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Abstract 

 

Visible light occupies 43 % of solar radiation energy. It  is sustainable 

and harmless to the human body, but it is rarely utilized for controlling 

chemical reactions because most organic matter cannot directly absorb 

visible light. In the late 2000, photochemical reaction started to gain 

attention after the introduction of an asymmetric alkylation reaction of 

aldehydes catalyzed by Ru(bpy)3
2+, and [2+2] cycloaddition reaction of 

enone. Recently, various transition metal catalysts based on ruthenium and 

iridium transition metals have been rapidly discovered and widely utilized 

for various organic reactions. However, ruthenium and iridium are rare 

earth elements; therefore, they could not be genuinely sustainable 

technology. 

Alternatively, graphitic carbon nitride is a semiconductor material that 

consists of earth-abundant carbon and nitrogen and absorbs visible light 

because its bandgap is 2.6 eV. Moreover, it is thermally and chemically 

stable and easily recycled due to its heterogeneous nature . Thus, graphitic 

carbon nitride has been intensively applied to solar energy-driven water-

splitting reactions; however, applications to organic reactions are rarely 

discovered and limited. 

This thesis demonstrated decarboxylative 1,4-addition of N-

phenylglycine to conjugated esters via graphitic carbon nitride 

photocatalysis. We figured out optimized reaction conditions (e.g. solvent, 

base, and catalyst amount) and extended the applicability of the reaction to 



 

ii 

 

various Michael acceptors. Our finding enables an environmentally 

friendly and sustainable method for synthesizing neurotransmitters such as 

γ-amino acid analogs, which indicates the industrial applicability of our 

reaction.  
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1. Introduction 

 

1.1. γ-Amino acid 

GABA (γ-Amino butyric acid) is the chief inhibitory neurotransmitter 

in the developmentally mature mammalian central nervous system. It 

reduces neuronal excitability throughout the nervous system by reducing 

the neuron’s action potential. When GABA or GABA analogs attach to 

GABA receptors, ligand-gated ion channels are activated or deactivated, 

and varied action potential. GABAA and GABAC receptors are responsible 

for chloride ion channels. GABAB receptor is responsible for the cation 

channel. GABA and GABA analogs attach to GABA receptors and 

modulate ion channels’ opening and closing.1  

GABAA and GABAC receptors constitute chloride channels in neurons. 

Chloride ion flows could induce depolarizing, shunting, inhibitory and 

hyperpolarizing. When net chloride ions move outward from the cell, 

GABA depolarizes. GABA is inhibitory or hyperpolarizing when net 

chloride ions move inward to the cell . When no chloride flows are 

observed, it is shunting. 

GABA exists primarily as a zwitterion, and its specific structure 

highly depends on its circumstances. Folded structures are highly preferred 

because of electrostatic attraction between the two functional groups. 

However, in our bodies, GABA is surrounded by water, and some of them 

are folded, and others are extended due to the solvation effect.2  

Commercialized GABA analogs have rigid structures to bind to GABA 

receptors better.3 Several GABA agonists are developed, such as baclofen 
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and GABAB positive allosteric modulators. However, baclofen is not an 

ideal drug molecule because of its lower penetration into the brain .4 

  

 

Figure 1. Simplified structure of GABA receptor 
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Figure 2. Various GABA analogs 

 

Various GABA analogs function as agonists or antagonists to GABA 

receptors, depending on the substituents on 3-positions. Specifically, 

(R)-(-)-GABOB is an agonist and has a hydroxyl group on the 3-position. 

Sometimes, one enantiomer shows enhanced activity compared t o its 

counterpart. GABA analogs with phosphonic acids and sulfonic acids 

groups instead of carboxyl groups function as antagonists. Adding the 

benzyl group to amine is another critical structural modification because 

the introduction of the benzyl group converts GABA analogs to 

antagonists.5 
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1.2. Synthetic methods of γ-amino acid analogs 

Several commercialized GABA analogs, such as gabapentin, 

pregabalin, and baclofen are synthesized by various researchers.   

