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Abstract: An efficient protocol for the synthesis of enolizable α-

substituted β,γ-unsaturated aldehydes is reported. The developed 

strategy involves two steps, epoxidation and Meinwald 

rearrangement, to result in a one-carbon homologation of α,β-

unsaturated aldehydes enabling the insertion of a CHR unit 

Introduction 

Despite their versatility as intermediates in total synthesis,[1] the 

preparation of β,γ-unsaturated aldehydes is still a challenge in 

organic chemistry, in particular in the case of enolizable 

aldehydes. [2] Indeed, the obtaining and isolation of α-tertiary β,γ-

unsaturated aldehydes is facing the difficulty of their high 

propensity to isomerize into their conjugated α,β-unsaturated 

analogues. [3] One synthetic strategy consists in the rhodium(I) 

catalyzed hydroformylation of 1,3-diene (Scheme 1a). [4-5] 

However, these methodologies requires high-pressure in CO/H2 

and results often in mixtures of targeted β,γ-unsaturated 

aldehydes along with isomerization product (α,β-unsaturated 

aldehyde) and regioisomers. Another method involves the 

oxidation of corresponding alcohols; [1b,1d,3] the limitation being 

here the access to primary homoallylic alcohols. [6]  

We surmised that an alternative strategy could be the one-

carbon homologation of widely available α,β-unsaturated 

aldehydes. However, despite the fact that one-carbon chain 

extension of alkyl aldehydes has long history, [7] a literature 

search showed no example of homologation of α,β-unsaturated 

aldehydes. 

We recently reported the synthesis of skipped diene (4) from 

1,3-diene (1) and sulfonium ylide (2) via the rearrangement of 

vinylcyclopropane 3 (Scheme 1b). [8] We envisaged that, applied 

to α,β-unsaturated aldehydes (5), this sequence would enable a 

short and efficient access to enolizable α-tertiary β,γ-unsaturated 

aldehydes 7 (Scheme 1c). [9,10] 

 

Scheme 1. Synthesis of ,-unsaturated aldehydes, rearrangement of 

vinylcyclopropane 3 into skipped diene 4 and our one-carbon homologation of 

α,β-unsaturated aldehyde strategy 

Results and Discussion 

We started our investigation with cinnamaldehyde (5a) and the 

benzylic sulfonium salt 2a as reference substrates to confirm 

that epoxidation reaction works as reported by others. [11] 

Formation of the sulfonium ylide by deprotonation of 2a in the 

presence of cinnamaldehyde (5a) led to vinyl epoxide 6a in a 

good yield and, according to reaction conditions, a moderate to 

a good trans/cis ratio (Table 1). 

Table 1. Epoxidation reaction. 

 

Entry Reaction conditions Yield (%) trans/cis 

1 NaH, CH2Cl2, RT, 24h 89 94:6 
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2 
KOH, CH3CN/H2O (9/1),  

0°C to RT, 24h 
88 83:17 

3 LHMDS, CH2Cl2, -78°C to RT, 16h 89 71:29 

The second step of our methodology consists of a Meinwald 

rearrangement[12] of 6a. Screening of reactions conditions 

showed that a series of Lewis acids catalyzes the conversion of 

vinyl epoxide 6a into β,γ-unsaturated aldehydes 7a (Table 2). 

However, in many cases, the feared isomerization of the double 

bond is observed yielding aldehyde 8a as a side-product. 

Formation of ketone 9a originating from the migration of 

hydrogen atom instead of phenyl group is another observed 

side-product. Fortunately, we found that catalysis by 5 mol% of 

Cu(BF4)2 enables a high selectivity of migration (7a/9a = 95/5) 

and prevents isomerization of the double bond (formation of 8a). 

[13] We thus selected Cu(BF4)2 to develop further our 

methodology. Interestingly, we found that epoxide 6a obtained 

using KOH conditions could be engaged in the rearrangement 

without any purification besides a work-up. [14] Test reactions 

showed also that the stereochemistry of the epoxide has no 

impact on the outcome of the rearrangement (see SI). 

Table 2. Optimization of reaction conditions for the Meinwald 

rearrangement. 

