6.83 (s, 1H). 13C{1H} NMR 

(100 MHz, CDCl3, 25 °C): d 156.7, 147.5-146.7 (m), 146.0, 145.3-144.7 (m), 144.7-144.2 (m), 
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142.7-142.1 (m), 139.4-138.8 (m), 136.9-136.3 (m), 134.6, 133.6, 129.5-127.7 (m), 125.4-

124.7 (m), 118.7-117.2 (m), 107.6-107.0 (m). 19F NMR (376 MHz, CDCl3, 25 °C): d -136.5 - 

-136.6 (m, 2F), -146.8 (tt, J = 20.9, 4.8 Hz, 1F), -159.4 - -159.6 (m, 2F). HRMS (EI) m/z calc. 

for C21H11F5O2 390.06792 found 390.06797. 

 

(Z)-1,2-Diphenylvinyl 2,6-Dimethylbenzoate (7f)16  

 
Colourless oil. (125.8 mg, 0.383 mmol, 96% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 

7.70-7.68 (m, 2H), 7.54-7.52 (m, 2H), 7.46-7.42 (m, 2H), 7.40-7.38 (m, 1H), 7.33-7.27 (m, 

3H), 7.25-7.23 (m, 1H), 7.06 (d, J = 7.5 Hz, 2H), 6.72 (s, 1H), 2.25 (s, 6H). 13C{1H} NMR 

(100 MHz, CDCl3, 25 °C): d 167.7, 147.7, 136.5, 136.4, 134.2, 132.1, 130.0, 129.0, 128.7, 

128.5, 128.4, 128.1, 127.6, 126.0, 118.3, 20.6. 

 

(Z)-1,2-Diphenylvinyl Heptanoate (7h)17 

 
White solid. (119.4 mg, 0.387 mmol, 97% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.54-

7.50 (m, 4H), 7.40-7.31 (m, 5H), 7.28-7.24 (m, 1H), 6.69 (s, 1H), 2.58 (t, J = 7.5 Hz, 2H), 1.71 

(q, J = 7.5, 2H ), 1.38-1.28 (m, 6H), 0.90 (t , J = 6.7 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3, 

25 °C): d 171.3, 146.7, 135.8, 134.4, 128.7, 128.61, 128.56, 128.5, 127.6, 124.8, 116.8, 34.4, 

31.4, 28.8, 24.7, 22.5, 14.0. 

 

(Z)-1,2-Diphenylvinyl 2-(4-Isobutylphenyl)propanoate (7i) 
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White solid. (151.1 mg, 0.393 mmol, 98% yield). mp: 106-107 ºC. IR (ATR, n /cm-1): 2949 w, 

2865 w, 1751 s, 1640 w, 1495 w, 1448 m, 1256 w, 1127 s, 1087 s, 1014 m, 865 m, 797 m, 764 

s, 751 s, 585 m, 548 s, 515 s. 1H NMR (400 MHz, CDCl3, 25 °C): d 7.35-7.17 (m, 14H), 6.63 

(s, 1H), 3.99 (q, J = 7.1 Hz, 1H), 2.53 (d, J = 7.1 Hz, 2H), 1.96-1.89 (m, 1H), 1.59 (d, J = 7.2, 

Hz, 3H), 0.96 (dd, J = 6.6, 0.7 Hz, 6H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 171.9, 

146.6, 141.0, 136.4, 135.7, 134.2, 129.5, 128.7, 128.43, 128.40, 128.3, 127.7, 127.4, 124.7, 

116.9, 45.4, 45.1, 30.3, 22.4, 17.9. HRMS (ESI+) m/z calc. for C27H28O2Na 407.19815 found 

407.19715. 

 

(Z)-1,2-Di(thiophen-2-yl)vinyl Benzoate (7j) 

 
Light Yellow solid. (113.7 mg, 0.364 mmol, 91% yield). mp: 162-164 ºC. IR (ATR, n /cm-1): 

1741 m, 1450 w, 1436 w, 1231 s, 1211 m, 1173 w, 1071 w, 1053 s, 1022 s, 849 m, 722 m, 697 

s, 598 w, 509 w. 1H NMR (400 MHz, CDCl3, 25 °C): d 8.34-8.31 (m, 2H), 7.70 (tt, J = 7.6 ,1.1 

Hz, 1H), 7.58 (t, J = 7.7 Hz, 2H), 7.24 (dd, J = 5.0, 1.1 Hz, 1H). 7.20 (d, J = 5.0 Hz, 1H), 7.14 

(d, J = 3.4 Hz, 1H), 7.12 (dd, J = 3.7, 1.1 Hz, 1H), 7.04 (s, 1H), 6.99 (d, J = 3.7 Hz, 1H), 6.98 

(d, J = 3.7 Hz, 1H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 164.1, 139.8, 138.9, 136.4, 

133.9, 130.5, 129.2, 128.7, 128.4, 127.8, 126.8, 125.4, 124.3, 110.7. HRMS (EI) m/z calc. for 

C17H12O2S2 312.02787 found 312.02716. 

 

(Z)-1-Phenylprop-1-en-2-yl Benzoate (7k) and (Z)-1-Phenylprop-1-en-1-yl Benzoate 

(7k’)17  
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Colourless oil. (94.6 mg, 0.397 mmol, 99% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 8.29-

8.27 (m, 2H, minor), 8.20-8.17 (m, 2H, major), 7.66-7.60 (m, 1H, major and minor), 7.56-7.49 

(m, 2H, major and minor), 7.44 (d, J = 7.8 Hz, 2H, major), 7.36-7.30 (m, 3H, minor), 7.29-

7.24 (m, 2H, major), 7.20-7.16 (m, 1H, major), 6.10 (s, 1H, major), 6.05 (q, J = 7.0 Hz, 1H, 

minor), 2.25 (d, J = 0.9 Hz, 3H, major), 1.81 (d, J = 6.9 Hz, 3H, minor). 13C{1H} NMR (100 

MHz, CDCl3, 25 °C): d 164.0, 146.3, 134.3, 133.4, 130.0, 129.5, 128.5, 128.3, 128.1, 126.9, 

116.8, 20.7 for major isomer; 164.1, 147.0, 134.9, 130.1, 129.3, 128.0, 112.8, 11.6 for minor 

isomer, some signals were overlapped to the signals for major isomer. 

 

(Z)-Oct-4-en-4-yl Benzoate (7l)16 

 
Colourless oil. (91.8 mg, 0.395 mmol, 99% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 8.13-

8.10 (m, 2H), 7.60 (tt, J = 7.6, 1.4 Hz, 1H), 7.48 (t, J = 7.7 Hz, 2H), 5.11 (t, J = 7.3 Hz, 1H), 

2.30-2.26 (m, 2H), 1.96 (q, J = 7.3 Hz, 2H), 1.52 (sext., J = 7.5 Hz, 2H), 1.38 (sext., J = 7.2 

Hz, 2H), 0.95 (t, J = 7.3 Hz, 3H), 0.88 (t, J = 7.4 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3, 

25 °C): d 164.4, 148.5, 133.1, 129.9, 128.4, 116.5, 35.5, 27.4, 22.3, 20.0, 13.7, 13.5. 

 

(Z)-1,4-Dimethoxybut-2-en-2-yl Benzoate (7m) 

 
Colourless oil. (88.8 mg, 0.376 mmol, 94% yield). IR (ATR, n /cm-1): 1731 m, 1601 w, 1451 

w, 1243 s, 1195 m, 1170 m, 1087 s, 1062 s, 1025 m, 912 w, 708 s. 1H NMR (400 MHz, CDCl3, 

25 °C): d 8.12-8.09 (m, 2H), 7.61 (tt, J = 7.3 ,1.4 Hz, 1H), 7.48 (t, J = 7.7 Hz, 2H), 5.62 (tt, J 

= 6.5, 0.9 Hz, 1H). 4.10 (d, J = 0.9 Hz, 2H), 3.99 (dt, J = 6.4, 0.8 Hz, 2H), 3.38 (s, 3H), 3.30 

(s, 3H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 164.1, 146.7, 133.6, 130.1, 129.0, 128.5, 
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116.8, 71.5, 66.3, 58.2, 58.1. HRMS (ESI+) m/z calc. for C13H16O4Na 259.09408 found 

259.09359. 

 

(Z)-3-Ethoxy-3-oxo-1-phenylprop-1-en-1-yl Benzoate (7n)16 

 
White Solid. (117.2 mg, 0.396 mmol, 99% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 8.25-

8.22 (m, 2H), 7.67-7.63 (m, 3H), 7.55-7.51 (m, 2H), 7.44-7.38 (m, 3H), 6.38 (s, 1H), 4.13 (q, 

J = 7.2 Hz, 2H), 1.15 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 164.1, 

163.8, 157.8, 133.7, 133.5, 131.0, 130.4, 129.1, 128.9, 128.7, 126.0, 106.9, 60.4, 14.1. 

