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ABSTRACT: A practical, electrochemical method is devel-
oped for the direct dehydrogenative lactonization of C(sp*/
sp’)—H bonds under external oxidant- and metal-free
conditions, delivering diverse lactones, including coumarin
derivatives with excellent regioselectivity. The scalable nature
of this newly developed electrochemical process was
demonstrated on a 40 g scale following an operationally
simple protocol. The remote lactonization of C(sp*)—H bonds
would constitute an important synthetic advance toward
electrochemical C—O bond formation.

L actones represent privileged structural subunits in molecules
of pharmaceutical, biological, and medicinal interest (Figure
la). !
devoted to this notable structure.”” Among developed

Consequently, extensive synthetic efforts have been

approaches, the direct C—H/O—H oxidative coupling reaction
has gained special attention for its high atom economy (Figure
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Figure 1. Lactones in bioactive molecules and evaluation of accessible
methods.
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1b).” For instance, Martin® and Gevorgyan3b independently
reported the pioneering work of copper-catalyzed intramolecular
oxidative coupling of C(sp>)—H with aromatic carboxylic acids in
2013. Palladium-catalyzed C—H activation/C—O coupling has
also been developed by Wang’s group.’ Recently, Gonzalez-
Gomez and co-workers disclosed an efficient photocatalytic
version of C(sp?)—H lactonization.*® However, most of these
works involve the use of transition-metal catalysts, photocatalysts
or organocatalysts together with strong oxidants, which are of
high cost for large-scale industrial application. Moreover, the
existing intramolecular C—H/O—H oxidative couplings are
limited to reactions between aromatic carboxylic acids and
C(sp*)—H bonds. The direct lactonization of C(sp®>)—H bonds
with carboxylic acids, especially with aliphatic carboxylic acids,
remains less explored.”

Organic electrosynthesis obviates the use of dangerous and
toxic reagents, and the past decades have witnessed extensive
exploration in this aspect, given its environmental benignity and
operational simplicity.”® As carboxylic acids are normally
inexpensive and benchtop stable, the electrochemical trans-
formation of carboxylic acids into other useful motifs is of great
significance. Treatment of carboxylic acids with (external or
electrogenerated) base generates carboxylate anion, which
undergoes anodic oxidation to generate carboxylate radical.
This reactive intermediate usually proceeds via a radical
decarboxylative homocouplings, which is known as the Kolbe
reaction.” Electrogenerated carboxylate radical could also
undergo intramolecular addition to electron-rich alkenes to
produce lactones.® We envisioned that direct lactonization of
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C(sp?)—H bonds could occur if C—O coupling proceeds fast
enough to outcompete the Kolbe decarboxylation. In addition, if
1,5-hydrogen-atom-transfer (HAT) makes remote C—H homo-
Iytic cleavage possible, lactonization of C(sp>)—H bonds would
be achieved, though it is elusive for electrosynthesis. Herein, we
describe an electrochemical dehydrogenative lactonization of
aromatic and aliphatic carboxylic acids with C(sp*/sp*)—H
bonds (Figure 1c). This strategy exhibits broad substrate scope,
operational simplicity and high regioselectivity under additive-,
metal-, and external oxidant-free conditions. The scalability of
this method was demonstrated on a 40 g scale following an
operationally simple protocol.

The optimized reaction conditions are demonstrated in Figure
2 (see Table S1 for details). The cyclization of 2-
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1a 2a
condition 1: (+)Pt-Pt(-), 1.5 h 99% yield
condition 2: (+)C-C(-), 3 h 93% yield

Figure 2. Optimized conditions.

biphenylcarboxylic acid 1a proceeded smoothly in an undivided
cell equipped with a Pt anode and a Pt cathode using n-Bu,NBF,,
in CH;CN/MeOH (7:1 v/v) as the supporting electrolyte under
constant current conditions, giving lactone 2a in 99% yield.
Pleasingly, the yield of 2a could still be obtained in 93% yield
using cheap graphite plates as the anode and cathode.