 

 

 

Scheme 1. Synthesis of GABA analogs via Michael addition 

    For example, Zhou’s group synthesized phenibut, one of GABA 

analogs, through a chiral Michael addition with polysulfonate supported 

chiral diamine-nickel catalysts.6 
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Scheme 2. Synthesis of GABA analogs via meso-Glutaric anhydrides 

Connon’s group synthesized achiral γ-amino acid analog from meso-

glutaric anhydrides.7 

 

  

Scheme 3. Synthesis of Pregabalin through photoredox catalysis 

Macmillan group reported the synthesis of γ-amino acid derivative 

pregabalin through photoredox homogeneous catalysis. This synthetic 

photocatlytic protocol is efficient considering the simplicity of the reaction. 

After the photocatalytic decarboxylative alkylation, hydrolysis is required 

to get the desired γ-amino acid analog.8  

 

1.3. Graphitic Carbon Nitride 

Graphitic carbon nitride (g-C3N4) is a polymeric layered compound 

comprised of C, N, and some hydrogen. Its structure is similar to graphite 
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with weak van der Waals force between each layer, and the distance 

between two single layers is about 3.3 nm.9 They possess a suitable 

electronic band structure that the catalyst can be utilized for various 

organic reactions. Specifically, the conduction band of graphitic carbon 

nitride is -1.3 eV and the valence band of the catalyst is 1.4 eV.10 Band gap 

is 2.7 eV so that graphitic carbon nitride can utilize visible light. It is a 

great advantage because many other heterogeneous photocatalysts are 

activated by UV light.11 In addition, the band gap of graphitic carbon 

nitride is sufficiently large enough to be a possible candidate for solar-

driven water-splitting reaction and conversion of CO2 to hydrocarbon 

fuels.12 Researchers modified graphitic carbon nitride to change their 

electronic band structure and several properties for various synthetic 

applications. To be specific, there are metal or non-metal doped graphitic 

carbon nitride. The introduction of metal atoms to graphitic carbon nitride 

induces unique photocatalytic properties such as lowered band gap and 

increased charge separation rate, which results in higher photocatalytic 

activity.  

Graphitic carbon nitride has outstanding advantages when comparing 

homogeneous photoredox catalyst such as Ir and Ru-based photocatalyst. 

First, graphitic carbon nitride does not contain rare and toxic transition 

metals. Second, graphitic carbon nitride can be recycled several times.13  

Graphitic carbon nitride itself without any modification exhibits an 

outstanding photocatalytic activity. In addition, graphitic carbon nitride is  

currently commercially available. Various organic syntheses using graphitic 
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Reductant 

Oxidant (slow hole mobility) 

carbon nitride include cross-coupling reactions,14 aerobic oxidation of 

benzylamine,15 trifluoromethylation of heteroarenes.16 Because of its low 

valence band and low band gap compared to other heterogeneous catalysts or 

homogeneous catalysts, it possesses much potential for organic synthesis. 

Specifically, graphitic carbon nitride can be utilized by visible light such as 

blue LED. One of the essential characteristics of graphitic carbon nitride 

catalyst is its recyclability.17 In addition, graphitic carbon nitride shows high 

thermal, chemical, and photostability. It is important to note that graphitic 

carbon nitride shows high stability to nucleophiles or electrophiles, leading to 

the catalyst’s outstanding recyclability. Furthermore, graphitic carbon nitride 

shows higher electron mobility compared to hole mobility.18 Thus, oxidation 

of organic molecules seems to have a critical role in the reaction determining 

step. 

 

        

    

         

        

 

Figure 3. Band structure of graphitic carbon nitride 

Table 1. Electron and hole mobilities of graphitic carbon nitride  

 

 

 

 μ (cm2 V-1 s-1) 

Electron 1.7 x 104 

Hole 6.9 x 101 



 

８ 

 

 

Figure 4. Structure of mono layer g-C3N4 

 

1.4. Purpose of research 

Based on the background information above, in this thesis, the 

synthesis of γ-amino acid analogs through photoredox decarboxylation via 

graphitic carbon nitride was studied. Graphitic carbon nitride has various 

advantages compared to homogeneous catalysts, such as  recyclability and 

without the use of rare toxic transition metals. Thus, this study would 

broaden the synthetic method for γ-amino acid analogs. Various control 

experiments were conducted by changing reaction conditions (e.g., base 

and solvent), which led to the optimized conditions for decarboxylative 

alkylation under carbon nitride photoredox catalysis. 
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Scheme 4. Synthetic scheme of model reaction. 

