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Abstract: The enantioselective synthesis of highly functionalized 

chiral cyclopent-2-enones by the reaction of alkynyl malonate esters 

with arylboronic acids is described. These desymmetrizing arylative 

cyclizations are catalyzed by a chiral phosphinooxazoline–nickel 

complex, and cyclization is enabled by the reversible E/Z 

isomerization of alkenylnickel species. The general methodology is 

also applicable to the synthesis of 1,6-dihydropyridin-3(2H)-ones.  

Chiral cyclopent-2-enones are versatile building blocks for 

synthesis[1] and are present in many biologically active natural 

products[1] such as (+)-achalensolide,[ 2 ] phorbol,[ 3 ] and (–)-

kjellmanianone[4] (Figure 1). In view of their broad significance, 

various methods have been developed for the de novo 

construction of enantiomerically enriched chiral cyclopent-2-

enones,[1, 5 – 7 ] such as Pauson-Khand reactions,[5] Nazarov 

cyclizations,[6] and several other approaches.[7] However, given 

the wide structural diversity of chiral cyclopent-2-enones in 

target compounds, the development of new strategies to these 

structures continues to be highly valuable. 

 

 

Figure 1. Natural products containing cyclopent-2-enones. 

 

We envisaged that chiral cyclopent-2-enones might be 

prepared by the enantioselective nickel-catalyzed reaction of 

alkynyl malonate esters 1 with arylboronic acids (Scheme 1). 

Specifically, nickel-catalyzed syn-addition of an arylboronic acid 

to the alkyne of 1 would give alkenylnickel species (Z)-2, which 

possesses the incorrect stereochemistry for cyclization onto one 

of the esters. However, reversible E/Z isomerization[8,9] of (Z)-2 

would give alkenylnickel species (E)-2, which could now attack 

an ester in an enantioselective desymmetrization[10] to give 2,3-

diaryl cyclopent-2-enones 3.[11] The 2,3-diaryl cyclopent-2-enone 

scaffold is present in the highly potent COX-2 inhibitor 4,[12a] as 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Proposed synthesis of chiral cyclopent-2-enones. 

 

well as in the combretocyclopentenones 5[12b] and related 

compounds,[12c] which exhibit antitumor activity. Moreover, there 

are few asymmetric methods for the de novo construction of 

cyclopent-2-enones with a quaternary stereocenter at the 5-

position (as in 3).[5k,6g] Although our previous work on 

enantioselective nickel-catalyzed arylative cyclizations of alkynyl 

electrophiles showed that ketones[8a] and activated alkenes[8a,b] 

are competent reaction partners for alkenylnickel species, the 

ability of less electrophilic esters to undergo analogous 

cyclizations was less certain. Herein, we report the successful 

implementation of this strategy. Not only can this methodology 

produce highly functionalized, enantiomerically enriched chiral 

cyclopent-2-enones, 1,6-dihydropyridin-3(2H)-ones are also 

accessible. 

 
Table 1. Evaluation of reaction conditions[a] 

 
Entry Ligand Temp (°C) NMR yield [%][b] ee [%][c] 

1 L1 100 98 91 

2 L1 80 99 94 

3 L2 80 94 –81[d] 

4 L3 80 84 –94[d] 

5 L4 80 49 88 

6 L5 80 61 –78[d] 

[a] Reactions were conducted with 0.05 mmol of 1a in TFE (0.5 mL). 

[b] Determined by 1H NMR analysis using 1,4-dimethoxybenzene as an 

internal standard. [c]  Determined by HPLC analysis on a chiral stationary 

phase. [d] These reactions gave ent-3aa as the major enantiomer. 
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Our initial experiments revealed that substrates 1 containing 

ethyl esters are insufficiently reactive under a range of 

conditions that are effective in our nickel-catalyzed anti-

carbometallative cyclizations described previously.[8] However, 

the more electrophilic bis(2,2,2-trifluoroethyl) malonate 1a 

reacted successfully with PhB(OH)2 (2.0 equiv) in the presence 

of 10 mol% each of Ni(OAc)2·4H2O and various chiral P,N-

ligands L1–L5 in 2,2,2-trifluoroethanol (TFE) to give cyclopent-2-

enone 3aa (Table 1). At 100 °C, (R)-Ph-PHOX (L1) gave 3aa in 

98% yield (by 1H NMR analysis) and 91% ee (entry 1).[ 13 ] 

Reducing the temperature to 80 °C improved the 

enantioselectivity to 94% ee with no loss of yield (entry 2). Other 

phosphinooxazolines L2–L5 are effective at 80 °C (entries 3–5), 

but with the exception of L3 (entry 4), the yields and 

enantioselectivities are appreciably lower than with L1.  