 

Entry Lewis acid Equiv. Yield (%)
[a]

 7a/8a/9a
[b]

 

1 Sc(OTf)3 1 n.d. 46/4/50 

2 ZnCl2 1 81 42/0/58 

3 Yb(OTf)3 1 79 86/8/6 

4 Ti(Oi-Pr)4 1 0 / 

5 FeCl3 1 0 / 

6 Fe(OTf)2 1 0 / 

7 Cu(OTf)2 1 82 0/90/10 

8  0.1 84 45/48/7 

9  0.05 70 87/5/8 

10  0.01 78 93/2/5 

11 Cu(BF4)2 1 85 91/2/7 

12  0.1 82 94/0/6 

13  0.05 86 95/0/5 

14  0.01 84 96/0/4 

[a] Yield determined on the crude mixture by 
1
H NMR using an internal 

standard. [b] Determined by 
1
H NMR on the crude mixture. 

Having demonstrated the practicability and efficiency of the 

methodology, we next explored its scope (Scheme 2). 

Reaction of (electron-poor) aryl-substituted β,γ-unsaturated 

aldehydes worked well enabling to isolate corresponding 

β,γ-unsaturated aldehydes 7a-b in good yield. Alkyl 

substituents could also be successfully employed (7f-g) and 

bis-substitution of the double bond is tolerated as well (see 

7g-j). However, substitution by an electron-rich aryl group 

emerged as a problem with the obtaining of complex 

mixtures after the rearrangement (7c-d), probably due to an 

excessive stabilization of the zwitterion intermediate (see 

SI). 

Next, we turned our attention to the nature of the sulfonium salt, 

i.e. the migrating group (R4). Substitution of the aromatic group 

with electron-donating substituents is well tolerated (7m-n,q-r) 

whereas in the case of electron-poor aryl groups (7k-l,o-p) the 

yield is decreased, due to the competing hydrogen migration 

leading instead to corresponding ketones 9. This is in good 

agreement with the reported decreased migratory aptitude of 

electron-poor aryl groups. [8a,15] Migration of a styryl group or a 

hydrogen atom could also be observed (7s-t). The difficulty of 

generating alkyl substituted sulfonium ylides prevented us to 

consider alkyl groups;[16] these latter being reported to be poor 

migrating groups, they would have anyway lost the competition 

with the migration of a hydrogen. 
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Scheme 2. Rearrangement of vinylcyclopropane 3 into skipped diene 4 and 

our one-carbon (Yield in isolated analytically pure compound, unless 

mentioned otherwise). 
[a]

 Aldehyde not isolated, yield determined by 
1
H NMR 

on the crude mixture; 
[b] 

β,γ-Unsaturated ketone originating from the migration 

of H is obtained as the main product (yield reported in brackets); 
[c] 

Rearrangment catalyzed by Yb(OTf)3 (yield was lower with Cu(BF4)2; see SI). 

The epoxidation step was performed using Me3SiI (see SI).  

From a mechanistic point of view, DFT calculations (see SI for 

details) indicate that the key factor for determining 

regioselectivity of ring-opening and the nature of the migrating 

group is the relative stability of the zwitterionic intermediate 10 

and not the relative migratory aptitude of the two substituents 

(Scheme 3). Indeed, deuterium-labeling experiments showed 

that the epoxide opens preferentially on the side of the most 

carbocation stabilizing group (i.e. the styryl group) and, 

consequently, it is the phenyl group which migrates (pathway B). 

 

Scheme 3. Deuterium-labeling experiment and computations of the 

rearrangment (free energies in kcal.mol
-1

 relative to 6a). 

Next, we turned our attention to the identification of an 

asymmetric variant of our methodology toward β,γ-unsaturated 

aldehydes. Interestingly, our calculations indicate that the 

rearrangement should be enantiospecific (Figure 1). [17] Indeed, 

absolute stereochemistry of the carbon bearing the migrating 

group (R4) should determine the stereochemistry of the created 

stereogenic center in the β,γ-unsaturated aldehyde (see SI). 

