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Abstract 

Electrophotocatalysis (EPC) emerges as a powerful tool in organic 

synthesis, offering unique redox transformations without the need for 

sacrificial oxidants or reductants. Building on this activation mode, we have 

developed an electrophotocatalytic method for the direct amidation of 

aldehydes, utilizing electricity and protons as oxidants and light to generate 

chlorine radicals for hydrogen atom transfer (HAT). This sustainable 

approach is compatible with a wide range of aldehydes and nitrogen‐based 

nucleophiles, performing efficiently under batch conditions and 

demonstrating scalability with flow technology. The mild reaction 

conditions, adequate functional group tolerance, and versatility make this 

EPC protocol particularly suitable for C─N bond formation, enabling 

functionalization of diverse organic compounds and facilitating late‐stage 

modifications in drug development. 
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3.1 Introduction 

Over the past 15 years, photocatalysis and electrocatalysis have 

transformed the landscape of organic synthesis, introducing innovative 

approaches that have expanded the synthetic repertoire of chemists.[1] 

Photocatalysis harnesses light energy to generate open-shell reaction 

intermediates under mild conditions, enabling the formation of reactive 

radicals that drive challenging molecular transformations.[2] 

Electrocatalysis, on the other hand, uses electrical energy to initiate redox 

reactions, offering a broad redox window that enhances control over 

reaction conditions, thereby improving efficiency, selectivity, and 

sustainability.[3] The integration of these two methodologies has led to the 

emergence of electrophotocatalysis, a hybrid strategy that combines light 

and electrical energy to unlock unique chemical transformations while 

eliminating the need for sacrificial oxidants and reductants. This rapidly 

growing field has opened new avenues for the development of more 

efficient, selective, and environmentally sustainable synthetic 

methodologies.[4] 

Among the catalysts used in electrophotocatalysis, FeCl3 has emerged as 

particularly valuable due to its unique properties and versatility. In 

synthetic chemistry, FeCl3 is well-known for its ability to generate chlorine 

radicals through photoinduced ligand-to-metal charge transfer (LMCT).[5] 

Unlike nickel-based catalysts, which can be prone to instability, Fe(III)–Cl 

complexes are highly stable and can efficiently release chlorine radicals 

upon exposure to light.[6] These radicals are highly effective in driving 

hydrogen atom transfer (HAT) processes, enabling efficient and selective 

functionalization of C–H bonds.[7] By leveraging Fe(III)–Cl catalysts, 

electrophotocatalysis offers a sustainable and cost-effective approach to 

synthesizing a broad range of valuable compounds, including C(sp3)–H 

heteroarylation,[8] C(sp3)–H borylation,[9] alkene difunctionalization,[10] and 
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Si/Ge–H activation,[10a] unlocking new opportunities in synthetic chemistry 

(Figure 3.1A).  

 

Figure 3.1. A) State of the art employing FeCl3 in electrophotocatalysis. B) Traditional 
approaches for the direct amidation of aldehydes. C) Electrophotocatalytic C(sp2)‒H coupling 
of aldehydes and N-nucleophiles. 
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Amide bonds are among the most ubiquitous functional groups found in 

nature, especially in biomolecules such as proteins, as well as in numerous 

pharmaceuticals and agrochemicals.[11] Traditionally, amide synthesis 

involves the coupling between carboxylic acids and amines, often requiring 

the use of an excess of activating agents to drive the reaction forward.[12] In 

recent years, an alternative method known as aldehyde oxidative 

amidation has emerged as a promising approach for the formation of 

amides. This method displays favourable atom economy and selectivity by 

using aldehydes as starting materials.[13] However, it requires the use of an 

excess of sacrificial oxidants to promote the reaction. Common oxidants 

employed in this process include persulfate anions,[14] transition metal 

salts,[15] organoradical derivatives,[16]  hydroperoxides,[17] and quinones.[18] 

Despite their effectiveness, these oxidants can be costly and generate by-

products and waste, thus limiting the sustainability of the process (Figure 

3.1B). 

Based on our previous work on HAT processes,[8, 19] we hypothesized that 

the direct activation of aldehydes using an inexpensive FeCl3-based HAT 

catalyst could provide a more efficient and scalable solution. By leveraging 

the capabilities of electrophotocatalytic activation, we envisioned a method 

to replace stoichiometric oxidants with an electrochemical process, 

minimizing waste while maintaining high selectivity and efficiency. This 

reaction blueprint offers a robust and sustainable strategy for oxidative 

amidation, addressing the lingering challenges associated with traditional 

methods and enhancing the overall utility of amide bond formation in 

synthetic chemistry (Figure 3.1C). 

3.2 Results and discussion 

Our initial investigations commenced with the direct azolation of aromatic 

aldehydes as a benchmark transformation to showcase our hypothesis 

(Table 3.1). The reactions were conducted in a batch electrophotocatalysis  
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Table 3.1. Optimization of reaction conditions and control experiments for the 
electrophotocatalytic C(sp2)‒H amidation.[a]  

 

Entry Variation from conditions Yield[b] 

1 None 92 (75) 

2 Without electricity 8 

3 Without light irradiation -- 

4 Without FeCl3 34 

5 FeCl3 (100 mol%) – without electricity 50 

6 1a 0.2 mmol, 2a 0.6 mmol 90 (74) 

7 3 mA, 4.5 F·mol-1, 8 h 66 

8 1.5 mA, 2.5 F·mol-1, 9 h 48 

9 2,4,6-collidine-CH2Cl2 instead of AcOH-CH3CN 18 

[a] 1a (0.3 mmol), 2a (0.2 mmol), FeCl3 (15 mol%), Et4NCl (1.5 equiv), AcOH (10 equiv) in 
CH3CN (0.1 M, 2 mL); solution sparged with N2 prior to irradiation. 52 W LED (λ = 390 nm), 
undivided cell: C anode/Pt cathode, I = 1.5 mA, j = 0.75 mA·cm-2, 4.5 F·mol-1, 16 h. [b] Yields 
determined by 1H NMR spectroscopy using CH2Br2 as external standard. Yield of the isolated 
product is given in parenthesis 

reactor (Supporting Information, Figure S3.1) using an acetonitrile solution 

containing 4-chlorobenzaldehyde 1a (0.15 M), pyrazole 2a (0.1 M), and 

FeCl3 (15 mol%), in the presence of acetic acid (10 equiv) and Et4NCl (1.5 

equiv).  
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The reaction was irradiated with purple LEDs (λ = 390 nm, 52 W input 

power) and operated in galvanostatic mode (1.5 mA, 0.75 mA·cm-2, 4.5 

F·mol-1). Product 3 was isolated in an excellent yield (75%) after a 16-hour 

reaction time (Table 3.1, Entry 1). As expected, product formation was 

negligible in the absence of applied potential or light, highlighting the 

electrophotocatalytic nature of this transformation (Table 3.1, Entries 2-3). 

The removal of the iron catalyst, or its use in a stoichiometric amount but 

without current, triggered undesirable side reactions and resulted in 

decreased yields (Table 3.1, Entries 4-5). Reversing the stoichiometry of 

the starting materials, using 1a as the limiting reagent, resulted in 

comparable yields (Table 3.1, Entry 6), offering flexible reaction conditions 

that enable the selection of the limiting reagent based on the cost or 

availability of the coupling partners. Increasing the applied current to 3 mA 

(1.5 mA·cm-2), to reduce reaction times, did not furnish better results 

(Table 3.1, Entry 7). Similarly, reducing the electron equivalents to 2.5 

F·mol-1, did not lead to full conversion of the starting material (Table 3.1, 

Entry 8). To further investigate alternative reaction conditions, we 

transitioned to a basic environment using 2,4,6-collidine in CH₂Cl₂[20]; 

however, these conditions proved not compatible with the desired 

transformation (Table 3.1, Entry 9). 

