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Abstract

An electrochemical version of the Corey—Winter reaction was developed giving excellent results in aqueous methanol media
(MeOH/H,0 (80:20) with AcOH/AcONa buffer 0.5 M as supporting electrolyte), using a reticulated vitreous carbon as cathode in a
divided cell. The electrochemical version is much more environmentally friendly than the classical reaction, where a large excess of
trialkyl phosphite as reducing agent and high temperatures are required. Thus, cathodic reduction at room temperature of two cyclic
thiocarbonates (—1.2 to —1.4 V vs Ag/AgCl) afforded the corresponding alkenes, trans-6-(pent-1-enyl)-oa-pyrone and trans-6-(pent-
1,4-dienyl)-a-pyrone, which are naturally occurring metabolites isolated from Trichoderma viride and Penicillium, in high chemi-

cal yield and with excellent stereo selectivity.

Findings

The Corey—Winter reaction (also known as the Corey—Winter tion and reduction of a cyclic thiocarbonate intermediate B
reductive olefination) is a chemical transformation that permits ~ (Scheme 1) [1,2]. In general this reaction provides moderate
the conversion of 1,2-diols A into E-alkenes C via the forma- to good yields, but the use of large quantities of toxic
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and dangerous phosphorylated reductive reagents (e.g.,
trimethylphosphite employed as both reagent and solvent in the
reaction) and the necessity of high temperatures, makes this
synthetic protocol inappropriate for the stereospecific prepara-
tion of olefins in large scale [3]. Furthermore, the introduction
of 1,3-dimethyl-2-phenyl-1,3,2-diazaphospholidine (D,
Corey—Hopkins reagent) as the reductive reagent, has resulted
in the development of a milder Corey—Winter protocol, which
can be now carried out near to room temperature (Scheme 1)
[4]. Despite this advantage, the low availability and high cost of
this reagent [5] makes this reaction difficult to be used in
industry.
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Scheme 1: The Corey—Winter reaction in general.

Previously, starting from the versatile chiron 7,3-lactone-xylo-
furanose (7,3-LXF) [6], the first non-biological synthesis of
chiral 6-pentyl-2H-pyran-2-ones 1-3 was reported by our
research group [7]. These molecules proved to be enantiomers
of metabolites isolated from Trichoderma spp and Penicillium
isolates. Unfortunately, our efforts for obtaining the natural
metabolite trans-6-(pent-1-enyl)-a-pyrone (5) (isolable from
Trichoderma viride [8]) via a Corey—Winter reaction with the
cyclic thiocarbonate 4 were unsuccessful (Scheme 2).

Electrochemical reactions are very useful in organic synthesis
[9-14]. They possess unique features including the ability to
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control the redox power [15], the substitution of large scale
toxic or dangerous conventional redox reagents by sustainable
and inexpensive electrical current [16-19], the ease with which
umpolung reactivity is achieved [20-22], the access to unstable
intermediates of great utility in organic synthesis [23-25], and in
most of the cases, the use of mild reaction conditions. Impor-
tantly, they also represent a useful way to fulfilling important
aspects of the green chemistry [26-28], making the synthetic
pathways safer and more economical. Therefore, electrosyn-
thetic reactions can be advantageous not only for solving syn-
thetic problems where a redox step fails with a classical redox
reagent, but also because the use of toxic-dangerous reagents is
avoided [15,29,30]. Thus, a combination of the classical chemi-
cal approach with the electrochemical in a synthetic route can
result in an improved final yield diminishing chemical waste
[15,31].

Having in mind that the Corey—Winter reaction is in fact a re-
ductive chemical process between the thiocarbonate moiety and
the phosphorylated reagent, which oxidize P(III) to P(V), we
anticipated that a cathodic reduction process applied to the same
cyclic thiocarbonate 4 would provide the desired target mole-
cule 5. In this letter we report the electrochemical behavior of
thiocarbonates 4 and 6 in aqueous methanol MeOH/H,0
(80:20) with 0.5 M AcOH/AcONa buffer as supporting elec-
trolyte, as well as the results of several reductive electrolysis

performed under green chemistry conditions.

