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Abstract 

In Chapter 2, a gold-catalyzed reaction of a bromoalkyne with anthranils to synthesis 

α-ketoamides is covered. In this reaction, two equivalents nitrene are used to 

functionalize a C-C triple bond by gold catalysis. Subsequently one equivalent nitrene 

remains in the amide function of the desired product, while the other equivalent of 

nitrene is eliminated during the hydrolysis process as an amine. This particular 

hydrolysis of the intermediate α-iminoimidoyl halides opens access to α-ketoamides for 

a wide range of haloalkynes. 

 

In Chapter 3, a one-step gold-catalyzed hydroamination of alkynes with 

hydroxylamine-O-sulfonic acid (HOSA) is reported. In this reaction, the limits that 

traditional synthesis of oximes is highly dependent on carbonyl compounds, is 

overcome, which expands the diversity of accessible oximes. Green chemistry metrics 

for this facile reaction are also calculated, this process shows 100% carbon efficiency.  
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Kurzzusammenfassung 

In Kapitel 2 wird eine goldkatalysierte Reaktion eines Bromalkins mit Anthranilen zur 

Synthese von α-Ketoamiden behandelt. Bei dieser Reaktion werden durch Goldkatalyse 

zwei Äquivalente Nitren an eine funktionalisierte C-C-Dreifachbindung angelagert und 

ein Äquivalent Nitren verbleibt in der Amidgruppe des Produktes, das andere 

Äquivalent Nitren wird während des Hydrolyseprozesses als Amin abgespalten wird. 

Diese spezielle Hydrolyse der intermediären α-Iminoimidoylhalogenide führt für eine 

breite Palette von Halogenalkinen zu α-Ketoamide. 

 

In Kapitel 3 wird über eine goldkatalysierte Eintopf-Hydroaminierung von Alkinen mit 

Hydroxylamin-O-sulfonsäure (HOSA) berichtet. Bei dieser Reaktion wird die 

Einschränkung überwunden, dass die traditionelle Synthese von Oximen stark von 

Carbonylverbindungen abhängt, und die Diversität der zugänglichen Oxime erweitern. 

Metrische Parameter der grünen Chemie wurden berechnet, die Reaktion weist einen 

100% Kohlenstoffeffizienz auf. 
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Chapter 1. General Introduction 

1.1 Gold chemistry 

In average one million tons of earth only contain ten pounds of gold. This scarcity, as 

well as its beauty and chemical properties account for its high value during the whole 

history of mankind. Initially, gold was used extensively in coinage and jewelry, 

however today the applications of gold are vast.[1] Gold has interesting chemical 

properties, it is a noblemetal. Fascinating in its complexity for academic chemists, gold 

has potential applications in materials science, nanotechnology, electronics, 

pharmaceutical chemistry and catalysis.[2]  

1.2 Gold catalysis 

The catalytic effect of gold can be divided into two parts, namely heterogeneous and 

homogeneous gold catalysis. Even though gold has an excellent coordination and 

organometallic chemistry, it was widely considered to be catalytically inactive for a 

long time. [3] The first significant developments of gold catalysts are known since 1965 

when the German company Knapsack produced vinyl acetate through the oxidative 

acetoxylation of ethylene.[4] Until 1973, when Bond et al. reported the hydrogenation 

of olefins over supported gold catalysts, gold was discovered to be superior to other 

catalysts.[5] Later, several heterogeneous gold-catalyzed reactions were reported.[6] 

When Ito et al. reported an unknown catalytic asymmetric aldol reaction by a gold 

complex, a creative start in homogeneous asymmetric catalysis was established.[7] It 

begin to blossom until the work of Teles and specifically Hashmi in 1998-2000 unveiled 

the potential of the homogeneous gold catalysis.[5, 8] Since 2001 much work was 

devoted to gold catalysis and a boom established till nowadays.  
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1.2.1 Heterogenous gold catalysis 

Heterogeneous gold catalysis refers to the catalysis of chemical reactions by gold, 

typically supported on metal oxide substrates. Heterogeneous gold catalysis has a wide 

range in application such as carbon monoxide (CO) oxidation, water gas shift, 

epoxidations and selective hydrogenations.[9] However, this chapter is focused on 

homogeneous gold catalysis, so the details about heterogeneous gold catalysis will not 

be discussed here.  

1.2.2 Homogeneous gold catalysis 

Homogeneous gold catalysis includes all chemical reactions in which the substrate(s) 

and the gold catalyst are in the same state.[5] Homogeneous gold catalysts offer several 

important advantages over their heterogeneous counterparts.[10,11] Out of the different 

oxidation states possible for gold, in the presence of organic substrates, gold(0), gold(I), 

and gold(III) are possible. In homogeneous gold catalysis, the common oxidation states 

of gold are gold(I) and less common gold(III). Attributed to the energetically lower 

LUMO and poor back-donation of the gold species, these gold catalysts are regarded as 

the most powerful catalysts for the electrophilic activation of unsaturated carbon-

carbon multiple bonds (alkynes, allenes, alkenes) towards a variety of nucleophiles.[12] 

It is generally accepted that most gold-catalyzed reactions go through three major stages 

(Scheme 1.1).[13] In stage 1, a nucleophile attacks an [L-Au]+-activated alkyne (or 

alkene) 1 to form a trans-alkenyl gold complex intermediate 2 (or an alkyl gold 

complex in the case of alkenes). In stage 2, the resulting vinyl complex 3 reacts with an 

electrophile (E+), usually a proton, to yield the final product 4 via proto deauration, 

which also regenerates the cationic gold species. Additionally, like with every other 

catalyst, in gold-catalyzed reactions a decay or deactivation of the catalyst takes place 

(stage 3).[14] In some gold-catalyzed reactions, the formation of off-cycle gold species 

such as gem-diaurated vinyl species was observed.[15] 
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Scheme 1.1 Typical catalytic cycle of gold catalysis 

It is obvious that the ligands make an important contribution in the tuning of reactivity 

of homogeneous gold catalysts, the common ligands are shown in Scheme 1.2. There 

has also been progress in the design of ligands for gold catalysis.[16]  

 

Scheme 1.2 Common ligands used in gold catalysis 

Besides the ligands, counter anions also play an indispensable role for homogeneous 

gold catalysts. Commonly used counter anions can be divided into halides, oxygen-

based, nitrogen-based, carbon-based, boron-based, and other fluorinated counterions 

(Scheme 1.3).[17] Due to the relatively high stability and acceptable price, OTf-, SbF6-, 
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NTf2- are the most commonly used counter anions in homogeneous gold catalysis.[17,18]  

 

Scheme 1.3 Common counter anions in gold catalysis 

1.3 Gold-catalyzed organic reactions 

Homogeneous gold-catalyzed reactions have been widely recognized as a vital tool in 

the field of organic synthesis (Scheme 1.4).[11] Homogeneous gold catalysis is valuable 

in constructing complex molecules. 

 

Scheme 1.4 Homogeneous gold catalysis in organic transformations 

1.3.1 Gold-catalyzed transformation of alkynes 

By far, the most common reactivity pattern in gold-catalyzed organic reactions is the 
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gold-catalyzed activation of unsaturated C-C multiple bonds. C-C multiple bonds of 

alkynes, allenes, or olefins coordinate to gold complexes, this very efficiently activates 

them for the attack of a nucleophile. Scheme 1.5 show the general example of a 

nucleophilic addition to a C-C multiple bonds, the gold catalyst interacts with the π-

system of the substrate to construct the intermediate first, and then the nucleophile 

attacks.[5b] In this thesis, we mainly focus on alkyne hydro-functionalization reactions.  

 

Scheme 1.5 General procedure of a nucleophilic addition to a C-C multiple bonds 

Alkyne Hydration: Hydration is the simplest and one of the most intensively studied 

alkyne hydro-functionalization reactions.[19a] Alkynes can be hydrated by two different 

methods. The direct addition of water with catalysts yields the Markovnikov product. 

In contrast, the indirect hydration by the reaction sequence of hydroboration, oxidation 

and hydrolysis results in the anti-Markovnikov product. The gold-catalyzed reaction 

generally exhibits Markovnikov regioselectivity in the case of terminal alkynes, 

whereas with internal triple bonds the regioselectivity is generally poor, unless a 

directing group is present in the substrate (Scheme 1.6).[19b] The enol product readily 

tautomerizes to the ketone, and consequently the overall reaction converts alkynes into 

ketones, and in particular terminal alkynes into methyl ketones. 
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Scheme 1.6 Gold-catalyzed alkynes hydration 

Alkyne Hydroalkoxylation: In general, addition to terminal alkynes occurs at the 

internal carbon to give the corresponding ketal 11 or enol ether 12 products (Scheme 

1.7). In contrast, internal alkynes can potentially furnish two possible enol ether 

products. Depending on the position of the alkyne being attacked by the nucleophile, 

13 and 14, in addition to the corresponding ketals 15 and 16, could all be formed. There 

are several considerations for determining the selectivity of these reactions including 

steric, electronics, and the identity of the nucleophile.[20] 

 

Scheme 1.7 Gold-catalyzed hydroalkoxylation of alkynes 

Alkyne Hydroamination: Alkyne hydroamination is defined as the addition of the 
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nitrogen atom and a hydrogen atom of a primary or secondary amine onto the carbon-

carbon triple bond which is an effective method for the construction of C-N bonds in 

N-heterocycles synthesis. Alkyne hydroamination is a much broader reaction class 

compared to alkyne hydration and alkyne hydroalkoxylations, since there is a plethora 

of molecules containing a nucleophilic N-H function that can be used as reactants.[21]  

 

Scheme 1.8 Gold-catalyzed alkyne hydroamination 

The Beauchemin group has established a versatile chemistry of Cope-type 

hydroamination via a concerted 5-membered cyclic transition state for the direct 

amination using hydroxylamine and hydrazine derivatives (Scheme 1.9a).[22] In 2013, 

Bao et al. reported the synthesis of 3,5-disubstituted pyrazoles via the nucleophilic 

attack of hydrazine onto 1,3-dialkynes through an allene intermediate, which further 

undergoes electrophilic cyclization to create a new C-N bond. The theoretical aspects 

of the mechanism of Cope-type hydroamination have been investigated by Tang et al. 

in 2014 (Scheme 1.9b).[23] 
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Scheme 1.9 Cope-type hydroamination of alkynes 

1.3.2 Gold carbene intermediates in gold-catalyzed reaction 

In many gold-catalyzed alkyne transformations, gold carbenes have been proposed as 

the key intermediates for constructing diverse complex and useful building blocks after 

initial reports by the Hashmi group.[24] Among these gold carbene species, α-imino gold 

carbenes have received considerable attention. The development involving α-imino 
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gold carbene intermediates to facilitate the synthesis of challenging heterocycles is an 

ongoing endeavor.[25] Gold carbene intermediates can be exploited for the rapid 

synthesis or late-stage modification of biologically important compounds. General 

route to vinyl gold intermediates and unfunctionalized gold carbene intermediates are 

listed in Scheme 10.[26] 

 

Scheme 1.10 General way to vinyl gold intermediates and unfunctionalized gold 

carbene intermediates  

1.4 Greener and sustainable trends in organic chemistry 

The diverse field of chemistry requires various greener pathways in our quest toward 

attaining sustainability. Continual developments in green organic synthesis and 

transformation have established since the last 30 years.[27] Green organic chemistry 

towards future chemical processes and products by inventing novel reactions that can 
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maximize the desired products and at the same time minimize the by-products, 

constructing new synthetic scheme and apparat that can simplify operations in chemical 

productions, and seeking greener solvents that are inherently environmentally and 

ecologically benign.[28]  

1.4.1 Green chemistry principle 

The aim of green chemistry is to reduce chemistry-related impact on human health and 

virtually eliminate contamination of the environment through dedicated, sustainable 

prevention programs. Green chemistry searches for alternative, environmentally 

friendly reaction media and at the same time strives to increase reaction rates and lower 

reaction temperatures. The 12 Principles of Green Chemistry[29,30] are as following: 

(1) Prevention: It is better to prevent waste than to treat or clean up waste after it has 

been created. (2) Atom Economy: Synthetic methods should be designed to maximize 

the incorporation of all materials used in the process into the final product. (3) Less 

Hazardous Chemical Syntheses: Wherever practicable, synthetic methods should be 

designed to use and generate substances that possess little or no toxicity to human health 

and the environment. (4) Designing Safer Chemicals: Chemical products should be 

designed to affect their desired function while minimizing their toxicity. (5) Safer 

Solvents and Auxiliaries: The use of auxiliary substances (e.g., solvents, separation 

agents, etc.) should be made unnecessary wherever possible and innocuous when used. 

(6) Design for Energy Efficiency: Energy requirements of chemical processes should 

be recognized for their environmental and economic impacts and should be minimized. 

If possible, synthetic methods should be conducted at ambient temperature and pressure. 

(7) Use of Renewable Feedstocks: A raw material or feedstock should be renewable 

rather than depleting whenever technically and economically practicable. (8) Reduce 

Derivatives: Unnecessary derivatization (use of blocking groups, protection/ 

deprotection, temporary modification of physical/chemical processes) should be 

minimized or avoided if it possible, because such steps require additional reagents and 

can generate waste. (9) Catalysis: Catalytic reagents (as selective as possible) are 
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superior to stoichiometric reagents. (10) Design for Degradation: Chemical products 

should be designed so that at the end of their function they break down into innocuous 

degradation products and do not persist in the environment. (11) Real-time Analysis for 

Pollution Prevention: Analytical methodologies need to be further developed to allow 

for real-time, in-process monitoring and control prior to the formation of hazardous 

substances. (12) Inherently Safer Chemistry for Accident Prevention: Substances and 

the form of a substance used in a chemical process should be chosen to minimize the 

potential for chemical accidents, including releases, explosions, and fires.  

