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Abstract

:

The lack of understanding of the radical reaction mechanism of Carbon dioxide (CO2) in photo- and electro-catalysis results in the development of such applications far behind the traditional synthesis methods. Using methylbenzophenone as the model, we clarify and compare the photo-enolization/Diels−Alder (PEDA) mechanism for photo-carboxylation and the two-step single-electron reduction pathway for electro-carboxylation with CO2 through careful control experiments. The regioselective carboxylation products, o-acylphenylacetic acid and α-hydroxycarboxylic acid are obtained, respectively, in photo- and electro-chemistry systems. On the basis of understanding the mechanism, a one-pot step-by-step dicarboxylation of o-methylbenzophenone is designed and conducted. Both the experimental results and related density functional theory (DFT) calculation verify the feasibility of the possible pathway in which electro-carboxylation is conducted right after photo-carboxylation in one vessel. This synthesis approach may provide a mild, eco-friendly strategy for the production of polycarboxylic acids in industry.
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1. Introduction


CO2 is one of the main components of greenhouse gases resulting from fossil fuel combustion [1]. Researchers have made lots of efforts to convert renewable CO2 to high value-added chemicals, so as to reduce CO2 content in the atmosphere and achieve the recycling of carbon resources [2,3,4]. As a thermodynamically stable molecule, CO2 is usually difficult to be activated under mild conditions. Therefore, the chemical transformation of CO2 is relatively challenging. While CO2 is usually converted to small fuel molecules (e.g., CO, CH4 and CH3OH) [5,6,7,8], it can also be used as a C1 building block to form new C−C or C−N bonds with organic molecules and eventually produce more complicated chemical feedstocks [9,10,11,12]. Considering the use of strong reducing reagents, metal catalysts or harsh reaction conditions in the traditional fixation of CO2 into organic compounds, the development of mild but efficient synthesis methods becomes more attractive to researchers [13,14].



In recent years, the photochemistry and electrochemistry of CO2 have developed rapidly [15,16,17]. With the help of light energy or electricity energy, the electron transfer dynamics of CO2 are modified under mild conditions, so that the reducing agent or extra catalyst is not necessary [18,19]. However, the study of CO2 in such photo- and electro-catalysis is still far behind other types of synthesis methods, and a slow reaction rate or poor selectivity is often observed. The basic reason is possibly due to the lack of understanding of related reaction mechanisms [20,21].



Among the reported organic molecules reacting with CO2 under electrochemistry and photochemistry conditions (e.g., halides, olefins, alkynes, and ketones), the reaction mechanism for methylbenzophenone has been relatively well studied. Murakami first proposed the possible mechanism for the photo-carboxylation of o-methylbenzophenone with CO2 in 2015, as the photo-enolization/Diels−Alder (PEDA) pathway [22]. The key intermediate is the singlet dienol E-isomer, which is trapped with CO2 via the Diels−Alder cycloaddition to afford the enol-lactone. However, Su suggested an eight-membered ring transition state theory for this process in 2016, describing a direct CO2 addition to the dienol Z-isomer to afford the keto-carboxylic acid [23]. Afterwards, Coote conducted a theoretical calculation and figured out that Murakami’s mechanism is more reasonable [24]. However, it is noted that the photoelectro-carboxylation of unsubstituted benzophenone with CO2 gave an α-hydroxycarboxylic acid product, following a two-step single-electron radical pathway [25]. When o-methylbenzophenone is applied in the above photoelectro-chemical system, a mixture of o-acylphenylacetic acid and α-hydroxycarboxylic acid is obtained. Further study indicates that only the carbonyl site is carboxylated if there is no light irradiation involved. It is interesting that o-methylbenzophenone exhibits totally different regioselectivity in photo- and electro-chemistry systems, although both follow the radical mechanism. Obviously, there is no external electron participating in the photo-process, while two electrons from the power source are incorporated into the substrate during the electro-process. Thus, the actual reaction pathways for the above processes attracted our attention. We believe the understanding of such issues will facilitate the design of tunable ketone carboxylation.



