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ABSTRACT:  The first catalytic enantioselective [5+2] dipolar cycloaddition of a 3-hydroxy-4-pyrone-derived oxidopyrylium 

ylide is described.  These studies leveraged the recently recognized ability of oxidopyrylium dimers to serve as the source of ylide, 

which was found to be key to increasing yields and achieving enantiomeric excesses up to 99%.  General reaction conditions were 

identified for an array of ,-unsaturated aldehyde dipolarophiles.  Reaction products possess four stereocenters, and subsequent 

reduction introduced a fifth contiguous stereocenter with total stereocontrol. 

The [5+2] dipolar cycloaddition of oxidopyrylium ylides ena-

bles facile access to the 8-oxabicyclo[3.2.1]octane scaffold,1 

and has been widely used in target-oriented synthesis.2  In 

addition to being a prevalent substructure in bioactive natural 

products,3 8-oxabicyclo[3.2.1]octanes provide an entrée into 

functionalized tetrahydrofurans and cycloheptanes.4-5  These 

two ring systems are of high interest to synthetic chemists, 

with the latter being relatively challenging to construct due to 

ring-strain and entropic considerations.6     

Despite the widespread utility of oxidopyrylium cycloaddi-

tions, including asymmetric variants of the reaction,4b,7 catalyt-

ic enantioselective [5+2] dipolar cycloadditions of ox-

idopyrylium ylides have eluded the synthetic chemistry com-

munity until very recently.  The first such reaction was intra-

molecular and was reported by Jacobsen and coworkers in 

2011, and was subsequently adapted as an intermolecular pro-

cess in 2014.8  These reactions used a combination of enamine 

catalysis and a hydrogen-bonding catalyst to promote the 

asymmetric cycloaddition (eq 1, Scheme 1).  In 2015, Reyes 

and Vicario reported the first catalytic enantioselective [5+2] 

dipolar cycloaddition of a benzopyrylium oxide via dienamine 

catalysis (eq 2).9  These remain the only strategies for catalytic 

asymmetric oxidopyrylium cycloadditions published to date. 

Scheme 1.  Catalytic Asymmetric Intermolecular Ox-

idopyrylium Cycloadditions Employing Acyloxypyrans. 

 



 

Both of these prior studies leveraged carboxylate elimination 

of acyloxypyran to generate reactive oxidopyrylium ylides, 

which is the method most commonly associated with ox-

idopyrylium [5+2] cycloadditions.1,2  A less studied intermedi-

ate to oxidopyrylium ylides are 3-hydroxy-4-pyrones (9, 

Scheme 2), which are classically converted to the active ox-

idopyrylium ylides through thermal group transfer (9 → 10a) 

and trapped by a tethered alkene or alkyne.5a,10 Intermolecular 

3-hydroxy-4-pyrone-based oxidopyrylium cycloadditions, on 

the other hand, can be performed by first converting the py-

rone to 3-hydroxy-4-methoxypyrylium triflate salts (11), and 

then deprotonating them with aniline bases in the presence of 

the dipolarophile.11  We further adapted this intermolecular 

reaction through our recent discovery that oxidopyrylium di-

mers (12) can be used as the source of the oxidopyrylium 

ylide, thereby eliminating conjugate acid and residual base 

present in the in situ deprotonation protocol.12 3-Hydroxy-4-

pyrone-based oxidopyrylium ylides (10a/b) are inherently 

electron rich due to the presence of an added donor oxygen, 

and as such are known to react preferentially with electron 

poor dipolarophiles.11a, 12c  Thus, unlike prior catalytic asym-

metric intermolecular processes wherein oxidopyrylium ylides 

reacted with electron rich dipolarophiles (Scheme 1), 3-

hydroxy-4-pyrone-derived oxidopyrylium ylides were viewed 

as an ideal ylide with which to develop an asymmetric ox-

idopyrylium cycloaddition reaction employing electron poor 

dipolarophiles accessible through iminium catalysis.13 

Scheme 2. Overview of 3-Hydroxy-4-pyrone-Based Ox-

idopyrylium Cycloaddition.    