Having established the optimized reaction conditions, we shifted our focus 

to exploring the scope of our electrophotocatalytic transformation, as 

illustrated in Figure 3.2. Initial investigations centred on the coupling of 

benchmark substrate 2a with a range of aldehydes. Aromatic aldehydes, 

particularly those with electron-withdrawing groups (e.g., chloro 3, fluoro 

4-5, and trifluoromethyl 6), yielded the anticipated cross-coupled products 

in satisfactory to excellent yields (62-84%). Additionally, we successfully 

employed aldehydes with electron-rich (7, 52%) and neutral substituents 

(8, 58%). We also achieved effective functionalization of α-β unsaturated 

(11, 55%) and heteroaromatic aldehydes (9,10,12, 41-70%). Further  
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Figure 3.2. Substrate scope for the electrophotocatalytic C(sp2)‒H coupling of aldehydes and 
azoles. Aldehyde (0.3 mmol), Azole (0.2 mmol), FeCl3 (15 mol%), Et4NCl (1.5 equiv), AcOH (10 
equiv) in CH3CN (0.1 M, 2 mL); solution sparged with N2 prior to irradiation. 52 W LED (λ = 
390 nm), undivided cell: C anode/Pt cathode, I = 1.5 mA, j = 0.75 mA·cm-2, 4.5 F·mol-1, 16 h. 
Isolated yields are given. [a] 6.7 F·mol-1, 24 h. [b] Et4NBr was used instead of Et4NCl. Minor 
regioisomer is denoted with an asterisk. 

exploration involved subjecting a diverse array of pyrazole substrates to 

our electrophotocatalytic conditions. Efficient functionalization of 

benzaldehyde (1k) with various electron-neutral (13-14, 45-82%) and 

electron-rich pyrazoles (15-17, 42-66%) yielded the desired compounds 

in commendable yields. Notably, halogenated pyrazoles were also 

successfully converted, although in moderated yields (18-20, 45-70%). 

Finally, functionalization of electron-poor pyrazoles was observed, albeit in 

lower yields, likely due to their decreased nucleophilicity (21-22, 21-29%). 
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Figure 3.3. Substrate scope for the electrophotocatalytic C(sp2)‒H coupling of aldehydes and 
amines. Aldehyde (0.3 mmol), pyrazole (0.2 mmol), FeCl3 (15 mol%), Et4NCl (1.5 equiv), AcOH 
(10 equiv) in CH3CN (0.1 M, 2 mL); solution sparged with N2 prior to irradiation. 52 W LED (λ 
= 390 nm), undivided cell: C anode/Pt cathode, I = 1.5 mA, j = 0.75 mA·cm-2, 4.5 F·mol-1, 16 h. 
Then Et3N (10 equiv), Amine (0.2 mmol), 1 h. Isolated yields are given. [a] for Amine·HCl salts, 
Et3N (11 equiv) was used [b] 1.0 mA, j = 0.5 mA·cm-2, 2.3 F·mol-1, 12 h. [c] Recirculating flow 
setup (see SI): Benzaldehyde (6 mmol), pyrazole (5 mmol), FeCl3 (15 mol%), Et4NCl (1.5 equiv), 
AcOH (10 equiv) in CH3CN (0.25 M, 16 mL); VR = 1.2 mL, flow rate = 0.08 mL·min-1, tR = 15 min, 
I = 26 mA, j = 1.08 mA·cm-2, 4.5 F·mol-1, ttot = 24 h. Then Et3N (10 equiv), n-butylamine (5 mmol), 
1 h. 

While proving that a vast library of aromatic aldehydes can be trapped with 

pyrazoles under a formal 2-electron oxidation regime, other nitrogen-
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containing five-membered rings, such as imidazoles or triazoles could not 

be utilized under the current electrophotocatalytic conditions. While full 

conversion of the starting material is observed, the desired products could 

not be isolated due to their sensitivity to hydrolysis (Figure S3.16). In most 

of these cases, the N-nucleophile, e.g. an imidazole, would act as a carbonyl-

activating agent rendering the aldehyde core highly electrophilic and 

subsequently, prone to hydrolysis. However, the pyrazole-coupled 

products could act themselves as activating agents, and be efficiently 

converted to the corresponding amides by reacting them with a series of 

amines.[21] Thus, at the end of the reaction between benzaldehyde (1k) and 

pyrazole (2a), without isolation of the acyl pyrazole intermediate, the pH 

was neutralized with Et3N (10 equiv), 0.2 mmol (1 equiv) of the 

corresponding amine was added, and the reaction was allowed to stir at 

room temperature for 1 hour (Figure 3.3). Efficient amide synthesis was 

achieved with both linear (23-24, 80-96%) and cyclic primary amines (25, 

27-28, 29-80%), while secondary amines yielded excellent results (29, 

91%). Late-stage functionalization was successfully performed with 

various drugs or drug cores (26, 30-31, 73-83%). Interestingly, coupling 

various aldehydes with amino acids also led to efficient amide formation 

(32-35, 21-60%). In general, aliphatic aldehydes react poorly under these 

conditions, leading to various decomposition products. However, by 

employing milder conditions (Table S3.3, Entry 4), we successfully 

obtained amides from the corresponding aliphatic aldehydes in moderate 

yields (36-37, 28-35%), Finally, to boost the productivity of the 

electrophotocatalytic method, we translated the batch conditions to flow. 

The flow electrophotocatalysis reactor (f-EPC, Figure S3.2) was fitted with 

a graphite anode and a platinum-plated FTO glass electrode, as a more 

affordable option compared to a full Pt plate. After a quick reoptimization 

of the conditions (Table S3.6), we opted for a recirculating flow regime. By 

applying low current densities, we ensured a low cell potential (typically 

<1 V), to avoid overoxidation reactions.  
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Figure 3.4. Mechanistic investigations into the electrophotocatalytic aldehyde amidation. A. 
Radical trapping experiments. B. Kinetic isotope effects. C. On-Off experiments. [a] 1a (0.3 
mmol), 2a (0.2 mmol), FeCl3 (15 mol%), Et4NCl (1.5 equiv), AcOH (10 equiv) in CH3CN (0.1 M, 
2 mL); solution sparged with N2 prior to irradiation. Yields determined by 1H NMR 
spectroscopy using CH2Br2 as external standard. 52 W LED (λ = 390 nm), undivided cell: C 
anode/Pt cathode, I = 1.5 mA, j = 0.75 mA.cm-2 [b] 1b (0.3 mmol), 2a (0.2 mmol), FeCl3 (15 
mol%), Et4NCl (1.5 equiv), AcOH (10 equiv) in CH3CN (0.1 M, 2 mL); solution sparged with N2 
prior to irradiation. 52 W LED (λ = 390 nm), undivided cell: C anode/Pt cathode, I = 1.5 mA, j = 
0.75 mA.cm-2, On-Off over 6 h. Yields determined by 19F NMR spectroscopy using 1,4-
Difluorobenzene as internal standard  

Following this modified procedure, the coupling of benzaldehyde (1k) and 

butylamine (3a), to obtain product 23, was readily scaled up in flow (5 



Chapter 3 

 

 

100 

mmol, 50% isolated yield). This flow system enabled a reliable 10-fold 

increase in productivity (0.1 mmol·h-1) compared to the batch system (0.01 

mmol·h-1). 

We performed a series of experiments to further elucidate the reaction 

mechanism, with our findings presented in Figure 3.4. Initially, we 

conducted the reaction under optimized conditions with the addition of 

TEMPO (4 equivalents), a well-known radical scavenger. Notably, the 

reaction was entirely suppressed, and adduct 38 (26% NMR yield) was 

identified via HRMS, confirming the involvement of a radical species.[22] In 

parallel, a reaction with an electron-deficient olefin, dimethyl maleate,[23] 

produced product 39 (13% NMR yield) along with product 3, indicating the 

probable formation of a acyl radical via a chlorine-mediated hydrogen atom 

transfer (HAT) step (Figure 3.4A). Kinetic Isotope Effect (KIE) evaluations, 

carried out using a parallel reaction approach, yielded a value close to 1 

(KIE = 1.13), suggesting that the hydrogen atom transfer (HAT) is probably 

not the rate-determining step (Figure 3.4B).[24] Lastly, the on-off 

experiments explain the requirement for both light and electricity to drive 

the reaction, implying that the process follows an electrophotocatalytic 

mechanism (Figure 3.4C).  

 

Figure 3.5. Proposed mechanism of the electrophotocatalytic aldehyde amidation 
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A proposed reaction mechanism, depicted in Figure 3.5, has been 

formulated based on these experimental observations. Initially, a chloride 

anion binds to the iron center, and upon exposure to purple light, the 

complex is excited to a higher energy state. This excitation leads to the 

homolytic cleavage of the Fe–Cl bond, producing a chlorine radical and a 

reduced Fe(II) species.[5b] The reduced catalyst is then reoxidized at the 

anode, restoring the Fe(III) center and completing the catalytic cycle.[8] 

While product formation still occurs in the absence of iron, it is 

accompanied by significant production of molecular chlorine, which 

triggers undesirable side reactions. Interestingly, the presence of iron helps 

to maintain a lower cell potential and prevents overoxidation. The chlorine 

radical, then initiates C(sp2)–H bond cleavage from the aldehyde I, forming 

the acyl radical II. From this point, two potential pathways emerge. In the 

first, the acyl radical undergoes electrochemical oxidation, generating the 

stabilized oxocarbenium ion III,[25] which is then attacked by a nucleophile, 

resulting in C–N bond formation. Alternatively, the radical may react 

directly with the nucleophile, forming the α-hydroxy radical IV via amine-

assisted intermolecular proton transfer.[26] This intermediate is 

subsequently oxidized at the anode to yield the final product V, yielding in 

both cases a radical-polar cross-over (RPC) mechanism. In theory, the acyl 

radical could also react with trace amounts of solubilized Cl₂[27], produced 

by anodic oxidation of chloride[4d], to form the acyl chloride intermediate 

VI. However, this intermediate was not detected in our experiments, 

making this pathway unlikely for the formation of the amide product 

(Figures S3.8-S3.11). 
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3.3 Conclusion 

In conclusion, we have successfully developed an oxidant-free 

electrophotocatalytic method for the direct coupling of aldehydes and N-

nucleophiles. This new synthetic approach to forming C(sp²)–N bonds is 

achieved by simultaneously harnessing photons and electrons in a batch 

reactor. The products are formed through an electrochemically induced 

radical-polar crossover (RPC) mechanism with hydrogen atom transfer 

(HAT) photocatalysis, operating under remarkably mild conditions. This 

method allows for the functionalization of a wide range of organic 

compounds, facilitating late-stage functionalization in drug development. 

