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Abstract:



An efficient catalytic system was developed for the acetalization and ketalization of carbonyl compounds with polyhydric alcohols under mild solvent-free conditions. In the presence of 0.1 mol% CoCl2 and 0.2 mol% dimethylglyoxime at 70 °C under 5 KPa pressure for 1 h, 95.3% conversion of cyclohexanone and 100% selectivity of the corresponding cyclic ketal could be obtained, where TOF reached as high as 953 h−1. It is proposed that the in situ generated planartetracoordinate cobaloxime played the key role in the catalytic cycle and was responsible for the excellent catalytic performance.






Keywords:


acetalization; ketalization; dimethylglyoxime; cobalt; cobaloxime; polyhydric alcohol












1. Introduction


The protection of carbonyl groups plays an important role in multi-step organic synthesis ofcompounds with multiple functional groups. Cyclic acetals and ketals are the most well-established and frequently used protective strategies for the carbonyl groups [1]. In addition, many acetals and ketals have wide applications in industrial manufacturing, such as cosmetics, food and fragrances, etc. [2]. The most general method for the synthesis of acetals or ketals is the reaction of carbonyl compounds with an alcohol or diol. Traditionally, acidic catalysts like protic acid [1,3,4], Lewis acid [5,6,7,8,9], and heteropoly acids [10] were used to synthesize acetals or ketals, and the removal of by-product water was essential. However, those methods suffered from several drawbacks, such as corrosion, tedious work-up, environmental pollution and non-recoverability of catalysts. To solve those problems, a variety of solid acidic catalysts, which were prepared by immobilization of acidic catalysts on various inorganic or organic supporters, have been investigated [11,12,13,14,15,16,17,18,19,20]. Furthermore, many acid or Lewis acid-functionalized ionic liquids were used for acetalization or ketalization [21,22,23,24]. However, such catalysts required complex synthetic routes and long technological processing. As complementary methods to the acid-catalyzed acetalization and ketalization, some metal-free catalysts, such as N-bromobutanimide (NBS) [25] and complexes of carbon tetrabromide and sodium triphenylphosphine-m-sulfonate [26] have been developed, which allow the survival of acid-sensitive groups on substrates. Recently, transitional metal complexes have been used to catalyze the acetalization and ketalization of carbonyl compounds and alcohols [27,28,29,30]. Despite the great advances in this realm, these methodologies are susceptible to expensive metal catalysts, high catalyst loading, uncommon reagents, and long reaction time. Catalytic systems with non-noble metals and simple ligands are still limited [31,32,33,34].



Previously, we reported the catalytic aerobic oxidation of alcohols to their corresponding carbonyl compounds by employing 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), Co(NO3)2 and dimethylglyoxime (DH2) as a combined catalytic system [35]. We found that a considerable amount of acetals were generated if ethanol was used as the solvent. Additional tests revealed that acetal formation occurred efficiently in the presence of Co(NO3)2 and DH2. Taking the results from our previous study on alcohol oxidation [35], we proposed that the in situ generated bisdimethylglyoximatocobalt(II) (Co(DH)2, cobaloxime) played the catalytic role in this acetalization. As far as we are aware, the catalytic properties of such Co complexes for acetalization and ketalization have not been studied yet. Moreover, it was notable that both the DH2 ligand and cobalt salt are simple, commonly used and inexpensive. Herein, the catalytic performance of cobaloxime was investigated by using various cobalt salts for acetalization and ketalization of different carbonyl compounds and polyhydric alcohols (Scheme 1).