Cyclic thiocarbonate 6 was prepared in two steps from pyrone
dioxolane 7 [7]. Acid hydrolysis of 7 to 1,2-diol 8 followed by
the reaction with 1,1’-thiocarbonyldiimidazole afforded thiocar-
bonate precursor 6 in high overall yield (Scheme 3). Com-
pounds 6 and 8 were prepared in a similar manner as described

in reference [7].

With thiocarbonates 4 and 6 in our hands, their electrochemical
behavior was studied in the MeOH/H,O media previously de-
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Scheme 2: Proposed route for the synthesis of metabolites isolated from Trichoderma and Penicillium species from 7,3-LXF.
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Scheme 3: Preparation of thiocarbonate precursor 6 from pyrone dioxolane 7.

scribed (Figure 1). This mixture of solvents has been used for
the electrochemical preparation of anilines, hydroxylamines and
nitroso compounds via the reduction of aromatic nitro deriva-
tives [32,33], showing a convenient electrochemical window
with graphitic electrodes (—1.75 to 1.25 V vs Ag/AgCl) and
giving good environmental compatibility. Cyclic voltammetry
of thiocarbonates 4 and 6 using a vitreous carbon electrode,
showed two irreversible reduction peaks located at —1.18 and
—1.6 V, respectively (Figure 1), indicating the possibility of
reducing these compounds in two electrochemical steps under

the selected conditions.

In order to determine which functional group is reduced, an
electrolysis using 0.25 mmol of compound 4 was carried out
under controlled potential after the first reduction peak ob-
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served in cyclic voltammetry (—1.45V vs Ag/AgCl) in a divided
(sintered glass) H-type cell fitted with a reticulated vitreous car-
bon cathode and a stainless steel anode (see Supporting Infor-
mation File 1 for details). When 2.2 F/mol were consumed
(ca. 1.5 h), TLC control of the electrolytic solution showed the
total consumption of the starting material and the appearance of
a less polar compound without other secondary compounds.

After reaction work-up, 'H and 13C NMR spectra of the extrac-
ted product were in full agreement with compound 5, which
was previously isolated from Trichoderma viride [8]. This fact
let us to conclude that the thiocarbonate group was reduced
selectively to the trans-alkene in a Corey—Winter-type reaction
[2,3] giving the targeted structure 5 in 95% isolated yield
(Scheme 4, Table 1, entry 1). The reaction occurred stereoselec-
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Figure 1: Cyclic voltammetry of thiocarbonates 4 (left) and 6 (right); ¢ =1 x 1073 M, N> bubbling 5 min, WE = vitreous carbon, CE = Pt wire,

RE = Ag/AgCl in MeO/H20 (80:20) in AcOH/AcONa buffer 0.5 M media.
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Scheme 4: Putative reaction mechanism of the electrochemical Corey—Winter reaction.
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Table 1: Electroreduction of thiocarbonates 4 and 6 in MeO/H,0 80:20 with AcOH/AcONa buffer 0.5 M as electrolytic media.?

entry thiocarbonate
L]
1 0707 N
O
4 «S
0.25 mmol
2 0.25 mmol
3 0.25 mmol
Jo¥s
4 0”707 " N
o%
6
S
0.25 mmol
5 0.25 mmol

conditions

potentiostatic electrolysis
-1.45V vs Ag/AgCl, 2.2 F/mol
RVC cathode, 1,5 h

potentiostatic electrolysis
-1.45V vs Ag/AgCl, 2.2 F/mol
graphite plate cathode, 1,5 h

galvanostatic electrolysis
/=15-25 mA®
j=7.5-12.5 mAlcm?2d
2.5 F/mol, RVC cathode

potentiostatic electrolysis
-1.2 vs Ag/AgCl, 2.2 F/mol
RVC cathode, 1,5 h

galvanostatic electrolysis
/=15-25 mA®
j=7.5-12.5 mA/cm?2d
2.5 F/mol, RVC cathode