 

 

 

 

 

 

 

 

Early studies revealed that commercially available catalyst 14 

was capable of promoting an enantioselective reaction be-

tween salt 11 and cinnamaldehyde upon addition of i-Pr2NPh 

(method A, Table 1), generating product in high ee and dr, 

albeit in prohibitively low yields at rt (entry 1).  Efforts to 

improve yields by raising the temperature from rt to 50 °C led 

to significant deterioration of both enantio- and diastereoselec-

tivity (entry 2).  After extensive optimization,14 the best results 

were obtained in acetonitrile by doubling the loading of cata-

lyst, which at room temperature generated the product in ex-

cellent ee and outstanding dr, but still in only 45% yield after 

7 days (entry 3). We thus turned our attention to dimer 12 as 

the source of oxidopyrylium ylide (method B, Table 1).   

When 12 was subjected to comparable reaction conditions, no 

conversion was observed, even at 50 °C (entry 4).  This was 

not surprising given that catalytic acid is generally necessary 

to promote iminium ion formation, and that initial studies re-

vealed no background reaction between 12 and cinnamalde-

hyde at this temperature (result not shown).  What was surpris-

ing, however, was that the addition of catalytic benzoic acid 

led only to trace amounts of products (entry 5).  Given the 

promising results with 11 and base, anilinium triflate was rein-

troduced into the reaction mixture through the addition of stoi-

chiometric i-Pr2NPh and TfOH (entries 6-9).  Adjustment of 

time and temperature resulted in much higher product yields 

and comparable enantioselectivities relative to those obtained 

with salt 11.  In the absence of catalyst, some background 

reaction was observed (entry 10), demonstrating that the ani-

linium triflate promotes racemic background reaction.  The 

equivalents of additives were reduced to achieve a concentra-

tion of anilinium triflate that promoted iminium activation, 

while not detrimentally catalyzing the racemic background 

reaction, which gave nearly enantiopure products (entry 11).14  

Table 1. Representative Results from Asymmetric Ox-

idopyrylium Cycloaddition Optimization Studies.  

 

 

 

 

 
 

 

 

 

a Isolated yield. b Determined by chiral phase HPLC. c Determined by 1H 
NMR. d Average of 2 experiments. e Solvent was MeCN. f Equivalents and 

entry 
14  

(mol %) 

t 

(d) 

temp 

(ºC) 

yield 

(%)a 

ee 

(%)b dr c 

1d 20 7 rt 9 90 16:1 

2 20 0.1 50 47 67 5:1 

3e 40 7 rt 45 97 33:1 

entry 
additive  

(equiv)f 

t 

(d) 

temp 

(ºC) 

yield 

(%)a 

ee 

(%)b dr c 

4g - 7 50 nr -- -- 

5g BzOH (0.2) 4 50 trace -- -- 

6 i-Pr2NPh (1.0) 

TfOH (1.0) 
7 rt 32 95 10:1 

7 i-Pr2NPh (1.0) 

TfOH (1.0) 
2 35 42 93 6:1 

8d i-Pr2NPh (1.0) 

TfOH (1.0) 
2 40 82 94 7:1 

9 i-Pr2NPh (1.0) 

TfOH (1.0) 
2 45 91 89 6:1 

10h i-Pr2NPh (1.0) 

TfOH (1.0) 
4 40 8 -- 1.5:1 

11 i-Pr2NPh (0.4) 

TfOH (0.4) 
2 40 78 99 9:1 

12 TfOH (0.4) 2 40 41 98 8:1 



 

concentrations reported relative to monomeric ylide for consistency to 

method A. g Solvent was CHCl3. 
h In the absence of 14.   

