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ABSTRACT: We report herein the synthesis of complex molecules containing furopyran cores through a gold(I)-catalyzed hetero 
Diels-Alder cascade reaction. During this process, the diene and the dienophile are produced concomitantly by the action of a single 
catalyst from a single starting material. Moreover, six bonds, four heterocycles and four controlled stereogenic centers are formed 
in a one-step operation. DFT calculations provide the mechanistic basis of this unprecedented reaction. 

The last 30 years have witnessed an upsurge in the devel-
opment of methodologies enabling the synthesis of intricate 
molecular scaffolds from simple precursors. In addition to 
these new synthetic strategies, the quest for molecular com-
plexity has often resulted in important fundamental insight 
into selectivity principles.1 A particularly promising strategy 
to rapidly construct complex molecules is to trigger domino 
reactions that convert simple starting materials into highly 
sophisticated targets by creating several bonds in a one-pot 
operation.2 Achieving complexity with brevity is indeed a key 
to ideal synthesis. The use of transition metal-catalyzed trans-
formations as part of a domino process considerably decreases 
the energy cost of the overall transformation and favors highly 
selective reactions due to the pre-organization of the reactive 
intermediates around the metallic center. In particular, homo-
geneous gold(I)-catalyzed reactions have attracted much atten-
tion because of the great diversity of original and complex 
molecules that can be obtained from adequately designed 
substrates, under mild reaction conditions.3 Recently, few 
methodologies have been developed using gold(I)-catalysis in 
domino processes, including hetero Diels-Alder reactions. The 
hetero Diels-Alder reaction (HDA) is among the most efficient 
methods for the synthesis of functionalized heterocycles with 
control of regio-, diastereo- and enantioselectivity.4 Most of 
the gold(I)-triggered HDA reported so far rely on the in situ 
generation of the diene and/or of the dienophile, starting with 
two different reagents.5 However, HDA between diene and 

dienophile obtained from single starting substrate using gold-
catalyst remains elusive.  

We report herein the synthesis of complex polycyclic mole-
cules 4 containing furopyran cores of interest6 through a 
gold(I)-catalyzed domino reaction involving HDA (Scheme 
1). During this process, both of the dienophile 2 and the diene 
3 are produced concomitantly by the action of a single catalyst 
from a single starting material 1. To our knowledge, this con-
cept has never been exploited. Moreover, during this transfor-
mation, six bonds, four heterocycles and four controlled stere-
ogenic centers are formed in a one-step operation with 100% 
atom economy. DFT calculations provide the mechanistic 
insight of this unprecedented reaction. 
Scheme 1. Gold(I)-catalyzed hetero Diels-Alder cascade 
reaction for the synthesis of furopyrans derivatives 4. 
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By the strategic positioning of two triple bonds and a nucle-
ophilic hydroxyl group around a benzene core, we have de-
signed a pre-organized system for successive cyclization reac-
tions. Our initial investigation was performed with 1a as mod-
el substrate for optimization of the reaction conditions (Table 
1). The first experiment was carried out in dichloroethane 
(DCE) as solvent and in the presence of a pre-activated cation-
ic gold(I) complex, the commercially available catalyst 
[(JohnPhos)Au(MeCN)][SbF6] (A), at room temperature for 3 
h (entry 1). Pleasingly, these reaction conditions afforded the 
furopyran compound 4a in 52% yield. A remarkable diastere-
oselectivity and regioselectivity were obtained as only one 
compound was isolated. The configuration of 4a was unam-
biguously determined by 1H and 13C NMR experiments. Dur-
ing this transformation, four heterocycles, including a spiro 
and a fused system, and four stereogenic centers were formed, 
two of them being quaternary carbons. With this promising 
result in hand, we next optimized the reaction conditions. A 
complex mixture of inseparable compounds was obtained with 
(Ph3P)AuCl/AgOTf (entry 2), (PPh3)AuNTf2 (entry 3), 
[(Me4tBuXPhos)Au(MeCN)][SbF6] (B, entry 4) and 
IMesAuCl/AgSbF6 (C/AgSbF6, entry 5).  
Table 1. Optimization of the reaction conditions.[a] 

 
Entry Catalyst Solvent Temp. 

