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ABSTRACT: A diasteroselective and high yielding gold-catalyzed synthesis of trans-2-silyl-4,5-dihydrofurans is described. In 

addition to a sequential manner, this reaction could be performed in a one-pot procedure from propargylsilanes and aldehydes. A 

mechanistic proposal for cis-trans isomerization step is formulated. In order to give experimental support to this proposal, which 

involves ring opening/ring closing steps of the dihydrofuran, several isotopically labelled experiments, intramolecular capture of a 

proposed intermediate and a Hammett plot have been performed. 

Homogeneous gold catalysis has been settled, in the last dec-

ade, as a powerful tool in organic synthesis due to the increas-

ing number of protocols that have been reported, allowing an 

easy access to a wide family of structural motifs.1 On the other 

hand, dihydrofuran skeletons are interesting synthons as they 

are present in different natural products2 and also have been 

used as starting materials for further transformations.3 Howev-

er, catalytic access to these systems did not receive high atten-

tion because aromatization, with formation of furans, is a 

major drawback. In this field, it is worth to mention the work 

by Danheiser4 and Evans5 with formation of 3-silicon-4,5-

dihydrofurans from allenylsilanes, in respective titanium or 

scandium catalyzed formal [3+2] cycloadditions. Additionally, 

Zhang and coworkers6 recently reported the formation of 

similar compounds from a gold-catalyzed propargylation of 

aldehydes, followed by [2,3]-silyl migration. However, no 

intermolecular7 examples can be found to date of catalytic 

formation of 2-silyl-4,5-dihydrofurans. In addition, 3-silyl-4,5-

dihydrofurans were obtained, in all cases, as a cis/trans dia-

stereoismeric mixture. 

In the course of our program in the field of gold catalysis 

using alkynylsilylated compounds,8 we recently reported a 

novel gold-catalyzed propargylation of carbonyl compounds, 

with isolation of an allenyl intermediate (Figure 1; top).9 That 

work included some preliminary results of formation of 2-

silyl-4,5-dihydrofurans from consecutive propargylation of 

aldehydes, solvolysis and cyclization reactions. These com-

pounds were obtained in a close to one to one mixture of dia-

stereoisomers. As it is described in the present work, a deeper 

investigation in this field allowed us to access to a large num-

ber of those interesting compounds as diastereomerically pure 

compounds (Figure 1; bottom). 

 

Figure 1. Propargylation of aldehydes and dihydrofuran synthesis 

In the present work, we describe a one-pot and efficient syn-

thesis of 4,5-dihydrofurans including consecutive gold-

catalyzed steps, as follows: i) propargylation of aldehyde, ii) 

silylether deprotection iii) cycloisomerization to 4,5-

dihydrofuran and iv) cis-trans isomerization. Additionally, 



 

experimental work in order to give light to the mechanistic 

insights for the cis-trans isomerization is also reported. 

First of all, as a complement to previously reported results,9 

several new examples for the synthesis of 4,5-dihydrofurans, 

from propargylsilanes 110 and aldehydes 2, have been per-

formed to prove the scope of the transformation at the initial 

gold-catalyzed steps. (Scheme 1; See supporting information 

for details and list of dihydrofuran mixtures). In all cases, 4,5-

dihydrofurans were obtained as almost equimolecular cis/trans 

mixtures, which could not be readily separated. However, cis 

and trans isomers could be prepared and characterized from 

respective cycloisomerizations of corresponding syn or anti 

alkynols. 

 

Scheme 1. Consecutive gold-catalyzed propargylation-

cyclization reactions. 

 

At this point, we focused our efforts towards a diastereoselec-

tive synthesis of those dihydrofurans. Thus, when a mixture of 

cis/trans 4,5-dihydrofurans 3/4 was dissolved in 1,2-

dichloroethane and treated with a 5 mol% of [tris(2,4-di-tert-

butylphenyl)phosphite]gold(I) bistriflimidate 

((ArO)3PAuNTf2), at 60 ºC, we observed a complete isomeri-

zation of cis-2-silyl-4,5-dihydrofuran 3 into trans isomer 4, 

which was obtained in a quantitative manner (Scheme 2; 

top)11,12. Similar results were arisen from the corresponding 

mixture of alkynol precursors 5, under same reaction condi-

tions (Scheme 2; bottom).  

