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Abstract – Methyl (S)-4-(1-methylpyrrolidin-2-yl)-3-oxobutanoate has been 

synthesized for enzymatic studies on cyclization enzymes during cocaine 

biosynthesis in Erythroxylum coca plants. During the present new synthesis, 

L-proline was first protected with Cbz group and reduced to chiral amino alcohol, 

which were then followed by Swern oxidation, Wittig reaction and 

decarboxylative condensation. At the last step, N-methylamino acid precursor was 

treated with 1,1’-carbonyldiimidazole followed by reacting with methyl potassium 

malonate to give the 3-oxobutanoate in 54% overall yield. This new strategy has 

proven to avoid obvious racemization of the L-proline chiral center during the 

synthesis. In addition, six of the eight synthesis steps were performed via GAP 

chemistry/technology without the use of column chromatography for purification. 

Alkaloids are nitrogen containing heterocyclic metabolites that are often derived from amino acids and 

are commonly used as starting substrates for drug development because of their broad biological 

activities.1 There are many different types of alkaloids, and humans have been taking advantage of their 

core heterocyclic structures for centuries for their pharmaceutical, narcotic, stimulants and toxic 

properties (Figure 1).2 Tropane alkaloid biosynthesis has been of great interest to the natural product 

community for several decades.3 These alkaloids contain complex core architectures, and their synthesis 

via traditional organic methods has been very challenging.4 It is not currently possible to produce tropane 

alkaloids from simple precursors in heterologous microbial expression systems. In order for this goal to 

be achieved, the tropane alkaloid biosynthetic pathway must be fully defined in terms of the structural 
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genes and their corresponding enzymes. Searching for the enzymes and cofactors that play crucial roles in 

this biosynthesis, as well as identifying related key intermediates, has been an extremely challenging 

endeavor. One of the key intermediates in cocaine (tropane alkaloid) biosynthesis is methyl 

(S)-4-(1-methylpyrrolidin-2-yl)-3-oxobutanoate which serves as the extended polyketide utilized for the 

formation of the bicyclic core skeleton found in tropanes found in the Erythroxylaceae.5,6 The lack of 

commercial availability for this compound hinders biochemical characterization studies of both the 

polyketide forming enzymes and the subsequent cyclization steps, making it necessary for the synthesis 

of this intermediate.7 

 

Figure 1. Representative natural products containing tropane alkaloid bicyclic core structure 

 

The only known synthesis of methyl (S)-4-(1-methylpyrrolidin-2-yl)-3-oxobutanoate was reported by 

Leete and coworkers in 1991.6 The Leete synthetic method started from formyl group protection and 

LAH-reduction to give precursor 3 (Scheme 1); ‘Halogen and cyanide anions’ SN2 displacements led to 

product 5, followed by harsh acidic hydrolysis and carbonyl addition/elimination to result in the final 

product 7. This synthesis was not able to control the chirality of the five-membered ring, and an overall 

yield of 26% was achieved in six steps (Scheme 1). 
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Scheme 1. Leete synthesis of 3-oxobutanoate compound 
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In order to obtain the asymmetric synthesis of chiral methyl (S)-4-(1-methylpyrrolidin-2-yl)-3- 

oxobutanoate, a different synthetic strategy has to be planned. L-proline resulted in becoming the first 

choice for serving as the starting material since a chiral center already exists in the parent structure, 

although the highly aqueous solubility of proline and some of its derivatives make the related total 

synthesis inconvenient in regard to repetitive and tedious chromatographic purification. Our strategy was 

planned by taking into account the following considerations: (1) to make sure the chiral center of 

L-proline ring is remained so as to obtain the enantiomerically pure 3-oxobutanoate; (2) to conduct the 

synthesis by taking advantage of our GAP chemistry8,9 so as to minimize/avoiding tedious column 

chromatography; (3) to perform the synthesis under mild conditions; (4) to substantially enhance the 

overall chemical yield. 

As shown in Scheme 2 our initial synthetic effort also began with L-proline 1 as the starting material. 