After the optimal reaction conditions were identified, the
substrate generality was investigated (Scheme 1). First, the
electronic variation in the para substitution of Ar’ ring was
investigated. The results showed that halogen (2b-d),
trifluoromethyl (2e), ester (2f), methyl (2g) and tert-butyl
(2h) groups were all well tolerated, giving lactones 2b—h in 71—
80% yields. However, when a strong electron-donating group
(OMe) was attached to the para position of Ar” ring, the yield
decreased to 42% (2i). For substrates with two possible reactive
sites, the preferable formation of para-substituted lactones were
observed (2j—1). 2-Thienyl-substituted benzoic acid proved to
be an amenable substrate giving lactone 2m with a low yield,
which may due to the partial oxidation of electron-rich thiophene
moiety. Additionally, multisubstituted substrate was also well-
tolerated to give the corresponding product 2n in 62% yield. The
generality of this methodology was further demonstrated by
preparing substituted lactones 20-2w in moderate to excellent
yields. To demonstrate the practicability of this method, we also
tested some substrates for lactonization using graphite as the
anode and cathode. The results showed that the lactonizations
could be carried out smoothly by employing graphite as the
electrodes, giving lactones 2a, 2g—h, 2j, 20, 2p, 2r, and 2vin 67—

93% yields.

As shown in Scheme 1, the electrochemical cyclization of
biaryl carboxylic acids has been demonstrated as a powerful
method for lactones synthesis. It would be more valuable if the
protocol could be applied to diaryl acrylic acids, since the
resulting coumarin derivatives are important in the fragrance and
flavor industry (Scheme 2). With a minor modification of the
standard conditions, diaryl acrylic acids 3 could undergo
lactonization with C(sp*)—H bonds to give coumarins 4 in
moderate yields.

Having investigated the lactonization of C(sp*)—H bonds, we
next turned our attention to the regioselective lactonization of

Scheme 1. Substrate Scope with Respect to Biaryl Carboxylic
Acids”
Non PH(+)-Pt(-) or C(+)-C(-) o
n-BuyNBF4 or n-BuyNCIO4
CH3CN/MeOH = 7/1

@ @ CCE, undivided cell

1a-1w 2a-2w

2a, 99% (93%)9 2b,574% 2¢,273% 2d,>80%

&w&wmﬂ a

2e,271% 2f,°63%

Zg 76% (74%)°

2h, 77% (73%)°

2i,°42% 2j, 89% (81%)9 2K, 88% 21, 72%

r.r. 88/12¢ rr 801209 rr.15/19
C% \
2m,°31% 2n, 62% zo 70% (70%)° 2p, 89% (83%)°

2q, 70% 2r, 69% (67%)° 2s, 68% 2t,62%
2u, 51% 2v, 70% (69%)¢ 2w, 60%

Reactlon conditions: undivided cell, Pt anode, and cathode (1.5 X 1.5
cm?, J = 13.3 mA/cm?), 1 (0.5 mmol), CH;CN (7 mL), MeOH (1
mL), n-Bu,NBF, (2 mmol) at room temperature for 1.5-2.5 h. *
Bu,NCIO, was employed as the electrolyte. ] = 9 mA/cm* “The ratlo
of regiomers (rr) was determined by the 'H NMR spectrum.
“Changed reaction conditions for the yields in parentheses: graphite
anode and cathode (1.5 X 1.5 cm?), 3 h.