It is, at present, unclear why N,N-diisopropylanilinium triflate 

serves as an efficient additive for the reaction, whereas benzo-

ic acid does not.  Assuming that both additives are capable of 

catalyzing iminium ion formation, one hypothesis is that the 

greater nucleophilicity of the resulting benzoate, relative to 

both i-Pr2NPh and triflate, may promote side reactions such as 

demethylation of the oxidopyrylium ylide (i.e., via loss of 

methoxide or methyl ether cleavage),12b-c thereby inhibiting 

desired reactivity. Confirming the importance of a non-

nucleophilic conjugate base, TfOH alone as an additive did 

promote the cycloaddition reaction with comparable enantio- 

and diastereoselectivities, however lower yields were observed 

due to decomposition (entry 12).   

Scheme 3. Substrate Scope Studies.a    

 

a Yields reflect isolated yields, with dr determined by 1H NMR, and ee 

determined by chiral phase HPLC. b Equivalents and concentrations 

reported relative to monomeric ylide. c Reaction run at 35 °C. d Single 

diastereomer. e Reaction run for 11 days at -25 °C. 

Upon identification of optimal reaction conditions, an investi-

gation into the substrate scope of this transformation ensued 

(Scheme 3). The reaction exhibited broad substrate compati-

bility, affording 8-oxabicyclo[3.2.1]octane products in all cas-

es in moderate to high yields and dr, and in high ee.  Both 

electron-rich and –poor benzene rings were tolerated (13a-g), 

as were heteroaromatic and polyaromatic R groups (13h-i), 

although an aromatic R group was not required for this trans-

formation.  Adjacent non-aromatic sp2 centers, as in ester 13j, 

were acceptable.  Importantly, aliphatic enals were also suita-

ble substrates (13k).  Also notable is the tolerance of this cy-

cloaddition reaction for steric bulk.  The enal with the most 

hindered -position, generated the corresponding product, 13g, 

in comparable yield to other substrates, but in higher ee and as 

a single diastereomer.  

Remarkably, despite the diversity of enals evaluated in this 

reaction, the conditions developed for 13a proved general and, 

with only one exception (13j), did not require extensive reop-

timization.  Only a minor adjustment in temperature was nec-

essary for certain substrates to achieve high ee’s (13c-e, 13h), 

and there was no discernable trend as to which substrates 

would require these slightly modified conditions.  While the 

reaction time, product yield, and ee all increased when these 

substrates were subjected to a slightly reduced reaction tem-

perature, curiously, the dr of the products decreased in all cas-

es, sometimes dramatically so.  For example, 13c and 13e 

were each formed in 13:1 dr at 40 °C and in 7:1 dr at 35 °C, 

while 13h was produced in 10:1 dr at 40 °C and in 3:1 dr at 35 

°C.  With enal 13j, however, there was a significant uncata-

lyzed background reaction even at 0 °C, so low temperature 

conditions were employed. -Methyl-trans-cinnamaldehyde 

was unreactive under the standard conditions after three days.    

Representative subsequent transformations of the reaction 

products are shown in Scheme 4.  Global reduction of 13 to 

provide 16 introduced another stereocenter.  Diols 16g and 

16a were produced in quantitative and nearly quantitative 

yield, respectively, and as a single diastereomer.  Acidic hy-

drolysis of the methyl enol ether in 16a revealed ketone 17 in 

51% unoptimized yield.   Finally, selective silyl protection of 

the primary alcohol afforded 18 in 84% yield.  Reaction prod-

ucts, 13, effectively contain three carbonyl groups (including 

one masked as an enol ether), which have been differentiated 

in 18 for further orthogonal elaboration.  

Scheme 4. Elaboration of Oxabicyclo Scaffold.    

 

The relative and absolute configurations of 13a and 16g, re-

spectively, were established by X-ray crystallography.15  X-ray 

crystallography also revealed that the major diastereomer is 

the exo diastereomer.  Comparison of 1H NMR data revealed 

that the exo diastereomer was the major diastereomer in all 

cases, and the exclusive diastereomer in the case of 13g.  