/Time 
Yield of 
4a (%)[b] 

1 A DCE RT/3 h 52[b] 
2 (Ph3P)AuCl/ 

AgOTf 
DCE RT/3 h CM[d] 

3 (Ph3P)AuNTf2 DCE RT/3 h CM[d] 
4 B DCE RT/3 h CM[d] 
5 C/AgSbF6 DCE RT/3 h CM[d] 
6 A THF RT/3 h 41[c] 
7 A CH2Cl2 RT/3 h 60[b] 
8 A CHCl3 RT/3 h 62[b] 
9 A Dioxane RT/3 h 61[c] 
10 A Dioxane 60°C/20 min[e] 68[b] 
11 A Toluene RT/3 h CM[d] 
12 A iPrOH RT/3 h CM[d] 

[a] The reactions were performed by adding catalyst (5 mol%) 
to a solution of 1a in the solvent (0.145 M). [b] Isolated yield. [c] 

Calculated yield by integration of the 1H-NMR of the crude prod-
uct relative to the internal reference (caffeine) [d] CM: Complex 
mixture. [e] With microwave irradiation. 

Then, several solvents were tested with the use of A as the 
best catalyst (entries 6-11). Tetrahydrofuran (entry 6), di-
chloromethane (entry 7), chloroform (entry 8) and 1,4-dioxane 
(entry 9) at room temperature for 3 h afforded compound 4a 
with a slight increase in yield (~ 60%) except in THF (~ 40%). 
The use of 1,4-dioxane under microwave irradiation (60 °C) 
led to 4a with the highest yield (68%, entry 10). The other 
solvents tested, toluene (entry 10) and iPrOH (entry 11) gave 
only complex mixtures. Eventually, the use of catalyst A in 
1,4-dioxane under microwave irradiation proved to be the 
conditions of choice. We then examined the scope of this new 
gold(I)-catalyzed polycyclization process. As illustrated in 
Scheme 2, this transformation is efficient on a broad range of 
substrates 1 with yields between 32% and 73%. As in the case 
of 1a, all of these reactions proved remarkably regio- and 
diastereoselective, as only one compound was obtained in 
each case.  
A requirement is to use substrates bearing aromatic or het-
eroaromatic groups at the alkyne terminus. With a hydrogen 
atom or an aliphatic group at this position, complex mixtures 
were obtained. A wide range of aryls exhibiting electron-
donating or -withdrawing groups at the meta or para positions 
are well tolerated (4b-4i). With ortho-substituted aryl groups, 
the steric hindrance hampers the reaction. Heteroaromatics 
such as thiophene and benzothiophene gave good results (4j 
and 4k). On the other hand, with 2-pyridine derivative, no 
conversion was observed, which might be due to the strong 
coordinative power of pyridines towards gold(I) inhibiting its 
catalytic activity. 7 The substitution of the central aromatic ring 
bearing both peripheral chains was briefly examined. With a 
phenyl group, compound 4m was isolated in 52% yield. How-
ever, with a CF3 group, the desired product was obtained only 
as traces. All of these compounds (4a-4m) are stable once 
isolated. 