 

We conducted the above reaction and additionally conducted  with 

other base, solvent, substrates screening for the study of the heterogeneous 

catalysis. 
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2. Result & Discussion 

2.1. Photoredox decarboxylative alkylation 

 

 

Scheme 5. Reaction scheme of the model reaction 

Evaluation of a new strategy for the synthesis of γ-amino acid 

derivatives was first examined with the reaction of N-phenylglycine with 

diethyl ethylidenemalonate. The model reaction was optimized with several 

bases and solvents. 425 nm blue LED was used for the reaction.  

A visible-light photoredox g-C3N4-catalyzed decarboxylative cross- 

coupling of N-phenylglycine with the Michael acceptors enable the facile 

synthesis of γ-amino acids.  

Yields of the reaction were evaluated based on 1H-NMR. Trimethoxy  

benzene was used for internal standard because each 1H-NMR peak of 

trimethoxybenzene does not overlap with products’ 1H-NMR peaks. One 

molar equivalent amount of trimethoxybenezene was added to the crude 

mixture after the workup process. 
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Figure 5. Crude 1H-NMR of the product and internal standard.    

 

2.2. Control experiments of the photo reaction 

In order to evaluate the roles of each reagent, controlled experiments 

were conducted. All reactions were carried out under  the same reaction 

conditions. Sonication and Ar bubbling were conducted before  the 

initiation of the photoreaction. Graphitic carbon nitride plays a significant 

role in the reaction (entry 2). In addition, light plays a critical role in the 

activation of graphitic carbon nitride because no product was observed 

when there was no light (entry 3). The base plays a significant role in the 

reaction because fewer products are observed without the base (entry 4). 

b 

a 
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According to other research related to photoredox decarboxylation, base 

detaches proton of carboxylic acid.18 TEMPO acts as a radical scavenger, 

obtaining fewer products (entry 5). When the amount of TEMPO was 

increased to 10 equivalents, no products were formed (entry 6). TEMPO 

can react with decarboxylated N-phenylglycine radical because TEMPO 

radical is reactive to carbon-centered radicals.21 When the reaction was 

carried out without sonication, slightly fewer products were obtained. This 

might be because sonication could induce exfoliation of g-C3N4.22 When 

the reaction was carried out under air, the reaction yield was slightly 

decreased. Several photo-catalyzed organic reactions should be carried out 

under N2 atmosphere.16, 18 On the other hand, some organic reactions could 

be performed under air.23 
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Table 2. Control experiments of the model reaction [a] 

 

 

  

    

 

 

 

 

 

 

 

 

 

  [a] Reaction conditions: 1a (0.15 mmol), 2a (0.1 mmol), g-C3N4 (10 mg), 

CsF (0.2 mmol), DMF (1 mL), under Ar, 24 h. [b] Yield determined by 1H-

NMR using an internal standard. [c] 3 equiv of TEMPO was used. [d] 10 equiv 

of TEMPO was used. [e] Reaction was carried out without sonication before 

the photoreaction. [f] Reaction was carried out under Air.  

 

2.3. Proposed mechanism of the reaction 

Based on the result of control reactions (Table 1), the reaction 

Entry Photocatalyst Light Base Yield (%)[b] 

1 g-C3N4 425 nm CsF 98 

2 - 425 nm CsF 0 

3 g-C3N4 - CsF 0 

4 g-C3N4 425 nm - 54 

5[c] g-C3N4 425 nm CsF 40 

6[d] g-C3N4 425 nm CsF 0 

7[e] g-C3N4 425 nm CsF 94 

8[f] g-C3N4 425 nm CsF 92 
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mechanism can be proposed (Scheme 3). The reductive electrons in the 

conduction band and oxidative holes are induced by the excitation of g-

C3N4 with a blue LED. The hole oxidation results in the decarboxylation of 

N-phenylglycine, subsequent radical species react with Michael acceptors , 

and reductive electrons reduce the resulting radical species in the 

conduction band. α-heteroatom carboxylic acids afforded higher yields due 

to electron releasing effect of lone pair to primary radical. Radical species 

participate in the reaction, supported by entry 5 and 6 in Table 2. If oxygen 

presents in the reaction medium, oxygen molecules seem to abstracts 

electrons in the conduction band (Table 2, entry 8), which slightly inhibits 

the reaction. Bases are regenerated, and no wastes except CO2 are 

generated after the reaction. 