Based on this data, a model for asymmetric induction using 

the oxidopyrylium ylide form is depicted in Figure 1.  It can-

not be ruled out, however, that the conjugated iminium ion 

reacts directly with dimer 12 or an intermediate.  

 

 

 

Figure 1. Proposed Mode of Asymmetric Induction.    



 

In conclusion, the first catalytic enantioselective [5+2] dipolar 

cycloaddition employing 3-hydroxy-4-pyrone-based ox-

idopyrylium ylides was developed.  This also represents the 

first catalytic enantioselective intermolecular oxidopyrylium 

cycloaddition of electron-deficient dipolarophiles, which were 

accessible via iminium catalysis, using a commercially availa-

ble L-proline-derived catalyst.  The oxidopyrylium ylide dimer 

reactant enabled use of substoichiometric quantities of strong 

acid (TfOH) and base (N,N-diisopropylaniline), which was 

critical to attain the best yields, selectivities, and reaction 

times.  This transformation has a remarkable substrate scope 

with respect to the enal reactant, yet general reaction condi-

tions that were optimal for nearly all enals were identified.  

This reaction generated 8-oxabicyclo[3.2.1]octanes with four 

contiguous stereocenters in 91-99% ee, and the exo adduct 

was the major diastereomer.  Reaction products can be readily 

elaborated, including introduction of a fifth stereocenter. 

 

ASSOCIATED CONTENT 

Supporting Information 

Supporting information includes detailed experimental proce-

dures and 1H and 13C NMR spectra. These materials are avail-

able free of charge via the Internet at http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Authors 

Email: seb244@rutgers.edu 

Email: rpmurelli@brooklyn.cuny.edu 

ACKNOWLEDGMENT  

This work was supported by the National Science Foundation 

(CAREER-1461919; SEB-M), Rutgers University (SEB-M), and 

the National Institutes of Health (SC1GM111158; RPM).  We 

also thank Dr. William Brennessel (University of Rochester) and 

Dr. Furong Sun (University of Illinois) for the acquisition of X-

ray crystallographic and mass spectrometry data, respectively. 

REFERENCES 

(1) For reviews of [5+2] cycloadditions of oxidopyrylium species, 

see:  a) Clavier, H.; Pellissier, H. In Methods and Applications of 

Cycloaddition Reactions in Organic Syntheses; N. Nishiwaki, Ed.; 

John Wiley & Sons, Inc.: Hoboken, 2014; pp 631-654. b) Pellissier, 

H. Adv. Synth. Catal. 2011, 353, 189-218. c) Singh, V.; Krishna, U. 

M.; Vikrant; Trivedi, G. K. Tetrahedron 2008, 64, 3405-3428. 

(2) For some recent examples, see: a) Nicolau, K. C.; Kang, Q.; Ng, 

S. Y.; Chen, D. Y.-K. J. Am. Chem. Soc. 2010, 132, 8219-8222. b) 

Zhang, M.; Liu, N.; Tang, W. J. Am. Chem. Soc. 2013, 135, 12434-

12438. c) Strych, S.; Journot, G.; Pemberton, R. P.; Wang, S. C.; 

Tantillo, D. J.; Trauner, D. Angew. Chem. Int. Ed. 2015, 54, 5079-

5083. d) Chen, B.; Liu, X.; Hu, Y.-J.; Zhang, D.-M.; Deng, L.; Lu, J.; 

Min, L.; Ye, W.-C.; Li, C.-C. Chem. Sci. 2017, 8, 4961-4966. 