Herein, we investigate and compare the possible radical mechanisms of photo- and electro-carboxylation with CO2, using methylbenzophenone as the model. Through control experiments, the conceivable pathways are confirmed and clarified. On the basis of understanding the mechanism, one-pot synthesis of dicarboxylated o-methylbenzophenone is proposed and conducted. The feasibility of a different experimental protocol is discussed and further verified by certain theoretical calculation.




2. Results and Discussion


2.1. Photo-Carboxylation of Methylbenzophenone with CO2


Photo-carboxylation of o-methylbenzophenone with CO2 (Scheme 1A, 89% yield) follows the PEDA pathway as the literature reported. This mechanism is further confirmed by our supplementary control experiments. First of all, the possible thermal effect from the strong light irradiation is eliminated since no product is observed when heating the reaction solution at 90 °C without light (Scheme 1B). The addition of a radical quencher (2,2,6,6-tetramethylpiperidinooxy, TEMPO) significantly suppresses the radical process (Scheme 1C, 68% and 33% yield when 1 eq. and 2 eq. are applied, respectively). The presence of the key dienol intermediate is also confirmed by the reaction with dimethyl maleate as a typical dienophile (Scheme 1D) [26].



When UV light is replaced by a xenon lamp (full wavelength), the reaction efficiency is significantly reduced, with the conversion yield dramatically decreasing from 98% to 35% (Table 1, entry 1 and 2). It may be ascribed to the intensity of the light sources. Certainly, the reaction does not proceed at all in the absence of light (Table 1, entry 3). In addition to the reported dimethyl sulfoxide (DMSO) (Table 1, entry 1), more solvents commonly used in photoreaction are tried. The results show that the conversion yield reaches up to 94% in N, N-dimethylacetamide (DMA) as a polar protic solvent (Table 1, entry 4). However, when a less polar and aprotic solvent (i.e., acetonitrile (ACN)) is applied, the product is not the desired structure, but benzo-cyclobutenol (a quaternary ring product) (Table 1, entry 5). In toluene and dichloromethane (DCM) with much lower polarity (Table 1, entry 6 and 7), the conversion of the substrate is less than 30% and the desired product yield is quite poor. Obviously, the higher the solvent polarity, the higher the conversion yield and desired product yield. The possible explanation is due to the high electron transfer rate in polar solvents.



For m- and p-methylbenzophenone, there should be no photo-carboxylation occurring CO2 due to the impossible formation of the key conjugated diene intermediate. It is confirmed by the experimental results, while most of the substrate is converted to some unknown structures in polar solvents (Supplementary Materials Figure S1). Those products are not stable even at low temperatures, but it can be recognized from the nuclear magnetic resonance (NMR) spectra that the methyl substituent does not change.




2.2. Electro-Carboxylation of Methylbenzophenone with CO2


For the electro-carboxylation of o-methylbenzophenone with CO2, basic electrochemical information of the substrate is firstly obtained through cyclic voltammetry (CV) analysis on a glassy carbon electrode. Under Argon, a two-electron, step-by-step reduction curve is observed for o-methylbenzophenone (Figure 1, black trace). The reversible potential of the first electron reduction is −1.45 V (all voltages are relative to the reference electrode of Ag/AgBr, unless otherwise noted). The second electron reduction is close to quasi-reversible. With CO2 bubbling (Figure 1, red trace), an irreversible reduction peak appeared at −1.77 V and the current density was relatively enhanced, suggesting that CO2 reacted with the radical intermediates generated from o-methylbenzophenone to form a quite stable structure. In addition, the onset potential of the substrate is slightly more positive (ca. 0.08 V) with CO2 bubbling than under argon, which may be due to the rapid reaction between CO2 and free radical anions.



