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Abstract: An enantioselective synthesis of skipped diene has been developed based on an iridium-catalyzed allylic al-

kylation of phosphonate carbanions and Horner-Wadsworth-Emmons olefination. This two-step protocol benefits from 

the ease of accessibility of the starting materials and delivers C2-substituted skipped dienes, bearing a C3 stereogenic 

center, in moderate to excellent yields and generally with outstanding enantioselectivities. This is the first catalytic enan-

tioselective allylic alkylation of phosphonate carbanions. 

 

Dienes containing an intervening sp3 carbon center between the two olefins, commonly known as skipped dienes, are 

found in a plethora of natural products, including primary fatty acid metabolites and alkaloids.1 The presence of a stere-

ogenic center between two non-conjugated olefin functionalities in such naturally occurring compounds (Figure 1) have 

inspired the development of new strategies for the de novo synthesis of skipped dienes. Strategies for the construction 

of 1,4-diene motifs mainly comprise of enyne coupling,2 hydrovinylation of alkene3 and allylic substitution reactions.4  

 

 

Figure 1. Natural products containing skipped dienes 

 

Over the past decade, transition metal catalyzed asymmetric allylic substitution (AAS) involving alkenyl boron and alumi-

num reagents have gained immense popularity for the formation of diversely functionalized skipped dienes (Scheme 

1A).4 Notwithstanding the phenomenal advancement in this field, difficulties associated with the preparation of preformed 

vinyl nucleophiles as well as electronically and structurally biased electrophiles curbed the potential of the aforesaid 

protocol to a great extent (Scheme 1B). Amidst the 1,4-diene motifs, C2 disubstituted skipped dienes having a chiral 

center at C3 represents an interesting moiety. Due to the limitations concerning the prevalent AAS methodologies, de-

velopment of new strategies for the synthesis of such unique structures is desirable. In this regard, Carreira group suc-

cessfully achieved Ir-catalyzed asymmetric allylic alkylation (AAA) of potassium trifluoro(2-propenyl) borates (Scheme 

2A).4c Although NHC-Cu-catalyzed enantioselective coupling of alkenyl borates and allylic phosphates developed by 

Hoveyda et al. afforded structurally similar skipped dienes, it involved the use of electronically biased electrophiles 

(Scheme 2B).4b A simple two step protocol for the generation of C2 disubstituted skipped dienes, comprising of Ir-cata-

lyzed AAA of β-carbonyl sulfones and a subsequent Julia olefination, was realized by the You group in 2012.4d However, 

the scope of this reaction was limited only to α-allylic methyl acrylates (Scheme 2C). 
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Scheme 1: Strategies for the Synthesis of Skipped Dienes by Transition Metal-Catalyzed Asymmetric Allylic Alkylation 

 

We envisioned that Ir-catalyzed allylic alkylation of phosphonoacetates followed by a sequential Horner-Wadsworth-Em-

mons (HWE) olefination would install a stereocenter at the C3 position of C2-disubstituted skipped dienes (Scheme 2D). 

Ever since the seminal report by Takeuchi5 and Helmchen6 in 1997, a wide variety of stabilized enolates and enolate 

equivalents generated from active methylene compounds have been explored in Ir-catalyzed allylic alkylation reactions.7 

Surprisingly, structurally analogous phosphonoacetates have never been utilized as a nucleophile in Ir-catalyzed AAA. 

With our interest in Ir-catalyzed AAS reactions,8 we sensed this as an opportunity for developing a two-step protocol for 

the synthesis of skipped dienes via the intermediacy of α-allylic phosphonoacetate (Scheme 2E). 

 

 

Scheme 2. Previous Reports for the Enantioselective Synthesis of C-2 Disubstituted Skipped Dienes 
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We began our investigation with the goal of identifying a suitable catalyst and compatible reaction conditions for the model 

reaction between triethyl phosphonoacetate 1a with tert-butyl cinnamyl carbonate 2a in THF at 60 °C. Using 6 mol% of 

an in situ generated complex derived from [Ir(COD)Cl]2 and Feringa’s phosphoramidite ligand (Sa,S,S)-L1, in the pres-

ence of 2.0 equiv of NaH,  the desired α-allylic phosphonoacetate 3aa was formed exclusively as a branched isomer in 