 

(S,Z)-2-(6-Chloro-2-oxo-4-(trifluoromethyl)-1,4-dihydro-2H-benzo[d][1,3]oxazin-4-yl)-

1-cyclopropylvinyl Benzoate (7o) 

 
White solid. (68.6 mg, 0.157 mmol, 39% yield). IR (ATR, n /cm-1): 3331 w, 1747 s, 1709 m, 

1684 w, 1602 w, 1497 m, 1310 m, 1195 s, 1143 m, 1090 m, 951 w, 822 m, 707 s, 695 m, 682 

m. 1H NMR (400 MHz, CDCl3, 25 °C): d 9.25 (brs, 1H), 7.67-7.65 (m, 2H), 7.52 (tt, J = 7.5, 

1.1 Hz, 1H), 7.31 (t, J = 7.9 Hz, 2H), 7.21 (s, 1H), 6.96 (dd, J = 8.5, 2.3 Hz, 1H), 6.33 (d, J = 

8.5 Hz, 1H), 5.72 (s, 1H), 1.87-1.81 (m, 1H), 0.95-0.85 (m, 2H), 0.85-0.76 (m, 2H). 13C{1H} 

NMR (100 MHz, CDCl3, 25 °C): d 162.7, 161.2, 149.4, 133.9, 133.3, 130.5, 129.6, 128.7, 

128.3, 127.7, 127.4, 123.3 (q, J = 286 Hz), 115.7, 115.3, 107.8, 82.1 (q, J = 31.8 Hz), 14.9, 7.2, 

6.9. HRMS (ESI+) m/z calc. for C21H15O4NClF3Na 460.05339 found 460.05500. The crystal 

suitable for X-ray crystallography was grown by slow evaporation of DCM/Et2O solution. 
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(Z)-Styryl Benzoate (7p)18 and 1-Phenylvinyl Benzoate (7p’)19 

 
Orange oil. (84.5 mg, 7p/7p’/8 = 76/22/2, 92% yield as carboxylation products including 2% 

of 920). 1H NMR (400 MHz, CDCl3, 25 °C): d 8.19-8.15 (m, 2H), 7.71-7.61 (m, 3H), 7.58-7.49 

(m, 3H), 7.45-7.38 (m, 2H), 7.29 (tt, J = 7.32, 1.4 Hz, 1H), 5.87 (d, J = 7.0 Hz, 1H) for (7p)-

isomer; 8.23-8.19 (m, 2H), 7.71-7.61 (m, 1H), 7.58-7.49 (m, 4H), 7.45-7.30 (m, 3H), 5.60 (d, 

J = 2.2 Hz, 1H), 5.18 (d, J = 2.2 Hz, 1H) for (7p’)-isomer. 13C{1H} NMR (100 MHz, CDCl3, 

25 °C): d 163.4, 134.2, 133.7, 130.1, 129.2, 128.7, 128.5, 127.3, 124.9, 112.6 for (7p) isomer; 

164.8, 153.1, 134.1, 133.6, 129.4, 128.95, 128.92, 128.6, 128.5, 125.9, 102.3 for (7p’) isomer. 

 

General Procedure for the Gold-catalyzed Hydrocarboxylation of Alkynes 

   In a nitrogen-filled glove box, Au catalyst (5.0 mg, 0.008 mmol, 2 mol%) and NaBArF (7.1 

mg, 0.008 mmol, 2 mol%) were placed in a screw vial containing a magnetic stirring bar. After 

addition of dry DCE (0.3 mL), the reaction mixture was stirred for 10 minutes. The resulting 

solution was filtrated through a glass-fiber pad packed into a pipet, and the filtrate was added 

to Zn(acac)2 (2.1 mg, 0.008 mmol, 2 mol%) and alkyne (0.40 mmol, if boiling point of alkyne 

is higher than 220 °C) in a screw vial containing a magnetic stirring bar. After stirring 30 

minutes, all volatile compounds were removed under reduced pressure. Alcohol (0.48 mmol), 

alkyne (0.40 mmol, if boiling point of alkyne is lower than 220 °C), and dry toluene (33 μL) 

was added to the mixture, and the reaction vial was sealed with screw-cap and taken out from 

the glove box. After stirring at 100 °C for 16 hours, the resulting mixture was quenched through 

a short pad of silica-gel. The crude mixture was purified by silica-gel column chromatography 

to give the desired compound. 
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Characterization Data for Hydrophenoxylation Products  

(Z)-(1-Phenoxyethene-1,2-diyl)dibenzene (11a)21 

 
White solid. (105.5 mg, 0.387 mmol, 97% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.65 

(d, J = 8.0 Hz, 2H), 7.60 (d, J = 8.2 Hz, 2H), 7.34-7.27 (m, 5H), 7.25-7.19 (m, 3H), 7.04-7.02 

(m, 2H), 6.95 (td, J = 7.3, 0.9 Hz, 1H), 6.67 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): 

d 156.3, 149.6, 136.0, 134.7, 129.6, 128.9, 128.54, 128.50, 128.3, 127.3, 126.0, 122.0, 116.7, 

116.3. 

 

(Z)-(1-(4-Methoxyphenoxy)ethene-1,2-diyl)dibenzene (11b)21 

 
White solid. (118.9 mg, 0.393 mmol, 98% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.67 

(d, J = 8.0 Hz, 2H), 7.60 (d, J = 8.2 Hz, 2H), 7.34-7.27 (m, 5H), 7.24-7.20 (m, 1H), 6.97-6.95 

(m, 2H), 6.78-6.75 (m, 2H), 6.62 (s, 1H), 3.72 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3, 

25 °C): d 154.6, 150.2, 150.1, 136.1, 134.9, 128.9, 128.5, 128.3, 127.3, 126.2, 117.1, 116.5, 

114.7, 55.5. 

 

(Z)-(1-(4-Bromophenoxy)ethene-1,2-diyl)dibenzene (11c) 

  
White solid. (136.0 mg, 0.387 mmol, 97% yield). mp: 107-109 ºC. IR (ATR, n /cm-1): 3052 w, 

1631 w, 1585 w, 1480 s, 1447 m, 1342 w, 1280 w, 1221 s, 1165 m, 1070 w, 1019 m, 1007 m, 

916 w, 810 m, 761 s, 690 s, 561 w, 515 s, 498 m, 443 w. 1H NMR (400 MHz, CDCl3, 25 °C): 

d 7.62-7.60 (m, 2H), 7.58-7.56 (m, 2H), 7.36-7.29 (m, 7H), 7.25-7.21 (m, 1H), 6.93-6.90 (m, 

2H), 6.68 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 155.5, 149.3, 135.5, 134.4, 
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132.6, 128.9, 128.7, 128.6, 127.6, 125.9, 118.0, 116.9, 114.4. HRMS (EI) m/z calc. for 

C20H15Br1O1 350.03063 found 350.03039. 

 

(Z)-2-(4-((1,2-Diphenylvinyl)oxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (11d)22 

 
White solid. (90.5 mg, 0.227 mmol, 57% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.71-

7.66 (m, 2H), 7.62-7.59 (m, 2H), 7.58-7.56 (m, 2H), 7.32-7.26 (m, 4H), 7.27-7.22 (m, 1H), 

7.20 (tt, J = 8.0, 1.4 Hz, 1H), 7.03-6.99 (m, 2H), 6.67 (s, 1H), 1.29 (s, 12H). 13C{1H} NMR 

(100 MHz, CDCl3, 25 °C): d 159.0, 149.3, 136.6, 135.7, 134.5, 128.9, 128.6, 128.5, 128.4, 

127.4, 125.9, 116.8, 115.7, 83.6, 24.8. 

 

(Z)-2-((1,2-Diphenylvinyl)oxy)naphthalene (11e)23 

 
White solid. (122.5 mg, 0.380 mmol, 95% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.80-

7.75 (m, 2H), 7.71-7.66 (m, 4H), 7.63 (d, J = 8.2 Hz, 1H), 7.41-7.38 (m, 2H), 7.35-7.26 (m, 

7H), 7.25-7.20 (m, 1H), 6.77 (s, 1H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 154.2, 149.6, 

135.8, 134.7, 134.3, 129.9, 129.6, 128.9, 128.6, 128.5, 128.4, 127.6, 127.4, 127.0, 126.4, 126.0, 

124.1, 118.2, 116.9, 111.0. 