product and yield %

95-97°
current efficiency: 90%

80
current efficiency: 90%

95
current efficiency: 80%

94-97b
current efficiency: 90%

93
current efficiency: 80%

aAll the experiments were carried out with stainless steel as anode. The potentiostatic and galvanostatic experiments were carried out in a H-cell
divided cell with 25 mL of electrolytic media per compartment. °Two reactions under the same conditions were carried out. °Lowest and highest cur-
rent used for an efficient reaction; when the lowest is used the reaction takes 1 h to consume the starting material and with the highest 30 min are re-
quired. 9A geometrical area of 2 cm? was used to calculate j; see Supporting Information File 1 for calculation details.

tively with no trace of cis-alkene isomer. The use of graphite
electrodes instead of the reticulated vitreous carbon eroded the
chemical yield to 80% (Table 1, entry 2). Cyclic voltammetry
analysis of 4 showed a second reduction peak at —=1.6 V
(Figure 1), a value that agrees with that for reduction of the a,f3-
unsaturated ester functionality [34], which was not reduced

under the reaction conditions.

The high stereospecificity of this electrochemical
Corey—Winter-type reaction might be explained in terms of the
stabilizing B-oxygen effect [35,36] of the radical intermediate
E. This stereoelectronic interaction, which refers to the benefi-
cial effect of B-oxygen substituents in radical deoxygenation
[37], is dramatically favoured when the radical precursor group
(or atom) is oriented antiperiplanar to the C—O bond via orbital
interaction between the SOMO with the C—O c* orbital [35].
Therefore, stabilization of intermediate E, which is formed by
B-fragmentation of radical anion F, is maximum when is locked
in an antiperiplanar conformation (Scheme 4). Therefore, this
electrochemical reaction represents a promising way to produce
trans-olefins from their respective thiocarbonates, overcoming
thus the toxicity and safety issues of the classical Corey—Winter

reaction.

When potential-controlled electrolysis (PCE) is used a particu-
lar functional group in a molecule, in this case the thiocar-
bonate vs the a,p-unsaturated ester, can be selectively reduced.
Under PCE feasibility and affordability of the reaction are
limited by the potentiostat, because this device is rarely avail-
able in an organic chemistry laboratory and it can be expensive
to acquire it. In the other hand, current controlled electrolysis
(CCE), where the electrode potential control is made indirectly
by the experimental conditions, requires an ordinary and easy
available direct current power source, therefore, reduction of
compound 4 was attempted under CCE conditions. After a
series of experiments, compound 5 was satisfactorily obtained
using 25 mA (j = 12.5 mA/cm?) with 95% yield using reticu-
lated vitreous carbon in 30 min reaction in the aqueous metha-
nol medium (Table 1, entry 3). The current efficiency decreases
a little (80%) but remains in acceptable values for an attractive
electrochemical reaction. This is due to the lack of potential
control and when the concentration of the starting material
decreases the electrode potential shifts to more negative values.
The same potential controlled electrolysis protocol used for 4
was applied to the alkene thiocarbonate derivative 6, but
reducing it at —1.2 V vs Ag/AgCl, and likewise, quantitative
chemical yield of the corresponding E-alkene 9 was obtained
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(Table 1, entry 4). Also, the CCE of 6, using the same current
density previously optimized for compound 4, gave 9 as the
sole product in high yield (Table 1, entry 5). The
reaction proceeds also with 15 mA (j = 7.5 mA/cm?);
however, the electrolysis occurs slowly (1 h), whereas at 25 mA
( = 12.5 mA/cm?) the reaction is completed in 30 min; in both
cases very good yields were obtained. When higher current den-
sity values for the electrolysis were used, TLC showed the for-
mation of several byproducts. This indicates that the second
reduction peak observed in cyclic voltammetry associated with
the unsaturated ester function was reached.