35% yield. The poor diastereoselectivity (1:1 dr) observed in this allylic alkylation reaction was assumed to be arising due 

to the presence of an acidic α-proton in phosphonoacetate and deemed to be inconsequential under our synthetic strat-

egy. Accordingly, the diastereomeric mixture of 3aa, when subjected to HWE olefination with formalin in the presence of 

Cs2CO3, resulted in skipped diene 4aa with 98:2 er (Table 1, entry 1). Screening of bases for the allylic alkylation reaction 

revealed KOt-Bu to be the optimum (entry 3). Increasing the amount of the nucleophile 1a as well as the base and a 

reduction in reaction temperature to 50 °C improved the yield of the AAA step considerably (entry 4). With the objective 

of carrying out this two-step sequence in a one-pot manner, the HWE olefination step was attempted with KOt-Bu as the 

base. Although the skipped diene 4aa was obtained with comparable yield, the enantioselectivity of the overall process 

dropped noticeably (entry 4). However, a combination of Cs2CO3 and paraformaldehyde delivered 4aa in improved yield 

without compromising the enantiopurity (entry 5). The reaction medium turned out to be crucial for the AAA reaction and 

CH2Cl2 was found to be the best, while THF remained as a solvent of choice for the olefination step. Other ligands (L2-

L3) were also examined for the AAA reaction. The use of Alexakis’ ligand L2 improved both the yield and the enantiose-

lectivity of the allylic alkylation step, as the skipped diene 4aa was isolated in an overall yield of 75% with 99:1 er (entry 

8). 

Table 1. Optimization of Reaction Parametersa 

 
    yield (%)  

Entry 2a/1a base solvent 3aab 4aac er of 4aa 

1d,e 1:2 NaH THF 35 29 98:2 

2 d 1:2 Cs2CO3 THF <5 __ __ 

3d,e,f 1:2 KOt-Bu THF 62 50 97.5:2.5 

4g 1:2.5 KOt-Bu THF 71 55 96:4 

5 1:2.5 KOt-Bu CH2Cl2 71 65 98:2 

6 1:2.5 KOt-Bu CHCl3 <5 __ __ 

7 1:2.5 KOt-Bu PhMe 60 __ __ 

8h,i 1:2.5 KOt-Bu CH2Cl2 84 75 99:1 

9 j 1:2.5 KOt-Bu CH2Cl2 54 42 97:3 

aReactions were carried out on 0.1 mmol scale. bYields were determined by 1H NMR 

spectroscopy with mesitylene as internal standard. cYield of the isolated product over 

two-steps after chromatographic purification. dReaction was carried out at 60 °C for 

48 h with 2.0 equiv. of base. eFormalin was used in the second step. fSecond step 

was carried for 24 h with 3.0 equiv. of Cs2CO3. 
gKOt-Bu was used as a base in the 

second step. h(Sa,S,S)-L2 was used. iReaction carried on 0.2 mmol scale. j(Sa,S,S)-

L3 was used. 

 

Having identified the optimum reaction conditions (Table 1, entry 8), we chose to demonstrate the generality of this two-

step protocol with other substrate combinations for the enantioselective synthesis of α-allylic acrylates. As shown in Table 

2A, triethyl phosphonoacetate 1a underwent facile reaction with a wide variety of allylic tert-butyl carbonates 2. Cinnamyl 

carbonates bearing electron donating groups either on the para or meta-position of the phenyl ring (2b-g) furnished the 
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skipped dienes 4ab-ag with good to high yields and uniformly high level of enantioselectivities (entries 2-7).  Cinnamyl 

carbonate derivatives bearing electron-deficient arene ring (2h-j) also fared well under our reaction conditions (entries 8-

10). Against the usual trend of the catalyst system employed herein, ortho-methoxy cinnamyl carbonate 2k reacted 

smoothly to afford the desired product in decent yield and with good enantioselectivity (entry 11). However, the deleterious 

effect of the ortho-substitution was obvious from the comparative outcome of the reactions with the two isomeric dichloro-

substituted cinnamyl carbonates 2l and 2m (entries 12-13). Along the same line, 1-napthyl-substituted allylic carbonate 

2n turned out to be an inferior substrate for this reaction compared to its 2-napthyl counterpart 2o (entries 14-15). The 

scope of this protocol is not restricted to cinnamyl carbonates. Allylic carbonates bearing heterocyclic (2p-q) as well as 

alkenyl substituents (2r) delivered the corresponding skipped dienes in moderate to high yields with excellent er. Unfor-

tunately, skipped dienes with aliphatic substituents could not be synthesized using this two-step protocol: While the AAA 

reaction was found to be facile, the corresponding α-allylic phosphonoacetates bearing aliphatic substituents resulted in 

a complex mixture under HWE olefination conditions.  