 

(Z)-(1-(Perfluorophenoxy)ethene-1,2-diyl)dibenzene (11g) 

 
White solid. (140.1 mg, 0.387 mmol, 97% yield). mp: 86-89 ºC. IR (ATR, n /cm-1): 3057 w, 

3025 w, 1638 w, 1509 s, 1466 m, 1449 m, 1280 w, 1199 w, 1157 w, 1046 s, 1028 m, 994 s, 

971 s, 864 w, 766 s, 692 s, 571 m, 515 m. 1H NMR (400 MHz, CDCl3, 25 °C): d 7.63 (d, J = 
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7.5 Hz, 2H), 7.50-7.47 (m, 2H), 7.37-7.32 (m, 5H), 7.26 (t, J = 7.4 Hz, 1H), 6.25 (s, 1H). 
13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 152.1, 142.0-141.5 (m), 139.5-138.3 (m), 136.8-

135.9 (m), 134.6, 134.3, 131.2-130.7 (m), 129.3, 129.0, 128.7, 128.5, 127.5, 126.6, 114.2. 19F 

NMR (376 MHz, CDCl3, 25 °C): d -156.2 (d, J = 21.7 Hz, 1H), -162.5 (dd, J = 23.3, 20.1 Hz, 

1H), -162.8 (t, J = 22.2 Hz, 1H). HRMS (EI) m/z calc. for C20H11F19O1 362.07301 found 

362.07290. 

 

(Z)-(1-(2,2,3,3,4,4,4-Heptafluorobutoxy)ethene-1,2-diyl)dibenzene (11h) 

 
Colourless oil (142.6 mg, 0.377 mmol, 94%). IR (ATR, n /cm-1): 3063 w, 3025 w, 1644 w, 

1600 w, 1494 w, 1448 m, 1332 w, 1228 s, 1183 m, 1127 m, 1017 m, 959 w, 915 m, 768 m, 696 

m. 1H NMR (400 MHz, CDCl3, 25 °C): d 7.74 (d, J = 8.0 Hz, 2H), 7.62-7.60 (m, 2H), 7.49-

7.45 (m, 2H), 7.44-7.40 (m, 3H), 7.32-7.28 (m, 1H), 6.25 (s, 1H), 4.24-4.15 (m, 2H). 13C{1H} 

NMR (100 MHz, CDCl3, 25 °C): d 153.3, 134.9, 134.7, 129.0, 128.8, 128.5, 127.3, 126.6, 

114.6, 65.8 (t, J = 25.0 Hz). 13C{1H} NMR signals of fluorinated carbon chain were detected 

at 122-104 ppm as multiplets. 19F NMR (376 MHz, CDCl3, 25 °C): d -80.7 (t, J = 9.2 Hz), -

120.4 - -120.7 (m), -127.1 - -127.2 (m). HRMS (EI) m/z calc. for C18H13F7O 378.08546 found 

378.08548. 

 

(Z)-(1-((1,1,1,3,3,3-Hexafluoropropan-2-yl)oxy)ethene-1,2-diyl)dibenzene (11i) 

 
White solid (127.4 mg, 0.368 mmol, 92%). mp: 52-53 ºC. IR (ATR, n /cm-1): 3060 w, 3035 w, 

1643 w, 1496 w, 1449 w, 1375 m, 1360 w, 1272 m, 1225 m, 1186 s, 1105 s, 1013 m, 920 w, 

901 m, 868 m, 768 s, 748 m, 735 s, 652 m. 1H NMR (400 MHz, CDCl3, 25 °C): d 7.70 (d, J = 

8.2 Hz, 2H), 7.54-7.45 (m, 5H), 7.39-7.34 (m, 2H), 7.29-7.25 (m, 1H), 5.98 (s, 1H), 4.64-4.58 

(m, 1H). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 151.7, 134.2, 133.3, 131.6, 129.6, 129.1, 

128.4, 128.3, 128.0, 127.4, 121.1 (q, J = 286.1 Hz), 115.6, 72.5 (sept, J = 32.7 Hz). 19F NMR 
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(376 MHz, CDCl3, 25 °C): d -72.6 (d, J = 6.0 Hz). HRMS (EI) m/z calc. for C17H12F6O 

346.07923 found 346.07873. 

 

(Z)-2,2'-(1-Phenoxyethene-1,2-diyl)dithiophene (11j)23 

 
Light green solid. (111.8 mg, 0.393 mmol, 98% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 

7.30-7.26 (m,  2H), 7.22 (d, J = 5.3 Hz, 1H), 7.19 (dd, J = 5.0, 1.1 Hz, 1H), 7.16 (dt, J = 3.7, 

0.5 Hz, 1H), 7.09-7.07 (m, 3H), 7.04-6.97 (m, 3H), 6.93 (dd, J = 5.0, 3.7 Hz, 1H). 13C{1H} 

NMR (100 MHz, CDCl3, 25 °C): d 155.9, 142.6, 139.0, 136.9, 129.6, 127.7, 127.6, 126.9, 

126.5, 125.4, 125.3, 122.4, 115.8, 110.5.  

 

(Z)-(2-Phenoxyprop-1-en-1-yl)benzene (11k) and (Z)-(1-phenoxyprop-1-en-1-yl)benzene 

(11k’)21 

 
Colourless oil. (82.4 mg, 0.392 mmol, 98% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.57 

(d, J = 7.8 Hz, 2H, major), 7.53-7.51 (m, 2H, minor), 7.38-7.32 (m, 2H, major and minor), 

7.30-7.24 (m, 2H, major and minor), 7.18 (tt, J = 7.3, 1.1 Hz, 1H, major), 7.12-7.04 (m, 3H, 

major), 7.01-6.94 (m, 3H, minor), 5.97 (q, J = 6.9 Hz, 1H, minor), 5.91 (s, 1H, major), 2.00 (s, 

3H, major), 1.79 (d, J = 6.9 Hz, 3H, minor). 13C{1H} NMR (100 MHz, CDCl3, 25 °C): d 155.3, 

149.2, 135.2, 129.6, 128.3, 128.1, 126.4, 122.6, 117.6, 114.8, 19.6 for major isomer; 157.3, 

149.6, 135.5, 129.5, 128.4, 127.8, 125.1, 121.3, 115.3, 112.4, 11.4. for minor isomer. 

 

(Z)-(Oct-4-en-4-yloxy)benzene (11l)21 
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Colorless oil. (76.2 mg, 0.373 mmol, 93% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.31-

7.27 (m, 2H), 7.00-6.94 (m, 3H), 5.04 (t, J = 7.2 Hz, 1H), 2.12 (t, J = 7.4 Hz, 2H), 2.02 (q, J = 

7.3 Hz, 2H), 1.54-1.45 (m, 2H), 1.41-1.34 (m, 2H), 0.96-0.88 (m, 6H). 13C{1H} NMR (100 

MHz, CDCl3, 25 °C): d 156.8, 150.4, 129.4, 121.2, 116.1, 115.9, 34.3, 27.2, 22.7, 20.1, 13.8, 

13.6. 

 

(Z)-((1,4-Dimethoxybut-2-en-2-yl)oxy)benzene (11m)23 

 
11m was isolated by column chromatography with basic alumina (EtOAc/hexane = 8/92). 

Colorless oil. (76.0 mg, 0.365 mmol, 91% yield). 1H NMR (400 MHz, CDCl3, 25 °C): d 7.31-

7.27 (m, 2H), 7.03 (tt, J = 7.3, 1.1 Hz, 1H), 6.99-6.96 (m, 2H), 5.51 (tt, J = 6.6, 0.8 Hz, 1H), 

4.02 (d, J = 6.6 Hz, 2H), 3.91 (d, J = 0.9 Hz, 2H), 3.35 (s, 3H), 3.31 (s, 3H). 13C{1H} NMR 

(100 MHz, CDCl3, 25 °C): d 156.2, 149.7, 129.6, 122.4, 116.4, 114.8, 70.5, 66.2, 58.3, 58.1.  

 

Screening of Reaction Conditions  

Scheme S1. Structures of gold complexes. 
 

 
Screening of Reaction Conditions for Nucleophilic Addition of Carboxylic Acids 

   General Procedure for Screening of Reaction Conditions: In a nitrogen-filled glove box, Au 

catalyst (2 mol%) and anion source (2 mol%) were placed in a screw vial containing a magnetic 

stirring bar. After addition of dry DCE (0.1 mL), the reaction mixture was stirred for 10 minutes. 

The resulting solution was filtrated through a glass-fiber pad packed into a pipet, and the filtrate 
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was added to metal salt (2 mol%) and diphenylacetylene (17.8 mg, 0.10 mmol) in a screw vial 

containing a magnetic stirring bar. After stirring 30 minutes, benzoic acid (14.7 mg, 0.12 mmol, 

1.2 equiv) was added to the mixture, and the reaction vial was sealed with screw-cap and taken 

out from the glove box. After stirring at 80 °C for 16 hours, the resulting mixture was quenched 

through a short pad of silica-gel. Yield was determined by 1H NMR analysis using 1,3,5-

trimethoxybenzene as an internal standard. 
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NMR Experiments 

General Procedure for Titration with 1H NMR Analysis 

   Gold complex (0.01 mmol) was dissolved in THF-d8 (0.63 mL), and the sample was 

monitored on 1H NMR analysis at 25 °C. After addition of Zn(acac)2 as a solid, the gold 

complex solution was further recorded 1H NMR analysis. Addition of Zn(acac)2 was repeated 

to add the 10 equivalents of Zn(acac)2 in total. The result was shown in Figure S2-4. All the 

peaks were assigned from the reference point of residual solvent peak for THF-d8 (1.73 ppm).  