2. Results


2.1. The Catalytic Performances of Co(NO3)2 and DH2


Due to their reversible features, acetalization and ketalization are often facilitated by removing water generated during the reaction processes. By using cyclohexanone (12.0 mmol) and propane-1,2-diol (18.1 mmol) as the substrates, our initial test was carried out with 1 mol% Co(NO3)2 and 3 mol% DH2 in 20 mL benzene under refluxing for 1 h. The ketalization of cyclohexanone was achieved in a conversion of 43.3% and a selectivity of 100% selectivity. When a Dean-Stark trap was implemented to remove water, the conversion rate increased to 59.5% for 1 h, and 65.6% for 5 h. This showed that prolongation of reaction time did not significantly increase the conversion rate. Then, the next tests were conducted in the absence of any solvent with a pressure of 5 KPa (Table 1). After 1 h at room temperature, a conversion of 60.8% was achieved (entry 1, Table 1), which was similar to the reaction result in the benzene solution with water being removed during the reaction process. Further investigation showed that the conversion occurred most effectively when the temperature was increased from room temperature to 70 °C. Nevertheless, when the temperature increased from 70 °C to 90 °C, there was little change in conversion rate (entries 1–7, Table 1). Therefore, 70 °C was the preferable temperature for the ketalization, wherein a 99.6% conversion was realized (entry 5, Table 1). The effect of the loading amount of the catalysts on efficacy of ketalization was also investigated (entries 5, 8 and 9). To our surprise, the conversion reached as high as 99.6% under the same conditions in the presence of 0.1 mol% Co(NO3)2 and 0.3 mol% DH2. In sharp contrast, almost no reaction was observed in the absence of either one of the two chemicals (entries 10 and 11), indicating that both of the components were indispensable. Besides, when equimolar propane-1,2-diol was used to react with cyclohexanone, the conversion still reached 90.3% (entry 12).



Table 1. Ketalization of cyclohexanone with propane-1,2-diol catalyzed by Co(NO3)2 and DH21.







	
Entry

	
Co(NO3)2 (mol%)

	
T (°C)

	
Conversion (%) 2






	
1

	
1

	
25

	
60.8




	
2

	
1

	
40

	
82.1




	
3

	
1

	
50

	
90.8




	
4

	
1

	
60

	
91.7




	
5

	
1

	
70

	
99.8




	
6

	
1

	
80

	
99.8




	
7

	
1

	
90

	
99.3




	
8

	
0.5

	
70

	
99.5




	
9

	
0.1

	
70

	
99.6




	
10 3

	
0.1

	
70

	
5.6




	
11

	
0

	
70

	
1.5




	
12 4

	
0.1

	
70

	
90.3








1 Reaction conditions: 51.3 mmol cyclohexanone, 76.9 mmol propane-1,2-diol, the molar rate of Co and DH2 is 1 to 3 in all case, 1 h, 5 KPa pressure. 2 The conversions and selectivities were based on Gas Chromatography (GC) with area normalization, and the selectivities of ketal were 100% in all cases. 3 In the absence of DH2. 4 51.3 mmol propane-1,2-diol.








Figure 1 depicts the variations of conversion and turnover frequency (TOF) of the Co catalytic center during the reaction process. As can be seen, there is a remarkable increase in conversion in the early stage of reaction, and a subsequent slow growth. The deceleration in the conversion in the later period is due to the gradually decreasing concentration of reactants. However, it is notable that the TOF reached as high as 4188 h−1 at the ten-minute point, and 996 h−1 even at the one-hour point, from where the ketalization proceeded to near completeness (99.6% conversion). These results indicated that Co/DH2 displays very highly catalytic activity for ketalization.


Figure 1. The time-varied conversions and turnover frequencies. Reaction conditions: 51.3 mmol cyclohexanone, 76.9 mmol propane-1,2-diol, 0.1 mol% Co(NO3)2, 0.3 mol% DH2, 5 KPa pressure, 70 °C.
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2.2. Studies on Various Cobalt Salts


The screening of cobalt salts was performed by employing four common cobalt salts for the ketalization of cyclohexanone at optimal conditions (Table 2). As shown, CoCl2 displayed better catalytic activity (95.3% conversion, 953 h−1 TOF, entry 1, Table 2) than Co(NO3)2 (90.1% conversion, entry 2, Table 2). However, CoSO4 afforded a much lower conversion, and Co(OAc)2 failed to catalyze the ketalization (entry 4), implying that the anion of cobalt salt is one of the determinants affecting the catalytic activity.



Table 2. Ketalization of cyclohexanone using different cobalt salts in the presence of DH21.







	
Entry

	
Cobalt Salt

	
Conversion (%)






	
1

	
CoCl2

	
95.3




	
2

	
Co(NO3)2

	
90.1




	
3

	
CoSO4

	
49.0




	
4

	
Co(OAc)2

	
-




	
5 2

	
CoCl2

	
-








1 Reaction conditions: 0.1 mol% Cobalt salt, 51.3 mmol cyclohexanone, 51.3 mmol propane-1,2-diol, 1 h. Other reaction conditions were as described in Figure 1. 2 0.2 mol% NaOAc was added.