The product of the above electro-carboxylation of o-methylbenzophenone with CO2 is determined to be 2-hydroxy-2-(2-methylphenyl)-2-phenyl-acetic acid. The carboxylation occurs on the carbonyl carbon instead of the methyl group, completely different from the photo-carboxylation process. Further study indicates that different working electrodes have certain effects on the reaction efficiency. Among glassy carbon electrodes, fluorinated tin oxide (FTO) electrodes, platinum electrodes and gold-nickel foam electrodes, the performance of platinum electrodes is much better and is applied as the working electrode in our further investigation. On the basis of CV analysis, the suitable applied voltage is investigated around −1.7 V. It is noted that the reaction hardly occurs at −1.4 V (Table 2, entry 1), while the product is obtained with a 36% yield at −1.5 V (Table 2, entry 2). With the increase in applied potential, the conversion yield increases gradually (Table 2, entry 3–5). The good reaction efficiency is obtained at −1.8 V with an up to 94% conversion yield and 88% product yield (Table 2, entry 5). Afterwards, more by-products are formed at a higher potential while the desired product yield drops (Table 2, entry 6). Moreover, besides ACN, DMSO (Table 2, entry 7) and DMA (Table 2, entry 8) are also good solvents for this electro-carboxylation process. Thus, the polarity of the solvent does not affect the electro-carboxylation process as significantly as the photo-carboxylation process. It is possible that the uniform dispersion of the supporting electrolyte in the electrochemical system weakens the solvent’s influence on the electron transfer efficiency in the solution [27]. When light irradiation is applied in this system, the substrate is almost consumed, but a mixture of α-hydroxycarboxylic acid and o-acylphenylacetic acid is obtained, while a few dicarboxylated products are observed (Table 2, entry 9 and 10). Further study indicates that the photo-carboxylation product is easy to generate as long as light is involved (low to 30 mW/cm2), even if a higher potential is applied (−2.5 V or −15 mA/cm2). It is speculated that the activation energy for the photo-carboxylation pathway is much lower than that for the electro-carboxylation pathway.



The electro-carboxylation of m- and p-methylbenzophenone with CO2 (Supplementary Materials Figure S2) is also screened. As expected, both of the carboxylations occur at the carbonyl site. Since the only product of the above electro-carboxylation is hydroxycarboxylic acid, the possible mechanism may consist of a two-step single-electron transfer process (Scheme 2), similar to Wang’s mechanism. o-Methylbenzophenone obtains one electron from the cathode and the C=O bond is reduced to the radical anion I. After one CO2 fixation to form the carboxylic acid radical anion II, the second electron is incorporated to produce the carboxylic acid anion III, followed by another CO2 addition to form the carboxylate anion IV. After acidification, the desired hydroxycarboxylic acid product is obtained.




2.3. Dicarboxylation of o-Methylbenzophenone with CO2


On the basis of understanding the possible mechanism of electro- and photo-carboxylation, the dicarboxylation of o-methylbenzophenone with CO2 through photoelectro-chemistry naturally comes into our consideration. As mentioned above (Table 2, entry 9 and 10), a few dicarboxylated products are observed when light and potential are applied simultaneously. There are two possible pathways in this transformation. One is the electro-carboxylation of photo-carboxylated product (Scheme 3, path 1), and another is just changing the order (Scheme 3, path 2). In terms of the photo-carboxylation mechanism, path 2 is less likely to succeed, since the key dienol intermediate could not be formed from α-hydroxycarboxylic acid (Scheme 3, compound c). The experimental results further confirm this assumption. Thus, the more feasible path 1 becomes the basis of our design for the dicarboxylation process.



Due to the poor efficiency of synchronous photo- and electro-carboxylation, a one-pot step-by-step dicarboxylation procedure is proposed. That is, the photo-carboxylation and subsequent electro-carboxylation are conducted in one vessel. From the CV analysis (Supplementary Materials Figure S3) of o-acylphenylacetic acid (Scheme 3, compound b), it is noted that its onset potential is at −1.4 V and the reduction peak at −2.2 V, which is ca. 0.5 V more negative than o-methylbenzophenone. That means higher electric energy would be consumed in this electrochemical process. In fact, a constant current of −15 mA/cm2 is necessary during this electro-carboxylation. Considering the performance of solvents in both photo- and electro-carboxylation, DMSO is relatively suitable for this process. Finally, a dicarboxylic acid, 2-(2-(carboxymethyl)-phenyl)-2-hydroxy-2-phenylacetic acid (Scheme 3, compound d), is obtained in this one-pot approach, confirmed by liquid chromatography—mass spectrometry (LC-MS) analysis.