THF-d8 was selected for the titration in terms of solubility of Zn(acac)2. Titration with 

ZnCl2 and Zn(OTf)2 was failed, because insoluble materials were formed from THF solution. 

When over 10 equivalents of Zn(acac)2 were added, Zn(acac)2 was partially not soluble. Hence, 

I performed the titration using 0-10 equivalent of Zn(acac)2 for monitoring the homogeneous 

mixture. According to the titrations, Zn(acac)2 interacted with pyridine moiety of gold 

complexes 4. The equilibrium between gold complexes 4 and bimetallic complexes was much 

faster than NMR time-scale, indicating that coordination abilities of pyridine moieties are not 

so high in the THF solution. Such poor coordination abilities might be arisen from coordination 

of THF molecules toward Zn(acac)2. However, the actual catalytic reactions were conducted 

in non-coordinative solvents such as DCE and toluene, and binding constants in these solvents 

might be much higher than that in THF. 
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1H NMR Charts for Titration 

Figure S2. 1H NMR titration with Au1 and Zn(acac)2. 

 
Figure S3. 1H NMR titration with Au2 and Zn(acac)2. 
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Figure S4. 1H NMR titration with Au3 and Zn(acac)2. 
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XRD Analysis 

General Procedure 

A suitable crystal was mounted with liquid paraffin on a MiTeGen MicroMounts and 

transferred to the goniometer in a nitrogen stream at 123(2) K. Measurement was made on a 

RIGAKU XtaLAB Synergy-DW system with 1.2 kW PhotonJet-DW microfocus rotating 

anode using graphite monochromated Mo-Ka radiation (λ = 0.71073 Å) or Cu-Ka radiation (λ 

= 1.54184 Å) and HyPix-6000HE detector. Cell parameters were determined and refined, and 

raw frame data were integrated using CrysAlisPro (Agilent Technologies, 2010). The structures 

were solved by direct methods with SHELXT24 and refined by full-matrix least-squares 

techniques against F2 with SHELXL-2018/325 by using Olex2 software package.26 The non-

hydrogen atoms were anisotropically refined, and hydrogen atoms were placed using AFIX 

instructions. Crystal data and structure refinement parameters are in Table S1. The ORTEP-3 

program was used to draw the molecule structures.27 

 

ORTEP Drawing 

 
Figure S5. ORTEP drawing of (a) 4a, (b) 4b, and (c) 4c showing 50% probability thermal 

ellipsoids. All hydrogen atoms and a solvent molecule for 4b were omitted for clarity. Only 

one molecule structure of 4b is described for clarity. 
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Figure S6. ORTEP drawing of 4a-ZnCl2 showing 50% probability thermal ellipsoids. All 

hydrogen atoms and a solvent molecule were omitted for clarity. 

 

 
Figure S7. ORTEP drawing of 7o showing 50% probability thermal ellipsoids. All hydrogen 

atoms were omitted for clarity. 
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Table S1. Crystal Data and Structure Refinement Parameters. 
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DFT Calculations 

General Procedure 

    All geometry optimizations and single-point energy calculations were performed by 

Gaussian 16 package.14 The geometry optimizations of all structures were conducted at the 

M06 functional in conjunction with the SDD (for Au, Zn) and 6-31G(d) (for others) basis set. 

Frequency analyses were performed at the same level of theory for geometry optimizations, in 

which the thermal free energy corrections were provided. All the transition states have the 

single imaginary frequency, and all the optimized structures as minima have no imaginary 

frequency. The transition states were traced with intrinsic reaction coordinate (IRC) analyses 

by using Global Reaction Route Mapping (GRRM) program28 to confirm the connection of the 

reaction pathway. Further single-point energy calculations were performed at the M06 

functional in conjunction with the SDD (for Au, Zn) and 6-311+G(d,p) (for others) basis set 

with the solvation model (SMD: dichloroethane) to evaluate solution phase electronic energies. 

The solution phase Gibbs free energies (Gsol) at 298.15 K (25 °C) were obtained from Gsol = E 

+ Gcorr, wherein the solvation electronic energies (E) were given from single-point energy 

calculations at the M06/SDD,6-311+G(d,p)/SMD level and gas-phase thermal free energy 

corrections (Gcorr) were given from frequency analyses at the M06/SDD,6-31G(d) level. For 

the purpose of discussion, relative Gibbs free energies (ΔGsol) were calculated from ΔGsol = 

ΣGsol for products – ΣGsol for reactants. 3D models of optimized structures were described by 

CYLview20.29 

Summary of Energies 
 
Structure 
Name 

solvation electronic 
energies [Hartree] 

thermal free energy 
corrections 
[Hartree] 

solution phase Gibbs free 
energies [Hartree] 

Int-0 -1897.272255 0.533200 -1896.739055 
Int-1 -2964.729909 0.726540 -2964.003369 
TS1-2 -2964.693914 0.729865 -2963.964049 
Int-2 -2964.706453 0.728478 -2963.977975 
Int-3 -3385.424418 0.834783 -3384.589635 
TS3-4 -3385.393848 0.838509 -3384.555339 
Int-4 -3385.419439 0.841548 -3384.577891 
Int-5 -3385.418770 0.836712 -3384.582058 
TS5-6 -3385.395153 0.832457 -3384.562696 
Int-6 -3385.440278 0.842589 -3384.597689 
6a·dimer -841.372264 0.187654 -841.18461 
Zn(OBz)2 -1067.396753 0.161822 -1067.234931 
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Chapter 3 
 

Nickel-catalyzed Homo-coupling of Aryl Ethers with 

Magnesium Anthracene Reductant 

 

 
Abstract 

Nickel-catalyzed reductive homo-coupling of aryl ethers has been achieved with 

Mg(anthracene)(thf)3 as a readily available low-cost reductant. DFT calculations provided a 

rationale for the specific efficiency of the diorganomagnesium-type two-electron reducing 

agent. The calculations showed that the dianionic anthracene-9,10-diyl ligand reduces the two 

aryl ether substrates resulting in the homo-coupling reaction through supplying the electrons 

to the Ni-Mg bimetallic system to form organomagnesium nickel(0)-ate complexes, which 

cause two sequential C–O bond cleavage reactions. The calculations also showed cooperative 

actions of Lewis-acidic magnesium atoms and electron-rich nickel atoms in the C–O cleavage 

reactions. 
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Introduction 

   Homo-coupling of aryl halides is a straightforward method for preparing symmetrical biaryls 

as key building blocks of electronic materials, dyes, and biologically active compounds.1 This 

reaction was first demonstrated by Ullmann in 1901 using copper as a stoichiometric 

reductant.2 In the pursuit of better selectivity and reaction efficiency, a number of protocols 

using transition metal catalysts in addition to stoichiometric reductants has since been 

developed.3,4 While aryl halides and aryl sulfonates are common substrates for the homo-

coupling reactions, extension of the scope of homo-coupling toward using aryl ethers, which 

are attractive substrates in terms of their ready availability from nature, is a formidable 

challenge at this moment. In this regard, Chatani and Tobisu reported the nickel-catalyzed 

homo-coupling of methoxyarenes using bis(neopentyl glycolato)diborane [B2(nep)2] as a 

reductant.5 This homo-coupling reaction consisted of two nickel-catalyzed reactions. One is 

the borylation of the methoxyarene substrate (ArOMe) to form the corresponding arylboronate 

[ArB(nep)], and the other is the subsequent Suzuki–Miyaura-type cross-coupling between the 

arylboronate and a second molecule of methoxyarene. A major issue for this transformation is 

the use of the expensive boron reagent B2(nep)2 as a stoichiometric reductant, generating costly 

waste.  

   Considering the potential of nickel catalysis in the development of efficient homo-coupling 

of aryl ethers and the well-demonstrated importance of Lewis-acidic cooperative participation 

of organometallic reagents in C–O bond cleavage by a nickel(0) species,6,7 the author focused 

on Mg(anthracene)(thf)3 (1)8–11 as a potentially suitable reducing agent. Mg(anthracene)(thf)3 

is easily prepared from inexpensive magnesium powder and anthracene in THF (Figure 1).12 

This chapter describes nickel-catalyzed homo-coupling of aryl ethers using 

Mg(anthracene)(thf)3 (1) as a stoichiometric reductant. The use of reductant 1 was crucial for 

the homo-coupling. Density functional theory (DFT) calculations suggested the occurrence of 

cooperative Ni-Mg bimetallic C–O bond activation through the formation of organomagnesium 

nickel(0)-ate complexes and Lewis acidic activation of the alkoxy leaving groups by ionized 

magnesium atoms.  