Proline methyl ester 8 was first generated,10 followed by N-methylation with methyl iodide to afford 9.11 

Treatment of 9 with DIBAL-H afforded the N-methylprolinaldehyde 10,12 but 10 proved difficult to 

isolate and to purify due to its volatility and water solubility. To remedy both properties, a new route was 

considered. Cbz protection of proline methyl ester 8 remedied the situation,13 but the DIBAL reduction12 

resulted in the cleavage of the Cbz deprotected product 12. Starting with Cbz-proline 13, reduction with a 

mixed anhydride/NaBH4 afforded Cbz-prolinol 14, this reduction method is known to preserve amino 

acid stereochemistry and is popular for this purpose.14 Prolinol product 14 then undergoes a Swern 

oxidation to afford aldehyde 15. This condition has also been shown to avoid racemization in similar 

cases.15 

 

 
Scheme 2. Initial attempts to synthesize 3-oxobutanoate 
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Aldehyde 15 was then subjected for a modified Wittig reaction to elongate the carbon chain (Scheme 3). 

Refluxing triphenylphosphine with MOMCl affords the Wittig precursor salt 

(methoxymethyl)triphenylphosphonium chloride.16 Reacting this salt with n-butyllithium, followed by 

addition of 15, affords methyl enol ether 16 after chromatographic purification as a mixture of cis and 

trans isomers.17 
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Scheme 3. Elongation of the carbon chain 

 

Deprotection with a 1:1 mixture of pyridine and tosic acid in acetone affords aldehyde 17.18 We next 

attempted to synthesize the oxobutanoate via an aldol condensation between aldehyde 17 and methyl 

acetate.19 The alcohol 18 was fully characterized by structural analysis but was determined to be a 

mixture of two diastereomers. Subjection of this compound to a second Swern oxidation led to the 

formation of several products, one of which was hygrine 19 (presumably via decarboxylation). 

To circumvent these issues, aldehyde 17 was oxidized to N-protected amino acid 20 with TCCA in 

water/acetone.20 A one-pot hydrogenation procedure with formaldehyde can simultaneously remove the 

Cbz protecting group, and install the methyl group, affording amino acid 6.21 The plan was then to use the 

last step of Leete’s original method to generate the oxobutanoate compound. The resulting amide was 

formed by reacting the carboxylic acid with 1,1’-carbonyldiimidazole which is then added to the methyl 

acetate enolate formed separately at -78 °C in THF with LDA; this step resulted in the formation of the 

desired compound 7 (Scheme 4).7 But the yield of the final step was very poor. LC-MS analysis showed 

complete consumption of starting material 6 indicating efficient amide formation. Therefore, we predicted 

the amide intermediate generated directly from the carboxylic acid may not be reactive enough to react 

with the separately pre-generated enolate. Next, we converted the acid to acid chloride using oxalyl 

chloride to explore its reaction with the enolate.22 Unfortunately, both above conditions gave low yields, 

and were hard to separate via column chromatography. The product was completely racemized due to the 

harsh conditions. 
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Scheme 4. Development of the final reaction 

 

We thus continued searching for suitable procedure which can be carried out at ambient temperature to 

maintain the chirality until final compound 7 was formed (Scheme 5).23 Initial studies to elongate the 

chain was carried out using N-protected amino acid 20 to ease purification process after work-up. 

Reacting the inexpensive available methyl potassium malonate with in situ generated amide from 

carboxylic acid 20 gave the compound 21 in 90% yield. The next step is to deprotect the N-protection 

group to give final compound. Using the previous condition for deprotection and to install methyl group 

simultaneously did not give the expected product. The LC-MS analysis of reaction mixture showed 198 

strong peak which does not match the mass of final compound. We went back to use N-methylamino acid 

6 to react with 1,1’-carbonyldiimidazole followed by the addition of methyl potassium malonate, 

pleasantly, the final product 7 was obtained in 88% yield. 

 

 
Scheme 5. Successful addition of methyl acetate to N-methylamino acid using methyl potassium 

malonate 
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In conclusion, we have designed a new strategy for the synthesis of 3-oxobutanoate without the loss of 

stereochemistry in eight steps with 54% overall yield. Mild reaction conditions carefully maintained in 

each step allowed the compound 7 to preserve the stereochemistry. Six of these eight steps were 

performed via GAP chemistry without using column chromatography. The compound 7 was being used 

as an internal standard against the samples from tropane alkaloid plants for further analysis. 