Green chemistry metrics describe aspects of a chemical process relating to the 

principles of green chemistry. The metrics serve to quantify the efficiency or 

environmental performance of chemical processes and allow changes in performance 

to be measured.[31] Atom economy was designed as a framework by which organic 

chemists would pursue “greener” chemistry. The atom economy number is how much 

of the reactants remain in the final product.[32] The atom economy is calculated by: 

 

Carbon economy is how much carbon ends up in the useful product compared to how 

much carbon was used to create the product.[32] The atom economy is calculated by: 

 

The E-factor of a chemical process is the ratio of the mass of waste per mass of 

product.[33] E-factor is calculated by: 

 

The reaction mass efficiency is the percentage of actual mass of desire product to the 
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mass of all reactants used. It considers both atom economy and chemical yield.[34] The 

reaction mass efficiency is calculated by: 

 

1.4.2 Interdisciplinary of organic chemistry 

In addition to green chemistry, the development of organic chemistry should also 

consider interdisciplinary collaboration and communication. We live in an 

interconnected world, and the sciences aren’t confined to neat boxes either. Chemistry 

contributes to all the other science disciplines and is interdisciplinary by nature.[35,36] 

Only by keeping greener and sustainable key points in mind, chemistry can truly be 

better sustainable and contribute to humanity. 

1.5 Research objectives 

This doctoral thesis focuses on gold-catalyzed alkyne hydro-functionalization reactions. 

(1) Exploring a facile route to synthesis α-ketoamide by gold-catalyzed two-fold 

reaction of anthranil and bromoalkyne. (2) Developing a one-pot gold-catalyzed 

hydroamination of terminal alkyne with hydroxylamine-O-sulfonic acid (HOSA) 

delivering oximes.  
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Chapter 2. Facile Synthesis of α-Ketoamides via Gold(I) 

Carbene Intermediates 

2.1 Introduction 

α-Ketoamide is an important motif in a broad spectrum of drugs, including anti-

inflammatory, anti-HIV, anti-tumor and even inhibitors of coronavirus. As the key 

components of biomedicines, the development of synthetic methods for α-ketoamide 

has increased considerably in recent years.[1-4] Biologically active of α-ketoamides are 

shown Scheme 2.1.  

 

Scheme 2.1 Biological activity of α-ketoamides 

Among the most common approaches to form the α-ketoamide molecule are amidations 

of α-keto acids,[5, 6] oxidation of α-aminoamides,[7] α-cyanamides[8] and α-

hydroxyamides,[9] the process of isocyanides with aromatic acyl chlorides or 

anhydrides followed by hydrolysis of α-ketoimidoyl chloride,[10] transition metal-

catalyzed carbonylative amination of aryl halides,[11-13] and the activation by 

bimolecular oxygen.[14-17] Although there have been many attempts to synthesize α-

ketoamides, the development of facile reaction routes is still an challenging. Especially, 
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the adding of functional groups as synthetic materials for further reactions is still a 

daunting task. The use of anthranil to introduce useful formyl groups for synthesis 

process is a good option, anthranil has a relatively weak N-O bond that releases its 

masked formyl subunit upon cleavage. But normally, it’s hard to adding formyl group 

and the compatibility of functional group remains a challenge. In 2016, Hashmi and co-

workers, for the first time, explored the possibility of anthranils as a new nitrene transfer 

reagent.[18a] They developed a formal [3+2] annulation of anthranils and alkynes, 

furnishing unprotected 7-acylindoles (Scheme 2.2a). Importantly, this reaction tolerates 

not only activated alkynes, such as ynamides and alkynyl aryl ethers, but also non-

polarized alkynes. The replacement of normal alkynes to propargylic silyl ethers 

afforded diverse functionalized quinolones instead of the expected indole products.[18b] 

This reaction process via an α-imino gold carbene intermediate and a subsequent 1,2-

H shift, followed by an intramolecular condensation annulation (Scheme 2.2b). In 

further extensions of these works, they described two more regioselective C−H 

annulation reactions to access N-doped polycyclic aromatic hydrocarbons[18c] (Scheme 

2.2c) and 2-amino quinolone derivatives[18d] (Scheme 2.2d) by using different alkynes. 

On the basis of this intriguing principle, several methods have been established for the 

production of α-ketoamides. Zou et.al proposed a copper-catalyzed amidation of α-keto 

acids with anthranils protected by Ar.[19a] Wu et.al reported that methyl ketones oxidized 

amidation with anthranils.[19b]  
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Scheme 2.2 Previous reports of anthranil as nitrene transfer reagent 

Our proposed method purposed in the employ of haloalkynes and anthranil to construct 

α-ketoamides with gold catalyst. However, gold-catalyzed process of anthranils with 

either normal alkynes or ynamides usually form indole or quinoline derivatives, this is 

confirmed by our group previous work (Scheme 2.3a).[20-26] We anticipated that the 

particular electronic properties of haloalkynes combined with the attached heteroatom 

would allow the synthesis of the α-ketoamides. We hypothesized that two-fold addition 

of anthranil would from α-iminoimidoyl halide species after formation of an 

intermediate α-imino carbene, that is subsequently oxidation by a second molecule of 

anthranil.[27-29] The hydrolysis of the imidhalide brings us to the final target. (Scheme 

2.3b) 
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Scheme 2.3 Known reactions of anthranil with alkynes and the reaction developed 

here 

2.2 Result and discussion 

2.2.1 Optimization of the reaction conditions  

As showed in Table 2.1, our initial attempt was carried with 1.0 equivalent of 

bromoalkyne (1a), 2.0 equivalent of anthranil (2a), 5 mol% equivalent of IPrAuNTf2 

and IPrAuSbF6 in 1,2-dichloroethane (DCE) solvent at 60 °C (entries 1 and 2), the yield 

of α-ketoamide product (3a) is almost same, the change of silver salts as co-catalyst 

didn’t affect the reaction efficiency. Then, we confirmed that an exchange of the ligand 

form IPr to Buchwald-type phophine ligands (entries 1-8) at the gold complexes led to 

higher yields (28-48% yields). Obviously, gold catalyst PPh3AuNTf2 shown the better 

performance, with a 48% yield of α-ketoamide. Next, a solvent screening showed that 

the 1,2-dichlorobenzene (DCB) delivered a better yield (58%, entries 9-12). Finally, 10 

mol% MsOH and 2.0 equivalent of water as addition increased the reaction yield to 75% 

yield (entry 13), 10 mol% TMsOTf with 2.0 equivalent of water as an additive delivered 

a 58% yield (entry 14). With regard to the temperature effect, we conducted the reaction 
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at room temperature and at 100 °C (entries 15-16), the yield indicated that in this 

reaction 60 °C are better. Of course, neither TMsOTf, MsOH, AgNTf2 nor catalyst free 

were effective to synthesize the desired product (entries 17-20). According to all these 

results, the scope was explored using PPh3AuNTf2 as catalyst, MsOH as addictive, 

60 °C in DCB. 

Table 2.1 Optimization of the Reaction Conditions 

 

Entry Catalyst Solvent Conversio

n 

Yield 

(%) 

1 IPrAuNTf2 DCE ≥98 41 

2 IPrAuSbF6 DCE ≥98 40 

3 (ArO)3PAuNTf2 DCE ≥98 37 

4 PPh3AuNTf2 DCE ≥98 48 

5 DMSAuNTf2 DCE ≥98 33 

6 (DMAP)2AuNTf2 DCE ≥98 34 

7 CyJohnphosAuNTf2 DCE ≥98 28 

8 XPhosAuNTf2 DCE ≥95 43 

9 PPh3AuNTf2 DCB ≥98 58 

10 PPh3AuNTf2 PhBr ≥98 25 

11 P Ph3AuNTf2 PhMe ≥98 22 

12 PPh3AuNTf2 DCM ≥98 27 

13a PPh3AuNTf2 DCB ≥98 75 

14b PPh3AuNTf2 DCB ≥98 58 

15c PPh3AuNTf2 DCB ≥98 26 

16d PPh3AuNTf2 DCB ≥98 39 

17 AgNTf2 DCB 30 trace 

18 MsOH DCB trace 0 

19 TMsOTf DCB trace 0 

20 Catalyst Free DCB 0 0 

Reaction conditions: 1a (1 equivalent), 2a (2 equivalent), catalyst (5 mol% equivalent), 
solvent (1 mL) at 60 °C temperature for 24 h. aUsed MsOH (10 mol% equivalent) and 
H2O (2 equivalent). bUsed TMsOTf (10 mol% equivalent) and H2O (2 equivalent). 
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cReacted at room temperature. dReacted at 100 °C. DCE=1,2-dichloroethane, 
DCB=1,2-dichlorobenzene. 

2.2.2 Substrate scope  

After the reaction optimization, we next seek to explore the reaction scope. Numerous 

bromoalkynes were employed as shown in Scheme 2.4. In our optimized reaction 

system, we gained product 3a with an increased yield of 75% with the use of 

bromoalkyne, by the way, using chloroalkyne or iodoalkyne as starting material we 

observed 56% or 43% yield. The X-ray structure analysis of product 3a is shown in 

Scheme 2.5. The phenyl groups of bromoalkynes substituted by o-Cl (product 3b), p-

CF3 (product 3c), m-F/Me (product 3d & 3e), p-tBu (product 3f) p-OMe (product 3g) 

and p-Cl (product 3h) giving the expected α-ketoamide products in yields 48% to 59%. 

The phenyl group substitution of bromoalkynes 1a only has a small effect on the 

effciency of the reaction. Not only electron-withdrawing but also electron-donating 

substituents of bromoalkyne worked smoothly with anthranil 2a to deliver the desired 

products. Alkyl-substituted alkynes from octayne to propyne were used for the 

synthesis of alkyl α-ketoamide (products 3i-3m), we isolated a yield of 52-61%. 

Bromoalkynes with a isobutyl (3n) or a cyclohexyl group (3o) groups also could be 

converted in 60% and 55% yield. Bromoalkynes bearing of cyclopentyl (product 3p) 

and cyclohexyl (product 3q) groups less the product yields (32-35% yields). Obviously, 

phenyl-substituted bromoalkynes showed a better result than bromoalkynes with alkyl 

substituents. Furthermore, anthranils substituted by chloro- and bromo-group were 

converted (3r-3s) in yields of 42% and 45%. All above candidates demonstrate that 

using bromoalkynes and anthranil to construct α-ketoamides have a broad scope. 
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Scheme 2.4 Reaction scope. reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), H2O 

(0.4 mmol), PPh3AuNTf2 (5 mol%) and MsOH (10 mol%) in DCB (1 mL) at 60 °C 

temperature for 24 h. 
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Scheme 2.5 Solid state molecular structure of 3a 

2.2.3 Mechanistic study 

After we finished the reaction scope, the reaction mechanism was explored. The first 

control experiment was the reaction of bromoalkyne 1a with H2O (2 equiv) in presence 

of the catalyst PPh3AuNTf2 (Scheme 2.6). We only obtained the product ω-

bromoacetophenone 4 (Scheme 2.6a). This indicates the nucleophilic attack of H2O 

preferred the carbon closest to phenyl group of the bromoalkyne. So, we surmise that 

an α-imino gold carbene intermediate is involved, which reacts with anthanil. To further 

verify the source of oxygen atoms in 3a, we ran our standard model reaction by adding 

H218O under N2 (Scheme 2.6b). The two-fold 18O labelled product 3a-18O,18O was 

observed, the HRMS data is given in Scheme 2.7. The result said that the oxygen atoms 

in 3a originate from H2O. 
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Scheme 2.6 Mechanistic investigation 

 
Scheme 2.7 The HRMS spectrum of 18O labelling experiment  

According to our mechanistic experiments, here we propose the following reaction 

mechanism (Scheme 2.8). The Lewis acidity of cationic Au activates the bromoalkyne 

and let it sufficiently electrophilic, which extremely accelerates the pace of nucleophilic 

addition of anthranil onto the alkyne. Then the generated Au-carbene intermediate I 

react with anthranil to form intermediate II. Then, II reacts with H2O to result 

intermediate III with the elimination of HBr. Then the intermediate III is converted to 
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the amide intermediate IV. Finally, the H2O addition to the intermediate IV delivers 

our desired product 3a by setting free 2-aminobenzaldehyde.[30]  

 

Scheme 2.8 The plausible reaction mechanism 

The computational research was conducted ORCA 4.2.11 on the PBE02,3/def2-SVP4 

level of theory, for gold also def2-TZVP4 was employed (Scheme 2.9). My colleague 

Martin C. Dietl conducted that computation. 1,2-Dichlorobenzene was simulated with the 

conductor-like polarizable continuum model (CPCM).[31,36] To simplify the 

computational, catalyst PPh3AuNTf2 was simplified to PMe3AuNTf2. The catalytic 

process is started by the exchange of ligand between PMe3AuNTf2 and substrate I to 

deliver the π-complex II tolerate an endergonic reaction route with a free energy of 

+20.8 kcal/mol (Scheme 6). Then, II is attacked by one equivalent of anthranil to obtain 

the transition state III at ΔG = +33.4 kcal/mol, which then leads to IV (ΔG = - 0.22 

kcal/mol). IV breaks the tethered anthranil unit to the corresponding aldehyde V at ΔG 
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= 0.34 kcal/mol. The attack of another equivalent of anthranil proceeds barrier-free to 

make compound VI at ΔG = -38.5 kcal/mol. The catalytic cycle closes with the 

elimination of the Au catalyst to obtain the diamine VII (ΔG = - 51.9 kcal/mol), VII 

subsequently is hydrolyzed to VIII (ΔG = - 65.3 kcal/mol). VIII tautomerization to 

form the amide IX (ΔG = 77.2 kcal/mol). Final hydrolysis to deliver the α-ketoamide 

X at ΔG = - 96.0kcal/mol, 2-amino benzaldehyde is leaving.[32-36]  

 

Scheme 2.9 Computational study of the mechanism. 

