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Abstract

Under the conditions of nickel(0) catalysis, enantiomerically enriched vinyl-dioxanones engage 

boroxines or B2(pin)2 in stereospecific cross-coupling to form diverse tetrasubstituted 

cyclopropanes bearing all-carbon quaternary stereocenters. The collective data corroborate a 

mechanism involving nickel(0)-mediated benzylic oxidative addition with inversion of 

stereochemistry followed by reversible olefin insertion to form a (cyclopropylcarbinyl)nickel 

complex, which upon reductive elimination releases the cyclopropane.

Graphical abstract

Cyclopropanes appear as substructures across diverse secondary metabolites1 and are 

frequently found in commercial medicines, agrochemicals and fragrances.2 Hence, the 

development of methods for cyclopropane formation represents a persistent challenge in 

chemical research.3 Among the most effective methods for the preparation of 

enantiomerically enriched cyclopropanes is the reaction of olefins with metal carbenoids.3 

Here, we report a strategy for the asymmetric synthesis of cyclopropanes under the 

conditions of metal catalyzed cross-coupling. Specifically, nickel(0) catalysts4,5 react with 

enantiomerically enriched 4-aryl-5-vinyl-1,3-dioxanones to form 

(cyclopropylcarbinyl)nickel(II) species, which, in the presence of organoboron reagents or 

B2(pin)2deliver cyclopropanes in a stereospecific manner. Thus, the enantioselective 

synthesis of tetra-substituted cyclopropanes bearing all-carbon quaternary stereocenters is 

achieved (Scheme 1).
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In connection with ongoing investigations into the formation of C-C bonds via 

hydrogenation and transfer hydrogenation,6 we recently reported an iridium catalyzed 

coupling of primary alcohols with isoprene oxide to form products of tert-(hydroxy)-

prenylation – a byproduct-free transformation that occurs with exceptional control of anti-

diastereo- and enantioselectivity.7 It was posited that cyclic carbonates derived from these 

reaction products should be predisposed toward cyclopropane formation under cross-

coupling conditions, as geminal substitution of the neopentyl glycol precludes competing β-

hydride elimination of the σ-benzylmetal intermediate and should conformationally bias the 

system toward olefin insertion8 via Thorpe-Ingold effect.9 However, the facility of 

conventional benzylic cross-coupling rendered the feasibility of the proposed cyclopropane 

formation uncertain.10

In an initial experiment, vinyl-dioxanone 1a was exposed to the catalyst derived from 

Ni(cod)2 (10 mol%) and PCy3 (20 mol%) in the presence of tri(p-tolyl)boroxine 2a and 

K3PO4 (200 mol%) in toluene (0.1 M) at 60 °C. To our delight, cyclopropane 3a was formed 

in 36% yield as a single diastereomer. Conversion was found to be sensitive to concentration 

and temperature. At 45 °C under otherwise identical conditions, a 53% yield of 

cyclopropane 3a was obtained. Using the nickel catalyst modified by PCy2Ph (20 mol%), 

cyclopropane 3a was obtained in 77% yield. Finally, at slightly higher concentration 

(toluene, 0.2 M), an 85% yield of cyclopropane 3a was achieved (eq. 1). Stereospecificity 

was corroborated by chiral stationary phase HPLC analysis of cyclopropane 3a. Relative 

stereochemistry of cyclopropane 3a was confirmed by single crystal X-ray diffraction 

analysis. p-Tolylboronic acid also delivers cyclopropane 3a (eq. 1), but in slightly lower 

yield. Application of these optimal conditions to unsubstituted methyl carbonate model-1a 

did not result in cyclopropane formation; rather, the indicated product obtained through β-

hydride elimination of the σ-benzyl intermediate was formed (eq. 2). Cyclic carbonate 1a 

reacted more efficiently than related acyclic carbonates, suggesting the internal alkoxide 

generated upon ionization-decarboxylation facilitates group transfer from boron to nickel 

through an internal boron ate-complex.