EXPERIMENTAL 

Reagents were used as obtained from commercial suppliers without further purification unless otherwise 

specified. ACS grade hexanes, ethyl acetate, dichloromethane and methanol were used for column 

chromatography. Thin layer chromatography (TLC) was performed on Alumina coated silica plates from 

Agela Technologies and visualization was performed with UV lamp or potassium permanganate staining 

solution followed by heating using a hotgun or iodine on silica. Column chromatography was performed 

on silica gel, siliaFlash P60 40-63 μm (230-400 mesh) purchased from Silicycle. Chloroform-d was 

purchased from Cambridge Isotope Laboratories. Optical rotations were determined with AUTOPOL IV 

automatic polarimeter purchased from Rudolph research analytical. 1H NMR and 13C NMR spectra were 

recorded on JEOL 400 MHz. Chemical shifts are given in parts per million (ppm) referenced to solvent 

residual proton resonance (δ = 7.26 for CHCl3) and solvent carbon resonance (δ = 77.0 for CHCl3). 

LC-MS analysis was done on LCQ FLEET (Electro spray ionization and ion trap) from Thermo 

Scientific. 

((Benzyloxy)carbonyl)-L-proline (13) 

In 150 mL of saturated Na2CO3 solution, L-proline (5 g, 43.43 mmol, 1 eq) is dissolved and benzyl 

chloroformate (6.82 mL, 47.78 mmol, 1.1 eq) is added in a dropwise manner to the above solution at 0 °C. 

The reaction mixture is stirred at room temperature for 3 h. CH2Cl2 is added to the reaction mixture and 

the aqueous layer is separated to which 2N HCl is added till pH drops to 2. Then the product is extracted 

with EtOAc, dried over MgSO4, filtered and concentrated to afford 13 as yellow oil which on keeping in 

the fridge becomes solid. Yield 10.825 g, quantitative. [α]D
25 -105.3 (c 1 g/100 mL, CH2Cl2). 1H NMR 

(400 MHz, CDCl3): δ = 11.68-11.39 (s, 1H), 7.45-7.27 (m, 5H), 5.27-5.07 (m, 2H), 4.52-4.29 (m, 1H), 

3.69-3.40 (m, 2H), 2.34-1.81 (m, 4H). 13C NMR (400 MHz, CDCl3): δ = 178.27, 176.66, 155.69, 154.38, 

136.39, 128.46, 128.34, 128.07, 127.89, 127.84, 127.60, 67.43, 67.09, 59.21, 58.57, 46.86, 46.57, 30.83, 

29.36, 24.22, 23.39. MS (ESI): m/z calcd for [C13H15NO4 + H]+: 250, found: 250. Spectroscopic data 

agree with literature.24 

Benzyl (S)-2-(hydroxymethyl)pyrrolidine-1-carboxylate (14) 

To a stirred solution of 13 (10.825 g, 43.43 mmol, 1 eq) in THF was added 1,1’-carbonyldiimidazole 

(9.365 g, 57.76 mmol, 1.33) and the reaction mixture is stirred for 15 min at room temperature. NaBH4 
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(2.743 g, 72.52 mmol, 1.67 eq) in 60 mL H2O is added slowly and let it stir for 30 min. Reaction mixture 

is quenched with 1N HCl till the pH drops to 2 and the solution is extracted with EtOAc. The combined 

extracts were washed with aq. NaHCO3, brine, dried over MgSO4 and passed through a short pad of silica 

to afford yellow oil. Yield 10.116 g, 99%. [α]D
25 -40.1 (c 1 g/100 mL, CH2Cl2). 1H NMR (400 MHz, 

CDCl3): δ = 7.39-7.27 (m, 5H), 5.16-5.06 (m, 2H), 4.34-4.03 (bs, 1H), 4.01-3.86 (m, 1H), 3.71-3.57 (d, J 

= 5.2, 2H), 3.55-3.44 (m, 1H), 3.42-3.32 (m, 1H), 2.04-1.71 (bm, 3H), 1.68-1.55 (m, 1H). 13C NMR (400 

MHz, CDCl3): δ = 156.88, 136.37, 128.37, 127.92, 127.75, 67.06, 66.51, 60.48, 47.15, 28.37, 23.86. MS 