 
Figure 1. Preparation and a chemical structure of Mg(anthracene)(thf)3 (1). 

Mg
O OO

1

Mg0 powder  +
THF

inexpensive reagents
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Result and Discussion 

   Specifically, the reaction of 2-methoxynapthalene (2a) with an equimolar amount of 

Mg(anthracene)(thf)3 (1) (2a/1=1/1) in the presence of a nickel-phosphine catalyst prepared in 

situ from Ni(cod)2 (5 mol%) and tricyclohexylphosphine (20 mol%) in THF at 60 °C for 16 

hours gave the desired homo-coupling product 2,2'-binaphthalene (3a) in 79% yield (Table 1, 

entry 1). This reaction formed a small amount of naphthalene (4, 5 %) as detected by 1H NMR 

analysis of a crude mixture. The use of 1 was essential since 3a was not obtained when other 

metal powder reductants such as magnesium, zinc, and manganese were used (entries 2-4). The 

reaction in the presence of a stoichiometric amount of Ni(cod)2 without using an additional 

reductant did not cause the reaction of 2a (entry 5). The use of a catalytic amount (10 mol%) 

of 1 with a stoichiometric amount of magnesium powder resulted in only 9% yield of 3a (entry 

6), indicating that the use of pre-formed Mg(anthracene)(thf)3 (1) is essential. 

   Next, ligand effects were examined. When triphenylphosphine was employed as a ligand, 3a 

was not obtained at all (entry 7). The use of 1,2-bis(dicyclohexylphosphino)ethane (dcype) as 

a peralkylbisphosphine ligand also caused no reaction (entry 8). While 1,3-dimesitylimidazol-

2-ylidene (IMes) as a N-heterocyclic carbene ligand caused moderate catalytic activity to afford 

3a in 68% yield (entry 9), only a trace amount of 3a was obtained with the more sterically 

demanding ligand 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr) (entry 10). Thus, 

tricyclohexylphosphine was selected as the optimal ligand. When the amount of 

tricyclohexylphosphine was reduced to 10 mol% (Ni/P=1/2), the catalytic activity was 

maintained to give 3a in 80% yield (entry 11). However, further reduction of the amount of the 

ligand to 5 mol% (Ni/P=1/1) resulted in a decreased yield (69%, entry 12). The homo-coupling 

reaction of 2a also occurred even in the absence of the phosphine ligand albeit with a lower 

yield (49%) of 3a (entry 13). Heating the solution of 2a and Mg(anthracene)(thf)3 (1) in THF 

at 60 °C for 16 h in the absence of a nickel catalyst resulted in complete recovery of 2a, 

indicating that direct reduction of 2a with 1 did not occur under the reaction conditions (entry 

14). The use of nickel(II) complex Ni(acac)2 instead of Ni(cod)2 led to decreased yield (20%, 

entry 15). Since it was reported that acetylacetonate ligand was replaced to η3-anthracenyl 

ligand in the reaction between [Ni(acac)Cp*] and 1, the formation of such nickel anthracene 

complexes is the plausible reason for low catalytic activity of Ni(acac)2 pre-catalyst.13 

Cyclopentyl methyl ether (CPME), 1,4-dioxane, dimethoxyethane (DME), and toluene as a 

reaction solvent also gave the homo-coupling product albeit with lower yields (entries 16-19).  
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   The use of an equimolar amount of the reductant 1 relative to 2a was optimal for the homo-

coupling of 2a (Table 1, entries 1 and 11). Either an increase or a decrease in the relative 

amount of 1 caused a slight decrease in the homo-coupling efficiency; the use of 1.5 and 0.75 

equivalents of 1 gave 3a in 72% and 71% yields, respectively (Table 1, entries 20 and 21). The 

variation of the optimal reaction conditions (entry 11) by adding varying amounts of anthracene 

caused a significant decrease in the yield of the homo-coupling product 3a, with 20 mol% and 

50 mol% of anthracene giving 3a in only 61% and 44% yields, respectively (entries 22 and 23). 

These inhibitory effects of anthracene suggest that anthracene generated in situ from 1 as the 

reaction proceeds may suppress the efficiency of nickel catalysis through anthracene-nickel π-

coordination. This unfavorable interaction may be the cause of incomplete conversion of the 

starting material under the optimal conditions (entries 1, 11). 
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Table 1. Screening of Reaction Conditionsa 

 

 
entry reductant (equiv) ligand (mol%) solvent yield of  

3a [%]b 
yield of  
4 [%]b 

recovery 

2a [%]b 
1 1 (1.0 equiv) PCy3 (20 mol%) THF 79 5 14 
2 Mg0 (1.0 equiv) PCy3 (20 mol%) THF 0 1 97 
3 Zn0 (1.0 equiv) PCy3 (20 mol%) THF 0 trace >99 
4 Mn0 (1.0 equiv) PCy3 (20 mol%) THF 0 trace >99 
5 Ni(cod)2 (1.0 equiv) PCy3 (200 mol%) THF 0 0 >99 
6 1 (0.1 equiv) 

Mg0 (1.0 equiv) 
PCy3 (20 mol%) THF 9 1 88 

7 1 (1.0 equiv) PPh3 (20 mol%) THF 0 3 94 
8 1 (1.0 equiv) dcype (10 mol%) THF 0 0 >99 
9 1 (1.0 equiv) IMes (20 mol%) THF 68 15 13 
10 1 (1.0 equiv) IPr (20 mol%) THF trace 2 95 
11 1 (1.0 equiv) PCy3 (10 mol%) THF 80 (73)c 5 15 
12 1 (1.0 equiv) PCy3 (5 mol%) THF 69 4 23 
13 1 (1.0 equiv) none THF 49 4 45 
14d 1 (1.0 equiv) PCy3 (20 mol%) THF 0 0 >99 
15e 1 (1.0 equiv) PCy3 (10 mol%) THF 20 6 68 
16 1 (1.0 equiv) PCy3 (10 mol%) CPME 62 5 29 
17 1 (1.0 equiv) PCy3 (10 mol%) 1,4-dioxane 62 2 28 
18 1 (1.0 equiv) PCy3 (10 mol%) DME 15 1 83 
19 1 (1.0 equiv) PCy3 (10 mol%) toluene 48 3 45 
20 1 (1.5 equiv) PCy3 (10 mol%) THF 72 4 19 
21 1 (0.75 equiv) PCy3 (10 mol%) THF 71 4 23 
22 1 (1.0 equiv) 

anthracene (0.2 equiv) 
PCy3 (10 mol%) THF 61 5 31 

23 1 (1.0 equiv) 
anthracene (0.5 equiv) 

PCy3 (10 mol%) THF 44 4 49 

a 2a (0.1 mmol), reductant (xx equiv), Ni(cod)2 (5 mol%), and ligand (yy mol%) in dry THF 

(0.5 mL) at 60 ˚C for 16 h. b Determined by 1H NMR analysis using 1,3,5-trimethoxybenzene 

as an internal standard. c Isolated yield. d Without Ni(cod)2. e Using Ni(acac)2 instead of 

Ni(cod)2. 
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Effect of Leaving Group 

   With the optimized conditions (Table 1, entry 11) in hand, the reactivity of various ethers 

derived from 2-naphthol was investigated (Figure 2). The leaving group had a strong impact 

on the reactivity. The yield of the homo-coupling product 3a decreased in the order of 

increasing bulkiness of the leaving group (ethyl ether 2b, 36 %; butyl ether 2c, 19 %; isopropyl 

ether 2d, 3 %). Methoxyethoxyethyl ether 2e gave product 3a in moderate yield (56 %), 

suggesting that the chelation of the leaving group to the ionized magnesium atom may have 

enhanced the reactivity, while no chelation effect was observed with methoxymethyl (MOM) 

ether 2f, which gave 3a in only 20% yield. Interestingly, a symmetrical diaryl ether 2,2'-

oxydinaphthalene (2g) gave 3a, which corresponds to the deoxygenation product, in 33% yield 

based on the molar amount of the used 2g. This appeared, however, not to be a deoxygenation 

reaction but the homo-coupling of two aryl ether molecules (66% yield as the product of homo-

coupling reaction) since 2-naphthol was observed in the crude product mixture in 79% yield. 

2-Phenoxynaphthalene (2h) was also applicable to the homo-coupling to afford 3a in 43% yield 

in accompany with formation of phenol in 53% yield, in which C(naphthyl)–O bond was 

selectively reacted. The attempted reaction of carbamate 2i resulted in decomposition of the 

starting material. 