The scope of this process with respect to the alkynyl 

bis(2,2,2-trifluoroethyl) malonate was then explored using L1 as 

the chiral ligand in reactions with PhB(OH)2, which gave 

cyclopent-2-enones 3aa–3pa in 46–98% yield and 77–94% ee 

(Scheme 2). As well as a 2-thienyl group (3aa, 3ia, and 3ja), 

  

 
Scheme 2. Scope of the alkynyl bis(2,2,2-trifluoroethyl) malonate.  Reactions 

were conducted with 0.30 mmol of 1a–1o in TFE (3 mL). Yields are of isolated 

products. Enantiomeric excesses were determined by HPLC analysis on a 

chiral stationary phase. [a] Conducted at 100 °C. [b] Conducted with 20 mol% 

each of Ni(OAc)2·4H2O and L1. 

the substituent at the 2-position of substrates 1 can be altered to 

a phenyl group (3ba), mono- and disubstituted benzenes with 

electron-donating or electron-withdrawing substiutents (3ca–3ga, 

3ka, and 3la), and a 2-naphthyl group (3ha). Ethoxy (3ma), 

benzyloxy (3na), 3-thienylmethoxy (3oa), and anilino groups 

(3pa) at this position are also tolerated. The reaction is 

compatible with various other (hetero)aryl groups at the alkyne, 

such as 4-methoxyphenyl (3ia), 3-methylphenyl (3ja), 4-

chlorophenyl (3ka), and 2-thienyl (3la). In a few cases, reaction 

at 100 °C (3ca, 3ka, and 3la) or use of a 20 mol% catalyst 

loading (3ma and 3oa) were required for complete consumption 

of the starting material. 

 

 
 

The process is not limited to aryl groups at the alkyne, as 

shown by the reaction of 1,3-enyne 6 to give cyclopent-2-enone 

7 in 76% yield and 80% ee [Eq. (1)]. (R)-Ph-PHOX (L1) is less 

effective for substrates with alkyl groups at the 2-position. For 

  

 
Scheme 3. Scope of the boronic acid. Reactions were conducted with 0.30 

mmol of 1a, 1c, 1i or 1j in TFE (3 mL). Yields are of isolated products. 

Enantiomeric excesses were determined by HPLC analysis on a chiral 

stationary phase. [a] Conducted at 100 °C. [b] Conducted at 120 °C. 
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example, the cyclization of substrates 1p and 1q (see [Eq. (2) 

and (3) for the structures) gave cyclopent-2-enones in 29% ee 

and 0% ee, respectively, with L1 as the ligand. However, 

somewhat improved results were obtained with (S)-t-Bu-

NeoPHOX (L5),14 which gave ent-3qa and ent-3ra in 59% ee 

and 54% ee, respectively [Eq. (2) and (3)]. 

The reactions of a range of (hetero)arylboronic acids with 

representative substrates 1a, 1c, 1i, and 1n are presented in 

Scheme 3. Pleasingly, these reactions gave cyclopent-2-enones 

in generally good yields (73–92%) and enantioselectivities (80–

94% ee). The process is compatible with arylboronic acids 

containing halide (3ab, 3cg, 3ij, 3ik, and 3nm), methyl (3ac, 

3ch and 3nm), carboethoxy (3ad), or alkoxy (3cf, 3ij, and 3nl) 

substituents. 2-Naphthylboronic acid (3ii) and 3-thienylboronic 

acid (3ae) are also effective. 

 

 
 

The process also works well in gram-scale reactions. For 

example, the reaction of 1b (1.38 g, 3.00 mmol) with PhB(OH)2 

gave 1.10 g of 3ba (84% yield) in 80% ee [Eq. (4)]. Importantly, 

by conducting this reaction a higher concentration of 0.4 M, 

rather than at 0.1 M used in the experiments shown in Schemes 

2 and 3, the catalyst loading was lowered to 3 mol%. 