(ESI): m/z calcd for [C13H17NO3 + H]+: 236, found: 236. Spectroscopic data agree with literature.25 

Benzyl (S)-2-formylpyrrolidine-1-carboxylate (15) 

A 100 mL flame-dried Schlenk flask under nitrogen atmosphere was charged with oxalyl chloride (1.64 

mL, 19.12 mmol, 1.5 eq) and 60 mL dry DCM and cooled to -78 °C using dry ice/acetone. DMSO (2.71 

mL, 38.25 mmol, 3.0 eq) was added dropwise, and the reaction was stirred for 15 min. A solution of 14 

(3.00 g, 12.75 mmol, 1.0 eq) in 20 mL dry DCM was added dropwise, and the reaction was stirred for 1 h. 

DIPEA (12 mL) was added, and the reaction was stirred for an additional hour at -78 °C, followed by 

slow warming until the temperature reached -10 °C. Saturated aq. NH4Cl was slowly added to quench, 

and the reaction was brought to room temperature. The organic layer was washed twice with additional 

saturated aq. NH4Cl, dried over MgSO4, filtered, and evacuated to afford 15 as yellow oil. Cooling in the 

fridge overnight afforded pale yellow crystals which did not melt upon warming to room temperature. 

Yield 2.94 g, 99%. [α]D
25 -24 (c 1 g/100 mL, CH2Cl2). 1H NMR (400 MHz, CDCl3): δ = 9.53 (d, J = 4.0 

Hz, 1H), 7.34-7.25 (m, 5H), 5.15-5.06 (m, 2H), 4.31-4.10 (m, 1H), 3.57-3.43 (m, 2H), 2.10-1.76 (m, 4H). 
13C NMR (400 MHz, CDCl3): δ = 199.79, 155.09, 154.23, 136.22, 136.01, 128.25, 127.85, 127.69, 66.97, 

65.02, 64.62, 47.04, 46.46, 27.49, 26.32, 24.22, 23.43. MS (ESI): m/z calcd for [C13H15NO3 + H]+: 234, 

found: 234. Spectroscopic data agree with literature.26 

Benzyl (S)-2-(2-methoxyvinyl)pyrrolidine-1-carboxylate (16) 

A 500 mL round-bottom flask under nitrogen atmosphere was charged with 

(methoxymethyl)triphenylphosphonium chloride (8.729 g, 25.46 mmol, 2 eq) and 150 mL dry THF and 

cooled to 0 °C. n-Butyllithium (9.67 mL, 2.5 M, 24.19 mmol, 1.9 eq) was added dropwise, and the 

reaction was stirred at 0 °C for 1 h. A solution of 15 (2.97 g, 12.73 mmol, 1.0 eq) in 20 mL dry THF was 

added dropwise and the reaction was stirred for an additional hour at 0 °C. The reaction mixture was 

quenched with saturated aq. NH4Cl at 0 °C, diluted with DCM and extracted with DCM. The combined 

organic layers were separated, dried over MgSO4, filtered, and concentrated under reduced pressure.  

Flash column chromatography on silica gel using 10% EtOAc/hexanes as the solvent afforded 16 as an 

otherwise clean mixture of cis and trans isomers as colorless oil. Yield 3.027 g, 91%. [α]D
25 -5 (c 1 g/100 

mL, CH2Cl2). 1H NMR (400 MHz, CDCl3): δ = 7.40-7.27 (m, 5H), 6.42 (d, J = 6.8 Hz, 0.57H, trans 
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isomer), 5.84 (d, J = 5.1 Hz, 0.27H, cis isomer), 5.23-4.99 (m, 2H), 4.82-4.72 (m, 0.3H, cis isomer), 

4.71-4.64 (m, 0.7H, trans isomer), 4.45-4.23 (m, 1H), 3.70-3.32 (bm, 5H), 2.13-1.97 (m, 1H), 1.96-1.76 

(m, 2H), 1.73-1.64 (m, 1H). 13C NMR (400 MHz, CDCl3): δ = 154.96, 154.48, 149.16, 146.36, 145.77, 

141.13, 137.06, 136.91, 128.28, 128.24, 127.72, 127.66, 127.24, 126.76, 108.70, 108.18, 103.60, 103.04, 

66.31, 64.92, 59.75, 59.46, 55.90, 52.74, 52.11, 46.22, 33.34, 32.73, 32.44, 24.09, 23.54, 23.37, 22.83. 