 
Figure 2. Effects of leaving groups. Substrate (0.1 mmol), 1 (0.1 mmol), Ni(cod)2 (5 mol%), 

and PCy3 (10 mol%) in dry THF (0.5 mL) at 60 ˚C for 16 h. Yield was determined by 1H NMR 
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analysis using 1,3,5-trimethoxybenzene as an internal standard. a 2-Naphthol was obtained in 

79% yield. b Phenol was obtained in 53% yield. 

 

Substrate Scope 

   Next, the scope and limitations of aryl methyl ethers were examined (Figure 3). 6-Hexyl-2-

methoxynaphthalene (2j) and 1-(-(6-methoxynaphthalen-2-yl)piperidine (2k) gave the 

corresponding homo-coupling products in moderate yields (60% and 63%). Triarylamines 2l,m 

and carbazole-substituted naphthyl ether 2n served as substrates, and the desired products were 

obtained in 60%, 37%, and 35% yields, respectively. Interestingly, the methoxy groups on the 

aniline moieties of 2m remained intact, resulting in a site-selective reaction at the naphthyl 

moiety. 2-Methoxy-9-methyl-9H-carbazole (2o) afforded the corresponding biscarbazole 

product in 19% yield. In the reaction of 2-methoxytriphenylene (2p), a non-negligible amount 

of triphenylene (22%) was produced as a reduction product, diminishing the yield of the desired 

homo-coupling product to 14%. 1-Methoxynaphthalene (2q) and 4-methoxybiphenyl (2r) were 

inert compounds for this protocol. The reaction of 6-methoxyquinoline (2s) and (E)-(3-

methoxyprop-1-en-1-yl)benzene (2t) resulted in decomposition of the starting materials. 
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Figure 3. Scope and limitations. Substrate (0.1 mmol), 1 (0.1 mmol), Ni(cod)2 (5 mol%), and 

PCy3 (10 mol%) in dry THF (0.5 mL) at 60 °C for 16 h. Yield was determined by 1H NMR 

analysis using 1,3,5-trimethoxybenzene as an internal standard. Isolated yield is shown in 

parenthesis. n.d.: Homo-coupling product was not detected in the crude product. a Triphenylene 

was obtained in 22% yield. b Complex mixture was observed. 

 
   To test the applicability of this reaction to large-scale synthesis, the homo-coupling of 2a was 

conducted on a 4.0 mmol scale (Scheme 1). After the reaction, residual Mg(anthracene)(thf)3 

(1) was quenched with 1M HCl aqueous solution at 0 °C, and anthracene and residual 2a were 

easily removed by Kugelrohr distillation at 150 °C (0.1 mmHg). The crude mixture was 

purified by silica-gel column chromatography to afford 3a in 51% yield. 
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Scheme 1. Large-scale Experiment 

 
 

 
 
   To gain insight into the reaction mechanism, DFT calculations were conducted. It was 

reported that C–O bond cleavage with a nickel(0) complex through conventional oxidative 

addition requires a high activation energy.14 Harsh conditions are often required for nickel-

catalyzed transformation of aryl ethers via C–O bond cleavage,6 with exception of the Kumada-

Tamao-Corriu-type coupling of aryl ethers using Grignard reagents as a coupling partner that 

occur under much milder conditions in many cases.15,16 Regarding this issue, DFT calculation 

studies by Uchiyama and Wang suggested that in situ generation of nickel(0)-ate complexes 

from nickel(0) complexes and Grignard reagents would be the key for C–O bond cleavage.17 

Based on this knowledge and the analogy between Grignard reagents and Mg(anthracene)(thf)3 

(1),9 I performed DFT calculations for nickel-catalyzed homo-coupling of 2-naphthyl methyl 

ether (2a) with 1 as a reductant, focusing on the nature of the nickel(0)-ate complexes and 

Lewis-acidic characters of the ionized magnesium atom. 

   The geometry optimization was carried out at the M06/lanl2dz (for Ni), 6-31G(d) (for 

others)/PCM(THF) level of theory, and additional single-point calculations were performed at 

the M06/SDD (for Ni), 6-311++G(d,p) (for others)/PCM(THF) level of theory.18 The obtained 

energy diagram is shown in Figure 4. Replacement of a THF molecule on the magnesium atom 

of 1 with 2-methoxynaphthalene (2a, shown in red) gives Int-1. Subsequent η2-coordination 

of 2-methoxynaphthalene at the C1–C2 unsaturated bond to Ni(PCy3) forms Int-2, which 

undergoes migration of the negatively charged 9-anthracenyl carbon atom from the magnesium 

atom to the nickel atom to form the more stable magnesium nickel(0)-ate complex Int-3. This 

key intermediate undergoes C–O bond cleavage with Lewis-acidic cooperative participation of 

the ionized magnesium atom with a reasonable energy barrier (TS3-4, 12.1 kcal/mol) to give 

Int-4. As shown in Figure 5, this bimetallic C–O bond cleavage (Int-3-TS3-4-Int-4) is 

accompanied by significant flattening of the anthracen-9,10-diyl ligand, which corresponds to 

electron release from the dianionic ligand to the nickel center. The author proposes that this 

electron release is the key for facile C–O cleavage. Moreover, he noticed that the nickel center 
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of the C–O cleavage product (Int-4) remains electron-rich due to this electron-releasing effect 

of the anthracene-9,10-diyl ligand. Figure 5b shows that the methoxy ligand is bound solely to 

the magnesium atom and that the 2-naphthyl ligand is also σ-bonded to the magnesium atom 

with π-coordination to the nickel atom. Next, Int-4 undergoes replacement of another THF 

molecule on the magnesium atom with the second 2-methoxynaphthalene molecule (2a, shown 

in blue) to form Int-5. Energetically favorable dissociation of a neutral anthracene molecule 

accompanied by π-coordination of the second 2-methoxynaphthalene molecule to the nickel 

atom produces a new magnesium nickel(0)-ate complex (Int-6) with the release of energy as 

high as 24.2 kcal/mol. The second C–O cleavage proceeds again in bimetallic mode with an 

energy barrier of 11.9 kcal/mol to afford diaryl nickel(II) complex Int-7. Note that after this 

C–O cleavage the 2-naphthyl ligand originating from the first 2-methoxynaphthalene molecule 

loses its interaction with the magnesium atom, consequently forming a complete σ-bond with 

the nickel atom. Finally, reductive elimination of Int-7 gives the biaryl product (3a) and a 

nickel(0) species, which then enters the second catalytic cycle (see Supporting Information for 

details of the calculations on the reductive elimination step). Thus, this computationally 

obtained reaction pathway illustrates the characteristic features of the Mg(anthracene)(thf)3 (1) 

reductant, which forms electron-rich organomagnesium nickel(0)-ate complexes as key 

intermediates for the two sequential aryl ether C–O bond cleavage reactions. 
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Figure 4. Energy diagram for homo-coupling of 2-methoxynaphthalene (2a) mediated by 

Mg(anthracene)(thf)3 (1) and Ni(PCy3)2. Calculations were performed at M06/SDD (for Ni), 

6-311++G(d,p) (for others)/PCM(THF)// M06/lanl2dz (for Ni), 6-31G(d) (for 

others)/PCM(THF) level of theory.  

 

 
Figure 5. Structures of (a) Int-3 and (b) Int-4. Hydrogen atoms, cyclohexyl groups on 

phosphorus atoms, and carbon frameworks of THF molecules are omitted for clarity 
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Conclusion 

   In summary, the author developed a nickel-catalyzed homo-coupling of aryl ethers with 

Mg(anthracene)(thf)3 as a readily available low-cost reductant. DFT calculations provided the 

rationale for the specific efficiency of Mg(anthracene)(thf)3 as a stoichiometric two-electron 

reductant. The dianionic anthracene-9,10-diyl ligand donates electrons to the Ni-Mg bimetallic 

system to form electron-rich magnesium nickel(0)-ate complexes. These cause two sequential 

aryl ether C–O bond cleavage reactions through cooperative actions of Lewis-acidic 

magnesium atoms and electron-rich nickel atoms. 

 
Experimental Section 

General 

   All air and moisture-sensitive reactions were operated using the standard Schlenk techniques 

or a glove box under nitrogen gas atmosphere. THF was dried and deoxygenated with a Grubbs 

column system (Glass Counter Solvent Dispensing System, Nikko Hansen & Co, Ltd.). Dry 

toluene, CPME, and MeOH were purchased from Kanto Chemical Co., Inc.. Dry 1,4-dioxane 

was purchased from FUJIFILM Wako Pure Chemical Corporation. Mg(anthracene)(thf)3 was 

prepared according to the reported procedure,20 and it was stored and treated in the nitrogen-

filled grove box. 1H NMR (400 MHz) and 13C{1H} NMR (100 MHz) spectra were measured 

on JEOL ECZ-400S spectrometer. All 1H NMR chemical shifts were reported in ppm (δ) 

relative to the chemical shifts of residual solvent resonances (CDCl3 at δ 7.26 and DMSO-d6 

at δ 2.50). All 13C{1H} NMR chemical shifts were reported in ppm (δ) relative to carbon 

resonances of CDCl3 at δ 77.0 and DMSO-d6 at δ 39.5. High resolution mass spectra were 

obtained with Thermo Fisher Scientific Exactive and JEOL JMS-T100GCv at the Instrumental 

Analysis Division, Equipment Management Center, Creative Research Institution, Hokkaido 

University. IR spectra were obtained on JASCO FT-IR-4600 spectrometer. Melting points 

were determined with OptiMelt MPA100 of Stanford Research Systems. Flash column 

chromatography was performed using silica gel (Wakogel FC-40, 0.020-0.040 nm >70%). 