Scheme 2. Electrochemical Lactonization of Diaryl Acrylic
Acids

COOH Pt(+)-Pt(-) Q
| n-BugsNOAc .
CchNlMeOH 9 R =H, 4a, 57%
R = Cl, 4b, 56%
J=9 mA/cm2 O O R =Me, 4c, 61%
R 3a-3c CCE, undivided cell

C(sp®)—H bonds (Scheme 3). It is well-known that the
regioselective lactonization of a substrate with multiple reactive
sites would be more challenglng ¢ To our delight, as shown in
Scheme 3, when 2-benzylbenzoic acids Sa—e were subjected to
anodic oxidation under the standard conditions, phenyl
phthalides 6a—e were exclusively generated without observing
of the C(sp?)—H coupling products. This remarkable selectivity
might attribute to the higher stability of five-membered ring
products compared with that of seven-membered ones. For 2-
phenethyl benzoic acid 5f with two reactive benzylic C(sp*)—H
bonds, isochroman-1-one 6f was obtained as the single product.
Subsequently, a series of alkylated benzoic acids containing
tertiary carbon were examined. As expected, all of the cyclized
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Scheme 3. Lactonization of C(sp*)—H Bonds”

Pt(+)-Pt(-)
n-BusNBF4 O
CH3CN/MeOH = 7/1 5
J = 13.3-20 mA/cm? )
CCE, undivided cell R1R
6a-l

R = H, 6a, 74%
o> R=4F 6b 65%
h R = 4-Me, B¢, 70%
Qg R=3Me, 6d 61%
¢ R = 2-Me, 6e, 63%
) 3
Tertiary sp® C-H o o
o)
R = H, 6h,° 79% o)
O R = Me, 6i° 86%
R = Ph, 6j,63%
69,° 61%

6k, 42%

Aliphatic carboxylic acid Failed substrates

i iealvalves

61, 62%

Reaction conditions: undivided cell, Pt anode and cathode (1.5 X 1.5
cm?, ] = 13.3 mA/cm?), 5 (0.5 mmol), CH,CN/MeOH (7/1 v/v), n-
Bu4NBF4 (2 mmol) at rt for 2—3 h. ] = 20 mA/cm®. ] = 15.6 mA/
cm?

products 6g—k with a new quaternary carbon center were
regioselectively accessed in moderate to excellent yields. In order
to make the protocol more general and appealing, we also tested
the lactonization of aliphatic carboxylic acid (51). The challenge
of using aliphatic carboxylic acid is that its lower oxidative
potential facilitate the decaboxylative homocoupling process. We
were delighted to find that 4-phenylbutyric acid underwent
lactonization of C(sp’)—H bond smoothly to afford five-
membered lactone 6l in 62% isolated yield under our electrolysis
conditions. The recovery of substrate Sm illustrates that benzylic
radical is formed by 1,5-HAT instead of direct benzylic oxidation.
The failure of substrates Sn and So indicates that a stabilized
benzylic radical intermediate is essential for this transformation.

Since an excellent yield of lactonization could be obatined by
using inexpensive graphite electrodes, undivided cell, and
constant current electrolysis (Figure 2, condition 2), which are
essential for large-scale electrosynthesis. To make this protocol
more practical, 40 g of la in a container was pumped to an
undivided glass cell equipped with cheap graphite anode and
cathode for lactonization. After a simple workup of the resulting
mixture, product 2a was obtained in 84% yield (33 g) with high
purity (>97%) without column chromatography (Figure 3, see
the SI for details), which indicates that the present protocol has a
potential industrial applications.

Lactone is an important class of synthon in organic synthesis.
Taking 2a and 6l as examples, their hydr01y51s easily gave benzoic
acid derivatives 7 and 8 (Figure 4a).” The present method
provides an eflicient route for the remote hydroxylation of
C(sp?/sp®)—H bonds. By using product 2u as the starting
material, natural product cannabinol could be obtained in five
steps according to previous report (Figure 4b).3C Previous report
for the construction of compound 2u needed palladium catalysis
with excess amount of PhI(OAc)2 as the oxidant and excess
amount of KOAc as the base.*

2a
84% yield, 33 g

reaction cell

Figure 3. Large-scale synthesis.
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Figure 4. Synthetic applications.