MS (ESI): m/z calcd for [C15H19NO3 + H]+: 262, found: 262. 

Benzyl (S)-2-(2-oxoethyl)pyrrolidine-1-carboxylate (17) 

A 250 mL round-bottom flask was charged with 100 mL acetone, pyridine (1.01 mL, 12.62 mmol, 1.1 eq), 

and tosic acid (2.402 g, 12.62 mmol, 1.1 eq) and was stirred until homogeneous. 16 (3 g, 11.48 mmol, 1 

eq) was added, and the reaction was stirred overnight at room temperature. Roughly 80% of the solvent 

was evacuated, followed by dilution with DCM. The organic layer was washed twice with saturated aq. 

NH4Cl solution. The combined organic layers were dried over MgSO4, filtered, and evacuated to afford 

17 as colorless oil. Yield, 2.782 g, 98%. [α]D
25 -9 (c 1 g/100 mL, CH2Cl2). 1H NMR (400 MHz, CDCl3):  

δ = 9.78 (brs, 0.6H), 9.66 (brs, 0.4H), 7.40-7.27 (m, 5H), 5.18-5.08 (m, 2H), 4.36-4.26 (m, 1H), 3.53-3.37 

(m, 2H), 3.03-2.76 (m, 1H), 2.55-2.45 (m, 1H), 2.19-2.07 (m, 1H), 1.93-1.80 (m, 2H), 1.73-1.60 (m, 1H). 
13C NMR (400 MHz, CDCl3): δ = 200.71, 154.78, 136.61, 128.36, 128.01, 127.86, 127.73, 66.66, 52.85, 

52.10, 49.08, 48.42, 46.64, 46.26, 31.84, 31.05, 23.60, 22.82. MS (ESI): m/z calcd for [C14H17NO3 + H]+: 

248, found: 248. Spectroscopic data agree with literature.27 

(S)-2-(1-((Benzyloxy)carbonyl)pyrrolidine-2-yl)acetic acid (20) 

A 250 mL round-bottom flask was charged with 55 mL water, 125 mL acetone, and 17 (2.5 g, 10.10 

mmol, 1.0 eq). TCCA (2.584 g, 11.12 mmol, 1.1 eq) was added, and the reaction was stirred overnight at 

room temperature. The reaction mixture was diluted with DCM and washed twice with brine. The 

combined organic layers were dried over MgSO4, filtered and evacuated to afford 20 as yellow crystalline 

solid. Yield, 2.391 g, 90%. [α]D
25 -3.5 (c 1 g/100 mL, CH2Cl2). 1H NMR (400 MHz, CDCl3): δ = 10.60- 

9.99 (bs, 1H), 7.45-7.27 (m, 5H), 5.21-5.07 (m, 2H), 4.29-4.20 (m, 1H), 3.50-3.39 (m, 2H), 3.11-2.78 (m, 

1H), 2.45-2.30 (m, 1H), 2.18-2.04 (m, 1H), 1.95-1.73 (m, 3H). 13C NMR (400 MHz, CDCl3): δ = 176.53, 

154.87, 136.59, 128.42, 127.92, 127.80, 66.81, 54.31, 53.75, 46.74, 46.42, 38.95, 38.25, 31.29, 30.72, 

23.44, 22.66. MS (ESI): m/z calcd for [C14H17NO4 + H]+: 264, found: 264.28 

(S)-2-(1-Methylpyrrolidin-2-yl)acetic acid (6) 

A 50 mL Schlenk flask was charged with 20 (2 g, 7.60 mmol), 10% Pd/C (200 mg, 10 Wt%), and 20 mL 

MeOH. 1.45 mL of 37% aqueous formaldehyde solution was added, and the reaction was placed under 

hydrogen atmosphere (balloon) and stirred for 16 h at room temperature. Filtration of the reaction mixture 

followed by solvent evacuation afforded 6 as white amorphous solid. Yield 0.859 g, 79%. Mp 119 °C. 

