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Enantioselective N-Heterocyclic Carbene Catalysis 

via the Acyl Azolium without Exogenous Oxidants.

Jing Cao,a Rachel Gillard,a Azar Jahanbakhsh,b Martin Breugstb and David W. Luptona*

a) School of Chemistry, Monash University, Clayton 3800, Victoria, Australia. b) Department 

für Chemie, Universität zu Köln, Germany.

ABSTRACT: An approach to the unsaturated acyl azolium has been developed that exploits 

N-heterocyclic carbenes (NHCs) and acyl fluorides, without additional oxidants, bases, or 

preactivated pro-nucleophiles. These conditions have been applied in 4-classes of NHC catalyzed 

reaction. In all cases the expected products were produced with high yield and enantioselectivity, 

using two sets of closely related reaction conditions, without additional optimization.

Keywords: Enantioselective catalysis; N-heterocyclic carbene; unsaturated acyl azolium; (3 

+ 3)-annulation; (3 + 2)-annulation; (4 + 2) annulation.

In recent years the versatility of acyl fluorides in organic synthesis has become more broadly 

recognised.1 This can be traced to studies by Carpino who demonstrated their utility as alternatives 

to acyl chlorides in peptide coupling reactions.2 Strikingly it was found that amide formation with 

or without exogenous base, occurred with similar yield and rate (Figure 1A).2a In addition to amide 

formation, the fluoride, acyl, or (after decarbonylation) alkyl fragments, derived from acyl 

fluorides have been exploited in various reaction designs.1 In 2007 Lewis base catalysis with acyl 
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2

fluorides3a was reported by Levacher who demonstrated that acyl pyridinium fluoride can be 

generated in esterification reactions.3a Leveraging this observation we have found that 

unsaturated acyl fluorides (i.e. 1) when exposed to N-heterocyclic carbenes (NHCs) can 

deliver unsaturated acyl azoliums (i.e. 2) which engage in various bond forming cascades.4 

This was first demonstrated in 2009 with the annulation of TMS-enol ethers to give 

dihydropyranones 3 (Figure 1B).4a While such chemistry has proven valuable this approach suffers 

from limitations. Most notably, silicon masked nucleophiles, such as 4, are required. For example 

when the TMS enol ether 4 is replaced by cyclohexanone the annulation reaction fails.

In contrast to the approach outlined above (Figure 1B) most NHC-organocatalysis5 involving 

the unsaturated acyl azolium,6 is achieved by oxidation of the Breslow-intermediate (i.e. 5). 

Specifically, this involves either redox isomerisation of aldehydes containing reducible 

functionality,7 or the use of enals (such as 6) in the presence of an external oxidant (Figure 1C).8 

Most commonly the Kharasch oxidant (7), as introduced by Studer,8a is exploited, often with a 

superstoichiometric base, to both generate the NHC and deprotonate the pro-nucleophilic partner. 

While this strategy is common it exploits a high molecular weight oxidant that is relatively 

expensive, and in its reduced form, must be removed. While efforts to introduce alternate oxidants 

have been made,9 surprisingly a general oxidant free approach to the acyl azolium is yet to be 

established. 

Recently we considered whether acyl fluorides could serve as acyl azolium precursors in the 

absence of preactivated nucleophiles.  If viable then such a scenario would provide an approach to 

the acyl azoliums that avoids oxidants, bases, and the intermediacy of the Breslow intermediate. 

Specifically, we postulated that by using an exogenous fluoride trap the acyl azolium could be 

formed directly from the acyl fluoride (Figure 1D). In addition, having trapped the fluoride anion 
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3

the resultant adduct might serve as a base to deprotonate the pro-nucleophile, thereby replacing 

any additional base additives. Herein, we report studies on this concept that have been showcased 

in the context of four NHC-catalyzed reactions. Using two sets of conditions, reactions of the 

unsaturated acyl azolium 2 acyl azolium dienolate 8, and the, dienyl acyl azolium 9, have 

been achieved. The approach is operationally simple and has been deployed in all designs using 

the same azolium precatalyst, and without additional optimization.

Figure 1. A) Peptide coupling with acyl fluorides. B) Annulation of the unsaturated acyl 

azolium using acyl fluorides. C) The unsaturated acyl azolium is commonly formed by 

oxidation of the Breslow intermediate. D) Reaction design in which acyl azoliums are formed with 

an exogenous trap for fluoride. 