2.2.4 Green chemistry metrics 

Generally, modern chemical syntheses process should be based upon green chemistry 

principles.[37] Thus, we have evaluated the green chemistry metrics for the synthesis 

of α-ketoamide (3a) on a preparative scale (Table 2). As given in equation (1) and 

equation (2), atom economy (AE) is “how much of the reactants remain in the final 

desired product”, reaction mass efficiency (RME) is “the percentage of the mass of 

the reactants that remain in the product.[14,37] Overall, our green process can enable the 

synthesis of α-ketoamide (3a) with an E-factor of 35.7, 57.9% atom economy,43.4% 
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atom efficiency, -68% carbon efficiency and 42.1% reaction mass efficiency.

Table 2.2 Evaluation of green chemistry metrics for the synthesis of α-ketoamide

 

 

2.3 Conclusions 

In summary, we explored a Au-catalyzed process involving a diamine intermediate 

which subsequently provides the target product by hydrolysis. These experimental 

results represent a synthetic strategy involving a gold-catalyzed addition of two 

equivalents of nitrene to a C-C triple bond. One equivalent nitrene remains in the final 

product, another equivalent nitrene is eliminated as 2-aminobenzaldehyde during the 

hydrolysis process. A particular mixed N, O functionalization is achieved by this way. 

This protocol could be valuable and helpful in the field of lead finding in medicinal or 

pharmaceutical chemistry. 
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2.5 Experimental section 

2.5.1 General remarks 

All commercially available chemicals were purchased from suppliers (ABCR, 

Acros, Alfa Aesar, Chempur, Merck, Sigma Aldrich) and were used without further 

purifications. Dry solvents were dispensed from the solvent purification system MB 

SPS-800-Benchtop. Deuterated solvents were supplied from Euriso-Top or Sigma 

Aldrich. The NMR spectra, if not noted otherwise, were recorded at room temperature 

on the following spectrometers: Bruker Avance III 300 (300 MHz), Bruker Avance 

DRX 300 (300 MHz), Bruker Avance III 400 (400 MHz), Bruker Avance III 500 (500 

MHz), Bruker Avance III 600 (600 MHz) or Fourier 300 (300 MHz). Chemical shifts 

δ are quoted in parts per million (ppm) and coupling constants J in Hertz (Hz). 1H and 
13C spectra are calibrated with the deuterated solvents, namely CDCl3 (7.26 ppm; 77.16 
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ppm). The following abbreviations were used to indicate the signal multiplicity: for the 
1H NMR spectra: s (singlet), d (doublet), t (triplet), q (quartet), quint (quartet), sext 

(sextet), sept (septet), m (multiplet), as well as their combinations; for the 13C NMR 

spectra: s (quaternary carbon), d (tertiary carbon (CH)), t (secondary carbon (CH2)) and 

q (primary carbon (CH3)). All the 13C NMR spectra were measured with 1H-decoupling 

and were interpreted with the help of DEPT-135. Mass spectra (MS and HRMS) were 

determined in the chemistry department of the University Heidelberg under the 

direction of Dr. J. Gross. EI+-spectra were measured on a JOEL JMS-700 spectrometer 

[mass analyzer type: Time-of-flight (TOF)]. For ESI+-spectra a Bruker ApexQu FT-

ICR-MS spectrometer was applied [mass analyzer type: Fourier transform ion cyclotron 

resonance (FT-ICR)]. Gas chromatography / Mass Spectroscopy (GC MS) was carried 

out on two different systems: (i) HP 5972 Mass Selective Detector, coupled with a HP 

5890 SERIES II plus Gas Chromatograph, (ii) Agilent 5975C Mass Selective Detector, 

coupled with an Agilent 7890A Gas Chromatograph. In both cases, as a capillary 

column, an OPTIMA 5 cross-linked Methyl Silicone column (30 m x, 0.32 mm, 0.25 

mm) was employed, and helium was used as the carrier gas. Flash Column 

Chromatography was accomplished using Silica gel 60 (0.04 – 0.063 mm / 230 – 400 

mesh ASTM) purchased from Macherey-Nagel as the stationary phase. As eluents, the 

mixture of petroleum ether (PE) and ethyl acetate (EA) were used for all products. 

Analytical Thin Layer Chromatography (TLC) was carried out on precoated Macherey-

Nagel POLYGRAM® SIL G/UV254 or Merck TLC Silica Gel 60 F254 aluminum 

sheets. All geometry optimizations, subsequent frequency analyses, and calculations 

concerning transition states were performed with the CPCM model for 1,2-

dichlorobenzene using Orca 4.0.1.2 on the bwForCluster Justus 2. The PBE0 functional 

and the def2-SVP basis set was employed. Furthermore, for Au def2-TZVP basis set 

was used. The heat source is oil bath. 

2.5.2 Experiment procedures 

General experiment procedure: 
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A reaction vail was charged with a magnetic stirrer, anthranil (0.4 mmol, 2 equiv), 

bromoalkyne (0.2 mmol, 1 equiv), PPh3AuNTf2 (5 mol%), H2O (0.4 mmol, 2 equiv), 

MsOH (10 mol%) in DCB at 60°C temperature for 24 hours. Then the reaction mixture 

was quenched and washed with brine (10 mL) and dried with Na2SO4. The crude 

product was purified by petroleum ether and ethyl acetate used as eluent. The mixture 

of petroleum ether (PE) and ethyl acetate (EA) (PE:EA=10:1) were used as eluent for 

all products if it not mentioned by other eluent. 

Procedure of synthesis N-(2-formylphenyl)-2-oxo-2-phenylacetamide (3a): 

 

1 mL of DCB was added to a flask by syringe, then 7.39 mg of PPh3AuNTf2 (0.01 

mmol), 47.612 mg of anthranil (0.4 mmol) and 36.206 mg of bromoalkyne (0.2 mmol) 

was added into the flask one by one. Following, 7.2 μL of H2O (0.4 mmol) and 1.28 μ

L of MsOH (0.02 mmol) was slowly added when the mixture is stirring. After adding 

of all needed materials, the mixture was stirred for 24 h under an oil bath with 60°C 

temperature. The reaction mixture was quenched and washed with brine (10 mL) and 

dried with Na2SO4. The crude product was purified by petroleum ether and ethyl acetate 

(PE:EA=10:1) used as eluent. Then we obtained 38 mg of pale-yellow solid (75% yield). 

The spectroscopic data of 3a and 3b are in agreement with the previously report, HRMS 

and elemental analysis data were reported in reference 1.  

mmol scale synthesis of 3a: 

10 mL of DCB was added to a flask by big-size syringe, then 73.9 mg of 

PPh3AuNTf2 (0.1 mmol, 5 mol%), 476.14 mg of anthranil (4 mmol) and 362.06 mg of 

bromoalkyne (2 mmol) was added into the flask one by one. Following, 72 μL of H2O 

(2 mmol) and 12.8 μL of MsOH (0.2 mmol) was slowly added when the mixture is 

stirring. After adding of all needed materials, the mixture was stirred for 24 h under an 
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oil bath with 60°C temperature. The reaction mixture was quenched and washed with 

brine (100 mL) and dried with Na2SO4. The crude product was purified by petroleum 

ether and ethyl acetate (PE:EA=10:1) used as eluent. Then we obtained 310 mg of pale-

yellow solid (1.22 mmol, 61% yield).  

Procedure of synthesis product 1:  

 

All the starting materials were synthesized by the same method. We purchased the 

corresponding terminal alkynes to make the starting materials by the reported synthesis 

way.5 A reaction vail was charged with a magnetic stirrer, 0.5 g phenylacetylene (5 

mmol, 1 equiv), 1g NBS (6 mmol, 1.2 equiv), 85 mg AgNO3 (0.5 mmol, 10 mol%) and 

20 mL acetone were added in this reaction vail. Stirring at room temperature for 3 hours. 

The reaction mixture was purified carefully by petroleum ether used as eluent, and then 

we got 0.9 g product 1, all alkyne conversion to the bromoalkyne. All data information 

is agreed with the before reports.2  

We purchased product 2. 

2.5.3 Mechanistic experiment 

We ran the reaction of bromoalkyne 1a (1 equiv, 0.2 mmol), water (2 equiv, 0.4 

mmol), PPh3AuNTf2 (5 mol%) and MsOH (10 mol%) in DCB at 60°C temperature for 

24 hours. The reaction mixture was quenched and washed with brine (10 mL) and dried 

with Na2SO4. Crude product was purified with petroleum ether and ethyl acetate used 

as eluent. ω-Bromoacetophenone 4 was formed with a weight of 36.9 mg and a yield 

of 93%. This experiment result was also confirmed by literatures.3-5 
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For the further understanding of mechanism, the kinetic study of bromoalkyne 

hydroation at room temperature is also checked. In our reaction condition, we choose 

p-dinitrobenzene as the internal standard, d2-TCE (1,1,2,2-Tetrachloroethane-d2) as 

deuterated reagents and keep it stirring for 24 hours. The NMR were checked every 10 

minutes at the beginning and every 1 h later, but unfortunately, we can’t find conversion 

after 24 hours, the detail NMR comparison is shown in Scheme 2.10.  

 

Scheme 2.10 Bromoalkyne hydration at room temperature 

To confirm the source of O in 3a, bromoalkyne 1a (1 equiv, 0.2 mmol), anthranil 

(2 equiv, 0.4 mmol), H218O (2 equiv, 0.4 mmol), PPh3AuNTf2 (5 mol%) and MsOH (10 

mol%) were added in DCB at 60°C temperature under N2 for 24 hours. The reaction 

mixture was quenched and washed with brine (10 mL) and dried with Na2SO4. Crude 

product was purified with petroleum ether and ethyl acetate used as eluent. The 18O 

labelling product 3a-18O, 18O was observed. This result ensured that the oxygen comes 

Our reaction-5 min 

Our reaction- 24 h 
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from water.  

 

2.5.4 Characterization data 

(3a) N-(2-formylphenyl)-2-oxo-2-phenylacetamide  

 

 

 

Pale yellow solid, 38 mg, 75%, yield, melting point 107-110 °C.  

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.42 (PE/EA=5/1). 

1H NMR (300 MHz, CDCl3) δ 12.47 (s, 1H), 10.02 (s, 1H), 8.86 (d, J = 8.4 Hz, 1H), 

8.42 – 8.36 (d, 2H), 7.78 (dd, J = 7.6, 1.5 Hz, 1H), 7.67 (tdd, J = 8.7, 5.6, 1.4 Hz, 2H), 

7.52 (dd, J = 10.6, 4.7 Hz, 2H), 7.35 (td, J = 7.6, 0.9 Hz, 1H). 13C NMR (75 MHz, 

CDCl3) δ 195.1, 186.9, 160.9, 139.4, 136.3, 136.1, 134.8, 133.3, 131.5, 128.7, 124.4, 

123.1, 120.3. The spectroscopic data information is agreed with the before reports.1 

(3b) 2-(2-chlorophenyl)-N-(2-formylphenyl)-2-oxoacetamide  

 

 

 

Pale yellow solid, 33 mg, 58% yield, melting point 115.7-117.6 °C. 
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Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.38 (PE/EA=5/1). 

1H NMR (300 MHz, CDCl3) δ 12.36 (s, 1H), 9.96 (s, 1H), 8.74 (d, J = 8.4 Hz, 1H), 

7.71 (dd, J = 7.6, 1.5 Hz, 1H), 7.61 (td, J = 8.3, 1.4 Hz, 2H), 7.42 (dt, J = 8.2, 4.0 Hz, 

2H), 7.37 – 7.23 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 195.2, 189.6, 159.9, 145.7, 

139.3, 136.3, 136.2, 134.2, 133.3, 131.3, 130.5, 126.9, 124.6, 123.1, 120.4. The 

spectroscopic data information is agreed with the before reports.1 

(3c) N-(2-formylphenyl)-2-oxo-2-(4-(trifluoromethyl)phenyl)acetamide 

 

 

 

 

Pale yellow solid, 35 mg, 55% yield, melting point 116.4-118.8 °C. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.35 (PE/EA=5/1). 

1H NMR (300 MHz, CDCl3) δ 12.54 (s, 1H), 10.03 (s, 1H), 8.84 (d, J = 8.4 Hz, 1H), 

8.52 (d, J = 8.2 Hz, 2H), 8.23 (d, J = 8.1 Hz, 1H), 7.82 – 7.76 (m, 2H), 7.75 – 7.67 (m, 

1H), 7.38 (td, J = 7.6, 0.9 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 195.2, 186.1, 160.0, 

139.0, 136.4, 136.2, 135.9, 131.8, 130.8, 125.7 (q), 124.7, 123.2, 120.4. HRMS (ESI-

TOF) m/z: [M+H]+ calc’d for C16H10F3NO3 321.0613; found 321.0614. IR: ṽ = 3223, 

3176, 3112, 2843, 2751, 1675, 1583, 1521, 1452, 1322, 1275, 1170, 1101, 1064 cm-1 

(3d) 2-(3-fluorophenyl)-N-(2-formylphenyl)-2-oxoacetamide  
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Pale yellow solid, 32 mg, 59% yield, melting point 163.1-165.6 °C. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.38 (PE/EA=5/1). 