 

    Scheme 6. Proposed mechanism of the reaction 
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2.4. Reactions with different conditions 

The model reactions were conducted with different solvents to 

optimize the reaction, and all other reaction conditions were fixed. The 

results are highly attributable to the dispersibility of graphitic carbon 

nitride in solvents. According to the previous research, the dispersibility of 

heterogeneous catalysts in solution is highly associated with  the surface 

energy of solvents. If the surface energy of solvents is higher than that of 

van der Waals interactions between the layers of g-C3N4, exfoliation is 

possible. Higher dispersion of g-C3N4 in solution increases the transport of 

charges and reduces the recombination probability of photoexcited charge 

carriers. Therefore, highly dispersed g-C3N4 exhibits outstanding catalytic 

performance and shows enhanced charge separation.22 In fact, the 

dispersion of g-C3N4 is highly dependent on the reaction system. According 

to Figure 7, the dispersibility of g-C3N4 depends on the reaction 

environment. When the dispersion of g-C3N4 in various solvents was tested, 

g-C3N4 was well dispersed in some solvents after sonication. On the other 

hand, when g-C3N4 was sonicated in our system, g-C3N4 was poorly 

dispersed in water and acetonitrile.  

 Experiments were conducted with several solvents: DMF, MeOH, 

DMA, NMP, DMSO, ACN, and H2O. Visually, g-C3N4 was well dispersed 

in DMF, MeOH, DMA, NMP, DMSO. However, g-C3N4 was not well 

dispersed in H2O and ACN in our system. Therefore, the reactions were 

conducted in such solvents show a much lower yield because of less 

dispersion of g-C3N4 in ACN and H2O.  
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 For the case of MeOH, yield is relatively low compared to other 

solvents, even if graphitic carbon nitride shows higher dispersibility in the 

solvent. This is because Michael acceptor diethylethylidene malonate 

forms a side product with MeOH, and the side product is formed without 

photocatalyst and light. Acetonitrile and water show poor yields because of 

the poor dispersibility of cataylsts in the solution. 

 

Table 3. Control experiments with different solvents[a] 

 

 

 

 

 

 

 

 

 

 

 

[a] reaction conditions: 1a (0.15 mmol), 2a (0.1 mmol), g-C3N4 (10 mg), CsF 

(0.2 mmol), solvent 1 mL, 425 nm blue LED, under Ar, 24 h. [b] Yield determined by 

1H-NMR using an internal standard. 

Entry Solvent Yield (%)[b] 

1 DMF 98 

2 MeOH 74 

3 DMA 98 

4 NMP 86 

5 DMSO 79 

6 CAN 40 

7 H2O 28 
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The effect of the base was explored. CsF shows the highest yield 

compared to other bases in the case of fluoride. Deprotonation of 

carboxylic acid increased the solubility of carboxylate species. The 

solubility of bases is highly associated with the result, and cesium fluoride 

and potassium fluoride show high yields.  On the other hand, when the 

reaction was conducted with metal carbonates, cesium carbonate gave no 

product, and potassium carbonate showed a relatively low yield compared 

to fluoride base. The reaction result with cesium carbonate contradicts with 

other research.23 Organic bases give high yields; DABCO and pyridine give  

almost quantitative yield. Comparing 9 and 10 with other entries, cation 

does not significantly affect the reaction, and basicity seems to be of 

importance because organic bases give a high yield.  
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Table 4. Control experiments with different bases [a] 

 

[a] reaction conditions: 1a (0.15 mmol), 2a (0.1 mmol), g-C3N4 (10 mg), base 

(0.2 mmol), DMF 1 mL, 425 nm blue LED, 24 h. [b] Yield determined by 1H-

NMR using an internal standard. 