There are several aspects of the reaction that are currently under
study to generate a robust and general olefination electrochemi-
cal method via the thiocarbonate reduction; nevertheless, this
letter shows for the first time the potential use of electrochem-
istry with this functional group using green reduction condi-
tions. Application of this methodology to the synthesis of other
biologically important products, the study of the reaction scope
because other thiocarbonate derivatives seem to be not very
reactive, as well as mechanistic details are under investigation

and will be reported soon.

Conclusion

A new approach to convert thiocarbonates derived from 1,2-
diols containing the 6-pentyl-2H-pyran-2-one framework to
trans-alkenes by means of electrochemical reduction in an
H-type separated cell was developed. The thiocarbonate func-
tional group can be reduced using a vitreous carbon electrode in
MeOH/H,0 80:20 with AcOH/AcONa buffer 0.5 M as elec-
trolytic media. We term this transformation as the “Electro-
chemical Corey—Winter (ECW) reaction”. This new environ-
mentally friendly process was used to synthetize a metabolite
isolated from Trichoderma viride in high yield. Alkenes and
o,B-unsaturated ester functionalities are stable under the elec-
trolysis conditions. The reaction can be driven by both, con-
trolled potential and constant current electrolysis with excellent
results, which is convenient for application in organic chem-

istry laboratories.

Supporting Information

Supporting Information File 1
Experimental procedures and analytical data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-14-41-S1.pdf]

Acknowledgements
Financial support was provided by VIEP-BUAP and the Marcos
Moshinsky Foundation (F.S.-P.). BAFU acknowledges the

Beilstein J. Org. Chem. 2018, 14, 547-552.

financial support from PAPIIT-UNAM No 202011, DGAPA-
UNAM. EELL and JAPB thanks to CONACYT-Mexico for
their scholarships. Nieves Zavala Segovia, Alejandra Nuiiez
Pineda, Citlalit Martinez Soto, and Lizbeth Triana Cruz are
recognized by their technical support in this work.

ORCID® iDs

Fernando Sartillo-Piscil - https://orcid.org/0000-0002-4322-7534
Bernardo A. Frontana-Uribe - https://orcid.org/0000-0003-3796-5933

References

1. Corey, E. J.; Winter, R. A. E. J. Am. Chem. Soc. 1963, 85, 2677-2678.
doi:10.1021/ja00900a043

2. Corey, E. J.; Carey, F. A,; Winter, R. A. E. J. Am. Chem. Soc. 1965, 87,
934-935. doi:10.1021/ja01082a057

3. Mergott, D. J. Corey-Winter olefin synthesis. In Name Reactions for
Functional Group Transformations; Li, J. J.; Corey, E. J., Eds.; John
Wiley & Sons: Hoboken, NJ, 2007; pp 354-362.

4. Corey, E. J.; Hopkins, B. Tetrahedron Lett. 1982, 23, 1979-1982.
doi:10.1016/S0040-4039(00)87238-X

5. Discontinued in Aldrich; available with some distributors in Asia and
Europe: 5.0 g per 124-161.20 Euros or 200-390 USD.

6. Ramirez, E.; Sanchez, M.; Meza-Ledn, R. L.; Quintero, L.;
Sartillo-Piscil, F. Tetrahedron Lett. 2010, 51, 2178-2180.
doi:10.1016/j.tetlet.2010.02.094

7. Pérez-Bautista, J. A.; Meza-Ledn, R. L.; Cruz-Gregorio, S.;
Quintero, L.; Sartillo-Piscil, F. Tetrahedron Lett. 2016, 57, 4560-4562.
doi:10.1016/j.tetlet.2016.08.089

8. Moss, M. O.; Jackson, R. M.; Rogers, D. Phytochemistry 1975, 14,
2706-2708. doi:10.1016/0031-9422(75)85255-1

9. Sperry, J. B.; Wright, D. L. Chem. Soc. Rev. 2006, 35, 605-621.
doi:10.1039/B512308A

10. Yoshida, J.-i.; Kataoka, K.; Horcajada, R.; Nagaki, A. Chem. Rev.

2008, 108, 2265-2299. doi:10.1021/cr0680843

.Waldvogel, S. R.; Janza, B. Angew. Chem., Int. Ed. 2014, 53,

7122-7123. doi:10.1002/anie.201405082

12.Horn, E. J.; Rosen, B. R.; Baran, P. S. ACS Cent. Sci. 2016, 2,
302-308. doi:10.1021/acscentsci.6b00091