 

Table 2. Scope of Asymmetric Allylic Alkylation of Phosphonatesa 

 

aUnless noted otherwise, the reaction conditions indicated above were followed. 

Yields refer to the isolated product over two-steps after chromatographic purification. 

Enantiomeric ratios (er) were determined by HPLC analysis on a chiral stationary 

phase. bThe er was determined by reducing the ester group to alchohol. cL2 was 

used as ligand. 
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After exhibiting the scope and limitations with respect to the allylic carbonates, we examined the reactivity of other phos-

phonate derivatives (Table-2B). Apart from phosphonoacetates, phosphonates bearing other electron-deficient function-

alities such as ketone (1c-d) and nitrile (1e) were well tolerated under the standard reaction conditions and generated 

the respective skipped dienes 4ca-ea in moderate to good yields with high enantioselectivities.  

To determine the stereochemistry of the skipped dienes, α-allylic methyl acrylate 4ba was synthesized following our two-

step protocol. The absolute configuration of 4ba was ascertained by comparing its specific rotation with that reported in 

the literature.4c,d The absolute stereochemistry of other skipped dienes shown in Table 2 was assigned as the same by 

analogy. 

To showcase the scalability of our protocol, the reaction between 1a and 2a was carried out on a 1.0 mmol scale (Scheme 

3A) under our standard reaction conditions. Despite a little longer reaction time, the skipped diene 4aa was isolated in a 

yield comparable to the smaller scale reaction (Table 2, entry 1) with the same level of enantioselectivity.   

This two-step protocol represents a formal enantioselective α-allylic alkylation of α,β-unsaturated carbonyls and nitriles – 

a transformation challenging in itself and with only a few solutions at hand. Having access to these α-allylic α,β-unsatu-

rated carbonyls, we decided to elaborate these compounds to related synthetic building blocks.  

Ir-Catalyzed hydroboration took place selectively on the electron rich terminal double bond of 4aa and afforded the alkyl 

borate 5 in 69% yield.9 Oxidation of 5, afforded the overall anti-Markovnikov hydration product 6, albeit in modest yield. 

Aldehyde-selective Wacker oxidation was also found to be selective to electron rich olefin and produced the aldehyde 7 

in 58% yield. Reduction of the ester group of 4aa to primary alcohol, was possible at lower temperature and afforded the 

allylic alcohol 8 in high yield. Epoxidation of 4aa with m-CPBA, although proceeded smoothly, the corresponding epoxide 

(9) was isolated with only 1.5:1 dr.  Olefin cross metathesis of 4aa with methyl acrylate in the presence of Grubbs second 

generation catalyst delivered 10, comprising of two different α,β-unsaturated ester functionalities.  

 

 

Scheme 3. (A) Scale-up Synthesis and (B) Synthetic Elaboration of Skipped Diene 4aa 

 

In summary, we have developed the first catalytic enantioselective allylic alkylation of phosphonate carbanions for the 

synthesis of skipped dienes. This Ir-catalyzed highly enantioselective allylic alkylation is followed by Horner-Wadsworth-

Emmons reaction with formaldehyde. This two-step approach benefits from the easily available starting materials as well 
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as mild reaction conditions. The skipped dienes were synthesized exclusively in a branched selective manner in moderate 

to high yields and generally with excellent enantioselectivities.  

 

Acknowledgment  

We thank the Science and Engineering Research Board (SERB) [Grant No. CRG/2020/000176] for supporting this research. 

A.S. thanks Indian Institute of Science, Bangalore for a doctoral fellowship. High resolution mass spectra (HR-MS) were rec-

orded on an equipment purchased from the Department of Science and Technology (DST)-FIST grant [Grant No. SR/FST/CS 

II-040/2015]. 

 

References 

(1) (a) Petruncio, G.; Shellnutt, Z.; Elahi-Mohassel, S.; Alishetty, S.; Paige, M., Skipped dienes in natural product synthesis. Nat. 