Decarboxylative alkylations with different substrates have been conducted 

under the same reaction condition except for different Michael acceptors. The 

results clearly show that different Michael acceptors result in a large yield 

difference. When comparing entry 1 and 2, steric hindrance is an important 

factor of reactivity because the isopropyl group induces a larger steric 

Entry Base (2 eq) Yield (%)[b] 

1 LiF 28 

2 NaF 79 

3 KF 98 

4 CsF 98 

5 Li2CO3 72 

6 Na2CO3 62 

7 K2CO3 65 

8 K2HPO4 98 

9 DABCO 98 

10 Pyridine 97 
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hindrance to approaching carbon-centered radical than the methyl group. 

When comparing entry 1 and 3, a higher yield is obtained when electron- 

withdrawing groups are attached to the same carbon. The electron-

accepting carbon becomes electron deficient in the case of entry 1 because 

two electron- withdrawing groups are attached to the same carbon so that a 

higher yield is obtained. When comparing entries 1,  4 and 5, loss of one 

electron- withdrawing group gives a significantly lower yield. Reactivity is 

not significantly affected by the position of  the electron-donating group, 

and it can be deduced from entry 4 and 5.  

To sum up, Michael acceptors with many electron-withdrawing groups 

on the same carbon greatly increase the reactivity. As a result,  it results in 

a much higher yield, and steric hindrance affects the yield. 
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Table 5. Control experiments with different Michael acceptors [a] 

 

[a] reaction conditions: 1a (0.15 mmol), 2 (0.1 mmol), g-C3N4 (10 mg) CsF (0.2 mmol), DMF 

(1 mL), blue LED, under Ar atmosphere, 24h. [b] Yield determined by 1H-NMR using an 

Entry Michael acceptor Product Yield (%)[b] 

 

1 

 

 
 

 

98 

 

2  

 

 

56 

 

3  

 

 

68 

 

4 

 

 

 

 

15 

 

5  

 

 

16 

 

6  

 

 

17 
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internal standard. 

Koevenagel condensation was conducted to synthesize Michael 

acceptor (Table 6, entry 2). Various Michael acceptors can be synthesized 

this way, and it would further extend the scope of our main reaction. The 

reaction initially proceeds by forming imine species between aldehyde and 

L-proline. Then, dimethyl maleate is deprotonated and attacks imine 

carbon and proline leaves, forming the product.  

 

 

      4                     5                                   2b 

Scheme 7. Koevenagel condensation for the synthesis of Michael acceptor 
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3. Conclusion 

A new method for the synthesis of GABA analogs has been developed. 

Photoredox decarboxylative alkylation provides shorter and more efficient 

synthetic routes for synthesizing GABA analogs. Graphitic carbon nitride 

has many advantages compared to homogeneous photocatalysts such as Ir 

and Ru-based catalysts. Graphitic carbon nitride is recyclable and does not 

contain rare and toxic transition metals. The reaction screening 

experiments determined the best reagents combination . Also, the 

experiments with various Michael acceptors confirm that this synthetic 

method could be applied to a variety of substrates as well . 

 

Scheme 8. Synthesis of γ-amino acid anaolgs 
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4. Experimental details 

4.1 General information 

    Unless otherwise noted, all materials were obtained from commercial 

suppliers and were used without further purification. The reactions were 

monitored with a SiO2 TLC plate under UV light (254nm) followed by 

visualization with KMnO4 stain solution. Column chromatography was 

performed using silica gel from Merck. 1H-NMR spectra were measured at 

400MHz, and data were reported as follows in ppm (δ) from the internal 

standard (CDCl3, 7.26 ppm) 

 

4.2 Procedure for the Michael acceptor 2b 

 

 

Diethyl 2-(3-methylbutylidene)malonate (2b) 

250 mL round bottom flask was equipped with a stirring bar.  DMSO 

(3 mL), L-proline (1 mmol), isovaleraldehyde (10 mmol) were added under 

Ar atmosphere and stirred 5 min. Dimethylmaleate (10 mmol) was added, 

and the reaction mixture was stirred overnight under Ar atmosphere at  rt. 