The generation of cobaloxime by CoCl2 and DH2 will release two equivalent HCl molecules. Under the condition of 5 KPa pressure and 70 °C, volatile HCl could easily escape from the reaction mixture. Therefore, the in situ formed cobaloxime has two unoccupied axial sites, which could serve as the catalytic sites (entry 1, Table 2). Also, Co(NO3)2/DH2 due to the HNO3 molecule could degrade to NO2 and escape. H2SO4 and HOAc molecules could hardly escape from the reaction system, so CoSO4/DH2 and Co(OAc)2/DH2 did not work well. Interestingly, since H2SO4 molecules remained in the reaction mixture and still coordinated with the Co center, the corresponding cobaloxime would have only one axial site left and thus produce moderate catalytic activity. For the same reason, the cobaloxime of Co(OAc)2/DH2 had no axial site and thus was inert to the ketalization. In addition, when NaOAc was added into the reaction system with CoCl2/DH2, no ketalization occurred (entry 5, Table 2. To prove our theory, tris(dimethylglyoximato) cobalt(III), which has three ligands coordinated to one cobalt central and no unoccupied axial sites, was prepared [36] and used as the catalyst for the template reaction. Ketalization did not occur, which proved that such a hexacoodinate complex had no catalytic activity. From the above discussion, it could be implied that the axial sites of the cobalt center in planar tetracoordinate cobaloxime were assigned as a catalytic center for ketalization.



The effects of molar ratios of DH2 to cobalt salts on the catalytic performance are shown in Figure 2. As can be seen, for either CoCl2 or Co(NO3)2, when the ratios were below 2:1, the conversion increased fast along with the increase in the DH2 loading. Nevertheless, the conversions stayed at a very steady level when the ratios were equal to or were larger than 2:1. The results showed clearly that the optimal molar ratio of DH2 to cobalt salts was 2:1, and that the excess amount of DH2 did not enhance the catalyst performance. It was notable that this ratio coincided with the ratio of DH2 to Co in cobaloxime. Therefore, it is probable that cobaloxime formed in situ during the catalytic process, and played a key role as the catalyst in the ketalization.


Figure 2. The conversions at different molar ratio of DH2 to Co. Reaction conditions were as described in Table 2. For CoCl2 the reaction time was 0.5 h, and for Co(NO3)2 the reaction time was 1 h.
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2.3. Various Ketalizations and Acetalizations


To further investigate the scope of this catalytic reaction, acetalization and ketalization of various substrates were carried out with CoCl2/DH2 under the optimized conditions (Table 3). As shown, acetalization and ketalization of most carbonyl compounds with polyhydric alcohols could be catalyzed effectively by CoCl2/DH2. The reaction of cyclohexanone and ethane-1,2-diol also achieved an excellent conversion of 99.2% (entry 1, Table 3) which was quite similar to that of propane-1,2-diol. When benzaldehyde reacted with propane-1,2-diol or ethane-1,2-diol, nearly full conversions were reached within 3 h, respectively (entries 2 and 3). However, the ketalization of acetophenone only gave a moderate yield (entries 4 and 5), and the ketalization of benzophenone did not occur (entry 6), even with increased catalyst loading and an extended reaction duration. These results can probably be explained as that the bulk substituents on the carbonyl hindered its effective coordination to the cobalt center.



Table 3. Ketalization (acetalization) of various ketones (aldehydes) catalyzed by CoCl2/DH21.







	
Entry

	
Carbonyl Compound

	
Alcohol

	
CoCl2(mol%)

	
Temperature(°C)

	
Time(h)

	
Product/Yield (%)






	
1

	
cyclohexanone

	
ethane-1,2-diol

	
0.1

	
70

	
1

	
 [image: Catalysts 08 00048 i001]




	
2

	
benzaldehyde

	
propane-1,2-diol

	
0.1

	
70

	
3

	
 [image: Catalysts 08 00048 i002]




	
3

	
benzaldehyde

	
ethane-1,2-diol

	
0.1

	
70

	
3

	
 [image: Catalysts 08 00048 i003]




	
4

	
acetophenone

	
propane-1,2-diol

	
1

	
90

	
9

	
 [image: Catalysts 08 00048 i004]




	
5

	
acetophenone

	
ethane-1,2-diol

	
1

	
90

	
7

	
 [image: Catalysts 08 00048 i005]




	
6

	
benzophenone

	
propane-1,2-diol

	
1

	
90

	