[α]D
25 -45 (c 1 g/100 mL, CH2Cl2). 1H NMR (400 MHz, CDCl3): δ = 3.50-3.41 (m, 1H), 3.17-3.07 (m, 
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1H), 2.58 (s, 3H), 2.67-2.40 (m, 3H), 2.21-2.09 (m, 1H), 1.98-1.65 (bm, 3H). 13C NMR (400 MHz, 

CDCl3): δ = 174.81, 64.39, 55.45, 39.17, 36.55, 30.10, 21.82. MS (ESI): m/z calcd for [C7H13NO2 + Na]+: 

166, found: 166.7 

(S)-4-(1-Methylpyrrolidin-2-yl)-3-oxobutanoate (7) 

1,1’-Carbonyldiimidazole (622 mg, 3.84 mmol, 1.1 eq) was taken in a 25 mL flame-dried Schlenk flask 

which was under nitrogen atmosphere. The shlenk was charged with N-methylamino acid 6 (500 mg, 3.49 

mmol, 1.0 eq) in THF (0.5 M) and the reaction was stirred for 3 h at room temperature. Then methyl 

potassium malonate (818 mg, 5.23 mmol, 1.5 eq) and MgCl2 (398 mg, 4.19 mmol, 1.2 eq) were added to 

the above solution and the reaction mixture was stirred for 16 h. Water is added to the reaction mixture 

and extracted with EtOAc. The crude oil was dissolved in CH2Cl2 and was directly loaded onto a silica 

gel. Flash column with 5% MeOH in DCM afforded the target compound as yellow oil. Yield 612 mg, 

88%. [α]D
25 -70 (c 1 g/100 mL, CH2Cl2). 1H NMR (400 MHz, CDCl3): δ = 3.74 (s, 3H), 3.53 (s, 2H), 

3.44-3.33 (m, 1H), 3.26-3.15 (m, 1H), 3.11-2.98 (bs, 1H), 2.91-2.80 (m, 1H), 2.53 (s, 3H), 2.57-2.44 (m, 

1H), 2.30-2.17 (m, 1H), 2.03-1.80 (bm, 2H), 1.74-1.60 (m, 1H). 13C NMR (400 MHz, CDCl3): δ = 200.59, 

167.36, 62.80, 56.32, 52.51, 49.09, 45.24, 40.25, 30.76, 29.68, 22.04. MS (ESI): m/z calcd for 

[C10H17NO3 + H]+: 200, found: 200. 

ACKNOWLEDGEMENTS 

We would like to acknowledge the financial support from Robert A. Welch Foundation (D-1361) to GL 

and NSF 1714326 to JCD. 

REFERENCES 

1. P.-A. Nocquet and T. Opatz, Eur. J. Org. Chem., 2016, 1156. 

2. P. J. Facchini, Annu. Rev. Plant Physiol. Plant Mol. Biol., 2001, 52, 29; J. Ziegler and P. J. Facchini, 

Annu. Rev. Plant Biol., 2008, 59, 735. 

3. U. das Atropin, J. Prakt. Chem., 1867, 100, 426. 

4. O. Affolter, A. Baro, W. Frey, and S. Laschat, Tetrahedron, 2009, 65, 6626; G. Cheng, X. Wang, R. 

Zhu, C. Shao, J. Xu, and Y. Hu, J. Org. Chem., 2011, 76, 2694; A. Córdova, S. Z. Lin, and A. 

Tseggai, Adv. Synth. Catal., 2012, 354, 1363; A. Fournial, T. Ranaivondrambola, M. 

Mathe-Allainmat, R. J. Robins, and J. Lebreton, Eur. J. Org. Chem., 2010, 152. 

5. N. Kim, O. Estrada, B. Chavez, C. Stewart Jr., and J. C. D’Auria, Molecules, 2016, 21, 1510. 

6. E. Leete, J. A. Bjorklund, M. M. Couladis, and S. H. Kim, J. Am. Chem. Soc., 1991, 113, 9286. 

7. J. Jirschitzka, F. Dolke, and J. C. D'Auria, Adv. Bot. Res., 2013, 68, 39. 

8. S. Qiao, J. Mo, C. B. Wilcox, B. Jiang, and G. Li, Org. Biomol. Chem., 2017, 15, 1718; G. An, C. 

612 HETEROCYCLES, Vol. 99, No. 1, 2019



 

Seifert, and G. Li, Org. Biomol. Chem., 2015, 13, 1600; H. Zhang, Z. Yang, B. N. Zhao, and G. Li, J. 