The electrophotocatalytic amide formation occurs at room temperature, 

requires no external oxidants, and its overall productivity can be further 

enhanced using flow systems. Ongoing studies in our lab are focused on 

expanding the application of this RPC-HAT combination to advance 

synthetic electrophotocatalysis. 
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3.4 Experimental section 

3.4.1 Electrophotochemical reactors 

For the batch reactor setup, the ElectraSyn 2.0 from IKA was used 

combined with Kessil LEDs (390 nm, full intensity) positioned at 5 cm away 

from the reaction vial, cooled by fans. 

 

Figure S3.1: Batch reactor assembly: Orange UV shield, Electrasyn 2.0, Kessil 390 nm LEDs, 
positioned at 5 cm from the glass, cooling fans. Temperature measured on the glass: 35°C  
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For the flow reactor setup, the f-EPC (Flow ElectroPhotoChemical) 

reactor[8] was combined with Kessil LEDs (390 nm, full intensity) 

positioned at 5 cm away, cooled by fans. 

 

Figure S3.2: Flow reactor assembly: Kessil 390 nm LEDs, peristaltic pump (Gilson MINIPULS 
3), power supply (HMP4040, Rohde & Schwarz). Kessil 390 nm LEDs, positioned at 10 cm from 
the glass, cooling fans. Temperature measured on the glass: 32°C  
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3.4.2 Chart of Starting materials 

  

Figure S3.3: Chart of starting materials 
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3.4.3 Reaction optimization 

 

Table S3.1: Reaction optimization in batch – Control experiments[a] 

Entry Variation from conditions Yield[b] 

1 None 92 (75) 

2 Without electricity 8 

3 Without light irradiation -- 

4 Without electricity or light 
irradiation 

-- 

5 Without AcOH <5 

6 Without Et4NCl 69 

7 Without FeCl3 34 

8 1a 0.2 mmol, 2a 0.6 mmol 90 (74) 

9 Acetone as solvent 74 

10 2,4,6-collidine, CH2Cl2 instead of 
AcOH, CH3CN 

18 

[a] 1a (0.3 mmol), 2a (0.2 mmol), FeCl3 (15 mol%), Et4NCl (1.5 equiv), AcOH (10 equiv) in 
CH3CN (0.1 M, 2 mL); solution sparged with N2 prior to irradiation. 52 W LED (λ = 390 nm), 
undivided cell: C anode/Pt cathode, I = 1.5 mA, j = 0.75 mA·cm-2, 4.5 F·mol-1, 16 h. [b] Yields 
determined by 1H NMR spectroscopy using CH2Br2 as external standard. Yield of the isolated 
product is given in parenthesis. 
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Table S3.2: Reaction optimization in batch – Photochemical/Electrochemical conditions 
screening[a] 

Entry Variation from conditions Yield[b] 

1 None 92 (75) 

2 5 mA, 2.5 F·mol-1, 2.7 h 48 

3 1.5 mA, 2.5 F·mol-1, 9 h 48 

4 3 mA, 4.5 F·mol-1, 8 h 66 

5 2 mA, 4.5 F·mol-1, 12 h 88 

6 FeCl3 (100 mol%) – without 
electricity 

50 

[a] 1a (0.3 mmol), 2a (0.2 mmol), FeCl3 (15 mol%), Et4NCl (1.5 equiv), AcOH (10 equiv) in 
CH3CN (0.1 M, 2 mL); solution sparged with N2 prior to irradiation. 52 W LED (λ = 390 nm), 
undivided cell: C anode/Pt cathode, I = 1.5 mA, j = 0.75 mA·cm-2, 4.5 F·mol-1, 16 h. [b] Yields 
determined by 1H NMR spectroscopy using CH2Br2 as external standard. Yield of the isolated 
product is given in parenthesis. 

 

Table S3.3: Reaction optimization for Aliphatic aldehydes – Photochemical/Electrochemical 
conditions screening [a] 
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Entry Variation from conditions Yield[b] 

1 None 20 

2 3 mA, 4.5 F·mol-1, 8 h 25 

3 1.5 mA, 2.3 F·mol-1, 8 h 33 

4 1.0 mA, 2.3 F·mol-1, 12 h 38 

5 0.5 mA, 2.3 F·mol-1, 24 h 24 

6 6.0 mA, 2.3 F·mol-1, 2 h 20 

[a] 1n (0.3 mmol), 2a (0.2 mmol), FeCl3 (15 mol%), Et4NCl (1.5 equiv), AcOH (10 equiv) in 
CH3CN (0.1 M, 2 mL); solution sparged with N2 prior to irradiation. 52 W LED (λ = 390 nm), 
undivided cell: C anode/Pt cathode, I = 1.5 mA, j = 0.75 mA·cm-2, 4.5 F·mol-1, 16 h. [b] Yields 
determined by 1H NMR spectroscopy using CH2Br2 as external standard. 

 

Table S3.4: Reaction optimization for Aliphatic aldehydes – Additives/Solvents screening[a] 

Entry Variation from conditions Yield[b] 

1 None 38 

2 1n 0.6 mmol 28 

3 1n 0.2 mmol, 2a 0.6 mmol 29 

4 25%-75% light intensity 15-25 

5 0.5 mA, 2.3 F·mol-1, 24 h 24 

6 No AcOH 10 
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7 No AcOH, KF (2 equiv) - 

8 No AcOH, CH3CN:HFIP 3:1 - 

9 CH3CN:DCM 1:1 34 

10 CH3CN:Acetone 1:1 35 

[a] 1n (0.3 mmol), 2a (0.2 mmol), FeCl3 (15 mol%), Et4NCl (1.5 equiv), AcOH (10 equiv) in 
CH3CN (0.1 M, 2 mL); solution sparged with N2 prior to irradiation. 52 W LED (λ = 390 nm), 
undivided cell: C anode/Pt cathode, I = 1.0 mA, j = 0.5 mA·cm-2, 2.3 F·mol-1, 12 h. [b] Yields 
determined by 1H NMR spectroscopy using CH2Br2 as external standard. 

 

Table S3.5: Reaction optimization for Aliphatic aldehydes – Miscellaneous screening[a] 

Entry Variation from conditions Yield[b] 

1 None 38 

2 FeCl3 (30 mol%) 28 

3 FeCl3 (5 mol%) 20 

4 CeCl3 (5 mol%), CH3CN:HFIP 3:1 - 

5 CuCl2 (15 mol%) <5 

6 FeBr3 (15 mol%), Et4NBr (1.5 
equiv) 

39 

7 TBADT (2 mol%) 15 

8 1n: 1 + 1 equiv (after 4 h) 15 

[a] 1n (0.3 mmol), 2a (0.2 mmol), FeCl3 (15 mol%), Et4NCl (1.5 equiv), AcOH (10 equiv) in 
CH3CN (0.1 M, 2 mL); solution sparged with N2 prior to irradiation. 52 W LED (λ = 390 nm), 
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undivided cell: C anode/Pt cathode, I = 1.0 mA, j = 0.5 mA·cm-2, 2.3 F·mol-1, 12 h. [b] Yields 
determined by 1H NMR spectroscopy using CH2Br2 as external standard. 