To demonstrate the synthetic utility of the products, further 

transformations of a representative cyclopent-2-enone were 

conducted. Trifluoroethyl esters are moderately active acylating 

agents[15] and could therefore serve as useful functional handles. 

Indeed, heating 3ik with benzylamine (1.5 equiv) in THF at 

90 °C smoothly gave amide 8 in 84% yield without affecting the 

enone (Scheme 4). A Luche reduction of 8 then gave allylic 

alcohol 9 as a single observable diastereomer in 83% yield. 

 

 

Scheme 4. Further transformations of cyclopent-2-enone 3v. 

 

Finally, although chiral cyclopent-2-enones were the primary 

targets of this study, the general methodology can be applied to 

the synthesis of other products. For example, reaction of alkynyl 

phenyl ester 10 with PhB(OH)2 using (S)-i-Pr-NeoPHOX (L6)[14] 

as the ligand gave a 27:1 mixture of 1,6-dihydropyridin-3(2H)-

one 11 together with a minor product 12 in 68% yield [Eq. (5)].[16] 

Other P,N-ligands resulted in lower yields and less favorable 

ratios of 11:12.  

 

 
 

In conclusion, we have reported the enantioselective 

synthesis of chiral cyclopent-2-enones by the nickel-catalyzed 

desymmetrizing arylative cyclization of alkynyl bis(2,2,2-

trifluoroethyl) malonates with arylboronic acids. The reactions 

proceed in good yields and generally high enantioselectivities to 

give cyclopent-2-enones containing a fully substituted alkene 

and a quaternary stereocenter at the 5-position. This work 

further demonstrates the utility of reversible E/Z isomerization of 

alkenylnickel species in promoting new domino addition–

cyclizations of alkynyl electrophiles that would otherwise be 

impossible.[8,9d,e] Investigation of this reactivity in other contexts 

is ongoing and will be reported in due course.  

Received: ((will be filled in by the editorial staff)) 

Published online on ((will be filled in by the editorial staff)) 

 Acknowledgements 

This work was supported by the European Union’s Horizon 2020 

research and innovation programme [grant number 702386] 

through a Marie Skłodowska-Curie Individual Fellowship to 

S.N.K.; the Engineering and Physical Sciences Research 

Council [grant number EP/M506588/1] through a PhD 

studentship to C.C.; the University of Nottingham; and 

GlaxoSmithKline.  

Keywords: asymmetric catalysis • cyclopent-2-enone • 

cyclization • isomerization • nickel 

 
 

[1]  For reviews, see: S. P. Simeonov, J. P. M. Nunes, K. Guerra, V. B. 

Kurteva, C. A. M. Afonso, Chem. Rev. 2016, 116, 5744-5893. 

[2]  V. Castro, F. Cicio, S. Alvarado, F. Bohlmann, G. Schmeda-

Hirschmann, J. Jakupovic, Liebigs Ann. Chem. 1983, 974-981. 

[3]  H.-B. Wang, X.-Y. Wang, L.-P. Liu, G.-W. Qin, T.-G. Kang, Chem. Rev. 

2015, 115, 2975-3011. 

[4]  N. Mitsuru, F. Yoshie, N. Hiroshi, M. Akihiko, H. Shûichi, Chem. Lett. 

1980, 9, 1243-1246.  

[5]  For selected examples of the synthesis of enantioenriched cyclopent-2-

enones by (pseudo-)Pauson-Khand reactions, see: a) F. A. Hicks, S. L. 

Buchwald, J. Am. Chem. Soc. 1996, 118, 11688-11689. b) F. A. Hicks, 

S. L. Buchwald, J. Am. Chem. Soc. 1999, 121, 7026-7033. c) K. Hiroi, T. 

Watanabe, R. Kawagishi, I. Abe, Tetrahedron: Asymmetry 2000, 11, 

797-808. d) N. Jeong, B. K. Sung, Y. K. Choi, J. Am. Chem. Soc. 2000, 

122, 6771-6772. e) T. Shibata, K. Takagi, J. Am. Chem. Soc. 2000, 122, 

9852-9853. f) S. J. Sturla, S. L. Buchwald, J. Org. Chem. 2002, 67, 

3398-3403. g) B.-M. Fan, J.-H. Xie, S. Li, Y.-Q. Tu, Q.-L. Zhou, Adv. 