13.Yan, M.; Kawamata, Y.; Baran, P. S. Chem. Rev. 2017, 117,
13230-13319. doi:10.1021/acs.chemrev.7b00397

14.Chiba, K.; Okada, Y. Curr. Opin. Electrochem. 2017, 2, 53-59.
doi:10.1016/j.coelec.2017.03.014

15.Rosen, B. R.; Werner, E. W.; O'Brien, A. G.; Baran, P. S.

J. Am. Chem. Soc. 2014, 136, 5571-5574. d0i:10.1021/ja5013323
16.Anderson, L. A.; Redden, A.; Moeller, K. D. Green Chem. 2011, 13,

1652—-1654. doi:10.1039/C1GC15207F
17.Francke, R.; Little, R. D. Chem. Soc. Rev. 2014, 43, 2492-2521.

doi:10.1039/c3cs60464k

18.Broese, T.; Francke, R. Org. Lett. 2016, 18, 5896-5899.
doi:10.1021/acs.orglett.6b02979

19.Nguyen, B. H.; Perkins, R. J.; Smith, J. A.; Moeller, K. D.

Beilstein J. Org. Chem. 2015, 11, 280-287. doi:10.3762/bjoc.11.32
20. Little, D.; Moeller, K. D. Electrochem. Soc. Interface 2002, 36—42.
21.Tang, F.; Chen, C.; Moeller, K. D. Synthesis 2007, 3411-3420.

doi:10.1055/s-2007-990835

22.Moeller, K. D. Synlett 2009, 1208—1218. doi:10.1055/s-0028-1088126

1

-

=

551


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-41-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-14-41-S1.pdf
https://orcid.org/0000-0002-4322-7534
https://orcid.org/0000-0003-3796-5933
https://doi.org/10.1021%2Fja00900a043
https://doi.org/10.1021%2Fja01082a057
https://doi.org/10.1016%2FS0040-4039%2800%2987238-X
https://doi.org/10.1016%2Fj.tetlet.2010.02.094
https://doi.org/10.1016%2Fj.tetlet.2016.08.089
https://doi.org/10.1016%2F0031-9422%2875%2985255-1
https://doi.org/10.1039%2FB512308A
https://doi.org/10.1021%2Fcr0680843
https://doi.org/10.1002%2Fanie.201405082
https://doi.org/10.1021%2Facscentsci.6b00091
https://doi.org/10.1021%2Facs.chemrev.7b00397
https://doi.org/10.1016%2Fj.coelec.2017.03.014
https://doi.org/10.1021%2Fja5013323
https://doi.org/10.1039%2FC1GC15207F
https://doi.org/10.1039%2Fc3cs60464k
https://doi.org/10.1021%2Facs.orglett.6b02979
https://doi.org/10.3762%2Fbjoc.11.32
https://doi.org/10.1055%2Fs-2007-990835
https://doi.org/10.1055%2Fs-0028-1088126

23.Yoshida, J.-i.; Shimizu, A.; Ashikari, Y.; Morofuji, T.; Hayashi, R.;
Nokami, T.; Nagaki, A. Bull. Chem. Soc. Jpn. 2015, 88, 763-775.
doi:10.1246/bcsj.20150100

24. Shimizu, A.; Hayashi, R.; Ashikari, Y.; Nokami, T.; Yoshida, J.-i.
Beilstein J. Org. Chem. 2015, 11, 242—-248. doi:10.3762/bjoc.11.27

25.Zhao, H.-B.; Hou, Z.-W.; Liu, Z.-J.; Zhou, Z.-F.; Song, J.; Xu, H.-C.
Angew. Chem., Int. Ed. 2017, 56, 587-590.
doi:10.1002/anie.201610715