Org. Chem., 2018, 83, 744. 

9. S. Qiao, J. Wu, J. Mo, P. T. Spigener, B. N. Zhao, B. Jiang, and G. Li, Synlett, 2017, 28, 2483; S. 

Qiao, C. B. Wilcox, D. K. Unruh, B. Jiang, and G. Li, J. Org. Chem., 2017, 82, 2992; H. Zhang, B. 

Yang, Z. Yang, H. Lu, and G. Li, J. Org. Chem., 2016, 81, 7654. 

10. R. Moumne, S. Lavielle, and P. Karoyan, J. Org. Chem., 2006, 71, 3332. 

11. T. Itoh, M. Miyazaki, S. Ikeda, K. Nagata, M. Yokoya, Y. Matsuya, Y. Enomoto, and A. Ohsawa, 

Tetrahedron, 2003, 59, 3527. 

12. E. B. A. Garcia and J. C. Q. Colmenares, Tetrahedron Lett., 2008, 49, 3995. 

13. C. He, X. Ren, Y. Feng, Y. Chai, S. Zhang, and W. Chen, Tetrahedron Lett., 2015, 56, 4036. 

14. S. C. Bergmeier, A. A. Cobas, and H. Rapoport, J. Org. Chem., 1993, 58, 2369; R. Sharma, G. H. 

Voynov, T. V. Ovaska, and V. E. Marquez, Synlett, 1995, 839. 

15. S. E. Denmark, J. P. Edwards, T. Weber, and D. W. Piotrowski, Tetrahedron: Asymmetry, 2010, 21, 

1278. 

16. P. Xing, Z. Huang, Y. Jin, and B. Jiang, Synthesis, 2013, 45, 596. 

17. C. Chapuis, D. Skuy, J.-Y. de Saint Laumer, and R. Brauchli, Chem. Biodivers., 2014, 11, 1470. 

18. K. Sidoryk, A. Korda, L. Rarova, J. Oklestkova, Z. Pakulski, M. Strnad, P. Cmoch, K. Gwardiak, 

and R. Karczewsk, Eur. J. Org. Chem., 2016, 373. 

19. P. Dewi-Wülfing, J. Gebauer, and S. Blechert, Synlett, 2006, 3, 0487. 

20. U. Tilstam and H. Weinmann, Org. Process Res. Dev., 2002, 6, 384. 

21. T. Steffan, T. Renukappa-Gutke, G. Höfner, and K. T. Wanner, Bioorg. Med. Chem., 2015, 23, 1284; 

R. A. da Silva, I. H. S. Estevam, and L. W. Bieber, Tetrahedron Lett., 2007, 48, 7680. 

22. H. Qiao, L. Zhu, B. P. Lieberman, Z. Zha, K. Plössl, and H. F. Kung, Bioorg. Med. Chem. Lett., 

2012, 22, 4303. 

23. J. Qin, A. Rao, X. Chen, X. Zhu, Z. Liu, X. Huang, S. Degrado, Y. Huang, D. Xiao, R. Aslanian,

B. Cheewatrakoolpong, H. Zhang, S. Greenfeder, C. Farley, J. Cook, S. Kurowski, Q. Li, M. van 

Heek, M. Chintala, G. Wang, Y. Hsieh, F. Li, and A. Palani, ACS Med. Chem. Lett., 2011, 2, 171. 

24. D. S. Bose, M. Idrees, I. K. Todewale, N. M. Jakka, and J. V. Rao, Eur. J. Med. Chem., 2012, 50, 27. 

25. A. Quintard, C. Bournaud, and A. Alexakis, Chem. Eur. J., 2008, 14, 7504. 

26. S. E. Denmark, J. P. Edwards, T. Weber, and D. W. Piotrowski, Tetrahedron: Asymmetry, 2010, 21, 

1278. 

27. H. Konno, S. Kusumoto, S. Kanai, Y. Yamahana, K. Nosaka, and K. Akaji, Heterocycles, 2006, 68, 

2579. 

28. T. Aoyama and T. Shioiri, Chem. Pharm. Bull., 1981, 29, 3249. 

HETEROCYCLES, Vol. 99, No. 1, 2019 613



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