 

Table S3.6: Reaction optimization in flow[a] 

. Current 

(mA) 

Current 
density 

(mA·cm-

2) 

Residence 
time 

(min) 

Flow 
rate 

(mL·mi
n-1) 

Yield[b] Throughput 

(mmol·h-1) 

1 32 (2.5 F·mol-1) 1.33 15 0.08 <5 <0.02 

2 44 (4.5 F·mol-1) 1.83 20 0.06 10 0.036 

3 26 (8 F·mol-1) 1.08 60 0.02 9 0.01 

4 5 (2.1 F·mol-1) 0.21 80 0.015 32 0.029 

5 (recirculation) 3.6 (2.1 F·mol-1) 0.15 5 (16 h total) 0.24 40 (1 
mmol) 

0.025 

6 (recirculation) 26 (4.5 F·mol-1) 1.08 5 (24 h total) 0.24 40 (5 
mmol)[c] 

0.083 

7 (recirculation) 26 (4.5 F·mol-1) 1.08 15 (24 h 
total) 

0.08 50 (5 
mmol)[d] 

0.1 

8 (batch) 1.5 (4.5 F·mol-1) 0.75 16 h -  0.01 

[a] 1k (0.3 mmol), 2a (0.2 mmol), FeCl3 (15 mol%), Et4NCl (1.5 equiv), AcOH (10 equiv) in 
CH3CN (0.1 M, 2 mL); solution sparged with N2 prior to irradiation. 52 W LED (λ = 390 nm), 
Flow reactor undivided cell: C anode/Pt|FTO cathode. [b] Yields determined by 1H NMR 
spectroscopy using CH2Br2 as external standard. [c] Isolated yield. [d] Isolated yield after 
reaction with n-butylamine to form product 23. 

  



Electrophotocatalytic Amidation of Aldehydes 

 

 

  111 

3.4.4 General procedure of electrophotocatalytic reactions in batch 

General Procedure 1 (GP1), batch conditions: A solution containing FeCl3 

(4.9 mg, 0.03 mmol, 15 mol%), azole (0.2 mmol, 1 equiv.), dry acetonitrile 

(2 mL), AcOH (115 μL, 2 mmol, 10 equiv.), Et4NCl (49.7 mg, 0.3 mmol, 1.5 

equiv.) and aldehyde (0.3 mmol, 1.5 equiv.) was prepared in a 5-mL vial 

equipped with an Electrasyn 2.0 cap with septum and stirring bar. On the 

cap, the graphite anode and the platinum foil cathode were fitted, and the 

solution was then sparged with nitrogen. The reaction was stirred, 

irradiated with 52 W 390 nm LEDs and electrolyzed at 1.5 mA for 16 h (0.75 

mA⸱cm-2, 4.5 F.mol-1 total charge). After the end of the reaction, the solution 

was collected, the solvent was removed under reduced pressure and the 

residue was redissolved in ethyl acetate and washed with water (10 ml) to 

remove the residual iron catalyst. The organic phases were dried (over 

MgSO4) and evaporated under reduced pressure, to afford the crude 

product.  

General Procedure 2 (GP2), batch conditions: A solution containing FeCl3 

(4.9 mg, 0.03 mmol, 15 mol%), pyrazole (13.6 mg, 0.2 mmol, 1 equiv.), dry 

acetonitrile (2 mL), AcOH (115 μL, 2 mmol, 10 equiv.), Et4NCl (49.7 mg, 0.3 

mmol, 1.5 equiv.) and aldehyde (0.3 mmol, 1.5 equiv.) was prepared in a 5-

mL vial equipped with an Electrasyn 2.0 cap with septum and stirring bar. 

On the cap, the graphite anode and the platinum foil cathode were fitted, 

and the solution was then sparged with nitrogen. The reaction was stirred, 

irradiated with 52 W 390 nm LEDs and electrolyzed at 1.5 mA for 16 h (0.75 

mA⸱cm-2, 4.5 F.mol-1 total charge). After the end of the reaction, 

triethylamine (280 μL, 2 mmol, 10 equiv. or 306 μL, 2.2 mmol, 11 equiv. for 

amine·HCl salts) and the amine (0.2 mmol, 1 equiv.) were added to the 

reaction mixture. The solution was let to react for 1 hour at room 

temperature. Then, the solution was collected, the solvent was removed 

under reduced pressure and the residue was redissolved in ethyl acetate 
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and washed with water (10 ml) to remove the residual iron catalyst. The 

organic phases were dried (over MgSO4) and evaporated under reduced 

pressure, to afford the crude product.  

3.4.5 General procedure of electrophotocatalytic reactions in flow  

General Procedure 3 (GP3), recirculating-flow conditions: A solution 

containing FeCl3 (122 mg, 0.75 mmol, 15 mol%), pyrazole (340.4 mg, 5 

mmol, 1 equiv.), dry acetonitrile (15 mL), AcOH (2.9 mL, 50 mmol, 10 

equiv.), Et4NCl (1.24 g, 7.5 mmol, 1.5 equiv.) and benzaldehyde (0.77 mL, 

7.5 mmol, 1.5 equiv.) was prepared in a 20-mL vial equipped with septum 

and stirring bar. The solution was then sparged with nitrogen. In the flow 

reactor, the graphite anode and the FTO/Platinum cathode were fitted. The 

flow rate was set to 0.08 mL⸱min‒1 with the peristaltic pump, corresponding 

to a residence time of 15 min, completing a closed loop with the reactor and 

the reaction mixture vial. The reaction was then irradiated with 52 W 390 

nm LEDs and electrolyzed at 26 mA (1.08 mA⸱cm-2, 4.5 F.mol-1 total charge, 

24 h total reaction time). After the end of the reaction, triethylamine (7 mL, 

50 mmol, 10 equiv.) and butylamine (0.74 mL, 5 mmol, 1 equiv.) were 

added to the reaction mixture. The solution was let to react for 1 hour at 

room temperature. Then, the solution was collected, the solvent was 

removed under reduced pressure and the residue was redissolved in ethyl 

acetate and washed with water (100 ml) to remove the residual iron 

catalyst. The organic phases were dried (over MgSO4) and evaporated 

under reduced pressure, to afford the crude product. 
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3.4.6 Mechanistic investigations 

3.4.6.1 Radical trapping experiments 

Radical trapping experiments were performed adapting general Procedure 

1 (GP1): To an oven-dried vial was added FeCl3 (4.9 mg, 0.03 mmol, 15 

mol%), 1a (42.2 mg, 0.3 mmol, 1.5 equiv), AcOH (115 μL, 2 mmol, 10 

equiv.), Et4NCl (49.7 mg, 0.3 mmol, 1.5 equiv.), 2a (13.6 mg, 0.2 mmol, 1 

equiv), TEMPO (125 mg, 0.8 mmol, 4 equiv.) and dry acetonitrile (2 mL). 

The mixture was swirled until homogenous, sparged with nitrogen and 

taken to the reactor. The reaction was then irradiated with 52 W 390 nm 

LEDs and electrolyzed at 1.5 mA (0.75 mA⸱cm-2, 4.5 F.mol-1 total charge). 

After completion, the solvent was removed under reduced pressure and the 

residue was redissolved in ethyl acetate and washed with water (10 ml) to 

remove the residual iron catalyst. The organic phases were dried (over 

MgSO4) and evaporated under reduced pressure, to afford the crude 

product. The yield was measured with 1H NMR, with dibromomethane as 

external standard. Adduct 38 was observed and identified by HRMS and 1H 

NMR indicating the existence of carbon-centered radicals in the solution. 

HRMS (FD) m/z calcd for C16H22ClNO2: 295.1339; found: 295.1344. The 

spectroscopic data are consistent with those reported previously.[28]  
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Figure S3.4: 1H NMR spectrum of the crude reaction mixture with the TEMPO-adduct 
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Figure S3.5: HRMS of the TEMPO-adduct 38. 

 

  



Chapter 3 

 

 

116 

To an oven-dried vial was added FeCl3 (4.9 mg, 0.03 mmol, 15 mol%), 1a 

(42.2 mg, 0.3 mmol, 1.5 equiv), AcOH (115 μL, 2 mmol, 10 equiv.), Et4NCl 

(49.7 mg, 0.3 mmol, 1.5 equiv.), 2a (13.6 mg, 0.2 mmol, 1 equiv), dimethyl 

maleate (100 μL, 0.8 mmol, 4 equiv.) and dry acetonitrile (2 mL). The 

mixture was swirled until homogenous, sparged with nitrogen and taken to 

the reactor. The reaction was then irradiated with 52 W 390 nm LEDs and 

electrolyzed at 1.5 mA (0.75 mA⸱cm-2, 4.5 F.mol-1 total charge). After 

completion, the solvent was removed under reduced pressure and the 

residue was redissolved in ethyl acetate and washed with water (10 ml) to 

remove the residual iron catalyst. The organic phases were dried (over 

MgSO4) and evaporated under reduced pressure, to afford the crude 

product. The yield was measured with 1H NMR, with trichloroethylene as 

external standard. Adduct 39 was observed and identified by 1H NMR 

indicating the existence of carbon-centered radicals in the solution. The 

spectroscopic data are consistent with those reported previously.[29] 
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Figure S3.6: 1H NMR spectrum of the crude reaction mixture with the dimethyl maleate-adduct 
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3.4.6.2 Kinetic isotope effects 

Parallel experiment: The experiment was performed adapting general 

Procedure 1 (GP1) in batch conditions using 1a (0.3 mmol, 1.5 equiv.) or 

1a-d1 (0.3 mmol, 1.5 equiv.). A KIE of 1.13 was measured, indicating that 

hydrogen atom transfer (HAT) is not the rate-determining step (Scheme 

S5). 

