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Abstract
The enantioselective α-vinylation of aldehydes using vinyl iodonium triflate salts has been
accomplished via the synergistic combination of copper and chiral amine catalysis. These mild
catalytic conditions provide a direct route for the enantioselective construction of enolizable α-
formyl vinylic stereocenters without racemization or olefin transposition. These high-value
coupling adducts are readily converted into a variety of useful olefin synthons.

While mono-catalysis strategies have successfully delivered vast numbers of new reactions
over many decades, multi-catalysis concepts that allow access to many elusive or
unattainable transformations have only recently begun to evolve. In particular, synergistic
catalysis, wherein two catalysts and two catalytic cycles work in concert to create a single
new bond, has emerged as a powerful mechanistic approach to asymmetric reaction
engineering.1–3 In this context, our laboratory has recently described the enantioselective α-
trifluoromethylation and α-arylation of aldehydes via the synergistic combination of copper
catalysis, organocatalysis and iodonium salts (eq 1), two protocols that enable the
production of structural motifs of high value to the pharmaceutical sciences.4–6 Continuing
this theme, we questioned whether this multi-catalysis strategy might be extended to the
enantioselective α-vinylation of carbonyls, an important yet complex synthetic task given
the capacity of such adducts to readily undergo olefin-carbonyl conjugation or product
racemization.7 Herein we describe the successful execution of these ideals via the
combination of two discrete catalytic cycles (chiral amine–enamine, Cu(I)–Cu(III)) that
enables the enantioselective construction of a wide variety of α-substituted-β,γ-unsaturated
aldehydes without olefin isomerization or stereochemical ablation (eq 2).8–11
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Design Plan
As shown in Scheme 1, we postulated that a Cu(I) catalyst 1 (e.g. CuBr), in the presence of a
vinyl iodonium triflate, will undergo chemoselective oxidative addition into the weak
alkenyl-iodine bond to generate a highly electrophilic Cu(III)-vinyl complex 2.12,13 In a
simultaneous organocatalytic cycle, condensation of chiral amine catalyst 3 with an
aldehyde should furnish the transient yet nucleophilic enamine 4. Computational studies
predict that the Si-face of this enamine will be shielded by the phenyl ring of the
imidazolidinone framework, leaving the Re-face accessible to electrophilic attack (see
DFT-5).14 On this basis, complexation of the enamine π-system with Cu(III)-vinyl complex
2 is expected to lead to η1-iminium organocopper species (not shown), which, upon
reductive elimination, will forge a carbon–carbon bond and reconstitute the active Cu(I)
catalyst (thereby completing the metal cycle). Hydrolysis of the resulting iminium 6 will
also release amine 3 to complete the organocatalysis cycle while furnishing the desired
enantioenriched α-vinyl aldehyde.

Results
Our investigation began with an examination of the coupling of octanal with styrenyl
iodonium triflate 7 in the presence of chiral amine catalyst 3 and various Cu(I) catalysts. As
expected, no product formation was observed in the absence of copper salts (Table 1, entry
1). However, upon exposure to a catalytic amount of CuOAc, the desired α-vinyl aldehyde
was produced with moderate yield and with excellent levels of asymmetric induction (entry
2, 67% yield, 97% ee). While the use of CuI resulted in diminished yields (entry 4, 23%
yield), CuCl was found to be a competent coupling catalyst (entry 3, 82% yield, 97% ee).
Optimal efficiency and enantiocontrol was achieved, however, using CuBr to afford the
desired α-vinyl aldehyde adduct in 98% yield and 97% ee (entry 5). Importantly, lowering
the copper and chiral amine catalyst loadings to 5 mol% and 10 mol%, respectively, had
little impact on the overall performance of this multi-catalysis protocol (entry 6, 97% yield,
97% ee).

With optimal conditions in hand, we next examined the structural diversity of the aldehydic
coupling partner (Table 2). Notably, sterically demanding β-branched aldehydes were found
to be competent substrates, providing α-vinylated products with excellent levels of optical
purity (entries 3, 4 and 6, 73–79% yield, 96–99% ee). Moreover, the presence of pendent
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heteroatom functionalities does not have a deleterious impact on the reaction performance
(entries 2, 5 and 6). It should be noted that the two cycles involved are sufficiently mild to
maintain configurational integrity of the pendent Z-alkene (entry 1, 69% yield, 96% ee).
More importantly, aldehydes bearing β-stereogenicity can be routinely employed to enable
the highly diastereoselective construction of both syn- and anti-α,β-disubstituted adducts
(entries 7 and 8, 81–84% yield, ≥20:1 dr). As a salient indicator of the dominance of catalyst
versus substrate control in these processes, both β-stereocenter containing antipodes undergo
α-olefination with the same sense of induction (as dictated by the amine catalyst).