The mechanism proposed to explain the formation of prod-
uct 4 and its diastereoselectivity is shown in Scheme 3. The 
coordination of the homopropargyl alcohol moiety of 1a by 
the cationic gold(I) complex leads to complex 5, allowing a 5-
endo-dig addition of the alcohol to the triple bond to form the 
vinyl-gold oxonium species 6,8 which undergoes a proto-
deauration leading to dienophile 10. While 10 can become an 
off-cycle species, part of it can stay as a new gold(I) complex 
by coordination of the remaining triple bond, generating the 
activated intermediate 7. This latter cyclizes via an 8-endo-dig 
addition of the previously formed enol to the alkyne leading to 
complex 8.9 This intermediate undergoes a ring-opening, 
triggered by the gold release, leading to the formation of het-
erodiene 9 displaying an allene group.10 A HDA between 
heterodiene 9 and dienophile 10 occurs to give adduct 11. It is 
noteworthy that all the stereogenic centers are controlled dur-
ing this step. The last step is a well-known gold(I)-catalyzed 
hydroarylation of the alkyne leading to the final compound 
4a.11 In support of this mechanistic proposal, we have been 
able to isolate product 11 when the reaction of 1a is performed 
with catalyst A at room temperature in acetonitrile. 
Scheme 2. Synthesis of furopyran derivatives 4. 
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In order to corroborate this hypothesis, DFT computations 

were carried out. All structures were optimized using the 
Gaussian 09 software package at the B3LYP level of density 
functional theory (DFT). The effective-core potential of Hay 
and Wadt with a double-ξ valence basis set (LANL2DZ) was 

used to describe Au. The other atoms were described by the 6-
31G(d,p) basis set. Thermal corrections to the Gibbs free 
energy were obtained at the same level of theory. Single-point 
energy calculations were carried out at the M06 level with the 
quadruple-ζ valence def2-QZVP basis set on Au and the 6-
311+G(2d,p) basis set on other elements. This level was also 
chosen to obtain the solvation energy in dioxane using the 
CPCM model. The values presented herein are Gibbs free 
energies (DG298, kcal/mol). Compound 1a was used as model 
substrate and (2-biphenyl)dimethylphosphine as model ligand 
(Scheme 4). The energy profile of the formation of the gold 
complexes C and E at the origin of the dienophile and the 
diene is shown in Scheme 4. Coordination of LAu+ to the 
starting material 1a delivers 18.5 kcal/mol of free energy. The 
resulting complex A can then be transformed into the proto-
nated dihydrofuran species B though a low lying 5-endo-dig 
cyclization transition state located at -5.7 kcal/mol on the 
potential energy surface (PES). This step is endergonic, but 
the subsequent protodemetalation is a strongly exergonic 
process, as shown by the low free energy of C (-32.8 
kcal/mol). 
Scheme 3. Proposed mechanism for the formation of 4. 

 
Scheme 4. Free Energy Profile (DG298, kcal/mol) of the 
Formation of the Diene and the Dienophile; Geometries of 
TSCD and TSDE 
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No transition state was sought after for this step since it corre-
sponds to a symmetry forbidden 1,3-H shift that actually re-
quires an unknown proton shuttle. Complex C, which corre-
sponds to the putative dienophile of the HAD reaction, can be 
transformed in two steps into the required diene E. First, the 
dihydrofuran core reacts with the coordinated alkyne in C 
through an 8-endo-dig transition state lying at -16.4 kcal/mol 
on the PES. The resulting complex D is more stable than C by 
5.1 kcal/mol. Cleavage of the C-O bond of the 8-membered 
ring is then achieved through the low-lying transition state 
TSDE. This step yields complex E, located at -46.2 kcal/mol. 
The HDA was then modelled (Scheme 5). The [4+2] cycload-
dition between diene F and dienophile G is achieved through 
the endo transition state TSFG-H, lying at only 16.3 kcal/mol on 
the PES. No exo transition state could be found, which is 
likely due to the steric hindrance. Introduction of the bulky 
LAu+ fragment did not have a positive effect on the barrier. 
The forming bonds in the transition state of this asynchronous 
step are 2.08 and 2.65 Å long for the C-C and C-O bonds 
respectively. Cycloadduct H, which is more stable than the 
reagents by 16.0 kcal/mol displays the experimentally ob-
served stereochemistry. The hydroarylation step, which is a 
process that has been already well-described computationally, 
12 was thus not computed, but the isolated product 4a was 
placed on the PES, at -46.6 kcal/mol.  