 

Figure S3.7: KIE parallel experiments 

3.4.6.3 Cation trapping experiments 

To gain better understanding reaction proceeds through an acyl chloride 

or a carbocation intermediate, 1a was allowed to react with 2a under the 

model reaction conditions. As expected, product 3 was detected with 

HRMS, as well as 4-chlorobenzoic acid S4. However, no acyl chloride was 

detected under these conditions. Similarly, in the absence of 2a, S4 was 

detected with HRMS, as well as the corresponding anhydride S3. While 

acetic acid is a weak nucleophile and will not attack the substrate in the 

presence of pyrazole, the envisioned carbocation would still be quenched 

by any other nucleophile when 2a is not present. Notably, 4-chlorobenzyl 

chloride S2 was never detected under these conditions (Figures S3.8-10) 
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 Figure S3.8: Control reactions of 1a with or without 2a  

 

Figure S3.9: HRMS of the crude mixture of the reaction of 1a with 2a 

 

Figure S3.10: HRMS of the crude mixture of the reaction of 1a without 2a 

To support the previous results and gain better understanding of the 

possible intermediates of the reaction, the acyl chloride S2 was allowed to 

react with the pyrazole 2a and at room temperature. Under the neutral or 

the acidic conditions of the model reaction (MR), the reaction took place 

successfully, although not to full conversion even after 4 hours. This 

indicates that, whether a chlorinated intermediate is formed, nucleophilic 
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substitution would lead to the desired product. However, the acyl chloride 

S2 could not be substituted by the acetic acid to yield the anhydride S3, 

under model reaction conditions (Figure S3.11) 

 

 

Figure S3.11: Control reactions of the acyl chloride S2 

Finally, the benzaldehyde 1a was allowed to react with methanol (10 

equiv). Under conditions of the model reaction (MR), the reaction took 

place successfully, to yield 18% of the methyl ester S5. The spectroscopic 

data are consistent with those reported previously.[30] With this result, the 

potential acyl cation intermediate was trapped with 3 different 

nucleophiles (pyrazole, acetic acid and methanol), supporting the initial 

hypothesis of its existence. 
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Figure S3.12: Control reaction of 1a with methanol 
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Figure S3.13: GCMS chromatogram of the crude reaction mixture 
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3.4.6.4 On-Off experiments 

The On-Off experiments were performed adapting general Procedure 1 

(GP1): To an oven-dried vial was added FeCl3 (4.9 mg, 0.03 mmol, 15 

mol%), 4-fluorobenzaldehyde 1b (32 μL, 0.3 mmol, 1.5 equiv), AcOH (115 

μL, 2 mmol, 10 equiv.), Et4NCl (49.7 mg, 0.3 mmol, 1.5 equiv.), 2a (13.6 mg, 

0.2 mmol, 1 equiv), 1,4-difluorobenzene (20.5 μL, 0.2 mmol, 1 equiv.) and 

dry acetonitrile (3 mL). The mixture was swirled until homogenous, 

sparged with nitrogen and taken to the reactor. The reaction was then 

irradiated with 52 W 390 nm LEDs and electrolyzed at 1.5 mA (0.75 mA⸱cm-

2). 6 cycles of switching electricity and/or light were performed of which 

samples of 100 μL were taken every 60 min. The yield was measured with 

19F NMR, with 1,4-difluorobenzene as internal standard. In all experiments, 

when light or electricity is absent, the reaction yield remains the same, 

indicating the combining effect of both in the reaction. 

 

Figure S3.14: On-Off experiments 

 

  

On-Off electricity and light On-Off light only On-Off electricity only 
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3.4.6.5 Proposed mechanism 

  

Figure S3.15: Proposed mechanism 
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3.4.7 Limitations of the scope for the direct functionalization of 

aldehydes  

  

Figure S3.16: Failed or low-yielding entries of the scope 
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3.4.8 Characterization Data 

 

(4-chlorophenyl)(1H-pyrazol-1-yl)methanone (3) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
white solid (31 mg, 75%). 

1H NMR (300 MHz, CDCl3) δ 8.44 (dd, J = 2.9, 0.7 Hz, 1H), 8.17 – 8.08 (m, 2H), 7.80 (dd, J = 
1.5, 0.7 Hz, 1H), 7.53 – 7.44 (m, 2H), 6.54 (dd, J = 2.9, 1.5 Hz, 1H).  

13C NMR (101 MHz, CDCl3) δ 165.4, 144.8, 139.8, 133.2, 130.6, 129.9, 128.6, 109.8. 

HRMS (FD) m/z calcd for [M]+: 206.0247; found: 206.0250. 

 

(4-fluorophenyl)(1H-pyrazol-1-yl)methanone (4) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
white solid (31.2 mg, 82%). 

1H NMR (400 MHz, CDCl3) δ 8.44 (d, J = 2.9 Hz, 1H), 8.23 (dd, J = 8.8, 5.5 Hz, 2H), 7.83 – 7.78 
(m, 1H), 7.18 (t, J = 8.6 Hz, 2H), 6.53 (dd, J = 2.9, 1.5 Hz, 1H).  

13C NMR (101 MHz, CDCl3) δ 165.8 (d, J = 255.4 Hz), 165.2, 144.7, 134.6 (d, J = 9.2 Hz), 130.7, 
127.7 (d, J = 3.1 Hz), 115.5 (d, J = 21.9 Hz), 109.7.  

19F NMR (282 MHz, CDCl3) δ -104.7.  

The spectroscopic data are consistent with those reported previously.[14]  

 

(3-fluorophenyl)(1H-pyrazol-1-yl)methanone (5) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
colorless oil (23.6 mg, 62%). 

1H NMR (300 MHz, CDCl3) δ 8.44 (dd, J = 2.9, 0.7 Hz, 1H), 7.95 (dt, J = 7.8, 1.3 Hz, 1H), 7.89 
(ddd, J = 9.4, 2.6, 1.6 Hz, 1H), 7.85 – 7.78 (m, 1H), 7.49 (td, J = 8.0, 5.5 Hz, 1H), 7.32 (tdd, J = 
8.3, 2.7, 1.0 Hz, 1H), 6.54 (dd, J = 2.9, 1.5 Hz, 1H).  

13C NMR (101 MHz, CDCl3) δ 165.1 (d, J = 2.9 Hz), 162.2 (d, J = 247.1 Hz), 144.9, 133.5 (d, J = 
7.6 Hz), 130.6, 129.9 (d, J = 7.7 Hz), 127.5 (d, J = 3.2 Hz), 120.2 (d, J = 21.2 Hz), 118.8 (d, J = 
24.0 Hz), 109.9.  

19F NMR (376 MHz, CDCl3) δ -112.1.  

HRMS (FD) m/z calcd for [M]+: 190.0542; found: 190.0547. 
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(1H-pyrazol-1-yl)(4-(trifluoromethyl)phenyl)methanone (6) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
colorless oil (39.4 mg, 82%). 

1H NMR (400 MHz, CDCl3) δ 8.46 (d, J = 2.9 Hz, 1H), 8.23 (d, J = 8.1 Hz, 2H), 7.88 – 7.71 (m, 
3H), 6.57 (dd, J = 2.9, 1.5 Hz, 1H).  

13C NMR (101 MHz, CDCl3) δ 165.5, 145.2, 135.0, 134.4 (q, J = 32.8 Hz), 131.9, 130.5, 125.2 
(q, J = 3.7 Hz), 123.7 (q, J = 272.8 Hz), 110.2.  

19F NMR (282 MHz, CDCl3) δ -74.6.  

The spectroscopic data are consistent with those reported previously.[14]  

 

(4-phenoxyphenyl)(1H-pyrazol-1-yl)methanone (7) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
colorless oil (27.5 mg, 52%). 

1H NMR (300 MHz, CDCl3) δ 8.44 (dd, J = 2.9, 0.7 Hz, 1H), 8.26 – 8.16 (m, 2H), 7.80 (dd, J = 
1.4, 0.7 Hz, 1H), 7.46 – 7.35 (m, 2H), 7.25 – 7.17 (m, 1H), 7.14 – 7.08 (m, 2H), 7.08 – 7.01 (m, 
2H), 6.51 (dd, J = 2.9, 1.5 Hz, 1H).  