Reaction discovery commenced by examining the IMes catalysed annulation of cinnamoyl 

fluoride (1a) with acetoacetone (10) in the absence of additives. Using KOtBu to generate the NHC 

a 48% yield of dihydropyranone 11a was obtained (Figure 2A). This result suggests that potentially 
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4

the design does not need an exogenous fluoride trap, and that fluoride itself can serve as a base, 

although accumulation of HF likely quenches the catalyst. Using potassium hexamethyldisilazide 

(KHMDS) to generate the NHC provides HMDS that we reasoned could serve to trap HF and 

allow full conversion. In the event full conversion was observed after 4 hours, with 

dihydropyranone 11a formed in 78% yield. When the same reaction was performed with additional 

HMDS the yield was decreased slightly, but the reaction rate increased (Figure 2A). Next we 

examined the viability of HMDS to serve as a fluoride trap computationally.10 From these studies 

it was possible to identify two thermodynamically and kinetically viable reactions between HF and 

HMDS providing 2 equivalents of TMSF and one of ammonia (Figure 2B and supporting 

information). Consistent with these predictions, when the reaction was monitored by 19F-NMR, 

formation of TMSF was observed as the acyl fluoride is consumed (Figure 2C). 

Exploiting these insights we next developed an enantioselective version of the reaction (Figure 

2D). In studies by Studer unsaturated acyl azolium annulations have been found to benefit 

from LiCl,11 thus the reaction of cinnamoyl fluoride (1) with  acetoacetone (10) was examined 

with a series of azolium salts, using KHMDS as base, and LiCl as additive. These studies identified 

the Mes-indanol NHC A5 as being well suited to this chemistry providing 11a in 49% yield and 

92:8 er (Figure 2D, entry 2). The yield was increased by the addition of molecular sieves (Figure 

2D, entry 3),8g while introduction of an equivalent of HMDS increased the selectivity, with 11a 

formed in 98:2 er, although with a slightly decreased yield of 65% (Figure 2D, entry 4).  

Having developed a potentially general platform for enantioselective catalysis via the 

unsaturated acyl azolium we examined its viability in four reaction designs – two involving 

the unsaturated acyl azolium (i.e. 2c), one the acyl azolium dienolate (i.e. 8), and the last the 

dienyl azolium (i.e. 9). In all cases conditions lacking additional HMDS (Conditions A, Figure 
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2D, entry 3) or with an additional 1 equivalent of HMDS (Conditions B, Figure 2D, entry 4) were 

used. With most reactions the products were produced with serviceable yields and high 

enantioselectivity. It would be imagined that dedicated re-optimization of any process would lead 

to improved outcomes.
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Figure 2. A) Oxidant and base free annulation of acetoacetone 10a with acyl fluoride 1. B) 

Computational modelling of HF reaction with HMDS. C) Reaction of 1a and 10a to give 11a 

monitored by 19F-NMR. D) Reaction optimization. (a) Isolated yield following flash column 

chromatography. (b) Enantiomeric ratio determined by HPLC.
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6

The enantioselective synthesis of dihydropyranones was examined first (Table 1A). This reaction 

was first reported by our group in 2009,4a and has subsequently served as a testing ground for new 

catalysts, or conditions for acyl azolium formation. While HMDS improved selectivity in the 

optimisation studies the simpler conditions without its addition (Conditions A) were used in this 

study, unless noted. Variation of the cinnamoyl fluoride (1a-e) was broadly tolerated with 

pyranones 11a-e provided with good enantioselectivity (all >90:10 er). When using electron-rich 

(1b) or more hindered (1e) substrates the yield was decreased, which could be addressed somewhat 

by adding HMDS. Similar outcomes were obtained with the sometimes challenging alkyl acyl 

azolium precursors providing dihydropyranone 11f, and alternate 1,3-dicarbonyls giving 11g and 

h. Finally, substrates with decreased acidity, such as 2-indanone could be converted (i.e. to 11i) 

with high selectivity and yield using Conditions B.