1H NMR (300 MHz, CDCl3) δ 12.49 (s, 1H), 10.02 (d, J = 0.6 Hz, 1H), 8.84 (d, J = 8.4 

Hz, 1H), 8.26 – 8.19 (m, 1H), 8.13 (ddd, J = 9.5, 2.6, 1.5 Hz, 1H), 7.78 (dd, J = 7.6, 1.6 

Hz, 1H), 7.70 (ddd, J = 9.6, 8.2, 1.7 Hz, 1H), 7.51 (td, J = 8.0, 5.5 Hz, 1H), 7.36 (m, 

2H). 13C NMR (75 MHz, CDCl3) δ 207.0, 195.2, 185.6, 164.3, 160.9, 160.3, 150.7, 

139.2, 136.2 (d, J = 14.6 Hz), 135.1 (d, J = 7.1 Hz), 130.4 (d, J = 7.5 Hz), 130.0, 127.3 

(d, J = 3.0 Hz), 125.8, 124.6, 123.2, 121.8 (d, J = 21.4 Hz), 120.5 – 120.1 (m), 118.2 

(d, J = 23.1 Hz). HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C15H10FNO3 271.0645; 

found 271.0642. IR: ṽ = 3223, 2945, 2865, 2492, 2341, 1691, 1590, 1509, 1483, 1443, 

1381, 1315, 1260, 1188, 1111, 1020 cm-1 

(3e) N-(2-formylphenyl)-2-oxo-2-(m-tolyl) acetamide  

 

 

 

 

Colorless solid, 27.3 mg, 51% yield, melting point 114.5-116.9 °C. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.39 (PE/EA=5/1). 

1H NMR (400 MHz, CDCl3) δ 12.42 (s, 1H), 10.02 (s, 1H), 8.86 (d, J = 8.4 Hz, 1H), 

8.18 (d, J = 0.7 Hz, 2H), 7.77 (dd, J = 7.6, 1.6 Hz, 1H), 7.72 – 7.66 (m, 1H), 7.39 (dtd, 

J = 8.5, 7.7, 4.1 Hz, 3H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 194.9, 187.0, 

160.9, 139.2, 138.4, 136.1, 135.9, 135.3, 133.1, 131.6, 128.5, 128.5, 124.2, 123.0, 120.2, 

21.4. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C16H13NO3 267.0889; found 267.0898. 

IR: ṽ = 3223, 2843, 2760, 2362, 1672, 1600, 1519, 1452, 1399, 1380, 1317, 1279, 1200, 

1120, 1033 cm-1 
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(3f) 2-(4-(tert-butyl)phenyl)-N-(2-formylphenyl)-2-oxoacetamide  

 

 

 

 

colorless solid, 32.8 mg, 53% yield, melting point 75.9-77.1 °C. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.36 (PE/EA=5/1). 

1H NMR (301 MHz, CDCl3) δ 12.45 (s, 1H), 10.02 (s, 1H), 8.86 (d, J = 8.4 Hz, 1H), 

8.34 (d, J = 8.7 Hz, 2H), 7.77 (dd, J = 7.6, 1.5 Hz, 1H), 7.73 – 7.65 (m, 1H), 7.53 (d, J 

= 8.7 Hz, 2H), 7.34 (td, J = 7.5, 1.0 Hz, 1H), 1.36 (s, 11H). 13C NMR (76 MHz, CDCl3) 

δ 195.1, 158.7, 136.3, 136.1, 131.5, 125.8, 124.3, 123.1, 120.3, 31.1. HRMS (ESI-TOF) 

m/z: [M+H]+ calc’d for C19H19NO3 309.1438; found 309.1440. IR: ṽ =3241, 2966, 

2771, 2361, 2329, 1695, 1665, 1602, 1562, 1514, 1476, 1406, 1363, 1312, 1277, 1191, 

1164, 1043, 986, 886, 799, 751 cm-1 

(3g) N-(2-formylphenyl)-2-oxo-2-(4-methoxyphenyl) acetamide 

 

 

 

Pale orange solid, 27.2 mg, 48% yield, melting point 155.9-157.1 °C. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.40 (PE/EA=5/1). 

1H NMR (400 MHz, CDCl3) δ 12.46 (s, 1H), 10.01 (s, 1H), 8.85 (d, J = 8.4 Hz, 1H), 

8.46 (d, J = 8.9 Hz, 2H), 7.76 (dd, J = 7.6, 1.1 Hz, 1H), 7.68 (t, J = 7.9 Hz, 1H), 7.33 (t, 

J = 7.5 Hz, 1H), 6.98 (d, J = 8.9 Hz, 2H), 3.90 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 
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194.9, 184.7, 164.8, 161.3, 139.3, 136.1, 135.9, 134.0, 126.1, 124.1, 122.9, 120.1, 113.9, 

55.6. The spectroscopic data information is agreed with the before reports.1 

(3h) 2-(4-chlorophenyl)-N-(2-formylphenyl)-2-oxoacetamide  

 

 

 

Pale yellow solid, 29 mg, 50% yield, melting point 165.2-169.1 °C. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.38 (PE/EA=5/1). 

1H NMR (400 MHz, CDCl3) δ 12.51 (s, 1H), 10.02 (s, 1H), 8.83 (d, J = 8.3 Hz, 1H), 

8.39 (d, J = 8.3 Hz, 2H), 7.78 (d, J = 7.4 Hz, 1H), 7.70 (t, J = 7.7 Hz, 1H), 7.49 (d, J = 

8.4 Hz, 2H), 7.36 (t, J = 7.4 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 195.0, 160.3, 

141.3, 139.0, 136.2, 136.0, 132.8, 131.4, 129.0, 124.4, 122.9, 120.1. The spectroscopic 

data information is agreed with the before reports.1 

(3i) N-(2-formylphenyl)-2-oxodecanamide  

 

 

 

Pale yellow liquid, 30 mg, 52% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.34 (PE/EA=5/1). 

1H NMR (500 MHz, CDCl3) δ 12.26 (s, 1H), 9.93 (s, 1H), 8.71 (d, J = 8.4 Hz, 1H), 

7.68 (dd, J = 7.6, 1.5 Hz, 1H), 7.63 – 7.57 (m, 1H), 7.26 (t, J = 7.5 Hz, 1H), 2.92 (t, J 

= 7.3 Hz, 2H), 1.66 – 1.57 (m, 2H), 1.31 – 1.14 (m, 10H), 0.81 (dd, J = 9.7, 4.2 Hz, 
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3H). 13C NMR (126 MHz, CDCl3) δ 198.4, 194.9, 159.3, 138.9, 136.1 (d, J = 32.1 Hz), 

124.2, 123.1, 120.1, 36.5, 31.9, 29.6, 29.5, 29.4, 29.3, 29.1, 23.3, 22.7, 14.2. HRMS 

(ESI-TOF) m/z: [M+H]+ calc’d for C17H23NO3 289.1656; found 289.1664. IR: ṽ=3229, 

2936, 2848, 2749, 2351, 1682, 1599, 1540, 1447, 1380, 1339, 1268, 1162, 1126, 1054 

cm-1 

(3j) N-(2-formylphenyl)-2-oxooctanamide   

 

 

 

Pale yellow liquid, 28.2 mg, 54% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.35 (PE/EA=5/1). 

1H NMR (400 MHz, CDCl3) δ 12.31 (s, 1H), 10.00 (d, J = 0.5 Hz, 1H), 8.77 (d, J = 8.4 

Hz, 1H), 7.74 (dd, J = 7.6, 1.6 Hz, 1H), 7.70 – 7.63 (m, 1H), 7.32 (td, J = 7.5, 1.0 Hz, 

1H), 2.99 (t, J = 7.3 Hz, 2H), 1.68 (dd, J = 14.8, 7.4 Hz, 2H), 1.41 – 1.25 (m, 6H), 0.89 

(t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 198.3 (s), 194.8 (s), 159.3 (s), 138.9 

(s), 135.9 (d, J = 24.1 Hz), 124.2 (s), 123.1 (s), 120.1 (s), 36.4 (s), 31.5 (s), 28.7 (s), 

22.9 (d, J = 83.2 Hz), 14.0 (s). HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C15H19NO3 

261.1360; found 261.1374. IR: ṽ=3230, 2927, 2860, 2754, 2361, 1694, 1605, 1582, 

1520, 1451, 1398, 1353, 1311, 1276, 1195, 1128, 1060, 962 cm-1 

(3k) N-(2-formylphenyl)-2-oxoheptanamide  

 

 

 

Pale yellow liquid, 25.7 mg, 52% yield. 
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Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.35 (PE/EA=5/1). 

1H NMR (500 MHz, CDCl3) δ 12.33 (s, 1H), 10.00 (s, 1H), 8.77 (d, J = 8.4 Hz, 1H), 

7.75 (dd, J = 7.6, 1.5 Hz, 1H), 7.69 – 7.64 (m, 1H), 7.33 (td, J = 7.5, 0.9 Hz, 1H), 2.99 

(t, J = 7.3 Hz, 2H), 1.69 (dd, J = 9.2, 5.5 Hz, 2H), 1.41 – 1.32 (m, 4H), 0.91 (t, J = 7.1 

Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 198.5, 195.0, 159.5, 139.0, 136.3, 136.0, 124.3, 

123.2, 120.2, 36.5, 31.4, 23.1, 22.6, 14.0. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for 

C14H17NO3 247.1203; found 247.1223. IR: ṽ = 3232, 2957, 2928, 2858, 1694, 1675, 

1582, 1521, 1452, 1290, 1194, 1125, 1055 cm-1  

(3l) N-(2-formylphenyl)-2-oxohexanamide  

 

 

 

 

Pale yellow solid, 26 mg, 56% yield, melting point 83.9-94.7 °C. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.36 (PE/EA=5/1). 

1H NMR (500 MHz, CDCl3) δ 12.33 (s, 1H), 10.00 (s, 1H), 8.77 (d, J = 8.4 Hz, 1H), 

7.75 (dd, J = 7.6, 1.5 Hz, 1H), 7.67 (t, J = 11.5, 4.3 Hz, 1H), 7.33 (t, J = 0.8 Hz, 1H), 

3.00 (t, J = 7.3 Hz, 2H), 1.72 – 1.63 (m, 2H), 1.41 (dd, J = 15.0, 7.5 Hz, 2H), 0.95 (t, J 

= 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 198.5, 195.0, 159.5, 139.0, 136.3, 136.0, 

124.3, 123.2, 120.2, 36.3, 25.5, 22.4, 13.9. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for 

C13H15NO3 233.1046; found 233.1055. IR: ṽ = 3235, 2953, 2929, 2869, 1691, 1675, 

1581, 1518, 1451, 1399, 1380, 1290, 1275, 1195, 1162, 1126, 1048 cm-1 
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(3m) N-(2-formylphenyl)-2-oxopentanamide  

 

 

 

 

Pale yellow liquid, 26.7 mg, 61% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.36 (PE/EA=5/1). 

1H NMR (400 MHz, CDCl3) δ 12.21 (s, 1H), 9.90 (d, J = 0.4 Hz, 1H), 8.67 (d, J = 8.4 

Hz, 1H), 7.65 (dd, J = 7.6, 1.6 Hz, 1H), 7.56 (td, J = 8.3, 1.6 Hz, 2H), 7.23 (td, J = 7.5, 

1.0 Hz, 1H), 2.88 (t, J = 7.2 Hz, 2H), 1.67 – 1.56 (m, J = 14.7, 7.3 Hz, 3H), 0.91 (t, J = 

7.4 Hz, 5H). 13C NMR (101 MHz, CDCl3) δ 198.4, 195.0, 159.5, 136.3, 136.0, 124.3, 

124.3, 120.3, 38.5, 38.5, 16.9, 13.8, 13.8. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for 

C12H13NO3 219.0889; found 219.0886. IR: ṽ = 3232, 2960, 2917, 2849, 1695, 1604, 

1582, 1521, 1449, 1397, 1288, 1193, 1158, 1046 cm-1 

(3n) N-(2-formylphenyl)-4-methyl-2-oxopentanamide 

 

 

 

Pale yellow solid, 28 mg, 60% yield, melting point 68.6-70.7. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.37 (PE/EA=5/1). 

1H NMR (400 MHz, CDCl3) δ 12.24 (s, 1H), 9.93 (s, 1H), 8.70 (d, J = 8.4 Hz, 1H), 

7.68 (dd, J = 7.6, 1.6 Hz, 1H), 7.59 (dt, J = 11.3, 2.1 Hz, 2H), 7.28 – 7.22 (m, 1H), 2.81 

(d, J = 6.8 Hz, 2H), 2.18 (td, J = 13.4, 6.7 Hz, 1H), 0.93 (d, J = 6.7 Hz, 6H). 13C NMR 

(101 MHz, CDCl3) δ 198.1, 195.0, 159.6, 136.2, 136.0, 124.3, 124.3, 120.2, 45.1, 24.7, 
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22.7, 22.7. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C13H15NO3 233.1046; found 

233.1050. IR: ṽ = 3237, 2958, 2916, 2873, 2849, 1671, 1579, 1510, 1449, 1372, 1277, 

1190, 1136, 1116, 1046 cm-1 

(3o) 3-Cyclohexyl-N-(2-formylphenyl)-2-oxopropanamide  

 

 

 

Pale yellow solid, 30 mg, 55% yield, melting point 122-124.1 °C. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.40 (PE/EA=5/1). 