Prod. Rep. 2021, 38, 2187-2213. (b) Durand, S.; Parrain, J.-L.; Santelli, M., Construction of (Z,Z ) skipped 1,4-dienes. Appli-

cation to the synthesis of polyunsaturated fatty acids and derivatives. J. Chem. Soc., Perkin Trans. 2000, 253-273. 

(2) (a) Wang, Z.-X.; Gao, P.-C.; Lin, E.-Z.; Li, B.-J., Stereodefined Skipped Dienes through Iridium-Catalyzed Formal Addition of 

Tertiary Allylic C−H Bonds to Alkynes. Angew. Chem. Int. Ed. 2022, 61, e202200075. (b) Trost, B. M.; Cregg, J. J., Ruthenium-

Catalyzed Alkene–Alkyne Coupling of Disubstituted Olefins: Application to the Stereoselective Synthesis of Trisubstituted 

Enecarbamates. J. Am. Chem. Soc. 2015, 137, 620-623. (c) Hilt, G.; Treutwein, J., Cobalt-Catalyzed Alder–Ene Reaction. 

Angew. Chem. Int. Ed. 2007, 46, 8500-8502. (d) Cho, E. J.; Lee, D., Selectivity in the Ruthenium-Catalyzed Alder Ene Reac-

tions of Di- and Triynes. J. Am. Chem. Soc. 2007, 129, 6692-6693. (e) Trost, B. M.; Frederiksen, M. U.; Rudd, M. T., Ruthe-

nium-Catalyzed Reactions—A Treasure Trove of Atom-Economic Transformations. Angew. Chem. Int. Ed. 2005, 44, 6630-

6666. (f) Trost, B. M.; Pinkerton, A. B.; Toste, F. D.; Sperrle, M., Synthesis of 1,1-Disubstituted Alkenes via a Ru-Catalyzed 

Addition. J. Am. Chem. Soc. 2001, 123, 12504-12509. (g) Trost, B. M.; Indolese, A. F.; Mueller, T. J. J.; Treptow, B., A Ru 

Catalyzed Addition of Alkenes to Alkynes. J. Am. Chem. Soc. 1995, 117, 615-623. 

(3) (a) Chen, Y.; Dang, L.; Ho, C.-Y., NHC-Ni catalyzed enantioselective synthesis of 1,4-dienes by cross-hydroalkenylation of 

cyclic 1,3-dienes and heterosubstituted terminal olefins. Nat. Commun. 2020, 11, 2269. (b) Jing, S. M.; Balasanthiran, V.; 

Pagar, V.; Gallucci, J. C.; RajanBabu, T. V., Catalytic Enantioselective Hetero-dimerization of Acrylates and 1,3-Dienes. J. 

Am. Chem. Soc. 2017, 139, 18034-18043. (c) Page, J. P.; RajanBabu, T. V., Asymmetric Hydrovinylation of 1-Vinylcycloal-

kenes. Reagent Control of Regio- and Stereoselectivity. J. Am. Chem. Soc. 2012, 134, 6556-6559. 

(4) (a) Song, F.; Wang, F.; Guo, L.; Feng, X.; Zhang, Y.; Chu, L., Visible-Light-Enabled Stereodivergent Synthesis of E- and Z-

Configured 1,4-Dienes by Photoredox/Nickel Dual Catalysis. Angew. Chem. Int. Ed. 2020, 59, 177-181. (b) Gao, F.; Carr, J. 

L.; Hoveyda, A. H., A Broadly Applicable NHC–Cu-Catalyzed Approach for Efficient, Site-, and Enantioselective Coupling of 

Readily Accessible (Pinacolato)alkenylboron Compounds to Allylic Phosphates and Applications to Natural Product Synthesis. 

J. Am. Chem. Soc. 2014, 136, 2149-2161. (c) Hamilton, J. Y.; Sarlah, D.; Carreira, E. M., Iridium-Catalyzed Enantioselective 

Allylic Vinylation. J. Am. Chem. Soc. 2013, 135, 994-997. (d) Xu, Q.-L.; Dai, L.-X.; You, S.-L., Iridium-Catalyzed Enantiose-

lective Allylic Alkylation of Methyl 2-(4-nitro-phenylsulfonyl) acetate and Subsequent Transformations. Adv. Synth. Catal. 