 

Scheme 2. Synthesis of trans-2-silyl-4,5-dihydrofurans. 

 

It is worth to mention that the presence of the silyl group 

seems to be crucial. Thus, when tert-butyldimehtylsilyl group 

was replaced, in alkynols 5, by a phenyl, n-butyl, t-butyl or 

hydrogen, decomposition products were observed under the 

standard reaction conditions. 

Moreover, all the attempts to perform the gold-catalyzed reac-

tion in a one-pot manner -adding a variable amount (1 to 20 

equivalents) of methanol to accomplish the deprotection of the 

silyl ether- from propargylsilanes and carbonyl compounds 

resulted in an almost equimolecular mixture of the diastereoi-

someric dihydrofurans 3/4. However, this problem could be 

overcome using a bulkier alcohol, such as tert-butyl alcohol, 

giving rise, under the standard reaction conditions from pro-

pargylsilanes 1 and aldehydes 2, to the corresponding trans-2-

silyl-4,5-dihydrofurans as single isomers (Scheme 3). Follow-

ing this methodology, a large number of diastereomerically 

pure trans-4,5-dihydrofurans could be obtained from aromatic 

(4a-t) and also aliphatic propargylsilanes (4u-v). In addition, a 

wide scope in the electronic nature of the aromatic aldehydes 

could be employed in this transformation. In this sense, the use 

of benzaldehyde derivatives with electron-donating groups 

(furans 4b-e,4l-m,4o,4q,4s-v) and also with electron-

withdrawing groups for 4f-g,4n, gave satisfactory results with 

formation of trans-2-silyl-4,5-dhydrofurans 4, in quantitative 

yields. For the formation of dihydrofurans 4j-k,4p, obtained 

from highly electron-poor benzaldehyde derivatives, longer 

reaction times would be required for the enrichment of the 

mixture in the trans isomer. However, much longer reaction 

times resulted in progressive decomposition and a decrease of 

the reaction yield. 

 

Scheme 3. One-pot synthesis of trans-2-silyl-4,5-

dihydrofurans. 

 

aIsomerization not complete under the reported reaction time. Trans-

cis (4:3) diastereomeric ratio for 4j: (3:1), 4k: (1.5:1) and 4p: (2:1). 

 

With all these results in hand, a mechanistic proposal for the 

gold-catalyzed cis-trans isomerization step could be formulat-

ed and it is outlined in Scheme 4. First, after performing the 5-

endo-dig cyclization from the homopropargyl alcohol,13 gold 

catalyst would coordinate to dihydrofuran 3 and evolve to gold 

intermediate I. Next, this intermediate I could suffer a tem-

poral breakage of the carbon-oxygen bond leading to carbo-



 

cationic intermediate II. This system, which is able to rotate 

around the carbon-carbon single bond, would close back 

through an oxygen attack to C5-carbon, driving to the more 

stable trans-4,5-dihydrofuran gold intermediate III. Finally, 

intermediate III could evolve through gold elimination and 

decoordination to trans-4,5-dihydrofuran 4, liberating the 

catalyst to initiate a new catalytic cycle. 

 

Scheme 4. Mechanistic proposal. 

 

At this point, we decided to perform several isotopically la-

belled experiments in order to give support to the mechanistic 

proposal (Scheme 5). In this sense, participation of intermedi-

ate I could be supported by an isomerization reaction of a 

deuterium labelled mixture of 4,5-dihydrofurans 3D-3/4b in 

presence or absence of tert-butyl alcohol (Scheme 5). Thus, 

when the reaction was performed in absence of tert-butyl 

alcohol, isomerization occurred without significate change at 

the labelled position, indicating no participation of a proton in 

the catalytic process. However, a complete disappearance of 

the deuterium atom was observed when 20 equivalents of tert-

butyl alcohol were used. Finally, when a single equivalent of 

tert-butyl alcohol was used, the amount of labelled compound 

decreased to 45%.14 On the other hand, absence of cis-trans 

isomerization using a less sterically demanding alcohol, such 

as methanol, for deprotection step, could be explained by a 

methanol nucleophilic attack to intermediate I and formation 

of the corresponding ketal, that could evolve back. Taking all 

these results into account, a reaction pathway through partici-

pation of an intermediate with a double bond between C3 and 

C4 carbons can be ruled out. 