In 2014 we reported a (3 + 2) annulation of the unsaturated acyl azolium using fluoride 

induced ring opening of donor-acceptor cyclopropanes.4d,e Studies from Studer developed an 

oxidative approach to related materials,11 while Biju has developed analogous reactions,12 and 

Romo has examined similar annulations with isothiourea catalysts.13 Rather than directly examine 

one of these designs we focused on the use of nitrile esters (i.e. 12) for the synthesis of cyclopentyl 

lactones. Without optimization, using Conditions A, the coupling of a range of cinnamoyl 

fluorides 1 with various nitriles 12 gave eight cyclopentyl lactones 13a-e (Table 1B). The 

absolute stereochemistry of these materials was determined through single crystal x-ray analysis 

of 13f and 13c and extrapolated for all structures.14 In contrast to the (3 + 3) annulation, this 

reaction showed significant sensitivity to the electronics of the acyl azolium. Thus, while 

cinnamoyl fluoride 1a and 4-chlorocinnamoyl fluoride 1d gave the cyclopentyl products with only 

moderate enantioenrichment (i.e. 13a, 79:21 and 13d, 80:20 er) the more electron rich 4-MeO, 4-
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7

Me, and 4-(Me)2N containing cinnamoyl fluorides gave cyclopentanes 13b, c and e with high 

enantioselectivity (>99:1, 88:12 and 90:10 er respectively) while 2-napthyl containing 

cyclopentane 13f formed in 52% yield and 93:7 er. A similar, although less pronounced sensitivity 

to electronics was observed in our earlier studies on enantioselective (3 + 2) annulations.4e Next 

the ester group was modified allowing ethyl ester containing 13g to be produced in 93:7 er, while 

the PMP ester 13h was formed with 85:15 er.

Table 1. Examples of (3 + 3) and (3 + 2) annulations of the unsaturated acyl azolium.a,b 

O

R1 O

O

Me Me

11a, R1 = Ph, 85% y,
90:10 er

b, R1 = 4-MeOC6H4, 88% y, 
93:7 erc

  c, R1 = 4-MeC6H4, 80% y, 
90:10 er

  d, R1 = 4-ClC6H4, 79% y, 
90:10 er

  e, R1 = 2-Napthyl, 54% y,
94:6 erc

O

Ph O

O

OEt Me

11h, 84% y, 91:9 er

O

Ph O

O

Ph Ph

11g, 52% y, 85:15 er

O

O

O

Me Me

11f, 78% y, 92:8 er

O

O

MeO

11i, 62% y, 95:5 erc

O
R1

O

Me
NC

MeO2C

O

O

Me
NC

EtO2C

MeO

O

O

Me
NC

MeO

O
O

PMP

13a, R1 = Ph, 65% y,
 7:1 dr, 79:21 erc

b, R1 = 4-MeOC6H4, 52% y, 
7:1 dr, >99:1 er

  c, R1 = 4-MeC6H4, 43% y, 
  7:1 dr, 88:12 er

  d, R1 = 4-ClC6H4, 43% y, 
  7:1 dr, 80:20 er

  e, R1 = 4-NMe2C6H4, 40% y, 
  8:1 dr, 90:10 er 13h, 41% y, 

6:1 dr, 85:15 er

13g, 52% y, 
12:1 dr, 93:7 er

O

R1 O

O

R2 R3

11a-i

O
R1

O

Me
NC

R4O2C
OO

R2 R3 R4O2C O

NC Me

A B

13a-h

R1 O

F

20 mol% A5HBF4
20 mol% KHMDS, LiCl,
4 A MS, toluene, 0 ºC

N
N

N

O

MesA5
or

or
1

10 12

13f, 52% y, 
12:1 dr, 93:7 er

R1 O

NHC
via

2

[a] Isolated yield [b] Enantiomeric excess determined by HPLC. [c] Conditions B (Figure 2D, 
entry 4).

In 2013 Chi15 demonstrated that alkyl group on the unsaturated acyl azolium, by the action of 

additional base, allows access to the acyl azolium dienolate (i.e. Table 2, 8).16 To examine the 

viability of our conditions with this type of reaction design we performed the coupling of methyl 

cinnamoyl fluoride 14 with hydrazone 15 (Table 2). Using the reaction conditions exploited for 
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8

the earlier transformations the expected product formed, although the yield was modest.  However, 

with additional HMDS the annulation could be achieved with piperidone 16a formed in >99:1 er 

and 83% isolated yield. This outcome could be reproduced with an array of methyl cinnamoyl 

fluorides 14 and hydrazones 15 coupled in high yield and enantioselectivity (all 99:1 er or greater). 