13C NMR (75 MHz, CDCl3) δ 165.5, 162.3, 155.4, 144.4, 134.3, 130.6, 130.2, 125.4, 124.9, 
120.5, 117.0, 109.3.  

HRMS (FD) m/z calcd for [M]+: 264.0899; found: 264.0892. 

 

naphthalen-1-yl(1H-pyrazol-1-yl)methanone (8) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
yellow solid (25.8 mg, 58%). 

1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 2.8 Hz, 1H), 8.05 (d, J = 8.2 Hz, 1H), 8.00 (dd, J = 6.4, 
3.4 Hz, 1H), 7.92 (dd, J = 6.3, 3.3 Hz, 1H), 7.82 (dd, J = 7.2, 1.2 Hz, 1H), 7.76 (d, J = 1.4 Hz, 1H), 
7.61 – 7.50 (m, 3H), 6.56 (dd, J = 2.9, 1.4 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 167.5, 145.0, 133.6, 132.3, 131.0, 130.2, 129.9, 129.0, 128.7, 
127.7, 126.6, 125.1, 124.4, 110.1. 

The spectroscopic data are consistent with those reported previously.[14]  
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(1H-pyrazol-1-yl)(4-(pyridin-2-yl)phenyl)methanone (9) 

Prepared according to GP1. Rf=0.3 (Pentane:Ethyl Acetate 9:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 8:2) to afford the product as a colorless 
oil (20.5 mg, 41%). 

1H NMR (400 MHz, CDCl3) δ 8.76 (d, J = 4.7 Hz, 1H), 8.47 (d, J = 2.8 Hz, 1H), 8.27 (d, J = 8.1 
Hz, 2H), 8.16 (d, J = 8.2 Hz, 2H), 7.83 (d, J = 4.2 Hz, 3H), 7.33 (q, J = 4.6 Hz, 1H), 6.55 (dd, J = 
2.9, 1.5 Hz, 1H).  

13C NMR (101 MHz, CDCl3) δ 166.2, 156.0, 149.8, 144.7, 143.2, 137.5, 132.3, 131.9, 130.6, 
126.8, 123.2, 121.4, 109.7. 

HRMS (ESI) m/z calcd for [M+H]+: 250.0980; found: 250.0981. 

 

(4,6-dichloropyridin-3-yl)(1H-pyrazol-1-yl)methanone (10) 

Prepared according to GP1. Rf=0.3 (Pentane:Ethyl Acetate 9:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 8:2) to afford the product as a white 
solid (26.6 mg, 55%). 

1H NMR (300 MHz, CDCl3) δ 8.55 (s, 1H), 8.41 (dd, J = 2.9, 0.7 Hz, 1H), 7.77 (dd, J = 1.5, 0.7 
Hz, 1H), 7.52 (d, J = 0.5 Hz, 1H), 6.59 (dd, J = 2.9, 1.5 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 163.0, 154.2, 150.2, 145.8, 144.4, 129.3, 128.5, 125.2, 111.3. 

HRMS (ESI) m/z calcd for [M+H]+: 241.9888; found: 241.9898. 

 

(E)-3-phenyl-1-(1H-pyrazol-1-yl)prop-2-en-1-one (11) 

Prepared according to GP1. Rf=0.3 (Pentane:Ethyl Acetate 9:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 8:2) to afford the product as a yellow 
solid (21.8 mg, 55%). 

1H NMR (400 MHz, CDCl3) δ 8.40 (d, J = 2.9 Hz, 1H), 8.04 (d, J = 15.9 Hz, 1H), 7.92 (dd, J = 
15.9, 1.3 Hz, 1H), 7.79 (d, J = 1.6 Hz, 1H), 7.74 – 7.67 (m, 2H), 7.47 – 7.40 (m, 3H), 6.50 (dd, J 
= 2.8, 1.5 Hz, 1H).  

13C NMR (101 MHz, CDCl3) δ 163.8, 148.0, 144.0, 134.6, 131.2, 129.1, 129.0, 128.9, 115.9, 
110.0.  

The spectroscopic data are consistent with those reported previously.[31] 
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(1H-pyrazol-1-yl)(thiophen-2-yl)methanone (12) 

Prepared according to GP1. Rf=0.3 (Pentane:Ethyl Acetate 9:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 8:2) to afford the product as a white 
solid (25 mg, 70%). 

1H NMR (400 MHz, CDCl3) δ 8.47 – 8.37 (m, 2H), 7.85 – 7.77 (m, 2H), 7.19 (dd, J = 5.0, 3.9 Hz, 
1H), 6.51 (dd, J = 2.9, 1.5 Hz, 1H).  

13C NMR (101 MHz, CDCl3) δ 159.0, 144.2, 138.7, 137.5, 132.6, 129.9, 127.5, 109.8. 

The spectroscopic data are consistent with those reported previously.[32]  

 

phenyl(1H-pyrazol-1-yl)methanone (13) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
colorless oil (28.2 mg, 82%).  

1H NMR (300 MHz, CDCl3) δ 8.44 (d, J = 2.9 Hz, 1H), 8.12 (dt, J = 7.2, 1.4 Hz, 2H), 7.81 (d, J = 
1.5 Hz, 1H), 7.68 – 7.56 (m, 1H), 7.51 (dd, J = 8.3, 6.8 Hz, 2H), 6.53 (dd, J = 2.9, 1.5 Hz, 1H).  

13C NMR (75 MHz, CDCl3) δ 166.6, 144.6, 133.1, 131.6, 131.6, 130.6, 128.2, 109.6.  

The spectroscopic data are consistent with those reported previously.[14]  

 

phenyl(3-phenyl-1H-pyrazol-1-yl)methanone (14) and phenyl(5-phenyl-1H-pyrazol-1-
yl)methanone (14’) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
colorless oil as an inseparable mixture of regioisomers (22.3 mg, 45%).  

1H NMR (300 MHz, CDCl3) δ 9.23 (s, 0.1H), 8.48 (d, J = 2.9 Hz, 1H), 8.30 – 8.20 (m, 2H), 7.89 
(dd, J = 8.0, 1.6 Hz, 2.2H), 7.69 – 7.60 (m, 1H), 7.57 – 7.49 (m, 2H), 7.48 – 7.35 (m, 3.4H), 6.87 
(d, J = 2.9 Hz, 1H), 6.78 (d, J = 2.9 Hz, 0.1H).  

13C NMR (101 MHz, CDCl3) δ 166.3, 156.1, 133.1, 132.0, 132.0, 131.9, 131.7, 129.3, 128.9, 
128.2, 126.5, 107.3. 

Overlapping of peaks avoids the unambiguous 1H and 13C NMR characterization of the minor 
isomer.  

The spectroscopic data are consistent with those reported previously.[33] 
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(4-methyl-1H-pyrazol-1-yl)(phenyl)methanone (15) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
colorless oil (24.6 mg, 66%).  

1H NMR (300 MHz, CDCl3) δ 8.18 (t, J = 1.0 Hz, 1H), 8.13 – 8.02 (m, 2H), 7.67 – 7.56 (m, 2H), 
7.56 – 7.43 (m, 2H), 2.16 (d, J = 1.1 Hz, 3H).  

13C NMR (75 MHz, CDCl3) δ 166.4, 146.3, 132.9, 131.9, 131.4, 128.3, 128.2, 120.5, 9.1. 

The spectroscopic data are consistent with those reported previously.[33] 

 

(3,5-dimethyl-1H-pyrazol-1-yl)(phenyl)methanone (16) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
colorless oil (23.6 mg, 59%).  

1H NMR (400 MHz, CDCl3) δ 8.02 – 7.95 (m, 2H), 7.60 – 7.52 (m, 1H), 7.46 (dd, J = 8.4, 7.0 Hz, 
2H), 6.06 (s, 1H), 2.64 (s, 3H), 2.25 (s, 3H).  

13C NMR (101 MHz, CDCl3) δ 168.6, 152.3, 145.2, 133.5, 132.6, 131.5, 128.0, 111.2, 14.5, 14.0.  

The spectroscopic data are consistent with those reported previously.[34] 

 

tert-butyl (1-benzoyl-1H-pyrazol-4-yl)carbamate (17) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
colorless oil (24.1 mg, 42%).  

1H NMR (300 MHz, CDCl3) δ 8.45 (s, 1H), 8.21 – 8.00 (m, 2H), 7.82 (s, 1H), 7.67 – 7.54 (m, 
1H), 7.54 – 7.41 (m, 2H), 6.49 (s, 1H), 1.53 (s, 9H).  