 

Scheme 5. Isotopically labelled experiments 

 

Additionally, intermediate I is also in agreement with the 

experimental observation of formation of naphthalene deriva-

tive 6, under the standard reaction conditions, from a diastere-

omeric mixture of alkynols 5w (Scheme 6). Formation of 

naphthalene 6 could be explained through evolution of inter-

mediate Iw, which is able to experiment an intramolecular 

nucleophilic attack of the electron-rich arene group to the 

electrophilic carbon C2.  

 

Scheme 6. Synthesis of naphthalene 6. 

 

Moreover, the hypothesis of a mechanistic proposal involving 

a carbon-oxygen breakage and participation of cationic inter-

mediate III, could be supported by the differences observed in 

the reactivity ratio in presence of electron-donating or elec-

tron-withdrawing groups at benzaldehyde derivatives (see 

above). To prove the participation of a positive charge at C5, 

we decided to explore the reaction running a Hammett-type 

analysis. For that purpose, we performed a number of cis-trans 

isomerization experiments -starting from pure cis-4,5-

dihydrofurans 315- at the standard reaction conditions. After 

two hours of reaction, mixtures or cis/trans 3/4 isomers were 

obtained and the isomerization ratio trans:cis (4:3) was deter-

mined by NMR (Table 1). Although opening-closing steps are 

probably reversible for both isomers, the reaction works under 

pseudo-first-order conditions due to the differences in energies 

between cis and trans isomers should be similar for every pair 

of isomers. With this assumption, relative rate constants were 

estimated from the ratio of cis to trans conversion of dihydro-

furans, compared to isomerization rate for compound 3a.  

 

Table 1. Hammett plot for the cis-trans isomerization reaction 

 

 

Compound X trans : cis (4:3) k/k0 

d Ph 16.7 : 1 4.065 - 0.18 

b Me 17.5 : 1 4.280 - 0.17 

a H 4.1 : 1 1.000 0.00 

h F 1 : 2.1 0.508 0.06 

f Cl 1 : 3.6 0.068 0.23 

g Br 1 : 3.0 0.081 0.23 



 

 

Hammett plot indicates a good correlation against  values16 

as the plot revealed a good linear fit (R = 0.992). The negative 

slope of the plot () is in agreement with building up a posi-

tive charge in the transition state of the rate determining step. 

This fact, in addition to a value of  = - 4.322, supports the 

participation of intermediate II, as a positive charge is created 

(Scheme 4; see above). Moreover, transformation of interme-

diate I into intermediate II could be considered the mechanism 

rate limiting step.17 

Finally, the use of C4 and C5 deuterium labelled compounds 

(4D-3/4b and 5D-3/4a) and their behavior under respective 

isomerization reactions in the presence of tert-butyl alcohol, 

are in agreement with the mechanistic proposal, as they do not 

imply proton exchange at the epimerization step (Scheme 7). 

 

Scheme 7. Isomerization of C4 and C5 labelled dihydrofurans 

 

In conclusion, we describe in this work a novel gold-catalyzed 

one-pot synthesis of diasteromericaly pure trans-2-silyl-4,5-

dihydrofurans from propargylsilanes and aldehydes. The reac-

tion involves four consecutive gold-catalyzed reactions in a 

one-pot procedure, as follows: propargylation, silyl deprotec-

tion, cycloisomerization and finally, cis-trans dihydrofuran 

isomerization. In all cases, trans-4,5-dihydrofurans were ob-

tained in very high yields. A deep study of the mechanistic 

insights for the dihydrofuran isomerization has also been per-

formed. The mechanistic proposal for that isomerization im-

plies the participation of alkylgold intermediates and also a 

temporal carbocationic intermediate. These hypotheses are 

supported by i) several deuterium labelled experiments, ii) a 

Hammett type study and iii) experimental observations. Tem-

poral carbocationic intermediate II, which allows free rotation 

and accommodation of the substituent at C5, seems to partici-

pate in the rate-determining step. 