Table 2. Examples of (4 + 2) annulations of the acyl azolium dienolate.a,b 

[a] Isolated yield [b] Enantiomeric excess determined by HPLC.

Finally we examined the reaction of the dienyl acyl azolium (i.e. 9, Table 3). This type of species 

was first reported in 2015,17 with the first enantioselective design introduced by our group in 

2018.18 Using conditions lacking HMDS an array of tri and tetracyclic products were produced 

(19a-f). Specifically, annulated dienyl acyl fluorides 17 coupled with acyclic ketoesters 18 to give 

tricycles 19a-d in greater than 97:3 er (Table 3). In addition, when the coupling was performed 

with cyclic keto esters the tetracyles 19e and f formed with excellent enantioselectivity (97:3 and 

98:2 er respectively) and diastereoselectivity, something not possible using our earlier approach 

which proceeded with poor enantioselectivity. 
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9

Table 3. Examples of annulation of the dienyl acyl azolium.a,b

 [a] Isolated yield [b] Enantiomeric excess determined by HPLC. 

While mechanistic features of each reaction are distinct, there are a number of events that are 

likely to be common to this approach. Considering the dihydropyranone synthesis (i.e. 11) the 

reaction likely commences with the formation of NHC A5 and HMDS, by deprotonation of the 

azolium A5HBF4 with KHMDS (Figure 3). Substitution of the acyl fluoride by A5 with resultant 

fluoride mediated desilylation of HMDS then gives unsaturated acyl azolium 2d, TMSF and 

TMS amide 20. The later deprotonates 1,3-dicarbonyl 10a to give enolate 21 which unites with 

the unsaturated acyl azolium as described elsewhere.19 Depending on the presence of 

additional HMDS subsequent turn-overs either involve desilylation of the HMDS or the silyl amide 

22. In most cases in which the yield is modest the products were accompanied by the primary 

amide of the acyl fluoride. We believe that this side reaction occurs with sluggish reactions and 

likely involves either coupling between the acyl azolium 2d or acyl fluoride 1a and TMS amide 

20 followed by hydrolytic workup.
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Figure 3. Mechanistic proposal.

Reactions of the unsaturated acyl azolium have emerged in the last decade as a highly diverse 

array of complexity generating processes. They are often enantioselective, and can involve a 

cascade of CC, CO and CN bond forming events. Herein, we report a route to the 

unsaturated acyl azolium that avoids commonly exploited exogenous oxidants and/or bases. 

The conditions are compatible with reaction designs involving both the acyl azolium and acyl 

azolium enolate. While the designs examined here provide a general indication of the generality 

of this approach, we believe that the strength of this strategy reside in reaction designs that are not 

compatible with the intermediacy of the Breslow-intermediate. Studies on this topic are ongoing.  
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Cycloaddition/Decarboxylation of Silyl Dienol Ethers with Unsaturated Acid Fluorides. J. 

Am. Chem. Soc. 2011, 133, 4694–4697; c) Ryan, S. J.; Stasch, A.; Paddon-Row, M. N.; Lupton, 

D. W., Synthetic and Quantum Mechanical Studies into the N-Heterocyclic Carbene Catalyzed (4 

+ 2) Cycloaddition. J. Org. Chem. 2012, 77, 1113–1124. d) Candish, L.; Lupton, D. W., N-

Heterocyclic Carbene-Catalyzed Ireland–Coates Claisen Rearrangement: Synthesis of 

Functionalized β-Lactones.  J. Am. Chem. Soc. 2013, 135, 58–61; (e) Candish, L.; Forsyth, C. M.; 

Lupton, D. W., N-tert-Butyl Triazolylidenes: Catalysts for the Enantioselective (3+2) Annulation 

of α,β-Unsaturated Acyl Azoliums. Angew. Chem. Int. Ed. 2013, 52, 9149–9152; (f) Ryan, S. J.; 

Schimler, S. D.; Bland, D. C.; Sanford, M. S., Acyl Azolium Fluorides for Room Temperature 

Page 12 of 17

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13

Nucleophilic Aromatic Fluorination of Chloro- and Nitroarenes. Org. Lett. 2015, 17, 1866-1869; 

(g) Mavroskoufis, A.; Rajes, K.; Golz, P.; Agrawal, A.; Ruß, V.; Götze, J. P.; Hopkinson, M. N., 

N-Heterocyclic Carbene Catalyzed Photoenolization/Diels-Alder Reaction of Acid Fluorides. 