Next we turned our attention to the scope of the vinyl coupling partner. As demonstrated in
Table 3, these merged catalysis conditions are amenable to a broad range of iodonium
triflates. Both electron-neutral and electron-poor styrenes (entries 1 and 2) as well as
alkylvinyl groups (entries 3, 4 and 7) are transferred with high levels of enantiocontrol
(≥93% ee).15 Traditionally metal-sensitive structural motifs such as allyl chlorides and allyl
ethers (entries 5 and 6, 94–95% ee) are also readily incorporated to deliver useful synthons
for subsequent elaboration. Moreover, this novel transformation is not limited to 1,2-
disubstituted alkenyl group couplings but can also be applied to trisubtituted carbocycles
(entries 9 and 10, 71–77% yield, 94–96% ee).16 The selective transfer of sterically
demanding trisubstituted olefins can also be accomplished; however, this system requires
the use of the corresponding mesityliodonium salt to avoid a competing aryl group transfer
(entry 8).17

To demonstrate the utility of this new enantioselective vinylation reaction, we performed a
series of subsequent synthetic manipulations to demonstrate that this protocol can lead to a
diverse series of synthons (Scheme 2). For example, Pinnick oxidation of the formyl group
provides an α-olefin carboxylic acid in high yield with complete preservation of
enantiomeric purity. Moreover, hydrogenation of the alkene group using Crabtree’s catalyst
leads to α-alkyl aldehyde products, again without loss in optical purity. Importantly, the
formyl group can be utilized in a reductive amination sequence to afford a homoallylic
amine scaffold in 95% ee, a remarkable outcome given that an iminium intermediate is
formed in this process. As a related system, homoallylic alcohols can also be readily
accessed via NaBH4 reduction, to generate adducts that should be of value for subsequent
diastereoselective reactions such as epoxidation, cyclopropanation etc.18 The addition of
metal enolates to these vinylation adducts can also be accomplished to generate aldol
products with high efficiency. Lastly, the use of traditional Wittig conditions leads to 1,4-
diene formation without loss of enantipurity at the sterogenic 3-position, again
demonstrating the versatility of these 1,3-formyl-olefin adducts.

In conclusion, we have developed a highly enantioselective protocol for the α-vinylation of
aldehydes with vinyl iodonium triflates using copper(I) and chiral amine catalysis in a
synergistic coupling mechanism. This operationally simple, room temperature and mild
protocol should also be cost effective given the substrates, catalysts and catalyst loadings
employed. We fully expect that the α-formyl olefin products generated in this study will be
of high value for practitioners of chemical synthesis and medicinal chemistry.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Proposed Synergistic Cycles for Aldehyde α-Vinylation
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Scheme 2.
Access to Diverse Enantioenriched Vinyl Synthons
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Table 1

Impact of Amine and Copper Catalysts on Vinylation

entry catalyst 3 mol% copper catalyst (mol %) yield (%)a ee (%)b

1 20 mol% None 0 --

2 20 mol% CuOAc (10 mol%) 67 97

3 20 mol% CuCl (10 mol%) 82 97

4 20 mol% CuI (10 mol%) 23 97

5 20 mol% CuBr (10 mol%) 98 97

6 10 mol% CuBr (5 mol%) 97 97

a1H NMR yield.

b
Determined by chiral SFC analysis of the corresponding alcohol, absolute configuration determined by chemical correlation.
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Table 2

Scope of Aldehyde in Enantioselective Vinylationa,b,c

1

82% yield 94% ee

2d,e

83% yield 96% ee

3

75% yield 99% ee

4

79% yield 99% ee

5

81% yield 91% ee

6

73% yield 96% ee

7

84% yield ≥20:1 dr

8f

81% yield ≥20:1 dr

a
Absolute configuration assigned by chemical correlation or analogy.

b
Isolated yield of the corresponding alcohol.

c
Enantiomeric excesss determined by chiral HPLC analysis of the corresponding alcohol.

d
Using 20 mol% 3.

e
Using 20 mol% CuBr.

f
Using (S,S)-3 catalyst.
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Table 3

Scope of the Vinyl Iodonium Coupling Componenta,b,c

1

84% yield, 97% ee

2

87% yield, 96% ee

3

76% yield, 97% ee

4

89% yield, 97% ee

5d

91% yield, 94% ee

6

73% yield, 95% ee

7

81% yield, 93% ee

8e,f,g

73% yield, 97% ee

9e

77% yield, 94% ee

10e

71% yield, 96% ee

a
Absolute configuration assigned by chemical correlation or analogy.

b
Isolated yield of the corresponding alcohol.

c
Enantiomeric excess determined by chiral HPLC or SFC analysis of the corresponding alcohol.

d1H NMR yield.

e
Using 20 mol% 3.

f
Using 30 mol% CuBr.

g
Using the corresponding mesitylvinyliodonium triflate.
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