ASSOCIATED CONTENT  

Supporting Information 

The Supporting Information is available free of charge on the 

ACS Publications website and includes experimental procedures 

and NMR spectra (PDF). FAIR Data is available as Support-

ing Information for Publication and includes the primary 

NMR FID files for compounds 3, 4, 5 and 6. 

AUTHOR INFORMATION 

Corresponding Authors 

Alfredo Ballesteros - Instituto Universitario de Química Orga-

nometálica “Enrique Moles” and Departamento de Química 

Orgánica e Inorgánica, Universidad de Oviedo, c/Julián Cla-

vería 8, 33007, Oviedo (Spain); orcid.acs.org/0000-0003-

2093-4444; Email: abg@uniovi.es. 

Javier Santamaría - Instituto Universitario de Química Organo-

metálica “Enrique Moles” and Departamento de Química Or-

gánica e Inorgánica, Universidad de Oviedo, c/Julián Clavería 

8, 33007, Oviedo (Spain); orcid.acs.org/0000-0001-6369-

4183; Email: jsv@uniovi.es. 

Author 

Sergio Fernández - Instituto Universitario de Química Organo-

metálica “Enrique Moles” and Departamento de Química Or-

gánica e Inorgánica, Universidad de Oviedo, c/Julián Clavería 

8, 33007, Oviedo (Spain); orcid.acs.org/0000-0002-2955-

6550. 

Notes 

The authors declare no competing financial interest. 

ACKNOWLEDGMENT 

Support by the Spanish Government MINECO/FEDER (CTQ-

2016-76840-R is gratefully acknowledged. S. F. thanks MINECO for 

a predoctoral fellowship (FPU2016-07221). Authors also thank J. M. 

González for helpful discussions and suggestions. 

DEDICATON 

Dedicated to the memory of Professor Kilian Muñiz 

REFERENCES 

(1) Selected reviews: a) Krause, N.; Winter, C. Gold-Catalyzed 

Nucleophilic Cyclization of Functionalized Allenes: A Powerful 

Access to Carbo- and Heterocycles. Chem. Rev. 2011, 111, 1994-

2009. b) Fürstner, A. From Understanding to Prediction: Gold- and 

Platinum-Based -Acid Catalysis for Target Oriented Synthesis. Acc. 

Chem. Res. 2014, 47, 925-938. c) Dorel, R.; Echavarren, A. M. 

Gold(I)-Catalyzed Activation of Alkynes for the Construction of 

Molecular Complexity. Chem. Rev. 2015, 115, 9028-9072. d) Wei, 

Y.; Shi, N. Y. Divergent Synthesis of Carbo- and Heterocycles via 

Gold-Catalyzed Reactions. ACS Catal 2016, 6, 2515-2524. e) 

Pflästerer, D.; Hashmi, A. S. K. Gold catalysis in Total Synthesis - 

Recent Achievements. Chem. Soc. Rev. 2016, 45, 1331-1367; f) Lee, 

Y.-C.; Kumar, K.; Waldmann, H. Ligand-Directed Divergent Synthe-

sis of Carbo- and Heterocyclic Ring Systems. Angew. Chem. Int. Ed. 

2018, 57, 5212-5226. g) Fructos, M. R.; Díaz-Requejo, M. M.; Pérez, 

P. J. Gold and Diazo Reagents: a Fruitful Tool for Developing Mo-

lecular Complexity. Chem. Commun. 2016, 52, 7326-7335. h) Agui-

lar, E.; Santamaría, J. Gold-catalyzed Heterocyclic Syntheses through 

-Imino Gold Carbene Complexes as Intermediates. Org. Chem. 

Front. 2019, 6, 1513-1540.  