1H NMR (400 MHz, CDCl3) δ 12.24 (s, 1H), 9.93 (s, 1H), 8.70 (d, J = 8.4 Hz, 1H), 

7.67 (dd, J = 7.6, 1.6 Hz, 1H), 7.64 – 7.52 (m, 1H), 7.25 (td, J = 7.5, 1.0 Hz, 1H), 2.80 

(d, J = 6.8 Hz, 2H), 1.62 (dddd, J = 10.1, 6.8, 4.0, 2.8 Hz, 7H), 1.30 – 1.06 (m, 6H), 

0.97 (dd, J = 11.7, 2.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 198.1, 195.0, 159.6, 

139.1, 136.2, 136.0, 124.3, 124.3, 123.2, 120.2, 43.8, 34.0, 33.3, 26.3, 26.2. HRMS 

(ESI-TOF) m/z: [M+H]+ calc’d for C16H19NO3 273.1359; found 273.1348. IR: ṽ = 3232, 

2950, 2915, 2849, 2758, 2361, 1715, 1673, 1605, 1585, 1524, 1448, 1396, 1361, 1311, 

1285, 1199, 1162, 1034 cm-1 

(3p) 2-cyclopentyl-N-(2-formylphenyl)-2-oxoacetamide  

 

 

 

Pale yellow solid, 17 mg, 35% yield, melting point 78-79 °C. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.39 (PE/EA=5/1). 
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1H NMR (400 MHz, CDCl3) δ 12.35 (s, 1H), 10.00 (s, 1H), 8.79 (d, J = 8.4 Hz, 1H), 

7.75 (dd, J = 7.6, 1.4 Hz, 1H), 7.70 – 7.63 (m, 1H), 7.32 (t, J = 7.5 Hz, 1H), 2.04 – 1.62 

(m, 9H). 13C NMR (75 MHz, CDCl3) δ 194.8, 136.1, 135.8, 124.1, 120.0, 44.3, 29.0, 

26.2. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C14H15NO3 245.0946; found 245.0944. 

IR: ṽ = 3207, 2961, 2920, 2865, 1718, 1666, 1582, 1522, 1448, 1357, 1313, 1260, 1192, 

1155, 1087, 1026 cm-1 

(3q) 2-cyclohexyl-N-(2-formylphenyl)-2-oxoacetamide  

 

 

 

 

Pale yellow solid, 17 mg, 32% yield, melting point 80-81 °C. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.40 (PE/EA=5/1). 

1H NMR (300 MHz, CDCl3) δ 12.32 (s, 1H), 9.99 (s, 1H), 8.79 (d, J = 8.4 Hz, 1H), 

7.71 (ddd, J = 15.8, 11.1, 4.3 Hz, 2H), 7.32 (t, J = 7.5 Hz, 1H), 2.05 – 1.60 (m, 5H), 

1.50 – 1.18 (m, 6H). 13C NMR (75 MHz, CDCl3) δ 194.8, 147.6, 136.1, 135.8, 124.1, 

120.0, 43.3, 28.2, 25.4. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C15H17NO3 

259.1101; found 259.1098. IR: ṽ = 3206, 2929, 2841, 2754, 1715, 1680, 1603, 1522, 

1448, 1371, 1290, 1249, 1231, 1188, 1155, 1100, 1030 cm-1 

(3r) N-(4-chloro-2-formylphenyl)-2-oxoheptanamide  

 

 

 

 

 

yellow solid, 23.7 mg, 42% yield, melting point 69-73 °C. 
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Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.38 (PE/EA=5/1). 

1H NMR (600 MHz, CDCl3) δ 12.23 (s, 1H), 9.93 (s, 1H), 8.76 (d, J = 9.0 Hz, 1H), 

7.71 (d, J = 2.5 Hz, 1H), 7.65 – 7.58 (m, 1H), 2.98 (t, J = 7.3 Hz, 2H), 1.71 – 1.66 (m, 

2H), 1.40 – 1.32 (m, 4H), 0.94 – 0.87 (m, 3H). 13C NMR (151 MHz, CDCl3) δ 198.2, 

193.7, 159.3, 152.9, 137.5, 135.8, 129.5, 124.1, 121.7, 36.5, 31.3, 23.1, 22.5, 14.0. 

HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C14H16NO3Cl 281.0813; found 281.0821. 

IR: ṽ=3223, 2954, 2929, 2867, 1696, 1576, 1510, 1466, 1413, 1378, 1304, 1261, 1181, 

1129, 893, 847, 798, 765, 750, 727 cm-1 

(3s) N-(4-bromo-2-formylphenyl)-2-oxoheptanamide  

 

 

 

 

 

yellow solid, 29.4 mg, 45% yield, melting point 68.6-69.4 °C. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.38 (PE/EA=5/1). 

1H NMR (400 MHz, CDCl3) δ 12.21 (s, 1H), 9.92 (d, J = 0.5 Hz, 1H), 8.70 (d, J = 8.9 

Hz, 1H), 7.85 (d, J = 2.4 Hz, 1H), 7.75 (dd, J = 8.9, 2.3 Hz, 1H), 2.98 (t, J = 7.3 Hz, 

2H), 1.73 – 1.65 (m, 2H), 1.40 – 1.33 (m, 4H), 0.94 – 0.86 (m, 3H). 13C NMR (101 

MHz, CDCl3) δ 198.0, 193.5, 152.8, 138.6, 138.3, 137.9, 124.4, 121.9, 36.4, 31.2, 25.8, 

22.4, 13.9. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C14H16NO3Br 325.0308; found 

325.0321. IR: ṽ = 3343, 3224, 2926, 2853, 2360, 1696, 1576, 1508, 1463, 1409, 1376, 

1279, 1179, 1130, 1099, 1028, 878, 844, 797, 765 cm-1 
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(4) 2-Bromoacetophenone  

 

 

 

 

Colorless liquid, 36.9 mg, 93% yield.  

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.48 (PE/EA=10/1). 
1H NMR (301 MHz, CDCl3) δ 8.03 – 7.95 (m, 1H), 7.61 (d, J = 7.4 Hz, 1H), 7.55 – 

7.45 (m, 1H), 4.46 (s, 1H). 13C NMR (76 MHz, CDCl3) δ 133.95 (s), 128.89 (d, J = 4.9 

Hz), 30.87 (s). 

(1) Bromoalkyne  

 

 

 

Pale green liquid, 0.9 g, ≥99% yield. 

Purification by column chromatography on silica gel, chromatography eluent: 

petroleum. Rf = 0.88 (PE).  
1H NMR (301 MHz, CDCl3) δ 7.49 – 7.42 (m, 1H), 7.42 – 7.36 (m, 1H), 7.36 – 7.29 

(m, 1H). 
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2.5.5 Solid state molecular structure 

 

Scheme 2.11 Solid state molecular structure of 3a 

 

 
 

 Empirical formula C15H11NO3  

 Formula weight 253.25  

 Temperature 197(2) K  

 Wavelength 0.71073 Å  

 Crystal system orthorhombic  

 Space group Pca21  

 Z 4  

 Unit cell dimensions a = 12.8763(12) Å � = 90 deg.  

  b = 14.1314(12) Å � = 90 deg.  

  c = 6.7411(6) Å � = 90 deg.  
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 Volume 1226.61(19) Å3  

 Density (calculated) 1.37 g/cm3  

 Absorption coefficient 0.10 mm-1  

 Crystal shape needle  

 Crystal size 0.245 x 0.036 x 0.032 mm3  

 Crystal colour yellow  

 Theta range for data collection 2.1 to 26.7 deg.  

 Index ranges -16�h�16, -17�k�17, -8�l�8  

 Reflections collected 12048  

 Independent reflections 2603 (R(int) = 0.0559)  

 Observed reflections 2084 (I > 2�(I))  

 Absorption correction Semi-empirical from equivalents  

 Max. and min. transmission 0.96 and 0.88  

 Refinement method Full-matrix least-squares on F2  

 Data/restraints/parameters 2603 / 1 / 176  

 Goodness-of-fit on F2 1.07  

 Final R indices (I>2sigma(I)) R1 = 0.043, wR2 = 0.109  

 Absolute structure parameter 0.1(9)  

 Largest diff. peak and hole 0.18 and -0.19 eÅ-3  

 

 

Product 3a: yellow crystal (needle), dimensions 0.245 x 0.036 x 0.032 mm3, crystal 

system orthorhombic, space group Pca21, Z=4, a=12.8763(12) Å, b=14.1314(12) Å, 

c=6.7411(6) Å, alpha=90 deg, beta=90 deg, gamma=90 deg, V=1226.61(19) Å3, 

rho=1.371 g/cm3, T=197(2) K, Thetamax= 26.723 deg, radiation MoK�, 

lambda=0.71073 Å, 0.5 deg omega-scans with CCD area detector, covering the 

asymmetric unit in reciprocal space with a mean redundancy of 8.17and a completeness 

of 99.9% to a resolution of 0.79 Å, 12048 reflections measured, 2603 unique 

(R(int)=0.0559), 2084 observed (I > 2�(I)), intensities were corrected for Lorentz and 
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polarization effects, an empirical scaling and absorption correction was applied using 

SADABS[1] based on the Laue symmetry of the reciprocal space, mu=0.10mm-1, 

Tmin=0.88, Tmax=0.96, structure solved with SHELXT-2018/2 (Sheldrick 2015)[2] and 

refined against F2 with a Full-matrix least-squares algorithm using the SHELXL-2018/3 

(Sheldrick, 2018) software[3], 176 parameters refined, hydrogen atoms were treated 

using appropriate riding models, except H12 at N12, which was refined isotropically, 

Flack absolute structure parameter 0.1(9), goodness of fit 1.07 for observed reflections, 

final residual values R1(F)=0.043, wR(F2)=0.109 for observed reflections, residual 

electron density -0.19 to 0.18 eÅ-3. CCDC ...... contains the supplementary 

crystallographic data for this paper. The data can be obtained free of charge from The 

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures. 

  

 

Lit. 1: (SADABS-2016/2 - Bruker AXS area detector scaling and absorption correction)  

Krause, L., Herbst-Irmer, R., Sheldrick G.M. & Stalke D., J. Appl. Cryst. 48 (2015) 3-

10.  

 

Lit. 2: (SHELXT - Integrated space-group and crystal structure determination)  

Sheldrick G. M., Acta Cryst. A71 (2015) 3-8.  

 

Lit. 3: (program SHELXL-2018/3 (Sheldrick, 2018) for structure refinement)  

Sheldrick G. M., Acta Cryst. (2015). C71, 3-8  

 

Lit. APEX, APEX2, SMART, SAINT, SAINT-Plus:  

Bruker (2007). "Program name(s)". Bruker AXS Inc., Madison, Wisconsin, USA.  
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Chapter 3. Gold-Catalyzed Hydroamination of Terminal 

Alkynes as One-Pot Access to Oximes 

3.1 Introduction 

Oximes are one of the most versatile scaffolds in chemistry, which not only have 

biological activity against microorganisms,[1-4] but also show great benefit for the 

synthesis of Nylon 6 and the resulting caprolactam in industry.[5] Thus, It’s of 

importance to research the synthesis process of oxime. Some common oxime scaffolds 

are exhibited in Scheme 3.1. A typical synthesis of aromatic oximes is easily feasible 

starting from aldehydes/ketones, which usually utilize hydroxylamine hydrochloride as 

the “N-OH” source (Scheme 3.2a).[6-8] Aliphatic oximes can be accessible from 

nucleophilic carbon precursors in combination with nitrites.[9-10]Another way to address 

the synthesis of oxime is the hydroamination of alkynes in a single step.[11-12]  

 

Scheme 3.1 Common oxime scaffolds 

Alkynes are widely studied in gold chemistry, mainly for nucleophilic additions such 

as hydroamination, cyclization, etc. In particular, the nucleophilic addition of water to 

alkynes to produce ketones proves that alkynes can be used as precursors of carbonyl 

compounds in some cases.[13-18] Accordingly, alkynes can be converted to oximes with 

a single step in some particular conditions. In 2008, Beauchemin’s group reported an 
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intermolecular Cope-type hydroamination of alkynes to deliver oximes in good yields, 

even though high temperature and sealed flask which are the drawback of the direct 

access to oximes from alkynes were needed (Scheme 3.2b).[19] Recently, TBN (tert-

butyl nitrite)-mediated oximosulfonylation of alkynes with sulfonyl hydrazines was 

presented by the Wang group, the reaction process via a radical pathway under N2 

atmosphere and giving α-sulfonylethanone oximes in good yields (Scheme 3.2c).[20] 

Although extensive research has been carried out to synthesize oximes directly from 

alkynes, these transformations rely on complex reaction conditions, which are 

inevitably accompanied by waste of energy and are not economical. Thus here, a gold-

catalyzed hydroamination of terminal alkynes with hydroxylamine-O-sulfonic acid 

(HOSA) in a mild single-pot reaction process was developed, which delivering oximes 

with good yields (Scheme 3.2d). 