The crude mixture was diluted with ethylacetate and washed with brine (50 

mL) 6 times. The ethylacetate layer was dried by MgSO4 and concentrated 

in vacuo. The crude mixture was purified by column chromatography (15% 

ethylacetate/hexane) and the product was obtained as a colorless liquid: 1H-

NMR (CDCl3) δ 7.01 (t, 1H, J=8 Hz), 4.33-4.15 (m, 4H), 2.19 (dd, 2H, J=8 
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Hz, J=6.8 Hz), 1.87-1.75 (m, 1H), 1.35-1.26 (m, 6H), 0.94 (d, 6H, J=6.4 

Hz); 13C-NMR δ 165.8, 164.1, 148.5, 129.4, 61.4, 61.3, 38.7, 28.3 , 22.6, 

14.3, 14.3. 

 

4.3 General Procedure for the photoredox decarboxylative 

alkylation 

A drying vial was charged with carboxylic acid, Michael acceptor, g-

C3N4, base. The solvent was added by a micropipette. It was capped with a 

rubber septum. It was degassed with Ar for 15 min. It was placed in a 

hepatochem blue LED box. The reaction mixture was stirred under fan 

cooling for 24 h. After the reaction, the mixture was diluted with ethyl 

acetate and washed with brine (20 mL) 6 times. The mixture was dried with 

Na2SO4 and filtered and concentrated in vacuo. The NMR yield was 

obtained by adding trimethoxybenzene into the crude mixture as an internal 

standard. Then, the crude mixture was purified by column chromatography 

with proper eluents. 

 

 

Diethyl 2-(1-Phenylaminopropan-2-yl)malonate (3a) 

According to the general procedure, N-phenylglycine (0.15 mmol, 1.5 

eq), diethylethylidene malonate (0.10 mmol, 1 eq), g-C3N4 (10 mg), CsF 

(30 mg, 2 eq) and 1 mL of DMF were used. The product was isolated by 

column chromatography (15% ethylacetate/hexane) : 1H-NMR (CDCl3) δ 



 

２５ 

 

7.20-7.10 (m, 2H), 6.71-6.59 (m, 3H), 4.20-4.10 (m, 4H), 3.86 (br s, 1H), 

3.39 (d, 1H, J=7.2 Hz), 3.12-3.05 (dd, 1H, J=7.2 Hz, J=6.8 Hz), 3.29-3.22 

(dd, 2H, J=7.2 Hz, J=6.8 Hz), 2.68-2.57 (m, 1H), 1.27-1.21 (m, 6H), 1.08 

(d, 3H, J=6.8 Hz); 13C-NMR (CDCl3) δ 169.0, 168.8, 148.1, 129.3, 117.4, 

112.8, 61.5, 61.4, 55.4, 48.0, 33.4, 15.9, 14.2, 14.1 . 

 

 

Diethyl 2-(1-Phenylamino-4-methylpentan-2-yl)malonate (3b) 

According to the general procedure, N-phenylglycine (0.15 mmol, 1.5 

eq), Michael acceptor (0.10 mmol, 1 eq), g-C3N4 (10 mg), CsF (30 mg, 2 

eq) and 1 mL of DMF were used. The product is auto-lactamized during the 

reaction. The product was isolated by column chromatography (25% 

ethylacetate/hexane): 1H-NMR (CDCl3) δ 7.18-7.13 (m, 2H), 6.70-6.56 (m, 

3H), 4.20-4.02 (m, 4H), 3.87 (br s, 1H), 3.52 (d, 1H, J=5.6 Hz), 3.27-3.21 

(br m, 2H), 2.65-2.5 (m, 1H), 1.8-1.65 (m, 1H), 1.4-1.15 (m, 8H), 0.97-0.9 

(m, 6H); 13C-NMR (CDCl3) δ 169.4, 169.2, 148.3, 129.4, 117.3, 112.7, 

61.5, 61.4, 54.1, 45.7, 39.9, 36.5, 25.7, 23.3, 22.4, 14.2, 14.2. 