Scheme 5. Free Energy Profile (DG298, kcal/mol) of the 
HAD, Geometry of TSFG-H. 

 

Overall, the computations support the proposed mechanism 
and justify the stereochemistry of the products. Both the diene 
and the dienophile can be obtained from the same substrate, 
the diene deriving from the dienophile by an 8-endo-dig/ring 
opening sequence. The HAD reaction between the two pro-
motes an important increase of the molecular complexity, 
while ensuring the stereoselectivity. 

ASSOCIATED CONTENT  

Supporting Information 
Experimental procedures, compound characterization data, 1H and 
13C spectra of the products (PDF). The Supporting Information is 
available free of charge on the ACS Publications website. 

AUTHOR INFORMATION 

Corresponding Author 
* gaelle.blond@unistra.fr 
* vincent.gandon@u-psud.fr 

Author Contributions 
All authors approved the final version of the manuscript.  

ACKNOWLEDGMENT  
The authors gratefully acknowledge the support of the University 
of Strasbourg Institute for Advanced Study (USIAS), Guillaume 
Camelin, Nicolas Brach, Marie Ruch and Morgane Mando (Mas-
ter students at the University of Strasbourg) for helpful experi-
ments. We thank Dr. Lionel Allouche (GDS 3648, University of 
Strasbourg) for NMR analyses. We sincerely thank the leading 
committee of the Laboratoire d’Innovation Thérapeutique (UMR 
7200) for its technical support. VG thanks UPSud, CNRS and 
Ecole Polytechnique for financial support.  

REFERENCES 
1 Trost, B. M. Selectivity: A Key to Synthetic Efficiency. Science 

1983, 219 (4582), 245–250. 
2 (a) Tietze, L. F. Domino Reactions in Organic Synthesis. Chem. 

Rev. 1996, 96 (1), 115–136. (b) Düfert, A.; Werz, D. B. Carbopallada-
tion Cascades Using Carbon-Carbon Triple Bonds: Recent Advances 
to Access Complex Scaffolds. Chem. - Eur. J. 2016, 22, 16718–
16732. 

3 Dorel, R.; Echavarren, A. M. Gold(I)-Catalyzed Activation of Al-
kynes for the Construction of Molecular Complexity. Chem. Rev. 
2015, 115 (17), 9028–9072. 

4 (a) Tietze, L. E.; Kettschau, G. Hetero Diels-Alder Reactions in 
Organic Chemistry In: Topics in Current Chemistry, Springer-Verlag 
Berlin Heidelberg, 1997, Vol. 189, pp. 1-120. (b) Zhang, J.; Liu, X.; 
Guo, S.; He, C.; Xiao, W.; Lin, L.; Feng, X. Enantioselective Formal 
[4 + 2] Annulation of ortho -Quinone Methides with ortho -
Hydroxyphenyl α,β-Unsaturated Compounds. J. Org. Chem. 2018, 83 
(17), 10175–10185. (c) Blond, G.; Gulea, M.; Mamane, V. Recent 
Contributions to Hetero Diels-Alder Reactions. Curr. Org. Chem. 
2016, 20 (21), 2161–2210. 

5 (a) Arto, T.; Fañanás, F. J.; Rodríguez, F. Gold(I)-Catalyzed Gen-
eration of the Two Components of a Formal [4+2] Cycloaddition 
Reaction for the Synthesis of Tetracyclic Pyrano[2,3,4- de ]chrome-
nes. Angew. Chem. Int. Ed. 2016, 55 (25), 7218–7221. (b) Du, Y.-L.; 
Zhao, F.; Han, Z.-Y.; Gong, L.-Z. Chiral Gold Complex Catalyzed 
Tandem Dehydrative Cyclization/Hetero-Diels–Alder Reaction. 
Synthesis 2016, 49 (01), 151–158. (c) Wang, X.; Yao, Z.; Dong, S.; 
Wei, F.; Wang, H.; Xu, Z. Synthesis of Fused Bicyclic Aminals 
through Sequential Gold/Lewis Acid Catalysis. Org. Lett. 2013, 15 
(9), 2234–2237. (d) Yan, J.; Tay, G. L.; Neo, C.; Lee, B. R.; Chan, P. 
W. H. Gold-Catalyzed Cycloisomerization and Diels–Alder Reaction 
of 1,6-Diyne Esters with Alkenes and Diazenes to Hydronaphthalenes 