2012, 354, 2275-2282. (e) Ye, K.-Y.; He, H.; Liu, W.-B.; Dai, L.-X.; Helmchen, G.; You, S.-L., Iridium-Catalyzed Allylic Vinyla-

tion and Asymmetric Allylic Amination Reactions with o-Aminostyrenes. J. Am. Chem. Soc. 2011, 133, 19006-19014. (f) Gao, 

F.; McGrath, K. P.; Lee, Y.; Hoveyda, A. H., Synthesis of Quaternary Carbon Stereogenic Centers through Enantioselective 

Cu-Catalyzed Allylic Substitutions with Vinylaluminum Reagents. J. Am. Chem. Soc 2010, 132, 14315-14320. 

(5) Takeuchi, R.; Kashio, M. Highly Selective Allylic Alkylation witha Carbon Nucleophile at the More Substituted Allylic Terminus 

Catalyzed by an Iridium Complex: An Efficient Method for Constructing Quaternary Carbon Centers. Angew. Chem., Int. Ed. 

Engl. 1997, 36, 263-265.  

(6) Janssen, J. P.; Helmchen, G. First Enantioselective Alkylations of Monosubstituted Allylic Acetates Catalyzed by Chiral Iridium 

Complexes. Tetrahedron Lett. 1997, 38, 8025-8026. 

(7) (a) For a review, see: Hethcox, J. C.; Shockley, S. E.; Stoltz, B. M. Iridium-Catalyzed Diastereo-, Enantio-, and Regioselective 

Allylic Alkylation with Prochiral Enolates. ACS Catal. 2016, 6, 6207-6213. For selected recent examples of Ir-catalyzed formal 

allylic alkylation of active methylene compounds, see: (b) Moghadam, F. A.; Hicks, E. F.; Sercel, Z. P.; Cusumano, A. Q.; 

Bartberger, M. D.; Stoltz, B. M., Ir-Catalyzed Asymmetric Allylic Alkylation of Dialkyl Malonates Enabling the Construction of 

Enantioenriched All-Carbon Quaternary Centers. J. Am. Chem. Soc. 2022, 144, 7983-7987. (c) Cheng, X.; Shen, C.; Dong, 

X.-Q.; Wang, C.-J., Iridium-catalyzed asymmetric double allylic alkylation of azlactone: efficient access to chiral α-amino acid 

derivatives. Chem. Commun. 2022, 58, 3142-3145. (d) Liu, X.-J.; Jin, S.; Zhang, W.-Y.; Liu, Q.-Q.; Zheng, C.; You, S.-L., 

Sequence-Dependent Stereodivergent Allylic Alkylation/Fluorination of Acyclic Ketones. Angew. Chem. Int. Ed. 2020, 59, 

2039-2043. (e) Shockley, S. E.; Hethcox, J. C.; Stoltz, B. M., Enantioselective Synthesis of Acyclic α-Quaternary Carboxylic 

Acid Derivatives through Iridium-Catalyzed Allylic Alkylation. Angew. Chem. Int. Ed. 2017, 56, 11545-11548. (f) Chen, W.; 

Chen, M.; Hartwig, J. F., Diastereo- and Enantioselective Iridium-Catalyzed Allylation of Cyclic Ketone Enolates: Synergetic 



7 

 

Effect of Ligands and Barium Enolates. J. Am. Chem. Soc. 2014, 136, 15825-15828. (g) Chen, W.; Hartwig, J. F., Control of 

Diastereoselectivity for Iridium-Catalyzed Allylation of a Prochiral Nucleophile with a Phosphate Counterion. J. Am. Chem. 

Soc. 2013, 135, 2068-2071. 

(8) (a) Sarkar, R.; Mukherjee, S., Iridium-catalyzed enantioselective olefinic C(sp2)–H allylic alkylation. Chem. Sci. 2021, 12, 

3070-3075. (b) Sarkar, R.; Mukherjee, S. Enantioselective Direct Vinylogous Allylic Alkylation of 4‑Methylquinolones under 

Iridium Catalysis. Org. Lett. 2019, 21, 5315-5320. (c) Sarkar, R.; Mitra, S.; Mukherjee, S. Iridium-Catalyzed Enantioselective 

Direct Vinylogous Allylic Alkylation of Coumarins. Chem. Sci. 2018, 9, 5767-5772. 

(9) Yamamoto, Y.; Fujikawa, R.; Umemoto, T.; Miyaura, N. Iridium-Catalyzed Hydroboration of Alkenes with Pinacolborane. 

Tetrahedron 2004, 60, 10695-10700. 

 
 

 
 