 

 

Dimethyl 1-(Phenylaminomethyl)succinate (3c) 



 

２６ 

 

According to the general procedure, N-phenylglycine (0.15 mmol, 1.5 

eq), dimethyl maleate (0.10 mmol, 1 eq), g-C3N4 (10 mg), CsF (30 mg, 2 

eq) and 1 mL of DMF were used. The product was isolated by column 

chromatography (10% ethylacetate/hexane): 1H-NMR (CDCl3) δ 7.21-7.15 

(m, 2H), 6.75-6.60 (m, 3H), 3.96 (br s, 1H), 3.72 (s, 3H), 3.68 (s, 3H), 

3.52-3.44 (m, 1H), 3.40-3.32 (m, 1H), 3.20 (p, 1H, J=7.2 Hz), 2.88-2.77 (m, 

1H), 2.64-2.57 (m, 1H); 13C-NMR (CDCl3) δ 174.1, 172.3, 147.5, 129.5, 

118.0, 113.0, 52.3, 52.1, 45.1, 41.2, 34.0. 

 

 

Ethyl 3-(Phenylamino)-2-methylpropanoate (3d) 

According to the general procedure, N-phenylglycine (0.15 mmol, 1.5 

eq), ethylcrotonate (0.10 mmol, 1 eq), g-C3N4 (10 mg), CsF (30 mg, 2 eq) 

and 1 mL of DMF were used. The product was isolated by column 

chromatography (15% ethylacetate/hexane): 1H-NMR (CDCl3) δ 7.2-7.12 

(m, 2H), 6.74-6.56 (m, 3H), 4.25 (q, 2H, J=9.6 Hz), 3.12-2.97 (m, 2H), 

2.46-2.18 (m, 3H), 1.24 (t, 3H, J=9.6 Hz), 1.41 (d, 3H, J=8.8 Hz); 13C-

NMR δ 173.2, 148.4, 129.4, 117.4, 112.8, 60.5, 50.0, 39.9, 30.5, 18.4, 14.4 . 

 

 

Ethyl 3-(Phenylamino)-1-methylpropanoate (3e) 
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According to the general procedure, N-phenylglycine (0.15 mmol, 1.5 

eq), ethylmethacrylate (0.10 mmol, 1 eq), g-C3N4 (10 mg), CsF (30 mg, 2 

eq) and 1 mL of DMF were used. The product was isolated by column 

chromatography (15% ethylacetate/hexane): 1H-NMR (CDCl3) δ 7.2 -7.10 

(m, 2H), 6.73-6.57 (m, 3H), 4.14 (q, 2H, J=7.2 Hz), 3.16 (t, 2H, J=7.2 Hz), 

2.64-2.50 (m, 1H), 2.06-1.68 (m, 2H), 1.28-1.19 (m, 6H); 13C-NMR δ 

176.6, 148.3, 129.4, 117.4, 112.8, 60.6, 42.0, 37.7, 33.5, 17.5, 14.4. 

  

 

Methyl 3-(Phenylamino)propanoate (3f) 

According to the general procedure, N-phenylglycine (0.15 mmol, 1.5 

eq), methylacrylate (0.10 mmol, 1 eq), g-C3N4 (10 mg), CsF (30 mg, 2 eq) 

and 1 mL of DMF were used. The product was isolated by column 

chromatography (15% ethylacetate/hexane): 1H-NMR (CDCl3) δ 7.2-7.15 

(m, 2H), 6.72-6.59 (m, 3H), 3.68 (s, 3H), 3.18 (t, 2H, J=7.2 Hz), 2.45 (t, 

2H, J= 7.2 Hz), 1.96 (p, 2H, J=7.2 Hz); 13C-NMR δ 174.02, 148.24, 129.41, 

117.49, 112.84, 51.81, 43.38, 31.78, 24.79. 
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1. 400 MHz 1H NMR Spectrum (CDCl3) of compound 2b 

2. 400 MHz 1H NMR Spectrum (CDCl3) of compound 3a 

3. 400 MHz 1H NMR Spectrum (CDCl3) of compound 3b 

4. 400 MHz 1H NMR Spectrum (CDCl3) of compound 3c 

5. 300 MHz 1H NMR Spectrum (CDCl3) of compound 3d 

6. 300 MHz 1H NMR Spectrum (CDCl3) of compound 3e 

7. 400 MHz 1H NMR Spectrum (CDCl3) of compound 3f 
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400 MHz 1H NMR Spectrum (CDCl3) of compound 3a 
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400 MHz 1H NMR Spectrum (CDCl3) of compound 3b 
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400 MHz 1H NMR Spectrum (CDCl3) of compound 3c 
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300 MHz 1H NMR Spectrum (CDCl3) of compound 3d 
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300 MHz 1H NMR Spectrum (CDCl3) of compound 3e 
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400 MHz 1H NMR Spectrum (CDCl3) of compound 3f 
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6. 75 MHz 13C NMR Spectrum (CDCl3) of compound 3e 