 

and -Cinnolines. Org. Lett. 2015, 17 (17), 4176–4179. (e) Wang, X.; 
Dong, S.; Yao, Z.; Feng, L.; Daka, P.; Wang, H.; Xu, Z. Synthesis of 
Spiroaminals and Spiroketals with Bimetallic Relay Catalysis. Org. 
Lett. 2014, 16 (1), 22–25. (f) Wang, C.-S.; Cheng, Y.-C.; Zhou, J.; 
Mei, G.-J.; Wang, S.-L.; Shi, F. Metal-Catalyzed Oxa-[4+2] Cycliza-
tions of Quinone Methides with Alkynyl Benzyl Alcohols. J. Org. 
Chem. 2018, 83 (22), 13861–13873. 

6 (a) He, J.; Chen, L.; Heber, D.; Shi, W.; Lu, Q.-Y. Antibacterial 
Compounds from Glycyrrhiza u ralensis. J. Nat. Prod. 2006, 69 (1), 
121–124. (b) Paterson, D. L.; Barker, D. Synthesis of the furo[2,3-
b]chromene Ring System of Hyperaspindols A and B. Beilstein J. 
Org. Chem. 2015, 11, 265–270. 

7 Schießl, J.; Stein, P. M.; Stirn, J.; Emler, K.; Rudolph, M.; 
Rominger, F.; Hashmi, A. S. K. Strategic Approach on N -Oxides in 
Gold Catalysis - A Case Study. Adv. Synth. Catal. 2019, 361 (4), 725–
738. 

8 Zhdanko, A.; Maier, M. E. The Mechanism of Gold(I)-Catalyzed 
Hydroalkoxylation of Alkynes: An Extensive Experimental Study. 
Chem. Eur. J. 2014, 20 (7), 1918–1930. 

9 For example of gold (I)-catalyzed vinyl ether addition on propar-
gyl ether: (a) Sherry, B. D.; Maus, L.; Laforteza, B. N.; Toste, F. D. 

Gold(I)-Catalyzed Synthesis of Dihydropyrans. J. Am. Chem. Soc. 
2006, 128 (25), 8132–8133. (b) Jin, S.; Jiang, C.; Peng, X.; Shan, C.; 
Cui, S.; Niu, Y.; Liu, Y.; Lan, Y.; Liu, Y.; Cheng, M. Gold(I)-
Catalyzed Angle Strain Controlled Strategy to Furopyran Derivatives 
from Propargyl Vinyl Ethers: Insight into the Regioselectivity of 
Cycloisomerization. Org. Lett. 2016, 18 (4), 680–683. 

10 For example of gold(I)-catalyzed rearrangement and allene for-
mation: Sherry, B. D.; Toste, F. D. Gold(I)-Catalyzed Propargyl 
Claisen Rearrangement. J. Am. Chem. Soc. 2004, 126 (49), 15978–
15979. 

11 Muratore, M. E.; Echavarren, A. M. in PATAIS Chem. Funct. 
Groups (Ed.: Z. Rappoport), John Wiley & Sons, Ltd, Chichester, 
UK, 2015, pp. 1–96. 

12 Lau, V. M.; Pfalzgraff, W. C.; Markland, T. E.; Kanan, M. W. 
Electrostatic Control of Regioselectivity in Au(I)-Catalyzed Hy-
droarylation. J. Am. Chem. Soc. 2017, 139 (11), 4035–4041. 

 
 

	



 

 

6 

 