(eq. 1)
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(eq. 2)

Optimal conditions utilizing tri(p-tolyl)boroxine 2a were applied to a structurally diverse set 

of enantiomerically enriched vinyl-dioxanones 1a–1i (Table 1). Vinyl dioxanones bearing a 

variety of substituted aromatic (1a–1d) and heteroaromatic (1e–1i) rings were converted to 

cyclopropanes 3a–3i in good yield with complete levels of diastereoselectivity. Relative 

stereochemistry was assigned in analogy to that determined for 3a. Although the preexisting 

non-epimerizable quaternary stereocenter serves as an “internal standard,” stereospecificity 

was spot-checked for compounds 3a, 3b, 3d and 3h. Notably, unlike prior work involving 

nickel catalyzed benzylic substitution, extended aromatic systems are not required.11 

Standard conditions also were applied to the coupling of vinyl-dioxanones 1a and 1h with 

boroxines 2b–2d, which incorporate p-CF3-phenyl, p-methoxyphenyl and (E)-styryl 

moieties, respectively (Table 2). The resulting cyclopropanes 3j–3o were formed in good 

yield in a completely stereoselective fashion. The coupling of vinyl-dioxanones 1a, 1b, 1d, 

1h and 1f with B2(pin)2 under standard conditions delivers the cyclopropylcarbinyl 

boronates 3p–3t in good yield with complete stereocontrol (Table 3).12 To briefly illustrate 

the utility of coupling products, the neopentyl alcohol 3a was subjected to Jones oxidation to 

provide the cyclopropyl carboxylic acid 4a in good yield (eq. 3). Additionally, the 

cyclopropylcarbinyl alcohol 3h was exposed to Mitsunobu conditions in the presence of 

phthalimide to furnish 4b in excellent yield (eq. 4).

(eq. 3)

(eq. 4)
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A general mechanism for stereospecific cyclopropane formation under the conditions of 

nickel catalyzed cross-coupling has been proposed (Scheme 2). Stereospecific oxidative 

addition of a nickel(0) species to the benzylic C-O bond occurs with inversion to furnish the 

indicated σ-benzylnickel(II) complex.10 Decarboxylation and transmetalation delivers the 

indicated alkene complex, which upon reversible migratory insertion8 provides a 

(cyclopropylcarbinyl)nickel(II) complex. Regardless of the kinetic diastereoselectivity of 

olefin insertion, reductive elimination occurs exclusively from a single stereoisomer of the 

(cyclopropylcarbinyl)nickel(II) species to release the cyclopropane and regenerate the zero-

valent nickel catalyst.

In summary, we report a new method for the preparation of enantiomerically enriched 

cyclopropanes via stereospecific nickel catalyzed cross-coupling of vinyl-dioxanones with 

boroxines or B2(pin)2. The collective data are consistent with a catalytic mechanism 

involving nickel(0)-mediated benzylic oxidative addition with inversion of stereochemistry 

followed by reversible olefin insertion to form a (cyclopropyl-carbinyl)nickel complex, 

which upon reductive elimination delivers the cyclopropane. The novel reactivity embodied 

by this process should serve as the basis for the syntheses of diverse enantiomerically 

enriched cyclopropanes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The Robert A. Welch Foundation (F-0038) and the NIH-NIGMS (RO1-GM069445) are acknowledged for partial 

support of this research.

References

1. For selected reviews on naturally occuring cyclopropane see: Don-aldson WA. Tetrahedron. 2001; 

57:8589.Chen DY-K, Pouwer RH, Richard J-A. Chem. Soc. Rev. 2012; 41:4631. [PubMed: 

22592592] Keglevich P, Keglevich A, Hazai L, Kalaus G, Szántay C. Curr. Org. Chem. 2014; 

18:2037.

2. For selected reviews on cyclopropane chemistry in the context of pharmaceutical, agrochemical and 

fragrance research, see: Salaün J. Top. Curr. Chem. 2000; 207:1.Wessjohann LA, Brandt W, 

Thiemann T. Chem. Rev. 2003; 103:1625. [PubMed: 12683792] Singh AK, Prasad JS, Delaney EJ. 