Angew. Chem. Int. Ed. 2020, 59, 3190-3194.

5) For general NHC catalysis see: a) Enders, D.; Niemeier, O.; Henseler, A., Organocatalysis by 

N-Heterocyclic Carbenes. Chem. Rev. 2007, 107, 5606; b) Hopkinson, M. N.; Richter, C.; 

Schedler, M.; Glorius, F., An Overview of N-Heterocyclic Carbenes. Nature, 2014, 510, 485; c) 

Flanigan, D. M.; Romanov-Michailidis, F.; White, N. A.; Rovis, T., Organocatalytic Reactions 

Enabled by N-Heterocyclic Carbenes. Chem. Rev. 2015, 115, 9307; for acyl azolium enolates see: 

d) Douglas, J.; Churchill, G.; Smith, A. D., NHCs in Asymmetric Organocatalysis: Recent 

Advances in Azolium Enolate Generation and Reactivity. Synthesis, 2012, 44, 2295; for cascade 

catalysis: e) Grossmann, A.; Enders, D., N-Heterocyclic Carbene Catalyzed Domino Reactions. 

Angew. Chem. Int. Ed. 2012, 51, 314; for acyl anion free catalysis: f) Ryan, S. J.; Candish, L.; 

Lupton, D. W., Acyl Anion free N-Heterocyclic Carbene Organocatalysis. Chem. Soc. Rev. 2013, 

42, 4906; for cooperative catalysis: g) Wang, M. H.; Scheidt, K. A., Cooperative Catalysis and 

Activation with N-Heterocyclic Carbenes. Angew. Chem. Int. Ed. 2016, 55, 14912.

6) For reviews examining the chemistry of the unsaturated acyl azolium see: a) De Sarkar, S.; 

Biswap, A.; Samanta, R. C.; Studer., Catalysis with N-Heterocyclic Carbenes under Oxidative 

Conditions. A. Chem. Eur. J. 2013, 19, 4664; b) Mahatthananchai, J.; Bode, J. W., On the 

Mechanism of N-Heterocyclic Carbene-Catalyzed Reactions Involving Acyl Azoliums. Acc. 

Chem. Res. 2014, 47, 696; c) Zhang, C.; Hooper, J. F.; Lupton, D. W., N-Heterocyclic Carbene 

Catalysis via the Unsaturated Acyl Azolium. ACS Catal. 2017, 7, 2583; d) Mondal, S.; Yetra, 
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S. R.; Mukherjee, S.; Biju, A. T., NHC-Catalyzed Generation of Unsaturated Acylazoliums 

for the Enantioselective Synthesis of Heterocycles and Carbocycles. Acc. Chem. Res. 2019, 52, 

425–436;

7) For examples of access to the acyl azolium by redox isomerization: a) K. Zeitler., 

Stereoselective Synthesis of (E)-Unsaturated Esters via Carbene-Catalyzed Redox 

Esterification. Org. Lett., 2006, 8, 637–640; from bromo enals a) Sun, F.-G.; Sun, L.-H.; Ye, 

S., N-Heterocyclic Carbene-Catalyzed Enantioselective Annulation of Bromoenal and 1,3-

Dicarbonyl Compounds. Adv. Synth. Cat., 2011, 353, 3134; from bromo enals c) Wang, G.; 

Chen, X.; Miao, G.; Yao, W.; Ma, C., Divergent NHC-Catalyzed Oxidative Transformations of 3-

Bromoenal: Selective Synthesis of 2H-Pyran-2-ones and Chiral Dihydropyranones.  J. Org. Chem. 

2013, 78, 6223.