The corresponding density functional theory (DFT) calculation for the electro-carboxylation step in path 1 is conducted to indicate the possible thermodynamics (Figure 2 (for details, please see Supplementary Materials)) [28,29,30,31,32,33,34,35]. It is noted that the energy barriers for two successive CO2 additions are only 9.4 and 8.1 kcal/mol, respectively. This shows the reaction may proceed smoothly. For the intermediate structure im5, the singlet is much more stable than the triplet with ca. 36 kcal/mol of energy difference, which means the actual reaction should occur at the singlet state.





3. Materials and Methods


o-Methylbenzophenone (Aladdin), m-methylbenzophenone (Alfa Aesar), p-methylbenzophenone (Aladdin), tetrabutylammonium bromide and CO2 (99.9%) were purchased and used without further treatment. Dimethyl sulfoxide, acetonitrile and N, N-dimethyl acetyl were super dried with a molecular sieve. All other reagents and solvents, unless otherwise noted, were purchased from commercial vendors and used without further purification.



3.1. Photo-Carboxylation of o-Methylbenzophenone


The solution of o-Methylbenzophenone (156.8 mg, 0.80 mmol) in dimethyl sulfoxide (20 mL) was irradiated by a LED lamp (365 nm) under a CO2 atmosphere. Upon reaction completion, water was added and the mixture was extracted with ethyl acetate (5 × 10 mL). The combined organic layer was washed with NaOH aq. (5 × 10 mL). Then, the combined aqueous phase was acidified with 2.0 M of HCl aq. (5 mL), followed by an extraction with ethyl acetate (5 × 10 mL). The organic phase was washed with brine and dried over Na2SO4. The solvent was removed under reduced pressure to afford the carboxylic acid product. The photo-carboxylation of m-methylbenzophenone and p-methylbenzophenone followed procedures similar to above.




3.2. Electro-Carboxylation of o-Methylbenzophenone


o-Methylbenzophenone (156.8 mg, 0.80 mmol), tetrabutylammonium bromide (0.644 g, 2.00 mmol) and acetonitrile (20 mL) were added in a three-necked flask under Ar before assembling a three-electrode electrochemistry system with a platinum sheet as the working electrode, Al foil as the counter electrode and Ag/AgBr as the reference electrode. CO2 was bubbled into the vessel continuously at a controlled flow rate for several minutes to saturate the solution, then a suitable potential was applied to the reaction mixture with vigorous stirring. After the reaction was complete, the crude mixture was concentrated in vacuo and quenched with 1 N HCl aq. (2.0 mL), followed by extraction with ethyl acetate (3 × 20 mL). The combined organic layer was dried over anhydrous MgSO4, filtered and concentrated in vacuo to afford the crude product. After purification on column chromatography (Hexane/Ethyl acetate), a pure product was isolated.




3.3. One-Pot Photoelectro-Dicarboxylation of o-Methylbenzophenone


o-Methylbenzophenone (156.8 mg, 0.80 mmol) was charged in a three-necked flask equipped with the working electrode (Pt), the reference electrode (Ag/AgBr) and the counter electrode (Al), which was subsequently filled with CO2. Dimethyl sulfoxide (20 mL) was added, and then the reaction mixture was irradiated with a LED lamp (365 nm). After 8 h, the light was removed and a strong voltage (constant current −15 mA/cm2) was applied. After 24 h, water was added to quench the reaction and the mixture was extracted with ethyl acetate (5 × 10 mL). The combined organic layer was washed with NaOH aq. (5 × 10 mL). Then, the combined aqueous layer was acidified with 2.0 M of HCl aq. (5 mL) and extracted with ethyl acetate (5 × 10 mL). The collected organic phase was washed with brine and dried over Na2SO4. The solvent was removed under reduced pressure to afford a mixture of acid products, which was further analyzed by LC-MS.