Synth. Catal. 2005, 347, 759-762. h) F. Y. Kwong, Y. M. Li, W. H. Lam, 

L. Qiu, H. W. Lee, C. H. Yeung, K. S. Chan, A. S. C. Chan, Chem. Eur. 

J. 2005, 11, 3872-3880. i) A. Lledó, J. Solà, X. Verdaguer, A. Riera, M. 

A. Maestro, Adv. Synth. Catal. 2007, 349, 2121-2128. j) Z.-L. Lu, E. 

Neumann, A. Pfaltz, Eur. J. Org. Chem. 2007, 4189-4192. k) J. 

Barluenga, A. Álvarez-Fernández, Á. L. Suárez-Sobrino, M. Tomás, 

Angew. Chem., Int. Ed. 2012, 51, 183-186. l) S. Orgué, T. León, A. 

Riera, X. Verdaguer, Org. Lett. 2015, 17, 250-253. m) T. Furusawa, T. 



COMMUNICATION   

 

 

 

 

 
Morimoto, K. Ikeda, H. Tanimoto, Y. Nishiyama, K. Kakiuchi, N. Jeong, 

Tetrahedron 2015, 71, 875-881. 

[6]  For selected examples of the synthesis of enantioenriched cyclopent-2-

enones by Nazarov cyclizations, see: a) V. K. Aggarwal, A. J. Beffield, 

Org. Lett. 2003, 5, 5075-5078. b)  G. Liang, D. Trauner, J. Am. Chem. 

Soc. 2004, 126, 9544-9545. c) M. Rueping, W. Ieawsuwan, A. P. 

Antonchick, B. J. Nachtsheim, Angew. Chem., Int. Ed. 2007, 46, 2097-

2100. d) I. Walz, A. Togni, Chem. Commun. 2008, 4315-4317. e) P. 

Cao, C. Deng, Y.-Y. Zhou, X.-L. Sun, J.-C. Zheng, Z. Xie, Y. Tang, 

Angew. Chem., Int. Ed. 2010, 49, 4463-4466. f) A. K. Basak, N. 

Shimada, W. F. Bow, D. A. Vicic, M. A. Tius, J. Am. Chem. Soc. 2010, 

132, 8266-8267. g) A. Jolit, P. M. Walleser, G. P. A. Yap, M. A. Tius, 

Angew. Chem., Int. Ed. 2014, 53, 6180-6183. h) Z. Xu, H. Ren, L. 

Wang, Y. Tang, Org. Chem. Front. 2015, 2, 811-814. i) S. Raja, M. 

Nakajima, M. Rueping, Angew. Chem., Int. Ed. 2015, 54, 2762-2765. j) 

M.-L. Tang, P. Peng, Z.-Y. Liu, J. Zhang, J.-M. Yu, X. Sun, Chem. Eur. 

J. 2016, 22, 14535-14539. k) G.-P. Wang, M.-Q. Chen, S.-F. Zhu, Q.-L. 

Zhou, Chem. Sci. 2017, 8, 7197-7202. 

[7]  For selected examples of the synthesis of enantioenriched cyclopent-2-

enones by miscellaneous methods, see: a) P. E. Harrington, T. Murai, 

C. Chu, M. A. Tius, J. Am. Chem. Soc. 2002, 124, 10091-10100. b) K. 

Tanaka, G. C. Fu, J. Am. Chem. Soc. 2002, 124, 10296-10297. c) X. 

Shi, D. J. Gorin, F. D. Toste, J. Am. Chem. Soc. 2005, 127, 5802-5803. 

d) A. G. Smith, H. M. L. Davies, J. Am. Chem. Soc. 2012, 134, 18241-

18244. e) J. S. E. Ahlin, P. A. Donets, N. Cramer, Angew. Chem., Int. 

Ed. 2014, 53, 13229-13233. 