(3) See, for example:  a) Komaroviquinone:  Uchiyama, N.; Kiuchi, 

F.; Ito, M.; Honda, G.; Takeda, Y.; Khodzhimatov, O. K.; Ashur-

metov, O. A. J. Nat. Prod. 2003, 66, 128–131. b) Intricarene:  Marre-

ro, J.; Rodríguez, A. D.; Barnes, C. L. Org. Lett. 2005, 7, 1877–1880. 

c) Coristatin:  Aoki, S.; Watanabe, Y.; Sanagawa, M.; Setiawan, A.; 

Kotoku, N.; Kobayashi, M. J. Am. Chem. Soc. 2006, 128, 3148-3149. 

d) Englerin A:  Ratnayake, R.; Covell, D.; Ransom, T. T.; Gustafson, 

K. R.; Beutler, J. A. Org. Lett. 2008, 11, 57–60. e) Lancolide:  Shi, 

Y.-M.; Wang, X.-B.; Li, X.-N.; Luo, X.; Shen, Z.-Y.; Wang, Y.-P.; 

Xiao, W.-L.; Sun, H.-D. Org. Lett. 2013, 15, 5068-5071. f) Wal-

therione:  Jadulco, R. C.; Pond, C. D.; Van Wagoner, R. M.; Koch, 

M.; Gideon, O. G.; Matainaho, T. K.; Piskaut, P.; Barrows, L. R. J. 

Nat. Prod. 2014, 77, 183-187. g) Wenyujinin:  Yin, G.-P.; Li, L.-C.; 

Zhang, Q.-Z.; An, Y.-W.; Zhu, J.-J.; Wang, Z.-M.; Chou, G.-X.; 

Wang, Z.-t.  J. Nat. Prod. 2014, 77, 2161-2169. 

(4) For some examples of the synthesis of 7-membered ring-

containing natural products from 8-oxabicyclo[3.2.1]octanes:  a) 

Bromidge, S. M.; Sammes, P. G.; Street, L. J. J. Chem. Soc., Perkin 

Trans. 1 1985, 1725–1730. b) Wender, P. A.; Rice, K. D.; Schnute, 

M. E. J. Am. Chem. Soc. 1997, 119, 7897-7898. c) Wender, P. A.; 

Jesudason, C. D.; Nakahira, H.; Tamura, N.; Tebbe, A. L.; Ueno, Y. J. 

Am. Chem. Soc. 1997, 119, 12976-12977. d) Geng, Z.; Chen, B.; 

Chiu, P. Angew. Chem. Int. Ed. 2006, 45, 6197-6201. e) Kawasumi, 

M.; Kanoh, N.; Iwabuchi, Y. Org. Lett. 2011, 13, 3620-3623. f) 

Leung, L. T.; Chiu, P. Chem. Asian J. 2015, 10, 1042-1049. 

(5) Synthesis of tetrahydrofurans from 8-oxabicyclo[3.2.1]octanes:  a) 

Rodríguez, J. R.; Rumbo, A.; Castedo, L.; Mascareñas, J. L. J. Org. 

Chem. 1999, 64, 4560-4563. b) Mascareñas, J. L.; Rumbo, A.; 

Castedo, L. J. Org. Chem. 1997, 62, 8620-8621. c) Fishwick, C. W. 

G.; Mitchell, G.; Pang, P. F. W. Synlett 2005, 285–286. d) Krishna, U. 

M. Tetrahedron Lett. 2010, 51, 2148–2150. e) Yadav, A. A.; Sarang, 

P. S.; Trivedi, G. K.; Salunkhe, M. M. Synlett 2007, 989–991. f) Ali, 

M. A.; Bhogal, N.; Findlay, J. B. C.; Fishwick, C. W. G. J. Med. 

Chem. 2005, 48, 5655–5658. 

(6) For reviews of 7-membered carbocycle syntheses, see:  a) Battiste, 

M. A.; Pelphrey, P. M.; Wright, D. L. Chem. Eur. J. 2006, 12, 3438-

3447. b) Nguyen, T. V.; Hartmann, J. M.; Enders, D. Synthesis 2013, 

45, 845-873.   