 

Scheme 3.2 Previous reports and our work for oxime synthesis 
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3.2 Result and discussion 

3.2.1 Optimization of the reaction conditions 

The initial investigation was conducted with 1.0 equivalent of phenylacetylene (2a), 

1.0 equiv of hydroxylamine-O-sulfonic acid (HOSA) (1a), 1.0 equivalent of H2O with 

AgNTf2 (5 mol%) in MeOH at 60 oC. The aromatic oxime (3a) was obtained in 36% 

yield. Interestingly, the variation of silver catalysts did not effect the reaction yield 

strongly (entries 1-4). To improve the reaction efficiency, gold complexes were 

systematically investigated as catalysts. The exchange of ligands from DMS to PPh3 

ligands (entries 5-11) at the Au complexes enhanced the reaction yields (40-74% yields). 

To achieve the best catalytic efficiency, other commonly used catalysts Pd(PPh3)2Cl2, 

CuBr2, Fe2SO4·7H2O and Rh2(esp)2 (entries 12-15) were investigated, too. But the yield 

showed that the PPh3NTf2Au (entry 16) gave the optimal yield (92%). Next, solvent 

and temperature screening showed that MeOH as solvent given better yields in the 

presence of PPh3AuNTf2 at 60 oC temperature (entries 17-19). Of course, the control 

experiment without catalyst was conducted, no reaction was observed (entry 20). The 

reaction optimization is attached in Table 3.1. 
Table 3.1 Reaction optimization 

 

Entry Catalyst Solvent Yield (%)a 

1 AgNTf2 (5 mol%) MeOH 36 

2 AgOTf (5 mol%) MeOH 33 

3 AgOTs (5 mol%) MeOH 30 

4 AgSbF6 (5 mol%)  MeOH 29 

5 PPh3AuCl (5 mol%) MeOH 74 

6 DMSAuCl (5 mol%) MeOH 40 
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7 JohnPhosAuCl (5 mol%) MeOH 67 

8 (PhO)3PAuCl (5 mol%) MeOH 53 

9 (cy)3PAuCl(5 mol%) MeOH 62 

10 IPrAuCl (5 mol%) MeOH 65 

11 DppmAuCl(5 mol%) MeOH 48 

12 Pd(PPh3)2Cl2 MeOH 22 

13 CuBr2 MeOH 70 

14 Fe2SO4·7H2O MeOH 43 

15 Rh2(esp)2 MeOH 26 

16 PPh3NTf2Au MeOH 92 

17 PPh3NTf2Au C2H5OH 14 

18 PPh3NTf2Au MeOH,rt 28 

19 PPh3NTf2Au MeOH,100℃ 10 

20 ---- MeOH 0 

3.2.2 Substrate scope 

Having optimized reaction conditions in hand, next we seek to explore the reaction 

scope. Numerous terminal alkynes were employed as shown in Scheme 3.3. Alkyne 

groups bearing p-Br (product 3b), p-OMe (product 3c), p-tBu (product 3d) and m- 

isopropyl (product 3e) were well tolerated to give the expected products in 42%-88% 

yield. Especially, phenylacetylene (product 3a) showed the best efficiency for the 

production of oxime, with the yields up to 92% yield. To continue, substituted o-Me 

(product 3f), m-Me (product 3g), p-Cl (product 3h), m-NO2 (product 3i) and p-NO2 

(product 3j) were tested, these provided the product in an increasing tendency, from 

47%-83% yield. Later, we prolonged the reaction scope with other differently 

substituted groups. m-, o-, p-F substituted arene systems (product 3k, 3l, 3m) in yields 

of 55%, 82% and 71%. Two methyl groups on the o- and p- position derived the yield 

of (product 3n) of 49% yield. For a o-OMe group, the product 3o was obtained in the 

yield of 51%. A 1-naphthyl group (product 3p) delivered a normal oxime yield of 64% 
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yield. Alkynes bearing the groups of diphenyl (product 3q), p-F3C (product 3r) and p-

alkenyl (product 3s) all gave a good oxime yield of 72%, 73% and 68% respectively. 

For the o-phenylethynyl substituent (product 3t), o-Cl (product 3u), o-Br (product 3v) 

and a three-fold substituted (o-F, o-F, p-F) group (product 3w), the yields showed a little 

decrease with 46%, 44%, 42% and 39% respectively. Alkynes with an amino group (o-

NH2, m-F) (product 3x) or an o- carbonyl group (product 3y) unfortunately were not 

tolerated under our reaction condition. We can conclude according to the above scope 

that the reaction of terminal alkynes with hydroxylamine-O-sulfonic acid (HOSA) to 

directly fabricate oxime tolerates a wide range of substituents.  

 

Scheme 3.3 Reaction scope. Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), H2O 

(0.2 mmol) and PPh3AuNTf2 (5 mol%) in MeOH (1 mL) at 60 oC temperature for 24 h. 
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To explore the scope of hydroxylamine-O-sulfonic acid (HOSA) part, we choose two 

substrates with a -Ts and -OTs group as exhibited in Scheme 3.4 to run the reaction, 

unfortunately, we only got the ketone, and no oxime. This means that in our set, the 

hydroxylamine-O-sulfonic acid (HOSA) is necessary. 

 

Scheme 3.4 Substrates with -Ts and -OTs group 

3.2.3 Mechanistic study 

To explore the reaction mechanism, the comparative experiment was carried out under 

the same reaction condition without hydroxylamine-O-sulfonic acid (HOSA), we only 

obtained the acetophenone as product with a yield of 90% (Scheme 3.5a). This result is 

also confirmed by various previous reports. [21-25] Then we run the reaction with 

acetophenone and hydroxylamine-O-sulfonic acid (HOSA) under the normal 

conditions, we harvested the expected oximes as product (Scheme 3.5b). In our 

particular reaction set, we can get supposed oxime directly (shown in Scheme 3.5c). 

These above results explain that hydroxylamine-O-sulfonic acid (HOSA) is the more 

reactive nucleophile and reacting directly. 

 

 

Scheme 3.5 Mechanistic elucidation 

For the further investigation of the reaction mechanism and the reaction kinetics, the 
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kinetic study of phenylacetylene hydroamination at room temperature and 50 oC were 

checked by an automatically NMR testing. In our reaction condition, we choose MeOD 

(Methanol-d4) as deuterated reagents and keep the reaction solution in NMR tube. The 

NMR data were automatically checked for 12 h. The kinetic study data at 50 oC 

temperature is shown in Scheme 3.6 and the kinetic study at room temperature is shown 

in Scheme 3.7. Obviously, in our reaction set, the phenylacetylene hydroamination can’t 

be achieved at room temperature. 

 

Scheme 3.6 Kinetic study of Phenylacetylene hydroamination at 50 oC. 
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Scheme 3.7 Kinetic study of Phenylacetylene hydroamination at room temperature. 

Based on the above mechanistic elucidation, we postulate a reasonable mechanism for 

our one-step oxime synthesis from terminal alkynes and hydroxylamine-O-sulfonic 

acid (HOSA). As shown in Scheme 3.8, the terminal alkyne is converted to intermediate 

I with Au(I) catalyst and hydroxylamine-O-sulfonic acid (HOSA) firstly, then the 

oxime formed under steps of intermediate I after hydrolysis of the O-S bond.  

 

Scheme 3.8 Reaction mechanism 

The possible reaction mechanism is in line with the thermodynamic data obtained by 

DFT calculations (Scheme 3.9). My colleague Martin C. Dietl conducted this calculation. 

The geometries of all possible intermediates were first optimized, followed by 

frequency analyses on a B3LYP[26-29]/def2-SVP[30] level of theory. For gold, 

additionally the basis set def2-TZVP[30] was applied. Upon coordination of the gold 

catalyst to phenylacetylene, HOSA attacks the activates triple bond of I to form 

transition state TS in an endergonic reaction step (ΔG = 12.2 kcal/mol). Afterwards, 

the transition state collapses to form II in an exergonic step (ΔG = - 6.05 kcal/mol), 

which directly undergoes protodemetallation to yield enamine III (ΔG = - 0.29 

kcal/mol). III then tautomerizes in an exergonic reaction step (ΔG = - 0.29 kcal/mol) 

to the imine IV, whose formation was confirmed by mass spectrometry. Hydrolysis of 

IV by one equivalent of water leads to the oxime V in an exergonic reaction step (ΔG = 

-1.76 kcal/mol). Indeed, this species was detected after purification by flash column 

chromatography. Therefore, it is assumed that IV undergoes hydrolysis in the course 

of workup. 
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Scheme 3.9 Computational study of the mechanism. 

3.2.4 Green chemistry metrics 

Generally, chemical syntheses should be built upon green chemistry principles.[31-35] 

Therefore, we have calculated the green chemistry metrics for the synthesis of oxime 

(3b) on a preparative scale (Table 3.2). As given in equation (1) and equation (2), atom 

economy (AE) is “how much of the reactants remain in the final desired product”, 

reaction mass efficiency (RME) is “the percentage of the mass of the reactants that 

remain in the product. Overall, our green process can enable the synthesis of oxime (3b) 

with an E-factor of 32.5, 58% atom economy, 53.4% atom efficiency, 100% carbon 

efficiency and 53.6% reaction mass efficiency. 
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Table 3.2 green chemistry principles of the synthesis of oxime 

 

3.3 Conclusions 

In summary, we found a facial and convenient one-step route to generate oximes from 

terminal alkynes and hydroxylamine-O-sulfonic acid (HOSA) by Au(I) catalysis. The 

DFT calculation and kinetics study were conducted to research the reaction mechanism.  

The green chemistry metric calculation shows the whole reaction process tolerate the 

wasting and economy good. This one-pot green process to fabricate oximes should not 

only play a role in biological and industry, but also has a positive response to carbon 

neutralization faced on the energy crisis. We believe that our reaction design would be 

valuable for the future economy chemistry. 
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3.5 Experimental section 

3.5.1 General remarks 

All commercially available chemicals were purchased from suppliers (ABCR, 

Acros, Alfa Aesar, Chempur, Merck, Sigma Aldrich) and were used without further 

purifications. Dry solvents were obtained from the solvent purification system MB 

SPS-800-Benchtop. Deuterated solvents were supplied from Euriso-Top or Sigma 

Aldrich. The NMR spectra, if not noted otherwise, were tested at room temperature 

with the following spectrometers: Bruker Avance III 300 (300 MHz), Bruker Avance 

DRX 300 (300 MHz), Bruker Avance III 400 (400 MHz), Bruker Avance III 500 (500 

MHz), Bruker Avance III 600 (600 MHz) or Fourier 300 (300 MHz). Chemical shifts 

δ are quoted in parts per million (ppm) and coupling constants J in hertz (Hz). 1H and 
13C spectra are calibrated with the deuterated solvents, namely CDCl3 (7.26 ppm; 77.16 

ppm). The following abbreviations were used to explain the signal multiplicity: for the 
1H NMR spectra: s (singlet), d (doublet), t (triplet), q (quartet), quint (quartet), sext 

(sextet), sept (septet), m (multiplet), as well as their combinations; for the 13C NMR 

spectra: s (quaternary carbon), d (tertiary carbon (CH)), t (secondary carbon (CH2)) and 

q (primary carbon (CH3)). All the 13C NMR spectra were measured with 1H-decoupling 

and were interpreted with the help of DEPT-135. Mass spectra (MS and HRMS) were 

measured in the chemistry department of the University Heidelberg. EI+-spectra were 

determined on a JOEL JMS-700 spectrometer [mass analyzer type: Time-of-flight 

(TOF)]. Bruker ApexQu FT-ICR-MS spectrometer was used [mass analyzer type: 

Fourier transform ion cyclotron resonance (FT-ICR)] for ESI+-spectra. Gas 

chromatography / Mass Spectroscopy (GC MS) was carried out on two different 

systems: (i) HP 5972 Mass Selective Detector, coupled with a HP 5890 SERIES II plus 
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Gas Chromatograph, (ii) Agilent 5975C Mass Selective Detector, coupled with an 

Agilent 7890A Gas Chromatograph. In both cases, as a capillary column, an OPTIMA 

5 cross-linked Methyl Silicone column (30 m x, 0.32 mm, 0.25 mm) was employed, 

and helium was used as the carrier gas. Flash Column Chromatography was 

accomplished by using Silica gel 60 (0.04 – 0.063 mm / 230 – 400 mesh ASTM) 

purchased from Macherey-Nagel as the stationary phase. As eluents, the mixture of 

petroleum ether (PE) and ethyl acetate (EA) were used for all products. Analytical Thin 

Layer Chromatography (TLC) was carried out on precoated Macherey-Nagel 

POLYGRAM® SIL G/UV254 or Merck TLC Silica Gel 60 F254 aluminum sheets. All 

geometry optimizations, subsequent frequency analyses, and calculations concerning 

transition states were performed with the CPCM model for 1,2-dichlorobenzene using 

Orca 4.0.1.2 on the bwForCluster Justus 2. The PBE0 functional and the def2-SVP 

basis set was employed. Furthermore, for Au def2-TZVP basis set was used. The heat 

source is oil bath. 

3.5.2 Experiment procedures 

General procedure: 

A reaction vail was charged with a magnetic stirrer, alkynes (0.2 mmol, 1 equiv), 

hydroxylamine-O-sulfonic acid (HOSA) (0.2 mmol, 1 equiv), H2O (0.2 mmol, 1 equiv), 

PPh3AuNTf2 (0.01 mmol, 5% equiv) in MeOH at 60 oC temperature for 24 hours. Then 

the reaction mixture was quenched and washed with brine (10 mL) and dried with 

Na2SO4. Crude product was purified by petroleum ether and ethyl acetate used as eluent. 

The mixture of petroleum ether (PE) and ethyl acetate (EA) (PE:EA=10:1) were used 

as eluent for all products if it not mentioned by other eluent. 