13C NMR (101 MHz, CDCl3) δ 166.3, 152.6, 137.4, 132.9, 131.6, 131.4, 128.2, 125.2, 118.0, 
81.4, 28.4. 

HRMS (ESI) m/z calcd for [M+H]+: 288.1343; found: 288.1347. 
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(4-chloro-1H-pyrazol-1-yl)(phenyl)methanone (18) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
colorless oil (28.9 mg, 70%).  

1H NMR (300 MHz, CDCl3) δ 8.40 (d, J = 0.8 Hz, 1H), 8.17 – 8.02 (m, 2H), 7.72 (d, J = 0.8 Hz, 
1H), 7.68 – 7.59 (m, 1H), 7.57 – 7.46 (m, 2H).  

13C NMR (75 MHz, CDCl3) δ 165.6, 143.2, 133.5, 131.7, 130.6, 128.3, 128.0, 115.6.  

The spectroscopic data are consistent with those reported previously.[33]  

 

(4-bromo-1H-pyrazol-1-yl)(phenyl)methanone (19) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
colorless oil (27.1 mg, 54%).  

1H NMR (300 MHz, CDCl3) δ 8.45 (d, J = 0.8 Hz, 1H), 8.13 – 8.04 (m, 2H), 7.74 (d, J = 0.7 Hz, 
1H), 7.67 – 7.60 (m, 1H), 7.55 – 7.47 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 165.4, 145.0, 133.5, 131.7, 130.6, 130.4, 130.4, 128.3, 99.5. 

The spectroscopic data are consistent with those reported previously.[33]  

 

(4-fluoro-1H-pyrazol-1-yl)(phenyl)methanone (20) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
white solid (17.1 mg, 45%).  

1H NMR (400 MHz, CDCl3) δ 8.26 (d, J = 4.8 Hz, 1H), 8.10 – 8.03 (m, 2H), 7.70 (d, J = 4.4 Hz, 
1H), 7.67 – 7.58 (m, 1H), 7.51 (t, J = 7.8 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 166.4, 151.7 (d, J = 256.4 Hz), 133.9 (d, J = 16.4 Hz), 133.3, 
131.7, 130.7, 128.3, 115.3 (d, J = 28.0 Hz). 

19F NMR (282 MHz, CDCl3) δ -171.29. 

HRMS (FD) m/z calcd for [M]+: 190.0542; found: 190.1549. 
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phenyl(4-(trifluoromethyl)-1H-pyrazol-1-yl)methanone (21) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
white solid (13.9 mg, 29%). 

1H NMR (300 MHz, CDCl3) δ 8.78 – 8.68 (m, 1H), 8.23 – 8.10 (m, 2H), 7.96 (s, 1H), 7.73 – 7.62 
(m, 1H), 7.62 – 7.48 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 165.9, 140.6 (d, J = 2.5 Hz), 134.0, 131.9, 130.3, 130.3, 128.5, 
122.0 (q, J = 267.4 Hz), 117.2 (q, J = 38.8 Hz). 

19F NMR (282 MHz, CDCl3) δ -57.74. 

HRMS (FD) m/z calcd for [M]+: 240.0510; found: 240.0512. 

 

phenyl(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazol-1-yl)methanone (22) 

Prepared according to GP1. Rf=0.3 (Pentane:Dichloromethane 3:1); purified by flash column 
chromatography on silica gel (Pentane:Dichloromethane 5:1) to afford the product as a 
colorless oil (12.5 mg, 21%). 

1H NMR (300 MHz, CDCl3) δ 8.71 (d, J = 0.7 Hz, 1H), 8.13 – 8.08 (m, 2H), 8.00 (d, J = 0.7 Hz, 
1H), 7.65 – 7.58 (m, 1H), 7.54 – 7.47 (m, 2H). 

11B NMR (96 MHz, CDCl3) δ 29.54. 

13C NMR (75 MHz, CDCl3) δ 166.3, 149.2, 137.9, 133.3, 131.6, 131.6, 128.3, 109.6, 84.1, 24.9. 

HRMS (FD) m/z calcd for [M]+: 298.1489; found: 298.1492. 

 

N-butylbenzamide (23) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 4:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 3:1) to afford the product as a colorless 
oil (28.3 mg, 80%). 

1H NMR (300 MHz, CDCl3) δ 7.84 – 7.69 (m, 2H), 7.52 – 7.36 (m, 3H), 6.28 (s, 1H), 3.44 (td, J 
= 7.1, 5.7 Hz, 2H), 1.69 – 1.52 (m, 2H), 1.50 – 1.32 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H).  

13C NMR (75 MHz, CDCl3) δ 167.7, 135.0, 131.4, 128.6, 127.0, 39.9, 31.8, 20.3, 13.9.  

The spectroscopic data are consistent with those reported previously.[35] 
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N-(3-chloropropyl)benzamide (24) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 4:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 3:1) to afford the product as a colorless 
oil (37.7 mg, 96%). 

1H NMR (300 MHz, CDCl3) δ 7.89 – 7.66 (m, 1H), 7.58 – 7.34 (m, 2H), 6.50 (s, 1H), 3.82 – 3.31 
(m, 2H), 2.11 (p, J = 6.5 Hz, 1H).  

13C NMR (75 MHz, CDCl3) δ 167.9, 134.5, 131.7, 128.7, 127.0, 42.9, 37.8, 32.1. 

HRMS (ESI) m/z calcd for [M+H]+: 198.0686; found: 198.0687. 

 

N-cyclopentylbenzamide (25) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 4:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 3:1) to afford the product as a colorless 
oil (30.3 mg, 80%). 

1H NMR (300 MHz, CDCl3) δ 7.79 – 7.69 (m, 2H), 7.51 – 7.32 (m, 3H), 6.25 (s, 1H), 4.38 (h, J 
= 7.0 Hz, 1H), 2.14 – 1.97 (m, 2H), 1.80 – 1.53 (m, 4H), 1.57 – 1.39 (m, 2H).  

13C NMR (75 MHz, CDCl3) δ 167.3, 135.0, 131.3, 128.6, 126.9, 51.8, 33.3, 23.9.  

The spectroscopic data are consistent with those reported previously.[15] 

 

N-(4,4-difluorocyclohexyl)benzamide (26) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 4:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 3:1) to afford the product as a white 
solid (36.4 mg, 76%). 

1H NMR (300 MHz, CDCl3) δ 7.87 – 7.68 (m, 2H), 7.57 – 7.36 (m, 3H), 6.05 (d, J = 8.0 Hz, 1H), 
4.11 (td, J = 11.4, 7.5 Hz, 1H), 2.26 – 2.04 (m, 2H), 2.04 – 1.75 (m, 1H), 1.63 (qd, J = 13.0, 4.2 
Hz, 1H).  

13C NMR (75 MHz, CDCl3) δ 167.2, 134.6, 131.8, 128.8, 127.0, 122.6 (t, J = 241 Hz), 46.9, 32.4 
(t, J = 24.8 Hz), 28.9 (d, J = 9.6 Hz).  

19F NMR (282 MHz, CDCl3) δ -94.73 (d, J = 237.7 Hz), -101.47 (d, J = 237.7 Hz). 

The spectroscopic data are consistent with those reported previously.[36] 
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tert-butyl 1-benzamido-7-azaspiro[3.5]nonane-7-carboxylate (27) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 4:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 3:1) to afford the product as a colorless 
oil (28.2 mg, 41%). 

1H NMR (300 MHz, CDCl3) δ 7.81 – 7.67 (m, 2H), 7.57 – 7.31 (m, 3H), 6.29 (d, J = 8.2 Hz, 1H), 
4.37 (q, J = 8.6 Hz, 1H), 3.87 – 3.72 (m, 2H), 3.08 – 2.76 (m, 2H), 2.37 (dtd, J = 11.1, 8.5, 2.6 
Hz, 1H), 2.02 – 1.70 (m, 3H), 1.69 – 1.51 (m, 4H), 1.42 (s, 9H).  

13C NMR (101 MHz, CDCl3) δ 167.3, 154.9, 134.5, 131.6, 128.7, 127.0, 79.5, 51.9, 44.3, 40.3, 
37.8, 30.0, 28.6, 25.9, 24.3.  

HRMS (ESI) m/z calcd for [M+H]+: 345.2178; found: 345.2182. 

 

N-(bicyclo[1.1.1]pentan-1-yl)benzamide (28) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 4:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 3:1) to afford the product as a white 
solid (10.9 mg, 29%). 

1H NMR (300 MHz, CDCl3) δ 7.78 – 7.70 (m, 2H), 7.52 – 7.36 (m, 3H), 6.57 (s, 1H), 2.50 (s, 
1H), 2.19 (s, 6H).  