Nickel catalyzed homo-coupling was conducted using EYELA RCH-1000 of TOKYO 

RIKAKIKAI CO, LTD as a heating reactor. 
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6-Methoxy-N,N-bis(4-methoxyphenyl)naphthalen-2-amine 

 
   In a nitrogen-filled glove box, 2-bromo-6-methoxynaphthalene (1.19 g, 5.0 mmol) was 

placed in a screw vial containing a magnetic stirring bar. A stock solution of Pd(OAc)2 (112 

mg, 0.5 mmol, 10 mol%) in dry toluene (3.0 mL) and P(tBu)3 (101.2 mg, 0.5 mmol, 10 mol%) 

in dry toluene (3.0 mL) was added subsequently into the screw vial. The orange colour reaction 

mixture was stirred for 2 minutes before addition of NaOtBu (480.5 mg, 5.0 mmol, 1 equiv). 

Bis(4-methoxyphenyl)amine (1.38 g, 6 mmol, 1.2 equiv) was added to the resulting mixture. 

The remaining (9.0 mL) dry toluene was added to the mixture. The vial was sealed with screw 

cap and taken out from the glove box. After stirring at 110 °C for 16 hours, the resulting mixture 

was filtrated through the filter paper. Water was poured into the resulting solution, and aqueous 

layer was extracted with DCM. The combined organic layer was washed with brine, dried over 

Na2SO4, filtrated, and evaporated. The crude mixture was purified by silica-gel flush column 

chromatography (hexane/EtOAc=9/1) and was further crystallized with ethanol to afford the 

desired product as white solid (1.34 g, 3.47 mmol, 69% yield). 

   1H NMR (CDCl3, 400 MHz, 25 °C): 7.57 (d, J = 8.9 Hz, 1H), 7.46 (d, J = 9.8 Hz, 1H), 7.23 

(s, 1H), 7.21 (dd, J = 8.8, 2.2 Hz, 1H), 7.07-7.04 (m, 6H), 6.85-6.80 (m, 4H), 3.90 (s, 3H), 3.81 

(s, 6H). 13C{1H} NMR (CDCl3, 100 MHz, 25 °C): ẟ 156.4, 155.5, 144.7, 141.5, 130.1, 129.8, 

128.2, 127.4, 125.9, 123.7, 118.8, 117.8, 114.6, 105.9, 55.5, 55.3. 

 

2-Hexyl-6-methoxynaphthalene 

 
   Magnesium turnings (271 mg, 11 mmol, 2.1 equiv) and dry THF (8.0 mL) were placed in a 

50 mL Schlenk flask under nitrogen atmosphere, and a few drop of dibromoethane was added 

to the mixture. Bromohexane (1.1 ml, 8.0 mmol, 1.5 equiv) was added dropwise to the reaction 

mixture for over 10 minutes, and the solution was stirred at room temperature for 1 hour. 

NiCl2(dppp) (2.7 mg, 0.005mmol, 0.1 mol%) and 2-bromo-6-methoxynaphthalene (1.23 g, 5.2 

OMe

Br

H
N OMe

N

Pd(OAc)2 (10 mol%)
P(tBu)3 (10 mol%)

NaOtBu (1 equiv)
toluene, 110 °C, 16 h

(1.2 equiv)
MeO OMe

OMe

MeO

Br

OCH3 OCH3

1. Mg (2.1 equiv)
    Bromohexane (1.5 equiv)
    THF, 25 °C, 1 hour

2. NiCl2(dppp) (0.1 mol%)
    THF, 60 °C, 14 hour
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mmol) were placed in a 50 mL flask, and the above solution of hexylmagnesium bromide was 

added into the flask through cannulation under nitrogen atmosphere. The reaction mixture was 

stirred at 60 °C for 14 hours. After addition of cold water, the resulting mixture was extracted 

three times with EtOAc. The combined organic layer was washed with brine, dried over 

Na2SO4, and evaporated under reduced pressure. The residue was purified with a flash column 

chromatography (EtOAc/hexane = 1/50) to afford (723.2 mg, 3.66 mmol, 70% yield) as a white 

solid. 
1H NMR (CDCl3, 400 MHz, 25 °C): 7.69-7.66 (m, 2H), 7.54 (s, 1H), 7.30 (dd, J = 8.3, 1.7 

Hz, 1H), 7.13 (dd, J = 7.5, 2.5 Hz, 1H), 7.11 (s, 1H), 3.92 (s, 3H), 2.74 (t, J = 7.8 Hz, 2H), 

1.71-1.65 (m, 2H), 1.39-1.25 (m, 6H), 0.90 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (CDCl3, 100 

MHz, 25 °C): ẟ 157.0, 138.1, 132.9, 129.1, 128.9, 127.9, 126.6, 126.1, 118.5, 105.6, 55.3, 35.9, 

31.8, 31.4, 29.0, 22.6, 14.1. 

 

General Procedure for the Nickel-catalyzed Homocoupling Reaction 

   In a nitrogen-filled glove box, an aryl ether (0.1 mmol) was placed in a screw vial containing 

stirring bar. Ni(cod)2 (1.4 mg, 0.005 mmol, 5 mol%), PCy3 (2.8 mg, 0.01 mmol, 10 mol%), 

Mg(anthracene)(thf)3 (41.9 mg, 0.1 mmol, 1 equiv), and dry THF (0.5 mL) were added into the 

vial. The vial was sealed with a screw cap and taken out from the glove box. After stirring at 

60 °C for 16 hours, the resulting mixture was cooled to room temperature and quenched with 

1M HCl aq. In the case of amine compounds, the resulting mixture was neutralized with 

saturated NaHCO3 aq. Organic layer was extracted with dichloromethane and passed through 

a short-pad of silica-gel. After addition of an internal standard, yield was determined by 1H 

NMR analysis.  

Isolation and Characterization of the Homo-coupled Products 

2,2'-Binaphthalene (3a)5 

 

 
A crude mixture was distilled to remove anthracene and 2-methoxynaphthalene (150 °C, 0.1 

mmHg). Then, residual compounds were purified by silica-gel column chromatography (only 

3a
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hexane). White solid (9.25 mg, 73% yield). 1H NMR (CDCl3, 400 MHz, 25 °C): 8.18 (s, 2H), 

7.98-7.93 (m, 4H), 7.92-7.88 (m, 4H), 7.56-7.49 (m, 4H). 13C{1H} NMR (CDCl3, 100 MHz, 

25 °C): ẟ 138.4, 133.7, 132.7, 128.5, 128.2, 127.7, 126.3, 126.1, 126.0, 125.7. HRMS (EI) m/z 

calc. for C20H14 254.10955 found 254.10891. 

 
6,6'-Dihexyl-2,2'-binaphthalene5 

 

 
 

A crude mixture was distilled to remove anthracene and 2-hexyl-6-methoxynaphthalene 

(150 °C, 0.1 mmHg). Then, residual compounds were purified by silica-gel column 

chromatography (only hexane). White solid (12.72 mg, 60% yield). 1H NMR (CDCl3, 400 

MHz, 25 °C): ẟ 8.12 (s, 2H),7.90- 7.83 (m, 6H), 7.65 (s, 2H), 7.38 (dd, J = 8.5, 1.6 Hz, 2H), 

2.80 (t, J = 7.7 Hz, 4H), 1.77-1.69 (m, 4H), 1.41-1.30 (m, 12H), 0.90 (t, J = 7.0 Hz, 6H). 
13C{1H} NMR (CDCl3, 100 MHz, 25 °C): ẟ 140.7, 137.7, 132.8, 132.2, 128.04, 127.95, 126.1, 

125.7, 36.2, 31.8, 31.3, 29.0, 22.6, 14.1. HRMS (EI) m/z calc. for C32H38 422.29735 found 

422.29680. 