(2) For two representative examples of dihydrofuran motifs in the 

skeleton of natural products, see: a) von Dreele, R. B.; Pettit, G. R.; 

Ode, R. H.; Perdue Jr., R. E.; White, J. D.; Manchand, P. S. The 

Crystal and Molecular Structure of the Unusual Spiro Dihydrofuran 

Diterpene Nepetaefolin1. J. Am. Chem. Soc. 1975, 97, 6236-6240. b) 

Cheng, X.; Quintanilla, C. D.; Zhang, L. Total Synthesis and Struc-

ture Revision of Diplobifuranylone B. J. Org. Chem., 2019, 84, 

11054-11060. c) For a review, see: T. G. Kilroy, T. G.; O’Sullivan, T. 

P.; Guiry, P. J. Synthesis of Dihydrofurans Substituted in the 2-

Position. Eur. J. Org. Chem., 2005, 4929-4949. 

 = - 4.451
R = 0.977

-1,20

-0,80

-0,40

0,00

0,40

0,80

-0,20 -0,10 0,00 0,10 0,20

y = -4,4533x - 0,1282
R² = 0,9773

-1,3

-0,8

-0,3

0,2

0,7

-0,2 -0,1 0 0,1 0,2

y = -4,4533x - 0,1282
R² = 0,9773

-1,3

-0,8

-0,3

0,2

0,7

-0,2 -0,1 0 0,1 0,2

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

-0,2 -0,1 0 0,1 0,2

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

-0,2 -0,1 0 0,1 0,2

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

-0,2 -0,1 0 0,1 0,2

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

-0,2 -0,1 0 0,1 0,2

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

-0,2 -0,1 0 0,1 0,2

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

-0,2 -0,1 0 0,1 0,2

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

-0,2 -0,1 0 0,1 0,2

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

-0,2 -0,1 0 0,1 0,2

-1,2

-1

-0,8

-0,6

-0,4

-0,2

0

0,2

0,4

0,6

0,8

-0,2 -0,1 0 0,1 0,2

mailto:abg@uniovi.es


 

(3) As a representative recent review, see: Jacques, R.; Pal, R.; 

Parker, N. A.; Sear, C. E.; Smith, P. W.; Ribaucourt, A.; Hodgson, D. 

M. Recent Applications in Natural Product Synthesis of Dihydrofuran 

and -pyran Formation by Ring-closing Alkene Metathesis. Org. 

Biomol. Chem., 2016, 14, 5875-5893. 

(4) Danheiser, R. L.; Kwasigroch, C. A.; Tsai, Y-M. Application of 

Allenylsilanes in [3+2] Annulation Approaches to Oxygen and Nitro-

gen Heterocycles. J. Am. Chem. Soc. 1985, 107, 7233-7235. 

(5) Evans, D. L.; Sweeney, Z. K.; Rovis, T.; Tedrow, J. S. Highly 

Enantioselective Syntheses of Homopropargylic Alcohols and Dihy-

drofurans Catalyzed by a Bis(oxazolinyl)pyridine-Scandium Triflate 

Complex J. Am. Chem. Soc. 2001, 123, 12095-12096. 

(6) a) Li, T.; Zhang, L. Bifunctional Biphenyl-2-ylphosphine Lig-

and Enables Tandem Gold-Catalyzed Propargylation of Aldehyde and 

Unexpected Cycloisomerization. J. Am. Chem. Soc. 2018, 140, 

17439-17443. b) From homopropargylalcohols, see: Li, T.; Yang, Y.; 

Li, B.; Bao, X.; Zhang, L. Gold-Catalyzed Silyl-Migrative Cycliza-

tion of Homopropargylic Alcohols Enabled by Bifunctional Biphenyl-

2-ylphosphine and DFT Studies. Org. Lett. 2019, 21, 7791-7794. 

(7) For an intramolecular ring expansion of acylsilanes leading to 

2-silyl-4,5-dihydrofurans, see: Nakajima, T.; Segi, M.; Mituoka, T.; 

Fukute, Y.; Honda, M.; Naitou, K. Ring-enlargement of Cyclopropy-

lacylsilanes with Sulfuric or Triflic Acid. Selective Formation of 

Cyclobutanones or 2-Silyl-4,5-dihydrofurans. Tetrahedon. Lett. 1995, 

36, 1667-1670. 