Procedure of synthesis (E)-1-phenylethan-1-one oxime (3a): 
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1 mL of MeOH was added to a flask by syringe, then 7.39 mg of PPh3AuNTf2 (0.01 

mmol), 20.4 mg of alkynes (0.2 mmol), 22.6 mg of hydroxylamine-O-sulfonic acid 

(HOSA) (0.2 mmol) and 3.6 uL H2O (0.2 mmol) was added into the flask one by one. 

After adding of all needed materials, the mixture was stirred for 24 h under an oil bath 

with 60°C temperature. Then the reaction mixture was quenched and washed with brine 

(10 mL) and dried with Na2SO4. Crude product was purified by petroleum ether and 

ethyl acetate (PE:EA=10:1) used as eluent. Then we obtained 24.8 mg of yellow liquid 

(92% yield). 

mmol scale synthesis of 3a: 

10 mL of MeOH was added to a flask by big-size syringe, then 73.9 mg of 

PPh3AuNTf2 (0.1 mmol), 204 mg of alkynes (2 mmol), 226 mg of hydroxylamine-O-

sulfonic acid (HOSA) (2 mmol) and 36 uL H2O (2 mmol)was added into the flask one 

by one. After adding of all needed materials, the mixture was stirred for 24 h under an 

oil bath with 60°C temperature. Then the reaction mixture was quenched and washed 

with brine (100 mL) and dried with Na2SO4. Crude product was purified by petroleum 

ether and ethyl acetate (PE:EA=10:1) used as eluent. Then we obtained 229 mg of pale-

yellow solid (1.69 mmol, 84% yield).  

We purchased product 1 and 2. 

3.5.3 Mechanistic experiment  

Reaction without hydroxylamine-O-sulfonic acid (HOSA): 

We carried out the reaction of 20.4 mg of Phenylacetylene 1a (1 equiv, 0.2 mmol), 

3.6 μL of H2O (1 equiv, 0.2 mmol), 7.39 mg of PPh3AuNTf2 (5 mol%, 0.01 mmol), in 

1 mL of MeOH at 60°C temperature for 24 hours. Then the crude product was purified 

by petroleum ether and ethyl acetate used as eluent. The expected product acetophenone 

4 was obtained with a weight of 21.8 mg and a yield of 90%. This experiment result 

was also confirmed by literatures.[1-8] 
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Reaction without Phenylacetylene: 

We carried out the reaction of hydroxylamine-O-sulfonic acid (HOSA) 2a (1 equiv, 

0.2 mmol), PPh3AuNTf2 (5 mol%), H2O (1 equiv, 0.2 mmol) in MeOH at 60°C 

temperature for 24 hours. No new product formed.  

 

Reaction with H218O: 

We carried out the reaction of Phenylacetylene 1a (1 equiv, 0.2 mmol), 

hydroxylamine-O-sulfonic acid (HOSA) 2a (1 equiv, 0.2 mmol), PPh3AuNTf2 (5 mol%) 

in MeOH at 60°C temperature for stirring, then the H218O (1 equiv, 0.2 mmol) was 

added into the mixture and keep stirring for 24 h. Following, the crude reaction mixture 

was tested by HRMS, and we find the intermediate and H2S18OO3 in the system. 

Following, Crude mixture was quenched, washed with brine (10 mL), dried with 

Na2SO4 and purified by petroleum ether and ethyl acetate used as eluent. The product 

3a was obtained. 

 

Kinetic study at 50 oC: 

In our reaction condition, we choose MeOD (Methanol-d4) as deuterated reagents, 

5.11 mg of Phenylacetylene 1a (1 equiv, 0.05 mmol), 5.65 mg of hydroxylamine-O-

sulfonic acid (HOSA) 2a (1 equiv, 0.05 mmol), 0.9 μL of H2O (1 equiv, 0.05 mmol) 
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and 1.85 mg of PPh3AuNTf2 (5 mol%, 0.0025 mmol) were added in 0.5 mL of MeOD 

(Methanol-d4) in NMR tube. The NMR data were automatically checked at 50 oC 

temperature for 12 h.  

Kinetic study at room temperature: 

For the further understanding of mechanism, the kinetic study of Phenylacetylene 

hydroamination at room temperature is checked. In our reaction condition, we choose 

MeOD (Methanol-d4) as deuterated reagents, 5.11 mg of Phenylacetylene 1a (1 equiv, 

0.05 mmol), 5.65 mg of hydroxylamine-O-sulfonic acid (HOSA) 2a (1 equiv, 0.05 

mmol), 0.9 μL of H2O (1 equiv, 0.05 mmol) and 1.85 mg of PPh3AuNTf2 (5 mol%, 

0.0025 mmol) were added in 0.5 mL of MeOD (Methanol-d4) in NMR tube. The NMR 

data were automatically checked at room temperature for 12 h.  

3.5.4 Characterization data  

(3a) (E)-1-phenylethan-1-one oxime 

 

 

 

 

Yellow liquid, 24.8 mg, 92% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.38 (PE/EA=10/1). 

1H NMR (300 MHz, CDCl3) δ 8.97 (s, 1H), 7.63 (dd, J = 6.7, 3.0 Hz, 1H), 7.52 – 7.30 

(m, 1H), 2.31 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 156.06, 136.51, 129.23, 128.49, 

126.03, 12.23. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C8H9NO 135.0754; found 

135.0749. IR: ṽ = 3094, 1740, 1685, 1586, 1566, 1486, 1426, 1397, 1354, 1319, 1266, 

1176, 1090, 1077, 1010, 958, 866, 824, 751, 711, 681, 608 cm-1 
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(3b) (E)-1-(4-bromophenyl)ethan-1-one oxime 

 

 

 

 

Yellow liquid, 37.6 mg, 88% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.4 (PE/EA=10/1). 

1H NMR (301 MHz, CDCl3) δ 9.02 (s, 1H), 7.50 (d, J = 1.4 Hz, 1H), 2.28 (s, 1H). 13C 

NMR (76 MHz, CDCl3) δ 155.21, 135.33, 131.67, 127.56, 123.57, 12.09. HRMS (ESI-

TOF) m/z: [M+H]+ calc’d for C8H8BrNO 214.0648; found 241.0650. IR: ṽ = 3351, 

3063, 3005, 2965, 2924, 2860, 1969, 1905, 1820, 1692, 1599, 1582, 1491, 1449, 1360, 

1303, 1271, 1180, 1160, 1103, 1078, 1024, 1001, 956, 927, 851, 762, 692, 617 cm-1 

(3c) (E)-1-(4-methoxyphenyl)ethan-1-one oxime 

 

 

 

 

Yellow liquid, 20 mg, 61% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.36 (PE/EA=10/1). 

1H NMR (300 MHz, CDCl3) δ 8.84 (s, 1H), 7.30 (t, J = 8.1 Hz, 1H), 7.24 – 7.16 (m, 

1H), 7.04 – 6.80 (m, 1H), 3.84 (s, 1H), 2.29 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 

159.62, 155.97, 137.92, 129.47, 118.61, 115.06, 111.34, 55.29, 12.28. HRMS (ESI-

TOF) m/z: [M+H]+ calc’d for C9H11NO2 165.0784; found 165.0797. IR: ṽ = 3346, 3003, 

2938, 2835, 2072, 1934, 1749, 1682, 1599, 1578, 1488, 1454, 1428, 1368, 1289, 1223, 

1181, 1099, 1079, 1038, 1003, 939, 852, 779, 740, 689, 650 cm-1 

 



75 
 

(3d) (E)-1-(4-(tert-butyl)phenyl)ethan-1-one oxime 

 

Yellow liquid, 23 mg, 60% yield.  

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.35 (PE/EA=10/1). 

1H NMR (300 MHz, CDCl3) δ 8.93 (s, 1H), 7.57 (d, J = 8.4 Hz, 1H), 7.41 (d, J = 8.5 

Hz, 1H), 2.30 (s, 1H), 1.34 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 155.88, 152.42, 

133.67, 125.75, 125.43, 34.67, 31.20, 12.14. HRMS (ESI-TOF) m/z: [M+H]+ calc’d 

for C12H17NO 191.1257; found 191.1230. IR: ṽ = 3348, 2965, 2906, 2870, 1683, 1606, 

1563, 1464, 1406, 1357, 1271, 1192, 1113, 1015, 957, 838, 634 cm-1 

(3e) (E)-1-(2-isopropylphenyl)ethan-1-one oxime 

 

 

 

 

Brown liquid, 14.8 mg, 42% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.33 (PE/EA=10/1). 

1H NMR (300 MHz, CDCl3) δ 7.34 (d, J = 3.1 Hz, 1H), 7.23 – 7.12 (m, 1H), 3.25 – 

2.89 (m, 1H), 2.21 (s, 1H), 1.23 (d, J = 6.9 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 

158.47, 146.65, 128.14, 125.80, 125.69, 30.07, 24.21, 16.77. HRMS (ESI-TOF) m/z: 

[M+H]+ calc’d for C11H15NO 177.1148; found 177.1110. IR: ṽ = 3260, 3063, 3024, 

2963, 2926, 2869, 1768, 1747, 1647, 1600, 1575, 1490, 1460, 1446, 1364, 1301, 1260, 

1205, 1088, 1066, 1017, 916, 798, 757, 648 cm-1 
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(3f) (E)-1-(o-tolyl)ethan-1-one oxime 

 

 

 

 

White solid, 14 mg, 47% yield, melting point 57.1-58.2 ℃. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.36 (PE/EA=10/1). 

1H NMR (300 MHz, CDCl3) δ 8.38 (s, 1H), 7.21 (dd, J = 9.4, 4.0 Hz, 1H), 2.35 (s, 1H), 

2.21 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 158.19, 130.63, 128.52, 128.12, 125.79, 

19.99, 15.77. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C9H11NO 149.0410; found 

149.0403. IR: ṽ = 3235, 3058, 2950, 2924, 1966, 1898, 1856, 1601, 1492, 1433, 1378, 

1364, 1310, 1272, 1159, 1125, 1079, 1042, 1031, 1011, 952, 925, 872, 810, 753, 728, 

649 cm-1 

(3g) (E)-1-(m-tolyl)ethan-1-one oxime 

 

 

 

 

Yellow liquid, 20 mg, 67% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.35 (PE/EA=10/1). 

1H NMR (301 MHz, CDCl3) δ 8.89 (s, 1H), 7.35 (dd, J = 5.5, 4.7 Hz, 1H), 7.19 (dd, J 

= 10.7, 4.3 Hz, 1H), 7.12 (d, J = 7.6 Hz, 1H), 2.31 (s, 1H), 2.22 (s, 1H). 13C NMR (76 

MHz, CDCl3) δ 156.23, 138.12, 136.51, 129.99, 128.39, 126.69, 123.21, 21.45, 12.33. 

HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C9H11NO 149.0816; found 149.0831. IR: ṽ 

= 2962, 2922, 2864, 1683, 1604, 1586, 1426, 1357, 1275, 1193, 1083, 1019, 959, 856, 

790, 748, 691 cm-1 
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(3h) (E)-1-(4-chlorophenyl)ethan-1-one oxime 

 

 

 

 

Yellow liquid, 23 mg, 68% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.38 (PE/EA=10/1). 

1H NMR (301 MHz, CDCl3) δ 7.57 (d, J = 8.6 Hz, 1H), 7.35 (d, J = 8.6 Hz, 1H), 2.27 

(s, 1H). 13C NMR (75 MHz, CDCl3) δ 155.14, 135.25, 134.93, 128.69, 127.30, 26.55, 

12.00. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C8H8ClNO 169.0286; found 

169.0217. IR: ṽ = 3005, 2963, 2922, 1685, 1588, 1571, 1488, 1428, 1397, 1358, 1261, 

1176, 1094, 1013, 958, 827, 761, 622 cm-1 

(3i) (E)-1-(3-nitrophenyl)ethan-1-one oxime 

 

 

 

 

Yellow solid, 27 mg, 75% yield, melting point 71.4-72.2 ℃. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.39 (PE/EA=10/1). 

1H NMR (301 MHz, CDCl3) δ 8.48 (s, 1H), 8.23 (ddd, J = 8.2, 2.2, 1.0 Hz, 1H), 8.03 

– 7.96 (m, 1H), 7.56 (t, J = 8.0 Hz, 1H), 2.34 (s, 1H). 13C NMR (76 MHz, CDCl3) δ 

154.21, 138.13, 129.45, 123.81, 121.05, 11.97. HRMS (ESI-TOF) m/z: [M+H]+ calc’d 

for C8H8N2O3 180.0599; found 180.0541. IR: ṽ = 3364, 3106, 3090, 2926, 2008, 1947, 

1818, 1733, 1691, 1615, 1574, 1526, 1472, 1432, 1391, 1348, 1318, 1278, 1252, 1168, 

1110, 1079, 1062, 1021, 1000, 972, 911, 873, 820, 764, 739, 723, 674, 663 cm-1 
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(3j) (E)-1-(4-nitrophenyl)ethan-1-one oxime 

 

 

 

 

Yellow solid, 30 mg, 83% yield, melting point 58.3-59 ℃. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.38 (PE/EA=10/1). 