26. Steckhan, E.; Arns, T.; Heineman, W. R.; Hilt, G.; Hoormann, D.;
Jorissen, J.; Kréner, L.; Lewall, B.; Putter, H. Chemosphere 2001, 43,
63-73. doi:10.1016/S0045-6535(00)00325-8

27.Schéfer, H. J. C. R. Chim. 2011, 14, 745-765.
doi:10.1016/j.crci.2011.01.002

28.Frontana-Uribe, B. A.; Little, R. D.; Ibanez, J. G.; Palma, A.;
Vasquez-Medrano, R. Green Chem. 2010, 12, 2099-2119.
doi:10.1039/c0gc00382d

29. Mihelcic, J.; Moeller, K. D. J. Am. Chem. Soc. 2004, 126, 9106-9111.
doi:10.1021/ja048085h

30.Yin, B.; Inagi, S.; Fuchigami, T. Beilstein J. Org. Chem. 2015, 11,
85-91. doi:10.3762/bjoc.11.12

31.Palma, A.; Cardenas, J.; Frontana-Uribe, B. A. Green Chem. 2009, 11,
283-293. doi:10.1039/B815745F

32.Frontana-Uribe, B. A.; Moinet, C. Tetrahedron 1998, 54, 3197-3206.
doi:10.1016/S0040-4020(98)00058-1

33. Frontana-Uribe, B. A.; Moinet, C.; Toupet, L. Eur. J. Org. Chem. 1999,
419-430.

doi:10.1002/(SICI)1099-0690(199902)1999:2<419::AID-EJOC419>3.0.

CO;2-V

34.Klemm, L. H.; Olson, D. R. J. Org. Chem. 1973, 38, 3390-3394.
doi:10.1021/j0o00959a034

35. Crich, D.; Beckwith, A. L. J.; Chen, C.; Yao, Q.; Davinson, |. G. E.;
Longmore, R. W.; Anaya de Parrodi, C.; Quintero-Cortés, L.;
Sandoval-Ramirez, J. J. Am. Chem. Soc. 1995, 117, 8757-8768.
doi:10.1021/ja00139a008

36. Sanchez-Eleuterio, A.; Sandoval-Lira, J.; Garcia-Sanchez, J.;
Monterrosas-Pérez, L.; Hernandez-Pérez, J. M.; Quintero, L.;
Sartillo-Piscil, F. J. Org. Chem. 2013, 78, 9127-9136.
doi:10.1021/jo4012943

37.Barton, D. H. R.; Hartwig, W.; Motherwell, W. B.
J. Chem. Soc., Chem. Commun. 1982, 447—448.
doi:10.1039/C39820000447

Beilstein J. Org. Chem. 2018, 14, 547-552.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.14.41

552


https://doi.org/10.1246%2Fbcsj.20150100
https://doi.org/10.3762%2Fbjoc.11.27
https://doi.org/10.1002%2Fanie.201610715
https://doi.org/10.1016%2FS0045-6535%2800%2900325-8
https://doi.org/10.1016%2Fj.crci.2011.01.002
https://doi.org/10.1039%2Fc0gc00382d
https://doi.org/10.1021%2Fja048085h
https://doi.org/10.3762%2Fbjoc.11.12
https://doi.org/10.1039%2FB815745F
https://doi.org/10.1016%2FS0040-4020%2898%2900058-1
https://doi.org/10.1002%2F%28SICI%291099-0690%28199902%291999%3A2%3C419%3A%3AAID-EJOC419%3E3.0.CO%3B2-V
https://doi.org/10.1002%2F%28SICI%291099-0690%28199902%291999%3A2%3C419%3A%3AAID-EJOC419%3E3.0.CO%3B2-V
https://doi.org/10.1021%2Fjo00959a034
https://doi.org/10.1021%2Fja00139a008
https://doi.org/10.1021%2Fjo4012943
https://doi.org/10.1039%2FC39820000447
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.14.41

	Abstract
	Findings
	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References