(8) a) Rubial, B.; Ballesteros, A.; González, J. M., Gold(I)-

Catalyzed Bis-Alkynylation Reaction of Aromatic Aldehydes with 

Alkynylsilanes. Adv. Synth. Catal. 2013, 355, 3337-3343. b) Gonzá-

lez, J.; Santamaría, J.; Ballesteros, A. Gold(I)-catalyzed Addition of 

Silylacetylenes to Acylsilanes: Synthesis of Indanones by C-H Func-

tionalization through a Gold(I) Carbenoid. Angew. Chem., Int. Ed. 

2015, 54, 13678-13681. c) Rubial, B.; Ballesteros, A.; González, J. 

M., Silylium-Catalyzed Carbon-Carbon Coupling of Alkynylsilanes 

with (2-Bromo-1-methoxyethyl)arenes: Alternative Approaches. Eur. 

J. Org. Chem. 2018, 6194-6198. 

(9) Fernández, S.; González, J.; Santamaría, J.; Ballesteros, A. Pro-

pargylsilanes as Reagents for Synergistic Gold(I)-Catalyzed Propar-

gylation of Carbonyl Compounds: Isolation and Characterization of 

-Gold(I) Allenyl Intermediates. Angew. Chem. Int. Ed. 2019, 58, 

10703-10707. 

(10) Propargylsilanes 1 were easily synthesized through lithiation 

of propargyl precursors followed by silylation using trimethylsilyl 

chloride. For details, see supporting information of ref 9. 

(11) For a gold-catalyzed cis-trans isomerization of cyclopropane 

rings, see: Reiersolmoen, A. C.; Ostrem, E.; Fiksdahl, A. Gold(III)-

Catalysed Cis-to-trans Cyclopropyl Isomerization. Eur. J. Org. Chem. 

2018, 3317-3325. 

(12) Tris-p-anisylphosphine ((p-MeOC6H4)3P) was added, at the 

end of the reaction to inactivate gold catalyst, avoiding decomposition 

reactions. 

(13) For a gold-catalyzed 5-endo-dig cycloisomerization leading to 

a furan derivative, see: Belting, V.; Krause, N. Gold-Catalyzed Tan-

dem Cyclisomerization-Hydroalkoxylation of Homopropargylic 

Alcohols. Org. Lett. 2006, 8, 4489-4492. 

(14) The studies with participation of tert-butyl alcohol had to be 

performed in polypropylene FalconTM-type tubes inside a schlenck to 

avoid proton contamination by contact with schlenck walls. As low as 

0.1 equivalents of tert-butyl alcohol catalyze a proton exchange from 

schlenck walls resulting in a total deuterium-hydrogen exchange 

However, for the reactions performed in absence of tert-butyl alcohol 

same results were observed using either polypropylene tubes or naked 

schlencks indicating gold elimination from intermediate III instead of 

deuterium elimination followed by protodeauration. The latter should 

involve DNTf2 formation and proton exchange with schlenck walls. 

We have also observed that a catalytic amount of HNTf2 (5 mol%) is 

able to catalyze cis-trans isomerization, at room temperature, alt-

hough no product was obtained starting from propargylsilanes 1 and 

aldehydes 2. This result indicates that additional proton catalysis, for 

isomerizations in presence of tert-butyl alcohol, cannot be ruled out. 

(15) Obtained from syn-homopropargyl alcohols syn-5. See sup-

porting information for details. 

(16) Hansch, C.; Leo, A.; Taft, R. W. A Survey of Hammett Sub-

stituent Constants and Resonance and Field Parameters. Chem. Rev. 

1991, 91, 165-195. 

(17) An alternative reaction mechanism starting from an oxygen-

gold coordination cannot be ruled out. Sawana, Y.; Sawana, Y.; 

Krause, N., Highly Regioselective Gold-Catalyzed Ring-Opening 

Allylation and Azidation of Dihydrofurans. Org. Lett. 2009, 11, 5034-

5037. However, the use of a more oxophilic gold complexes such as 

Au(III) did not give positive results. 

 

 

 