Asymmetric Catalysis on Industrial Scale: Challenges, Approaches and Solutions. Blaser H-U, 

Schmidt E. Wiley-VCHWeinheim, Germany2004:335–348.Gagnon A, Duplessis M, Fader L. Org. 

Prep. Proc. Int. 2010; 42:1.Marson CM. Chem. Soc. Rev. 2011; 40:5514. [PubMed: 21837344] 

Meanwell NA. J. Med. Chem. 2011; 54:2529. [PubMed: 21413808] Schröder F. Chem. 

Biodiversity. 2014; 11:1734.Talele TT. J. Med. Chem. 2016; 59:8712. [PubMed: 27299736] 

3. For selected reviews on the synthesis of enantiomerically enriched cyclopropanes, see: Charette AB, 

Beauchemin A. Org. React. 2001; 58:1.DelMonte AJ, Dowdy ED, Watson DJ. Top. Organomet. 

Chem. 2004; 6:97.Pellissier H. Tetrahedron. 2008; 64:7041.Goudreau SR, Charette AB. Angew. 

Chem. Int. Ed. 2010; 49:486.Bartoli G, Bencivenni G, Dalpozzo R. Synthesis. 2014; 46:979.

4. For selected reviews on nickel catalyzed cross-coupling, see: Netherton MR, Fu GC. Adv. Synth. 

Catal. 2004; 346:1525.Rosen BM, Quasdorf KW, Wilson DA, Zhang N, Resmerita A-M, Garg NK, 

Percec V. Chem. Rev. 2011; 111:1346. [PubMed: 21133429] Joshi-Pangu A, Biscoe MR. Synlett. 

2012; 23:1103. [PubMed: 23641126] Yamaguchi J, Muto K, Itami K. Eur. J. Org. Chem. 

2013:19.Tasker SZ, Sandley EA, Jamison TF. Nature. 2014; 509:299. [PubMed: 24828188] Tobisu 

Guo et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2018 May 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



M, Chatani N. Acc. Chem. Res. 2015; 48:1717. [PubMed: 26036674] Weix DJ. Acc. Chem. Res. 

2015; 48:1767. [PubMed: 26011466] Tollefson EJ, Hanna LE, Jarvo ER. Acc. Chem. Res. 2015; 

48:2344. [PubMed: 26197033] Gu J, Wang X, Xue W, Gong H. Org. Chem. Front. 2015; 

2:1411.Chen T, Han L-B. Angew. Chem. Int. Ed. 2015; 54:8600.Tellis JC, Kelly CB, Primer DN, 

Jouffroy M, Patel NR, Molander GA. Acc. Chem. Res. 2016; 49:1429. [PubMed: 27379472] 

Cavalcanti LN, Molander GA. Top. Curr. Chem. 2016; 374:39.

5. For nickel-catalyzed cross-electrophile reductive coupling of 2-aryl-4-halotetrahydropyrans to form 

cyclopropanes, see: Tollefson EJ, Erickson LW, Jarvo ER. J. Am. Chem. Soc. 2015; 137:9760. 

[PubMed: 26230365] Erickson LW, Lucas EL, Tollefson EJ, Jarvo ER. J. Am. Chem. Soc. 2016; 

138:14006. [PubMed: 27706939] 

6. For selected reviews on C-C bond forming transfer hydrogenation, see: Ketcham JM, Shin I, 

Montgomery TP, Krische MJ. Angew. Chem., Int. Ed. 2014; 53:9142.Feng J, Kasun ZA, Krische 

MJ. J. Am. Chem. Soc. 2016; 138:5467. [PubMed: 27113543] Sam B, Breit B, Krische MJ. Angew. 

Chem. Int. Ed. 2015; 54:3267.