[8]  a) C. Clarke, C. A. Incerti-Pradillos, H. W. Lam, J. Am. Chem. Soc. 

2016, 138, 8068-8071. b) C. Yap, G. M. J. Lenagh-Snow, S. N. Karad, 

W. Lewis, L. J. Diorazio, H. W. Lam, Angew. Chem., Int. Ed. 2017, 56, 

8216-8220. 

[9]  a) J. M. Huggins, R. G. Bergman, J. Am. Chem. Soc. 1981, 103, 3002-

3011. b) A. Yamamoto, M. Suginome, J. Am. Chem. Soc. 2005, 127, 

15706-15707. c) M. Daini, A. Yamamoto, M. Suginome, Asian J. Org. 

Chem. 2013, 2, 968-976. d) X. Zhang, X. Xie, Y. Liu, Chem. Sci. 2016, 

 
7, 5815-5820. e) G. R. Kumar, R. Kumar, M. Rajesh, M. S. Reddy, 

Chem. Commun. 2018, 54, 759-762. 

[10]  For a review describing the construction of quaternary centers by 

catalytic enantioselective desymmetrization, see: X.-P. Zeng, Z.-Y. Cao, 

Y.-H. Wang, F. Zhou, J. Zhou, Chem. Rev. 2016, 116, 7330-7396. 

[11]  For related nickel-catalyzed anti-carbometallative cyclizations, see ref. 

8, 9d, 9e, and: a) T. Igarashi, S. Arai, A. Nishida, J. Org. Chem. 2013, 

78, 4366-4372. b) X. Wang, Y. Liu, R. Martin, J. Am. Chem. Soc. 2015, 

137, 6476-6479. c) M. Börjesson, T. Moragas, R. Martin, J. Am. Chem. 

Soc. 2016, 138, 7504-7507. 

[12]  a) D. Zhao, F. Xu, C.-y. Chen, R. D. Tillyer, E. J. J. Grabowski, P. J. 

Reider, C. Black, N. Ouimet, P. Prasit, Tetrahedron 1999, 55, 6001-

6018. b) N.-H. Nam, Y. Kim, Y.-J. You, D.-H. Hong, H.-M. Kim, B.-Z. 

Ahn, Bioorg. Med. Chem. Lett. 2002, 12, 1955-1958. c) M. K. Gurjar, R. 

D. Wakharkar, A. T. Singh, M. Jaggi, H. B. Borate, P. D. Shinde, R. 

Verma, P. Rajendran, S. Dutt, G. Singh, V. K. Sanna, M. K. Singh, S. K. 

Srivastava, V. A. Mahajan, V. H. Jadhav, K. Dutta, K. Krishnan, A. 

Chaudhary, S. K. Agarwal, R. Mukherjee, A. C. Burman, J. Med. Chem. 

2007, 50, 1744-1753. 

[13]  The absolute configuration of 3da was determined by X-ray 

crystallography, and the absolute configurations of the remaining 

products were assigned by analogy. CCDC 1824239 contains the 

supplementary crystallographic data for this paper. These data can be 

obtained free of charge from The Cambridge Crystallographic Data 

Centre.  

[14]  M. G. Schrems, A. Pfaltz, Chem. Commun. 2009, 6210-6212.  

[15]  a) N. Caldwell, C. Jamieson, I. Simpson, A. J. B. Watson, Chem. 

Commun. 2015, 51, 9495-9498. b) A. V. Bogolubsky, Y. S. Moroz, P. K. 

Mykhailiuk, S. E. Pipko, A. V. Grishchenko, A. V. Zhemera, A. I. 

Konovets, R. A. Doroschuk, Y. V. Dmytriv, O. A. Zaporozhets, A. 

Tolmachev, Eur. J. Org. Chem. 2016, 2120-2130. 

[16]  Product 12 arises from initial phenylnickelation of the alkyne of 10 to 

place nickel proximal to the phenyl ester, followed by cyclization. 

 

 



COMMUNICATION   

 

 

 

 

 

COMMUNICATION 

 

 
 

The enantioselective synthesis of highly functionalized chiral cyclopent-2-enones by 

the nickel-catalyzed desymmetrizating arylative cyclization of alkynyl malonate 
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