1H NMR (301 MHz, CDCl3) δ 8.17 (d, J = 9.1 Hz, 1H), 7.75 (d, J = 9.0 Hz, 1H), 2.25 

(s, 1H). 13C NMR (75 MHz, CDCl3) δ 196.28, 147.52, 129.30, 123.86, 30.91, 26.97, 

23.61. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C8H8N2O3 180.0529; found 

180.0490. IR: ṽ = 3111, 3085, 2962, 2852, 2247, 1687, 1601, 1566, 1510, 1409, 1342, 

1316, 1258, 1107, 1011, 922, 874, 854, 819, 732, 689 cm-1 

(3k) (E)-1-(3-fluorophenyl)ethan-1-one oxime 

 

 

 

 

Yellow liquid, 16.8 mg, 55% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.33 (PE/EA=10/1). 

1H NMR (301 MHz, CDCl3) δ 9.36 (s, 1H), 7.50 – 7.27 (m, 1H), 7.18 – 6.97 (m, 1H), 

2.29 (s, 1H). 13C NMR (76 MHz, CDCl3) δ 164.46, 155.12, 138.69, 138.59, 130.08, 

129.97, 121.75, 121.71, 116.28, 116.00, 113.20, 112.90, 12.27. HRMS (ESI-TOF) m/z: 

[M+H]+ calc’d for C8H8FNO 153.0584; found 153.0562. IR: ṽ = 3078, 2917, 2849, 

1689, 1587, 1486, 1443, 1391, 1358, 1320, 1270, 1197, 1069, 1003, 878, 791, 753, 701, 

683 cm-1 
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(3l) (E)-1-(2-fluorophenyl)ethan-1-one oxime 

 

 

 

 

Yellow liquid, 25 mg, 82% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.34 (PE/EA=10/1). 

1H NMR (500 MHz, CDCl3) δ 9.32 (s, 1H), 7.46 (td, J = 7.6, 1.7 Hz, 1H), 7.39 – 7.32 

(m, 1H), 7.16 (td, J = 7.6, 0.7 Hz, 1H), 7.11 (dd, J = 11.0, 8.4 Hz, 1H), 2.30 (d, J = 2.3 

Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 161.44, 159.44, 154.09, 154.08, 130.71, 

130.64, 129.35, 129.32, 124.23, 124.20, 116.33, 116.16, 14.69, 14.65. HRMS (ESI-

TOF) m/z: [M+H]+ calc’d for C8H8FNO 153.0584; found 153.0565. IR: ṽ = 3081, 3010, 

2930, 1686, 1610, 1575, 1481, 1454, 1362, 1288, 1232, 1212, 1156, 1114, 1024, 966, 

899, 876, 829, 762, 647 cm-1 

(3m) (E)-1-(4-fluorophenyl)ethan-1-one oxime 

 

 

 

 

Yellow liquid, 21.7 mg, 71% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.33 (PE/EA=10/1). 

1H NMR (500 MHz, CDCl3) δ 8.36 (s, 1H), 7.61 (dd, J = 8.9, 5.4 Hz, 1H), 7.07 (t, J = 

8.7 Hz, 1H), 2.28 (s, 1H). 13C NMR (126 MHz, CDCl3) δ 164.39, 162.41, 155.18, 

132.61, 132.58, 127.88, 127.81, 115.54, 115.37, 12.15. HRMS (ESI-TOF) m/z: 

[M+H]+ calc’d for C8H8FNO 153.0584; found 153.0561. IR: ṽ = 3121, 3083, 3021, 

2959, 2928, 1908, 1687, 1599, 1563, 1512, 1471, 1449, 1414, 1390, 1351, 1322, 1288, 
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1265, 1241, 1171, 1159, 1104, 1086, 1014, 998, 926, 898, 867, 841, 785, 759, 694, 636, 

610 cm-1 

(3n) (E)-1-(4-fluorophenyl)ethan-1-one oxime 

 

 

 

 

Yellow liquid, 16 mg, 49% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.31 (PE/EA=10/1). 

1H NMR (300 MHz, CDCl3) δ 8.19 (s, 1H), 7.12 (d, J = 7.6 Hz, 1H), 7.08 – 6.97 (m, 

1H), 2.32 (s, 2H), 2.20 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 158.19, 138.31, 135.52, 

134.55, 131.43, 128.09, 126.45, 21.09, 19.99, 15.79. HRMS (ESI-TOF) m/z: [M+H]+ 

calc’d for C10H13NO 163.0992; found 163.0976. IR: ṽ = 3256, 2921, 2857, 1733, 1647, 

1614, 1505, 1447, 1364, 1304, 1275, 1233, 1137, 1067, 1010, 936, 906,817, 757, 722, 

621 cm-1 

(3o) (E)-1-(2-methoxyphenyl)ethan-1-one oxime 

 

 

 

 

 

Orange liquid, 16.8 mg, 51% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.33 (PE/EA=10/1). 

1H NMR (300 MHz, CDCl3) δ 8.72 (s, 1H), 7.30 (t, J = 8.1 Hz, 1H), 7.24 – 7.17 (m, 

2H), 6.99 – 6.84 (m, 1H), 3.84 (s, 3H), 2.29 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 

159.63, 155.98, 137.92, 129.47, 118.61, 115.07, 111.33, 55.29, 12.25. HRMS (ESI-

TOF) m/z: [M+H]+ calc’d for C9H11NO2 165.0784; found 165.0603. IR: ṽ = 3350, 3076, 
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3004, 2942, 2837, 2071, 1686, 1597, 1585, 1486, 1452, 1430, 1357, 1333, 1277, 1223, 

1181, 1092, 1043, 994, 970, 875, 861, 789, 688 cm-1 

(3p) (E)-1-(naphthalen-1-yl)ethan-1-one oxime 

 

 

 

 

Brown liquid, 23.7 mg, 64% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.33 (PE/EA=10/1). 

1H NMR (301 MHz, CDCl3) δ 8.67 (d, J = 8.6 Hz, 1H), 8.04 – 7.68 (m, 1H), 7.62 – 

7.33 (m, 1H), 2.67 (s, 1H). 13C NMR (76 MHz, CDCl3) δ 201.85, 133.96, 133.02, 

130.12, 128.65, 128.38, 128.04, 126.42, 125.98, 124.30, 29.97. HRMS (ESI-TOF) m/z: 

[M+H]+ calc’d for C12H11NO 185.0726; found 185.0717. IR: ṽ = 3338, 3049, 3003, 

2922, 1942, 1828, 1681, 1620, 1593, 1573, 1508, 1461, 1433, 1396, 1355, 1279, 1241, 

1214, 1194, 1144, 1128, 1077, 1023, 941, 866, 803, 776, 738, 682, 651 cm-1 

(3q) (E)-1-([1,1'-biphenyl]-4-yl)ethan-1-one oxime 

 

 

 

 

 

Yellow solid, 30 mg, 72% yield, melting point 123.9-124.5 ℃. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.3 (PE/EA=10/1). 

1H NMR (300 MHz, CDCl3) δ 8.04 (d, J = 8.3 Hz, 1H), 7.73 – 7.60 (m, 1H), 7.43 (ddd, 

J = 10.9, 9.7, 5.7 Hz, 1H), 2.64 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 197.75, 145.79, 

135.85, 128.94, 128.90, 128.22, 127.26, 127.22, 26.65. HRMS (ESI-TOF) m/z: 

[M+H]+ calc’d for C14H13NO 211.0992; found 211.0962. IR: ṽ = 2999, 2918, 1679, 
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1602, 1560, 1486, 1451, 1432, 1404, 1359, 1343, 1313, 1283, 1263, 1209, 1180, 1121, 

1078, 1020, 1007, 961, 841, 764, 721, 691 cm-1 

(3r) (E)-1-(4-(trifluoromethyl)phenyl)ethan-1-one oxime 

 

 

 

 

 

Yellow liquid, 29.6 mg, 73% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.32 (PE/EA=10/1). 

1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 8.1 Hz, 1H), 7.74 (d, J = 8.2 Hz, 1H), 2.65 

(s, 1H). 13C NMR (101 MHz, CDCl3) δ 196.97, 128.62, 125.70, 125.66, 26.76. HRMS 

(ESI-TOF) m/z: [M+H]+ calc’d for C9H8F3NO 203.0553; found 203.0573. IR: ṽ = 3360, 

3069, 2929, 1935, 1800, 1692, 1614, 1568, 1511, 1410, 1361, 1320, 1288, 1263, 1166, 

1121, 1092, 1081, 1063, 1015, 961, 926, 896, 843, 763, 718, 669, 606 cm-1 

(3s) (E)-1-(4-vinylphenyl)ethan-1-one oxime 

 

 

 

 

 

White solid, 22 mg, 68% yield, melting point 116.6-117.8 ℃. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.33 (PE/EA=10/1). 

1H NMR (301 MHz, CDCl3) δ 8.46 (s, 1H), 7.66 – 7.54 (m, 1H), 7.42 (d, J = 8.3 Hz, 

1H), 6.70 (d, J = 10.9 Hz, 1H), 5.79 (dd, J = 17.6, 0.7 Hz, 1H), 5.29 (dd, J = 10.9, 0.7 

Hz, 1H), 2.29 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 155.77, 147.51, 138.43, 136.22, 

126.28, 126.17, 114.67, 11.95. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C10H11NO 
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161.0835; found 161.0826. IR: ṽ = 3292, 3234, 3122, 3086, 3063, 2985, 2922, 1922, 

1835, 1627, 1557, 1513, 1402, 1366, 1312, 1209, 1187, 1124, 1084, 997, 923, 845, 802, 

743 cm-1 

(3t) (E)-1-(2-(phenylethynyl)phenyl)ethan-1-one oxime 

 

 

 

 

 

 

Brown solid, 21.6 mg, 46% yield, melting point 167.1-167.9 ℃. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.31 (PE/EA=10/1). 

1H NMR (301 MHz, CDCl3) δ 8.18 (d, J = 7.3 Hz, 1H), 7.51 – 7.33 (m, 2H), 7.27 (ddd, 

J = 7.1, 5.4, 1.0 Hz, 1H), 2.19 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 134.25, 133.22, 

130.44, 130.25, 129.55, 128.27, 128.08, 127.81, 127.55, 127.38, 127.35, 118.92, 11.51. 

HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C16H13NO 235.0992; found 235.0977. IR: 

ṽ = 3346, 3057, 3028, 2929, 2851, 1955, 1716, 1598, 1492, 1455, 1446, 1380, 1261, 

1217, 1179, 1083, 1020, 972, 915, 886, 853, 803, 755, 698, 659 cm-1 

(3u) (E)-1-(2-chlorophenyl)ethan-1-one oxime 

 

 

 

 

Yellow liquid, 15 mg, 44% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.35 (PE/EA=10/1). 

1H NMR (301 MHz, CDCl3) δ 8.95 (s, 1H), 7.47 – 7.36 (m, 1H), 7.38 – 7.22 (m, 1H), 

2.27 (s, 1H). 13C NMR (76 MHz, CDCl3) δ 156.93, 136.68, 132.57, 130.00, 129.95, 
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126.85, 15.71. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for C8H8ClNO 169.0321; found 

169.0309. IR: ṽ = 3070, 2922, 1684, 1572, 1473, 1432, 1385, 1356, 1297, 1242, 1130, 

1096, 1042, 915, 867, 813, 755, 672, 664 cm-1 

(3v) (E)-1-(2-bromophenyl)ethan-1-one oxime 

 

 

 

 

White solid, 18 mg, 42% yield, melting point 128.4-129.3 ℃. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.34 (PE/EA=10/1). 

1H NMR (300 MHz, CDCl3) δ 8.19 (s, 1H), 7.60 (dd, J = 7.9, 0.6 Hz, 1H), 7.38 – 7.27 

(m, 1H), 7.25 – 7.18 (m, 1H), 2.26 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 158.16, 

138.77, 133.13, 130.11, 130.07, 127.40, 15.85. HRMS (ESI-TOF) m/z: [M+H]+ calc’d 

for C8H8BrNO 212.9784; found 212.9773. IR: ṽ = 3222, 2922, 1935, 1823, 1663, 1633, 

1591, 1563, 1479, 1426, 1365, 1313, 1254, 1163, 1106, 1026, 1013, 984, 954, 923, 875, 

756, 726, 681, 638 cm-1 

(3w) (E)-1-(2,4,6-trifluorophenyl)ethan-1-one oxime 

 

 

 

 

 

Yellow liquid, 14.7 mg, 39% yield. 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.36 (PE/EA=10/1). 

1H NMR (301 MHz, CDCl3) δ 8.31 (s, 1H), 6.49 (s, 1H), 6.46 (s, 1H), 3.80 (s, 1H). 

13C NMR (101 MHz, CDCl3) δ 193.75, 163.44, 163.34, 163.20, 160.91, 160.81, 98.73, 

98.71, 98.45, 98.43, 56.02, 32.46, 20.17. HRMS (ESI-TOF) m/z: [M+H]+ calc’d for 
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C8H6F3NO 189.0242; found 189.0267. IR: ṽ = 3121, 3081, 3020, 2959, 2930, 1908, 

1686, 1610, 1575, 1512, 1481, 1454, 1414, 1390, 1362, 1288, 1264, 1232, 1212, 1156, 

1114, 1086, 1024, 966, 899, 876, 829, 785, 762, 647, 615 cm-1  

(4) Acetophenone 

 

 

White liquid (21.8 mg, 90% yield) 

Purification by column chromatography on silica gel, chromatography eluent: PE to 2% 

EA in petroleum. Rf = 0.35 (PE/EA=10/1). 

1H NMR (301 MHz, CDCl3) δ 7.95, 7.93, 7.93, 7.57, 7.55, 7.54, 7.54, 7.52, 7.47, 7.44, 
7.42, 2.58. The 1H NMR data information is agreed with the before reports.8 
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