Accordingly, we focused our efforts on the stereocontrol of the 

epoxidation step. Aggarwal has already showed that high 

enantiocontrol could be achieved in epoxidation reactions using 

chiral sulfonium salt 11, which are readily available optically pure 

in two steps from sulfur and limonene (Scheme 3). [18] 

Deprotonation of 11 in the presence of aldehyde 5a or 5i and 

subsequent rearrangement allows obtaining β,γ-unsaturated 

aldehydes 7a,i in moderate yield and enantiomeric ratio (74/26 

and 71/29, respectively). [19] Control experiments showed that 

epoxidation proceeds with a very high diastereo- and 

enantiocontrol (d.r. >99/1 and e.r. = 98/2). Thus, the observed 

moderate overall enantioselectivity is due to the partial 

stereospecificity of the rearrangement (see SI). 

 

Figure 1. Structure of the two possible transition states for the migration step, 

leading to the two enantiomers (free energies in kcal.mol
-1

 relative to 6a). 
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Scheme 4. Enantioselective synthesis of -unsaturated aldehydes 

(enantiomeric excess of aldehydes was measured by HPLC on the 

corresponding alcohol after reduction, see SI).  

Conclusion 

We have successfully developed a protocol for the one-carbon 

homologation of α,β-unsaturated aldehydes which enables the 

insertion of a CHAr unit. The strategy involves two steps, 

epoxidation and Meinwald rearrangement, and enables the 

synthesis of enolizable α-aryl substituted β,γ-unsaturated 

aldehydes. One of the key feature of the methodology is the mild 

reaction conditions of the rearrangement enabling to avoid 

isomerization of the ,-unsaturated aldehydes. Preliminary 

studies toward an enantioselective version of the methodology 

showed the stereospecificity of the rearrangement, providing 

promising results for further developments. 

Experimental Section 

General procedure : The benzylic sulfonium salt (1.4 eq.) is dissolved in 

a 9/1 mixture of MeCN/H2O (8 mL/100 mg of α,β-unsaturated aldehyde) 

in a round-bottom flask at 0°C. Aldehyde (1 eq., 150 mg) and KOH (1.4 

eq) are added and the reaction mixture is allowed to warm up to room 

temperature and stirred for 24-72h. Then, the reaction mixture is 

concentrated under reduced pressure and dissolved in dichloromethane. 

Water is added and the two layers are separated. The aqueous phase is 

extracted twice with dichloromethane. The combined organic layers are 

washed with brine, dried over MgSO4 and concentrated under reduced 

pressure. Epoxide (1 eq., 100 mg) and Cu(BF4)2 are dissolved in dry 

dichloromethane (6 mL/100mg of epoxide). The reaction mixture is 

stirred at room temperature for 1-3 h. Water is added to stop the reaction. 

The two layers are separated and the aqueous one is extracted twice 

with dichloromethane. The combined organic layers are washed with 

brine, dried over MgSO4 and concentrated under reduced pressure. 

Characterization of 7a : 1H NMR (300 MHz, CDCl3): δ = 9.76 (d, J = 2.1 

Hz, 1H), 7.48–7.17 (m, 10H), 6.54–6.49 (m, 2H), 4.43 ppm (dd, J = 5.5, 

2.0 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ = 198.3, 136.5, 135.6, 134.3, 

129.2, 129.0, 128.6, 128.0, 127.8, 126.5, 124.5, 61.9 ppm; IR: ν˜ = 3031, 

1722, 1690, 1596, 1494, 1453 cm−1; HRMS (ESI): m/z calcd for 

C16H15O
+: 223.11174 [M+H]+; found: 223.11169. 

Computational details : Calculations were carried out using the Orca 

4.1.0 program package. Geometry optimisations were performed at the 

M06-2X level of theory using the 6-31G(d) basis set.[20] Solvent effects 

were modelled by using the SMD solvation module[21] as incorporated in 

Orca, using the parameters for dichloromethane. The stationary points 

were characterized by full calculation of vibrational frequencies at the 

M06-2X/6-31+G(d)(CH2Cl2) level. These frequency calculations provided 

also thermal and entropic contributions to free energy. Gas phase 

electronic energies were obtained after single point calculations, at the 

M06-2X/6-311+G(d,p) level of theory. We have made a systematic 

attempt to locate all possible local minima (at the M06-2X/6- 31+G(d) 

level), with the data presented referring to the lowest energy form. 

Supporting Information 

Full experimental procedures, characterization data, additional 

experimental observations, computational details and Cartesian 

coordinates for all computed structures are available in the 

supplementary material of this article. The authors have cited 

additional references within the Supporting Information.[22]  
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