13C NMR (75 MHz, CDCl3) δ 167.6, 134.6, 131.6, 128.7, 127.0, 53.0, 49.2, 25.1.  

The spectroscopic data are consistent with those reported previously.[37] 

 

morpholino(phenyl)methanone (29) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 4:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 3:1) to afford the product as a yellow 
oil (34.4 mg, 90%).[35] 

1H NMR (300 MHz, CDCl3) δ 7.47 – 7.33 (m, 5H), 3.94 – 3.35 (m, 8H).  

13C NMR (75 MHz, CDCl3) δ 170.5, 135.4, 130.0, 128.6, 127.2, 67.0, 48.1, 42.7.  

The spectroscopic data are consistent with those reported previously. 
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tert-butyl 2-benzoyl-2,7-diazaspiro[3.5]nonane-7-carboxylate (30) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 4:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 3:1) to afford the product as a white 
solid (54.9 mg, 83%). 

1H NMR (300 MHz, CDCl3) δ 7.71 – 7.58 (m, 2H), 7.51 – 7.33 (m, 3H), 4.04 – 3.87 (m, 4H), 
3.35 (t, J = 5.7 Hz, 4H), 1.73 (q, J = 5.7 Hz, 4H), 1.44 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 170.6, 154.8, 133.2, 131.2, 128.5, 128.0, 79.9, 63.2, 58.4, 40.8, 
35.3, 34.4, 28.5. 

The spectroscopic data are consistent with those reported previously.[38] 

 

(4-(8-chlorodibenzo[b,f][1,4]oxazepin-11-yl)piperazin-1-yl)(phenyl)methanone (31) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 4:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 3:1) to afford the product as a colorless 
oil (61 mg, 73%). 

1H NMR (400 MHz, CDCl3) δ 7.46 – 7.36 (m, 6H), 7.32 (d, J = 2.6 Hz, 1H), 7.19 (dd, J = 8.5, 1.2 
Hz, 1H), 7.17 – 7.05 (m, 3H), 7.01 (td, J = 7.5, 1.9 Hz, 1H), 3.89 (s, 2H), 3.56 (s, 6H).  

13C NMR (101 MHz, CDCl3) δ 170.7, 159.5, 158.8, 151.9, 139.8, 135.6, 132.9, 130.6, 130.0, 
128.9, 128.7, 127.2, 127.2, 126.0, 125.1, 124.9, 123.0, 120.3, 47.8, 42.1.  

HRMS (ESI) m/z calcd for [M+H]+: 418.1322; found: 418.1317. 

 

methyl benzoyl-L-prolinate (32) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 4:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 3:1) to afford the product as a white 
solid (28 mg, 60%). 

1H NMR (300 MHz, CDCl3) δ 7.61 – 7.52 (m, 2H), 7.47 – 7.32 (m, 3H), 4.67 (dd, J = 8.4, 5.2 Hz, 
1H), 3.77 (s, 3H), 3.65 (dt, J = 10.1, 6.9 Hz, 1H), 3.53 (dq, J = 10.4, 2.4 Hz, 1H), 2.31 (dtd, J = 
11.2, 6.8, 2.1 Hz, 1H), 2.03 (dddd, J = 14.4, 11.9, 6.3, 2.2 Hz, 2H), 1.89 (tdd, J = 11.6, 7.0, 3.5 
Hz, 1H). 

13C NMR (75 MHz, CDCl3) δ 172.9, 169.8, 136.3, 130.3, 128.3, 127.4, 59.2, 52.4, 50.0, 29.5, 
25.5. 

The spectroscopic data are consistent with those reported previously.[39] 
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methyl (thiophene-2-carbonyl)-L-serinate (33) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 1:2); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 1:1) to afford the product as a white 
solid (26.1 mg, 57%). 

1H NMR (400 MHz, CDCl3) δ 7.59 (d, J = 3.5 Hz, 1H), 7.51 (dt, J = 5.0, 1.4 Hz, 1H), 7.08 (dd, J = 
5.1, 3.7 Hz, 1H), 7.03 (d, J = 7.2 Hz, 1H), 4.83 (dt, J = 7.1, 3.5 Hz, 1H), 4.05 (qd, J = 11.3, 3.4 Hz, 
2H), 3.81 (d, J = 1.7 Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 171.1, 162.3, 138.0, 131.0, 129.0, 127.9, 63.5, 55.2, 53.1.  

The spectroscopic data are consistent with those reported previously.[40] 

 

methyl (3-fluoroisonicotinoyl)-L-tyrosinate (34) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 1:2); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 1:1) to afford the product as a colorless 
oil (13.4 mg, 21%). 

1H NMR (400 MHz, CDCl3) δ 8.61 – 8.52 (m, 2H), 7.90 (t, J = 5.7 Hz, 1H), 7.15 (t, J = 9.1 Hz, 
1H), 6.99 (d, J = 8.2 Hz, 2H), 6.75 (d, J = 8.4 Hz, 2H), 5.07 – 4.92 (m, 1H), 3.78 (s, 3H), 3.18 
(qd, J = 14.1, 5.7 Hz, 2H).  

13C NMR (75 MHz, CDCl3) δ 171.6, 161.0, 155.6, 146.7, 139.4 (d, J = 27.2 Hz), 130.5, 127.6 (d, 
J = 10.1 Hz), 126.9, 124.7, 115.9, 115.7, 54.3, 52.8, 37.0. 

19F NMR (282 MHz, CDCl3) δ -127.95.  

HRMS (ESI) m/z calcd for [M+H]+: 319.1094; found: 319.1099. 

 

methyl (S)-5-((1-methoxy-1-oxo-3-phenylpropan-2-yl)carbamoyl)picolinate (35) 

Prepared according to GP1. Rf=0.3 (Pentane:Ethyl Acetate 2:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 1:1) to afford the product as yellow oil 
(24 mg, 35%). 

11H NMR (300 MHz, CDCl3) δ 8.98 (dd, J = 2.0, 1.1 Hz, 1H), 8.37 – 8.06 (m, 2H), 7.34 – 7.21 
(m, 4H), 7.12 (dd, J = 7.6, 1.9 Hz, 2H), 6.64 (d, J = 7.6 Hz, 1H), 5.08 (dt, J = 7.6, 5.7 Hz, 1H), 
4.02 (s, 3H), 3.80 (s, 3H), 3.41 – 3.15 (m, 2H).  

13C NMR (75 MHz, CDCl3) δ 171.8, 165.0, 164.3, 150.3, 148.2, 136.4, 135.5, 132.4, 129.4, 
129.0, 127.6, 125.1, 53.7, 53.3, 52.8, 37.8. 
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HRMS (ESI) m/z calcd for [M+H]+: 343.1294; found: 343.1299. 

 

N-(3-phenylpropyl)heptanamide (36) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 3:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 2:1) to afford the product as a colorless 
oil (17.3 mg, 35%). 

1H NMR (300 MHz, CDCl3) δ 7.35 – 7.24 (m, 2H), 7.22 – 7.15 (m, 3H), 5.36 (s, 1H), 3.29 (td, J 
= 7.2, 5.9 Hz, 2H), 2.65 (t, J = 7.6 Hz, 2H), 2.25 – 2.02 (m, 2H), 1.94 – 1.76 (m, 2H), 1.60 (d, J 
= 7.2 Hz, 2H), 1.28 (ddt, J = 7.5, 5.5, 2.4 Hz, 6H), 1.03 – 0.78 (m, 3H).  

13C NMR (101 MHz, CDCl3) δ 173.3, 141.6, 128.6, 128.5, 126.1, 39.3, 37.0, 33.5, 31.7, 31.4, 
29.1, 25.9, 22.6, 14.1. 

HRMS (ESI) m/z calcd for [M+H]+: 248.2009; found: 248.2016. 

 

N-isopropyl-3-phenylpropanamide (37) 

Prepared according to GP2. Rf=0.3 (Pentane:Ethyl Acetate 3:1); purified by flash column 
chromatography on silica gel (Pentane:Ethyl Acetate 2:1) to afford the product as a white 
solid (12.2 mg, 32%). 

1H NMR (300 MHz, CDCl3) δ 7.33 – 7.24 (m, 2H), 7.22 – 7.15 (m, 3H), 5.25 (s, 1H), 4.03 (dp, J 
= 8.0, 6.6 Hz, 1H), 2.94 (dd, J = 8.4, 7.0 Hz, 2H), 2.42 (dd, J = 8.4, 7.0 Hz, 2H), 1.06 (d, J = 6.6 
Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 171.3, 141.0, 128.6, 128.5, 126.3, 41.4, 38.8, 32.0, 22.8, 22.8.  

The spectroscopic data are consistent with those reported previously.[41] 
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