 

6,6'-Di(piperidin-1-yl)-2,2'-binaphthalene 

 

 
 

A crude mixture was purified by silica-gel column chromatography (EtOAc/hexane=3/100 to 

1/10). Light brown solid (13.25 mg, 63% yield). mp: 175°C (decomp.). IR (ATR, ν/cm-1): 2931 

m, 2854 w, 2806 w, 1626 w, 1591 s, 1448 w, 1387 w, 1202 s, 1112 m, 926 m, 871 s, 802 m, 

666 m, 630 w. 1H NMR (CDCl3, 400 MHz, 25 °C): ẟ 8.01 (s, 2H), 7.80-7.75 (m, 6H), 7.31 (dd, 

J = 8.9, 2.3 Hz, 2H), 7.16 (d, J = 2.1 Hz, 2H), 3.29 (t, J = 5.4 Hz, 8H), 1.82-1.74 (m, 8H), 1.68-

1.60 (m, 4H). 13C{1H} NMR (CDCl3, 100 MHz, 25 °C): ẟ 150.1, 135.9, 133.8, 128.8, 128.6, 

N

N
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127.1, 125.8, 125.1, 120.4, 110.1, 50.9, 25.9, 24.4. HRMS (ESI+) m/z calc. for C30H33N2 

421.26383 found 421.26361. 

 

N6,N6,N6',N6'-Tetraphenyl-[2,2'-binaphthalene]-6,6'-diamine 

 

 
 

A crude mixture was purified by washing with EtOH. Light green solid (17.60 mg, 60% yield). 

mp: 245-247 °C. IR (ATR, ν/cm-1): 3026 w, 1628 w, 1585 m, 1485 m, 1377 w, 1265 m, 1171 

w, 876 m, 750 s, 692 s, 661 m, 613 w. 1H NMR (CDCl3, 400 MHz, 25 °C): ẟ 8.06 (s, 2H), 7.79 

(d, J = 9.2 Hz, 2H), 7.78 (dd, J = 6.8, 1.6 Hz, 2H), 7.69 (d, J = 8.8 Hz, 2H), 7.45 (d, J = 2.0 Hz, 

2H), 7.33-7.27 (m, 10H), 7.16 (dd, J = 7.6, 1.2 Hz, 8H), 7.06 (tt, J = 7.2, 1.2 Hz, 4H). 13C{1H} 

NMR (CDCl3, 100 MHz, 25 °C): ẟ 147.7, 145.6, 137.0, 133.5, 130.2, 129.3, 129,1, 127.5, 

126.0, 125.4, 124.8, 124.4, 123.0, 119.8. HRMS (APCI) m/z calc. for C44H33N2 589.26383 

found 589.26422. 

 

N6,N6,N6',N6'-Tetrakis(4-methoxyphenyl)-[2,2'-binaphthalene]-6,6'-diamine19 

 

 

N

N

N

N

O

O

O

O
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A crude mixture was purified by silica-gel column chromatography (Et2O/hexane=1/20 to 1/5). 

Pale yellow solid (13.15 mg, 37% yield). 1H NMR (DMSO-d6, 400 MHz, 25 °C): ẟ 8.15 (s, 

2H), 7.81-7.79 (m, 4H), 7.67 (d, J = 8.8 Hz, 2H), 7.11-7.04 (m, 12H), 6.93 (d, J = 9.2 Hz, 8H), 

3.75 (s, 12H). 13C{1H} NMR (DMSO-d6, 100 MHz, 25 °C): ẟ 155.8, 146.3, 140.2, 134.9, 133.3, 

129.1, 128.8, 127.1, 126.6, 125.4, 124.6, 121.9, 115.0, 114.2, 55.2. HRMS (EI) m/z calc. for 

C48H40N2O4 708.29881 found 708.29908. 

 

6,6'-Di(9H-carbazol-9-yl)-2,2'-binaphthalene 

 

 
 

A crude mixture was purified by washing with EtOH. Light brown solid (10.13 mg, 35% yield). 

mp: 270 °C (decomp.). IR (ATR, ν/cm-1): 2920 w, 2852 w, 2224 w, 1749 m, 1657 m, 1599 w, 

1331w, 1126 s, 1043 m, 849 m, 596 m, 548 s. 1H NMR (CDCl3, 400 MHz, 25 °C): ẟ 8.36 (s, 

2H), 8.21-8.19 (m, 6H), 8.13 (d, J = 2.0 Hz, 2H), 8.09-8.03 (m, 4H), 7.76 (dd, J = 6.4, 2.0 Hz, 

2H), 7.52 (d, J = 8.0 Hz, 4H), 7.45 (dt, J = 7.0, 0.8 Hz, 4H), 7.33 (dt, J = 7.0, 0.8 Hz, 4H). 
13C{1H} NMR (CDCl3, 100 MHz, 25 °C): ẟ 141.0, 138.8, 135.5, 133.3, 132.7, 130.2, 128,6, 

126.6, 126.2, 126.0, 125.9, 125.1, 123.5, 120.4, 120.1, 109.8. HRMS (ESI+) m/z calc. for 

C44H29N2 585.23253 found 585.23249. 

 

9,9'-Dimethyl-9H,9'H-2,2'-bicarbazole5 

 

 
 

N

N

N

N
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A crude mixture was purified by silica-gel column chromatography (Et2O/hexane=1/20 to 1/5).  

White solid (3.51 mg, 19% yield). 1H NMR (CDCl3, 400 MHz, 25 °C): d 8.19 (dd, J = 8.0, 0.5 

Hz, 2H), 8.14 (dt, J = 7.8, 0.9 Hz, 2H), 7.73 (d, J = 1.1 Hz, 2H), 7.64 (dd, J = 8.1, 1.5 Hz, 2H), 

7.51 (t, J = 7.6 Hz, 2H), 7.44 (d, J = 8.0 Hz, 2H), 7.29-7.25 (m, 2H), 3.95 (s, 6H). 13C{1H} 

NMR (CDCl3, 100 MHz, 25 °C): d 141.6, 141.5, 140.2, 125.6, 122.6, 121.9, 120.5, 120.3, 

119.1, 119.0, 108.4, 107.4, 29.2. HRMS (EI) m/z calc. for C26H20N2 360.16265 found 

360.16214.  

 

2,2'-bitriphenylene21 

 

 
 

Yield was determined by only1H NMR analysis due to small amount of the product. 1H NMR 

(CDCl3, 400 Hz, 25 °C) d 9.07 (d, J = 1.6 Hz, 2H), 8.87-8.84 (m, 2H), 8.81 (d, J = 8.8 Hz, 2H), 

8.75-8.70 (m, 6H), 8.12 (dd, J = 8.8, 1.6 Hz, 2H), 7.75-7.71 (m, 8H). 
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DFT Calculations 

General Information 

  All geometry optimizations and single-point calculations were performed by Gaussian 16 

package.22 The geometry optimizations as well as frequency calculations of all structures were 

conducted at the M06 functional23 in conjunction with the lanl2dz (for nickel) and 6-31G(d) 

(for other elements) basis set. The integral equation formalism polarizable continuum model 

(IEFPCM) was introduced to evaluate the effects of solvent (THF).24 All the transition states 

have the single imaginary frequency, and these transition states were traced with intrinsic 

reaction coordinate (IRC) analyses by the use of Global Reaction Route Mapping (GRRM) 

program25 to describe the reaction pathway. Additional single-point calculations including 

frequency calculations were performed at the M06 functional in conjunction with the SDD (for 

nickel) and 6-311++G(d,p) (for other elements) basis set with IEFPCM (THF) based on 

geometries obtained through the method described as above. For describing energy diagram in 

the main text, the relative energies were corrected for the Gibbs free energies and given in 

kcal/mol. The structures of intermediates and transition states were described by CYLview20, 

as shown in the following.26 

 

Summary of Energies 
Structure 
Name 

Electronic Energies (EE) 
[Hartree] 

EE + Zero-point Energy 
[Hartree] 

EE + Thermal Free Energy 
Correction [Hartree] 

1 -1436.452658 -1435.909002 -1435.967065 
Int-1 -1704.260871 -1703.654732 -1703.717925 
Int-2 -2922.068019 -2920.982114 -2921.068871 
Int-3 -2922.078597 -2920.992023 -2921.076698 
TS3-4 -2922.057908 -2920.972627 -2921.057295 
Int-4 -2922.092283 -2921.007061 -2921.094320 
Int-5 -3189.903576 -3188.757232 -3188.851001 
Int-6 -2650.691190 -2649.738844 -2649.820381 
TS6-7 -2650.668003 -2649.718408 -2649.801500 
Int-7 -2650.675480 -2649.725621 -2649.810563 
Int-8 -1987.916950 -1987.167516 -1987.236092 
TS8-9 -1987.913298 -1987.164460 -1987.232214 
Int-9 -1987.973924 -1987.222995 -1987.289043 
2a -500.167380 -499.989528 -500.024112 
THF -232.351887 -232.236425 -232.264243 
Ni(PCy3)2 -2264.581415 -2263.624352 -2263.696294 
PCy3 -1046.778060 -1046.300213 -1046.345640 
anthracene -539.226434 -539.034401 -539.069113 
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