4. Conclusions


In conclusion, the photo-carboxylation of o-methylbenzophenone with CO2 follows the photo-enolization/Diels−Alder mechanism as reported, while electro-carboxylation follows a two-step single-electron reduction pathway. The regioselective carboxylation products, o-acylphenylacetic acid and α-hydroxycarboxylic acid, are obtained, respectively, in photo- and electro-chemistry systems. The factors affecting the reaction are investigated and the competitive relationship between these two radical mechanisms is discussed. It is observed that photo-carboxylation proceeds much more smoothly than electro-carboxylation, meaning a lower energy barrier in the photo-radical pathway. On the basis of understanding both mechanisms, a one-pot dicarboxylation of o-methylbenzophenone is designed and successfully conducted in the order of photo-carboxylation and then electro-carboxylation in one reaction vessel. The corresponding theoretical calculation also supports the feasibility of this pathway by thermodynamics analysis. This synthesis method provides a new eco-friendly strategy for the production of polycarboxylic acids in industry. Furthermore, with the help of a theoretical calculation to predict the possible structure and reaction pathway, we are encouraged to design and synthesize more complicated compounds in the future.
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Scheme 1. Photo-carboxylation of o-methylbenzophenone with CO2 (A) under standard condition, (B) with heating instead of light, (C) with radical quencher added, and (D) reaction of o-methylbenzophenone with traditional dienophile. 
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Figure 1. Cyclic voltammogram of o-methylbenzophenone on a glassy carbon (GC) electrode under argon (black trace) or with CO2 bubbling (red trace). The reaction solution consists of supporting electrolyte (0.1 M of Bu4NBr) and o-methylbenzophenone (40.0 mM) in 20 mL of acetonitrile by using Ag/AgBr as the reference electrode and Al as the counter electrode. 
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Scheme 2. Proposed mechanism for electro-carboxylation of o-methylbenzophenone with CO2. 
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Scheme 3. Dicarboxylation of o-methylbenzophenone with CO2. 
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Figure 2. Energy profiles for the electro-carboxylation of o-acylphenylacetic acid. The relative Gibbs energies are given in kcal mol−1, at 298 K, 1 atm. All the geometries are optimized in DMSO solvent at the M062X/6-311+G(d) level based on the polarized continuum model (SMD). The bonding length is reported in Å. 
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Table 1. Photo-carboxylation of o-methylbenzophenone with CO2 a.
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Entry

	
Deviation from Standard Condition

	
Conversion [%] b

	
Yield [%] c






	
1

	
None (2 h) d

	
98 (98)

	
91 (89)




	
2

	
Xe Light (100 mW/cm2)

	
35

	
18




	
3

	
No Light

	
0

	
0




	
4

	
DMA

	
94

	
51




	
5

	
ACN

	
62

	
trace




	
6

	
Toluene

	
27

	
11




	
7

	
DCM

	
4

	
1








a Reaction solution contains o-methylbenzophenone (0.8 mmol) in dimethyl sulfoxide (DMSO) (20 mL) with CO2 bubbling. b Conversion yield by high performance liquid chromatography (HPLC) analysis. c Isolated yield of desired product. d Reaction time is 2 h.
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Table 2. Electro-carboxylation of o-methylbenzophenone with CO2 a.
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 [image: Catalysts 10 00664 i002]




	
Entry.

	
Deviation from Standard Condition

	
Conversion [%] b

	
Yield [%] c






	
1

	
−1.4 V

	
trace

	
not available




	
2

	
−1.5 V

	
43

	
36




	
3

	
−1.6 V

	
52

	
44




	
4

	
−1.7 V

	
74

	
62




	
5

	
None

	
94

	
88




	
6

	
−1.9 V

	
98

	
25




	
7

	
DMSO

	
90

	
78




	
8

	
DMA

	
90

	
76




	
9

	
Xe light (30 mW/cm2)

	
95 (26) d

	
68




	
10

	
Xe light (300 mW/cm2)

	
99 (84) d

	
14








a Reaction conditions: o-methylbenzophenone (0.8 mmol) and Bu4NBr (2.0 mmol) in acetonitrile (ACN) (20 mL) with CO2 bubbling, Al as the anode and Ag/AgBr as the reference electrode. b Conversion yield by HPLC analysis. c Isolated yield of desired product. d Yield of o-acylphenylacetic acid (photo-carboxylation product) by HPLC.
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