7. 100 MHz 13C NMR Spectrum (CDCl3) of compound 3f 
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100 MHz 1 3C NMR Spectrum (CDCl 3) of compound 2b  
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100 MHz 1 3C NMR Spectrum (CDCl 3) of compound 3a 
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100 MHz 1 3C NMR Spectrum (CDCl 3) of compound 3b  
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100 MHz 1 3C NMR Spectrum (CDCl 3) of compound 3c  
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75 MHz 1 3C NMR Spectrum (CDCl 3) of compound 3d  
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75 MHz 1 3C NMR Spectrum (CDCl 3) of compound 3e  
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100 MHz 13C NMR Spectrum (CDCl3) of compound 3f
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국문 초록 

 

태양 복사 에너지의 약 43%를 차지하고 있는 가시광선은 지속가능(sustainable)하고 

인체에 무해한 친환경적인 에너지원이지만, 대부분의 유기물들은 가시광선 영역의 파장을 

흡수하지 못하므로 화학반응을 제어하고 조절하는데 크게 이용되지 못해 왔다. 하지만, 

2000년대 후반, Ru(bpy)3
2+를 이용한 알데하이드(aldehyde)의 비대칭 알킬화 

반응(asymmetric alkylation reaction), [2+2] 이논(enone)의 고리화 

첨가반응(cycloaddition reaction)이 소개된 이후에 각광받기 시작하여, 가시광선에 의해 

활성화되어 라디칼(radical) 반응을 유도할 수 있는 루테늄(ruthenium), 이리듐(Iridium) 

기반의 다양한 전이금속 촉매가 활발하게 개발되고 이용됨에 따라 가시광선을 이용하는 

광촉매 유기반응의 개발이 빠른 속도로 발전하고 있다. 

그러나, 루테늄, 이리듐은 희귀원소들(rare earth elements)로 자연계에 존재하는 양이 

매우 제한적이며, 균일 촉매로 재사용에 어려움이 있어 진정한 의미의 지속가능한 기술로 

보기에는 무리가 있다. 본 연구는 그래피틱 카본 나이트라이드(graphitic carbon nitride, g-

C3N4) 광촉매를 이용한 유기 합성법의 개발이다. 그래피틱 카본 나이트라이드는 지구상에 

매우 풍부한 탄소(C)와 질소(N)가 교대로 배열되면서 육각형고리가 2차원으로 펼쳐진 

구조를 갖는 반도체 물질로, 밴드갭(band gap)이 약 2.6 eV로 가시광선을 흡수하기에 

적합하며 높은 열적 안정성 및 화학적 안정성을 가지고 있어 재사용이 가능하다는 장점이 있다. 

이로 인해 태양에너지로 물을 수소와 산소로 분해하는 기술에 주로 적용되어 연구되어 왔으며, 

유기합성에의 응용은 매우 제한적이며 아직 시작단계이다. 

본 연구에서는 모델 반응으로 N-페닐글리신(N-phenylglycine)의 탈카복실화 1,4-

첨가반응(decarboxylative 1,4-addition)을 수행하여, 최적의 반응조건(용매종류, 염기종류, 

촉매 사용량 등)을 밝혔으며, 이 반응조건을 다양한 마이클 수용체(Michael acceptor)들에 

적용하여 반응의 응용범위를 확장하였다. 이러한 유기반응들은 신경전달물질로 작용하는 



 

４９ 

 

감마아미노산 유도체(γ-amino acid derivative)들을 합성하는데 적용될 수 있어 산업적인 

유용성이 있다. 기존의 루테늄, 이리듐 기반 광촉매를 대체할 수 있는 친환경적이며 

지속가능한 유기 합성법의 개발이라는 면에서 본 연구의 의미가 있다. 

 

키워드 : 광촉매 반응, 그래피틱 카본나이트라이드, 감마아미노산, 불균일 촉매, 라디칼 반응, 

반응 최적화 

학번 : 2020-28970 
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