7. (a) Feng J, Garza VJ, Krische MJ. J. Am. Chem. Soc. 2014; 136:8911. [PubMed: 24915473] (b) 

Feng J, Noack F, Krische MJ. J. Am. Chem. Soc. 2016; 138:12364. [PubMed: 27632643] (c) Guo 

Y-A, Lee W, Krische MJ. Chem. Eur. J. 2017; 23:2557. [PubMed: 28039892] 

8. Olefin insertions to form 5-membered rings have been realized in nickel catalyzed Heck reactions of 

secondary benzylic ethers: Harris MR, Konev MO, Jarvo ER. J. Am. Chem. Soc. 2014; 136:7825. 

[PubMed: 24852707] 

9. For a review, see: Jung ME. Synlett. 1999:843.

10. For stereospecific nickel catalyzed benzylic cross-coupling of organoboron reagents, see: Maity P, 

Shacklady-McAtee DM, Yap GPA, Sirianni ER, Watson MP. J. Am. Chem. Soc. 2013; 135:280. 

[PubMed: 23268734] Harris MR, Hanna LE, Greene MA, Moore CE, Jarvo ER. J. Am. Chem. 

Soc. 2013; 135:3303. [PubMed: 23414579] Zhou Q, Srinivas HD, Dasgupta S, Watson MP. J. Am. 

Chem. Soc. 2013; 135:3307. [PubMed: 23425080] Zhou Q, Cobb KM, Tan T, Watson MP. J. Am. 

Chem. Soc. 2016; 138:12057. [PubMed: 27610831] 

11. The requirement of naphthyl or furyl substituents in prior nickel catalyzed benzylic substitutions 

was rationalized on the basis of an SN2′ mechanism for leaving group ionization (refs. 5a, 10b–

10d). We propose for less reactive leaving groups it is necessary to extend the lifetime of the ɳ2-

nickel π-complex that precedes benzylic ionization and, for extended aromatic π-systems, lower 

LUMO energies strengthen π-backbonding. More reactive carbonate leaving groups compensate 

for a shorter lifetime of the ɳ2-nickel π-complex. Furyl substituted benzyl donors have weaker 

benzylic C-O bonds due to π→σ* hyperconjugation. For discussion in the context of the 

ionization of allylic leaving groups, see: Hassan A, Townsend IA, Krische MJ. Chem. Comm. 

2011:10028. [PubMed: 21829853] 

12. For diastereoselective olefin borocyclopropanation, see: Takai K, Toshikawa S, Inoue A, Kokumai 

R, Hirano M. J. Organomet. Chem. 2007; 692:520.Benoit G, Charette AB. J. Am. Chem. Soc. 

2017; 139:1364. [PubMed: 28099804] 

Guo et al. Page 5

J Am Chem Soc. Author manuscript; available in PMC 2018 May 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 

Synthesis of enantiomerically enriched cyclopropanes from vinyl-dioxanones by way of 

transient (cyclopropylcarbinyl)nickel species.

Guo et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2018 May 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 2. 

General catalytic mechanism. Haptomeric equilibria are excluded for clarity.
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Table 1

Stereospecific nickel-catalyzed cross coupling of vinyl-dioxanones 1a–1i with tri(p-tolyl)boroxine 2a to form 

cyclopropanes 3a–3i.a

a
Yields of material isolated by silica gel chromatography. All reactions were conducted using enantiomerically enriched starting materials. See 

Supporting Information for further experimental details.
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Table 2

Stereospecific nickel-catalyzed cross coupling of vinyl-dioxanones 1a or 1h with boroxines 2b–2d to form 

cyclopropanes 3j–3o.a

a
Yields of material isolated by silica gel chromatography. All reactions were conducted using enantiomerically enriched starting materials. See 

Supporting Information for further experimental details.
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Table 3

Stereospecific nickel-catalyzed cross coupling of vinyl-dioxanones 1a, 1b, 1d, 1h and 1f with B2(pin)2 to form 

cyclopropanes 3p–3t.a

a
Yields of material isolated by silica gel chromatography. All reactions were conducted using enantiomerically enriched starting materials. See 

Supporting Information for further experimental details.
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