8) For examples of access to the acyl azolium using external oxidants, see: a) Castells, J.; Llitjos, 

H.; Moreno-Mañas, M., Nitrobenzene Aldehyde Oxidations Catalyzed by the Conjugate Bases of 

Thiazolium Ions. Tetrahedron Lett. 1977, 18, 205–206; b) Maki, B. E.; Chan, A.; Phillips, E. M.; 

Scheidt, K. A., Tandem Oxidation of Allylic and Benzylic Alcohols to Esters Catalyzed by N-

Heterocyclic Carbenes. Org. Lett., 2007, 9, 371–374; c) Noonan, C.; Baragwanath, L.; Connon, S. 

J., Nucleophilic Carbene-Catalysed Oxidative Esterification Reactions. Tetrahedron Lett. 2008, 

49, 4003–4006; e) Guin, J.; De Sarkar, S.; Grimme, S.; Studer, A., Biomimetic Carbene-Catalyzed 

Oxidations of Aldehydes Using TEMPO. Angew. Chem. Int. Ed. 2008, 47, 8727–8730; f) De 

Sarkar, S.; Grimme, S.; Studer., NHC Catalyzed Oxidations of Aldehydes to Esters: 

Chemoselective Acylation of Alcohols in Presence of Amines. A. J. Am. Chem. Soc. 2010, 132, 
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1190–1191; g) Mo, J.; Shen, L.; Chi, Y. R., Direct Activation of Saturated Aldehydes to Michael 

Acceptors through Oxidative NHC Catalysis. Angew. Chem. Int. Ed. 2013, 52, 8588.

9) For examples using molecular oxygen see: a) Reddy, R. S.; Rosa, J. N.; Veiros, L. F.; 

Caddick, S.; Gois, P. M. P., NHC/Iron Cooperative Catalysis: Aerobic Oxidative Esterification 

of Aldehydes with Phenols. Org. Biomol. Chem. 2011, 9, 3126; b) Zhao, J.; Mück-Lichtenfeld, 

C.; Studer, A., Cooperative N‐Heterocyclic Carbene (NHC) and Ruthenium Redox Catalysis: 

Oxidative Esterification of Aldehydes with Air as the Terminal Oxidant. Adv. Synth. Catal. 2013, 

355, 1098; c) Ta, L.; Axelsson, A.; Sundén, H., Attractive Aerobic Access to the 

Unsaturated Acyl Azolium Intermediate: Oxidative NHC catalysis via Multistep Electron 

Transfer. Green Chem. 2016, 18, 686 I. N. C. Kiran, K. Lalwani and A. Sudalai., N-Heterocyclic 

Carbene Catalyzed Esterification of Aromatic Aldehydes with Alcohols under Aerobic 

Conditions. RSC Adv. 2013, 3, 1695; b) Reddi, R. N.; Malekar, P. V.; Sudalai, A., N-

Heterocyclic Carbene Catalyzed Oxidative Stannylation of Aldehydes: a Facile entry to 

Organotin(IV) Carboxylates. Tetrahedron Lett. 2013, 54, 2679; c) Delany, E. G.; Fagan, C.-L.; 

Gundala, S.; Mari, A.; Broja, T.; Zeitler, K.; Connon, S. J., NHC-Catalysed Aerobic Aldehyde-

Esterifications with Alcohols: no Additives or Cocatalysts Required. Chem. Commun. 2013, 49, 

6510; d) Delany, E. G.; Fagan, C.-L.; Gundala, S.; Zeitler, K.; Connon, S. J., Aerobic Oxidation 

of NHC-Catalysed Aldehyde Esterifications with Alcohols: Benzoin, not the Breslow 

Intermediate, Undergoes Oxidation. Chem. Commun. 2013, 49, 6513; e) Xie, D.; Shen, D.; Chen, 

Q.; Zhou, J.; Zeng X.; Zhong, G., N-Heterocyclic Carbene/Lewis Acid Catalyzed 

Enantioselective Aerobic Annulation of Unsaturated Aldehydes with 1,3-Dicarbonyl 

Compounds. J. Org. Chem. 2016, 81, 6136. For electrochemical approaches: f) Finney, E. E.; 

Ogawa, K. A.; Boydston, A. J., Organocatalyzed Anodic Oxidation of Aldehydes. J. Am. Chem. 
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Soc. 2012, 134, 12374. For perhalogenated materials: g) Wu, X.; Zhang, Y; Wang, Y.; Ke, J.; 

Jeret, M.; Reddi, R. N.; Yang, S.; Song, B.-A.; Chi, Y. R., Polyhalides as Efficient and Mild 

Oxidants for Oxidative Carbene Organocatalysis by Radical Processes. Angew. Chem. Int. Ed. 