(7) For some examples of diastereoselective oxidopyrylium cycload-

ditions, see: a) López, F.; Castedo, L.; Mascareñas, J. L. Org Lett. 

2000, 2, 1005–1007. b) Krishna, U. M.; Deodhar, K. D.; Trivedi, G. 

K. Tetrahedron, 2004, 60, 4829-4836.  For an example of stoichio-

metric chiral reagent control, see: c) Gerard, B.; Sangji, S.; O’Leary, 
D. J.; Porco, Jr., J. A. J. Am. Chem. Soc. 2006, 128, 7754-7755. 

(8) a) Burns, N. Z.; Witten, M. R.; Jacobsen, E. N. J. Am. Chem. Soc. 

2011, 133, 14578-14581. b) Witten, M. R.; Jacobsen, E. N. Angew. 

Chem. Int. Ed. 2014, 53, 5912-5916.  

(9) Orue, A.; Uria, U.; Reyes, E.; Carrillo, L.; Vicario, J. L. Angew. 

Chem. Int. Ed. 2015, 54, 3043-3046. 

(10) a) Volkmann, R. A.; Weeks, P. D.; Kuhla, D. E.; Whipple, E. B.; 

Chmurny, G. N. J. Org. Chem. 1977, 42, 3976-3978. b) Garst, M. E.; 

McBride, B. J.; Douglass, J. G. Tetrahedron Lett. 1983, 24, 1675-

1678. c) Wender, P. A.; McDonald, F. E. J. Am. Chem. Soc. 1990, 

112, 4956-4958. d) Rumbo, A.; Mouriño, A.; Castedo, L.; Mascare-

ñas, J. L. J. Org. Chem. 1996, 61, 6114-6120. e) Mascareñas, J. L.; 

Pérez, I.; Rumbo, A.; Castedo, L. Synlett 1997, 81-82. f) Wender, P. 

A.; D’Angelo, N.; Elitzin, V. I.; Ernst, M.; Jackson-Ugueto, E. E.; 

Kowalski, J. A.; McKendry, S.; Rehfeuter, M.; Sun, R.; Voigtlaender, 

D. Org. Lett. 2007, 9, 1829-1832. 

(11) a) Wender, P. A.; Mascareñas, J. L. Tetrahedron Lett. 1992, 33, 

2115-2118. b) Wender, P. A.; Mascareñas, J. L. J. Org. Chem. 1991, 

56, 6267-6269. c) Mei, G.; Yuan, H.; Gu, Y.; Chen, W.; Chung, L. 

W.; Li, C.-C. Angew. Chem. Int. Ed. 2014, 53, 11051-11055. 

(12) a) D’Erasmo, M. P.; Masaoka, T.; Wilson, J. A.; Hunte Jr., E. 

M.; Beutler, J. A.; Le Grice, S. F. J.; Murelli, R. P. Med. Chem. 

Commun. 2016, 1789-1792. b) D’Erasmo, M. P.; Meck, C.; Lewis, C. 

A.; Murelli, R. P. J. Org. Chem. 2016, 81, 3744-3751. c) Meck, C.; 

Mohd, N.; Murelli, R. P. Org. Lett. 2012, 14, 5988-5991. 

(13) a) For a review of iminium catalysis, see:  Erkkilä, A.; Majander, 

I.; Pihko, P. M. Chem. Rev. 2007, 107, 5416-5470.  For select recent 

examples of our development of iminium- and organocatalyzed 

transformations, see: (b) Guo, Q.; Fraboni, A. J.; Brenner-Moyer, S. 

E. Org. Lett. 2016, 18, 2628-2631. (c) Fraboni, A. J. ; Brenner-Moyer, 

S. E. Org. Lett. 2016, 18, 2146-2149.  

(14) See the Supporting Information. 



 

(15) CCDC 1567374 and 1567375 contain the supplementary crystal-

lographic data for this paper.  These data are provided free of charge 

by The Cambridge Crystallographic Data Centre. 

 