	
-




	
7

	
ethyl acetoacetate

	
ethane-1,2-diol

	
1

	
70

	
8

	
 [image: Catalysts 08 00048 i006]




	
8

	
ethyl acetoacetate

	
propane-1,2-diol

	
1

	
70

	
8

	
 [image: Catalysts 08 00048 i007]




	
9

	
cyclohexanone

	
glycerol

	
0.1

	
70

	
4

	
 [image: Catalysts 08 00048 i008]




	
10

	
benzaldehyde

	
glycerol

	
0.1

	
70

	
6

	
 [image: Catalysts 08 00048 i009]




	
11

	
ethyl acetoacetate

	
glycerol

	
1

	
70

	
8

	
 [image: Catalysts 08 00048 i010]




	
12

	
acetophenone

	
glycerol

	
1

	
90

	
12

	
 [image: Catalysts 08 00048 i011]




	
13

	
cyclohexanone

	
butane-1,4-diol

	
0.1

	
80

	
7

	
 [image: Catalysts 08 00048 i012]




	
14

	
benzaldehyde

	
butane-1,4-diol

	
0.1

	
80

	
7

	
 [image: Catalysts 08 00048 i013]




	
15

	
acetophenone

	
butane-1,4-diol

	
1

	
100

	
10

	
 [image: Catalysts 08 00048 i014]








1 Reaction conditions: 51.3 mmolcarbonyl compound, 76.9 mol alcohol, the molar ratio of CoCl2:DH2 was 1:2, 5 KPa pressure. 2 The yields were based on the total amount of the two diastereomeric isomers of the ketal.








The cyclic ketals of ethyl acetoacetate are often used as flavor material [2]. Encouragingly, in 70 °C for 8 h, ketalization of ethyl acetoacetate with ethane-1,2-diol and propane-1,2-diol achieved a 95.9% yield of ethyl 2-(2,4-dimethyl-1,3-dioxolan-2-yl)acetate (Fructone, entry 7) and a 96.7% yield of ethyl 2-(2-methyl-1,3-dioxolan-2-yl)acetate (Fructone-B, entry 8), respectively, which could have significant benefits for industry.



Glycerolacetals/ketals have wide applications as fragrances, surfactants, food and beverage additives, fine intermediates, in lacquer industries and as ignition accelerators and anti-knock additives in combustion engines [16]. Catalyzed by CoCl2/DH2, ketalization of glycerol with cyclohexanone, benzaldehyde and ethyl acetoacetate reached approximately full conversions (entries 9–11), whereas, acetophenone gave a moderate yield. Among them, the formation of five-membered cyclic ketals is preferable.



It was interesting to find that seven-membered cyclic ketals could be easily generated (entries 13–15). Although the reaction of acetophenone with butane-1,4-diol took place slowly, the ketalization of butane-1,4-diol with cyclohexanone, and benzaldehyde achieved moderate to excellent yields of the corresponding seven-membered cyclic ketals. This provides a potential method for the preparation of large cyclic ketals.




2.4. The Suggested Catalytic Mechanism


Notably, a small quantity of 1,3-diphenylbut-2-en-1-one was generated in the reaction of acetophenone and butane-1,4-diol (see the Supplementary Materials), which was the product of self-aldol condensation of acetophenone. This means that the more electrophilic species of carbonyl will form in the reaction.



According to the above experimental results, the general mechanism of this new catalytic acetalization and ketalizationis proposed in Figure 3. In the reactions with CoCl2/DH2 and/or Co(NO3)2/DH2 under 5 KPa pressure and 70 °C, the planar tetracoordinate cobaloxime was formed in situ with two unoccupied axial sites. The carbonyl group of aldehyde or ketone coordinates to the cobalt center of cobaloxime in end-on type, which results in the C of carbonyl becoming more electrophilic due to electron transfer of carbonyl to the cobalt center. Then, such active carbonyl is attacked by one hydroxyl of polyhydric alcohol to form a protonated alkyloxyalkylolate on the cobalt center. Afterwards, an intramolecular nucleophilic substitution takes place between oxygen anion and α-C of the second hydroxyl of alkyloxyalkylolate, leading to the recovery of cobaloxime and the generation of the acetal/ketal product.