2017, 56, 2942. 

10) Studies performed using the DLPNO-CCSD(T)/def2TZVPP/SMD//TPSS-D3/6-

31+G(d,p)/SMD calculations, see ESI for details. 

11) Bera, S.; Samanta, R. C.; Daniliuc, C. G.; Studer, A., Asymmetric Synthesis of Highly 

Substituted Lactones through Oxidative Carbene Catalysis with LiCl as Cooperative Lewis 

Acid. Angew. Chem. Int. Ed. 2014, 53, 9622.

12) Mondal, S.; Yetra, S. R.; Patra, A.; Kunte, S. S.; Gonnade, R. G.; Biju, A. T., N-Heterocyclic 

Carbene-Catalyzed Enantioselective Synthesis of Functionalized Cyclopentenes via 

Unsaturated Acyl Azoliums. Chem. Commun. 2014, 50, 14539.

13) Liu, G.; Shirley, M. E.; Van, K. N.; McFarlin, R. L.; Romo, D., Rapid Assembly of Complex 

Cyclopentanes Employing Chiral, Unsaturated Acylammonium Intermediates. Nat. Chem. 

2013, 5, 1049.

14) Single crystal X-ray analysis of cyclopentyl lactones 13c and 13f using CuK radiation for 

determination of absolute stereochemistry (CCDC 2008449 and 2008450). This data can be 

obtained free of charge from The Cambridge Crystallographic Data Centre.

15) Xu, J. F.; Jin, Z. C.; Chi, Y. R., Organocatalytic Enantioselective Aminoalkylation of 

Unsaturated Ester: Access to Pipecolic Acid Derivatives. Org. Lett. 2013, 15, 5028.
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16) For reviews covering other routes to the acyl azolium dienolate see: Vora, H. U.; Wheeler, 

P.; Rovis, T., Exploiting Acyl and Enol Azolium Intermediates via N‐Heterocyclic 

Carbene‐Catalyzed Reactions of Reducible Aldehydes. Adv. Synth. Catal. 2012, 354, 1617; 

(e) Douglas, J.; Churchill, G.; Smith, A. D., NHCs in Asymmetric Organocatalysis: Recent 

Advances in Azolium Enolate Generation and Reactivity. Synthesis 2012, 44, 2295.

17) Zhu, T.; Mou, C.;  Li, B.; Smetankova, M.; Song, B.-A.; Chi, Y. R., N-Heterocyclic 

Carbene-Catalyzed Carbon LUMO Activation of Unsaturated Aldehydes. J. Am. Chem. Soc. 

2015, 137, 5658.

18) Gillard, R. M.; Fernando, J. E. M.; Lupton, D. W., Enantioselective N‐Heterocyclic Carbene 

Catalysis via the Dienyl Acyl Azolium. Angew. Chem. Int. Ed. 2018, 57, 10299.

19) For mechanistic studies into the dihydropyranone synthesis see: For discussions regarding 

the mechanism of dihydropyranone formation, specifically relating to 1,2-addition/Claisen or 

1,4- addition see (a) J. Mahatthananchai, J. Kaeobamrung, and J. W. Bode., Chiral N-

Heterocyclic Carbene-Catalyzed Annulations of Enals and Ynals with Stable Enols: A Highly 

Enantioselective Coates–Claisen Rearrangement. ACS Catal. 2012, 2, 494; (b) E. Lyngvi, J. W. 

Bode and F. Schoenebeck., A Computational Study of the Origin of Stereoinduction in NHC-

Catalyzed Annulation Reactions of Unsaturated Acyl Azoliums. Chem. Sci. 2012, 3, 2346; 

(c) Samanta, R. C.; Maji, B.; De Sarkar, S.; Bergander, K.; Fröhlich, R.; Mück-Lichtenfeld, C.; 

Mayr, H.; Studer, A., Nucleophilic Addition of Enols and Enamines to Unsaturated Acyl 

Azoliums: Mechanistic Studies. Angew. Chem. Int. Ed. 2012, 51, 5234.
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