Figure 3. The suggested catalytic mechanism.
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3. Conclusions


In summary, a highly efficient catalytic system consisting of CoCl2 (or Co(NO3)2) and DH2 was developed to perform the acetalization and ketalization of various carbonyl compounds with polyhydric alcohols. The corresponding cyclic acetals and/or ketals were formed under solvent-free mild conditions and a 5 KPa pressure. Wherein, the simple and non-noble metal catalyst, CoCl2/DH2, displayed excellent catalytic performance, where TOF reached as high as 953 h−1. During the catalytic process, the in situ generated planar tetracoordinate cobaloxime played a key role. The general mechanism was suggested, which includes a coordination-activation of the carbonyl, an intermolecular electrophilic attack to hydroxyl and an intramolecular nucleophilic substitution. Conclusively, our methodology provides a noncorrosive and simple way to synthesize cyclic acetals and ketals. Moreover, the availability of inexpensive CoCl2 and DH2 makes the process an attractive method of acetalization and ketalization for industrial manufacturing.




4. Materials and Methods


All starting materials were purchased from commercial sources and used without further treatment. Gas chromatography measurements (Agilent Technologies, Inc., Santa Clara, CA, USA) were conducted using an Agilent Technologies 6890N Network GC system with a flame ionization detector and an INNOWAX capillary column (30 m × 0.53 mm × 1 μm). Agilent chemstation software (Agilent Technologies 6890N Network, Agilent Technologies, Inc., Santa Clara, CA, USA) was used for spectra acquisition and processing. The conversions of substrates were determined by GC area normalization. A Bruker GC-MS spectrometer (Ruker Daltonics Inc., Fremont, CA, USA) was used for determination of the acetal and ketal products.



General Procedure: All the catalytic reactions were performed in a 50 mL three-necked round-bottom flask equipped with a magnetic stirrer. Typically, a mixture of cyclohexanone (51.3 mmol), propane-1,2-diol (51.3 mmol), CoCl2 (0.1 mol%) and DH2 (0.2 mol%) were charged into the flask and heated to 70 °C along with stirring. Afterwards, the system pressure of 5 KPa was obtained by a vacuum pump and maintained during the period of reaction. The progress of the reaction was monitored by GC analysis of small aliquots drawn from the reaction mixture. The reaction was stopped when GC showed that the reaction was completed. After being cooled to room temperature, the reaction mixture was transferred into a separating funnel. 15 mL CH2Cl2 was used to wash the reaction flask and poured into the funnel. The combined mixture was washed with saturated sodium carbonate solution (4 × 5 mL) and dried by anhydrous Na2SO4. Then, the mixture was distilled under vacuum to give the acetal (or ketal) product.
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The following are available online at http://www.mdpi.com/2073-4344/8/2/48/s1. Figure S1: GC-MS spectrum of the reaction of cyclohexanone and propane-1,2-diol, Figure S2: GC-MS spectrum of the reaction of cyclohexanone and ethane-1,2-diol, Figure S3: GC-MS spectrum of the reaction of benzaldehyde and propane-1,2-diol, Figure S4: GC-MS spectrum of the reaction of benzaldehyde and ethane-1,2-diol, Figure S5: GC-MS spectrum of the reaction of acetophenone and propane-1,2-diol, Figure S6: GC-MS spectrum of the reaction of acetophenone and ethane-1,2-diol, Figure S7: GC-MS spectrum of the reaction of ethyl acetoacetate and ethane-1,2-diol, Figure S8: GC-MS spectrum of the reaction of ethyl acetoacetate and propane-1,2-diol, Figure S9: GC-MS spectrum of the reaction of cyclohexanone and glycerol, Figure S10: GC-MS spectrum of the reaction of benzaldehyde and glycerol, Figure S11: (a,b) GC-MS spectrum of the reaction of ethyl acetoacetate and glycerol, Figure S12: GC-MS spectrum of the reaction of acetophenone and glycerol, Figure S13: GC-MS spectrum of the reaction of cyclohexanone and butane-1,4-diol, Figure S14: GC-MS spectrum of the reaction of benzaldehyde and butane-1,4-diol, Figure S15: GC-MS spectrum of the reaction of acetophenone and butane-1,4-diol, Figure S16: 1H-NMR spectrum of the reaction product of cyclohexanone and propane-1,2-diol, Figure S17: 1H-NMR spectrum of the reaction product of benzaldehyde and propane-1,2-diol, Figure S18: 1H-NMR spectrum of the main product of reaction of cyclohexanone and glycerol.
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Scheme 1. Cobaloxime-catalyzed acetalization and ketalization. 
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