Some control experiments were conducted in order to gain an
understanding of the reaction mechanism. At the outset, radical
scavenger TEMPO was tested to identify the reaction pathway.
As shown in Scheme 4, adding 3 equiv of TEMPO to the reaction

Scheme 4. Control Experiments

a. Radical trapping experiments

o) PA(+)-Pt() 3 equiv TEMPO

OH n-BusNBF,
CH3CN/MeOH 7 ,O\
R 2a/6a
J 13.3 mA/em?
R=Ph1a  CCE undvidedcell 3% !
9a, 99% vyield

R=Bn, 5a 1 equiv TEMPO
9b, 91% yield

b.Kinetic isotope effect
o 0 PH(+)-PL() o

n-BusNBF4
OH | OH  CH;CN/MeOH = 7/1 O 0 O 0
—_—
CeDs CeHs J=13.3 mAlcm? *
CCE, undivided cell 0 d

20 min, 32 % conversion 2a d%-2a
d*2a:2a ~1/1

dS-1a 1a
d®-1a:1a=1/1

mixture led to the formation of radical trapping adducts 9a,b in
91—-99% yields. Further kinetic isotope effect studies verified that
the aromatic C—H cleavage might not be the turnover-
determining step, suggesting a carboxylate radical initiative
mechanism.* To determine which moiety (carboxylate or
aromatic moiety) is oxidized preferentially, the cyclic voltam-
metric study was also carried out (see Figure S10 for details). The
results showed that the carboxylate moiety has an oxidation
potential of 1.4 V vs Ag/AgCl, while the aromatic moiety has an
oxidation potential over 2.0 V vs Ag/AgCl, which indicate
carboxylate moiety is oxidized preferentially under the optimized
conditions. These results are consistence with the radical
trapping experiments. The mechanism is different from the
well-known anodic acetoxylation of aromatic coumounds
developed by Eberson and co-workers.'”"" In Eberson’s work,
anodic oxidaiton of aromatic moiety was the first step, followed
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by the nucleophilic attack of acetoxyl anion to lead to the
acetoxylated products.

On the basis of these results and previously related reports,
a plausible mechanism was proposed as shown in Figure S. First,

3£,4b
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—» 6a
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Figure S. Plausible mechanism.

the cathodic dehydrogenation of carboxylic acid or deprotona-
tion via electrogenerated MeO™ affords carboxylate anion, which
after further electrooxidation generating carboxylate radical 10.
Then, the carboxylate radical 10 undergoes two different
pathways depending on the substrate structure. For the
lactonization of the C(sp*)—H bond, a 6-endo-trig cyclization
gives intermediate 11. In the case of lactonization of the C(sp*)—
H bond, a 1,5-HAT process occurs to form a stabilized benzyl
radical 12. Finally, radicals 11 and 12 convert to products 2a and
6a, respectively, by losing an electron and a proton.

In conclusion, a scalable and practical electrochemical process
was developed for direct dehydrogenative lactonization of
C(sp*/sp®>)—H under external oxidant-, additive-, and metal-
free conditions. The electrochemical reaction proceeds with high
regioselectivity, delivering a variety of lactones, including
coumarin derivatives which are important in the fragrance and
flavor industry. The reaction is clean, low cost, and easy to scale
up, as demonstrated by a 40 g scale reaction, which is of potential
industrial application.

H ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.orglett.7b03617.

Detailed experimental procedures and spectral data
(PDF)

B AUTHOR INFORMATION
Corresponding Authors

*E-mail: shengzhang@nynu.edu.cn.
*E-mail: xukun@nynu.edu.cn.
*E-mail: zengcc@bjut.edu.cn.

ORCID

Sheng Zhang: 0000-0002-9686-3921
Kun Xu: 0000-0002-0419-8822
Chengchu Zeng: 0000-0002-5659-291X
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful to the Natural Science Foundation of China
(21702113, 21602119, U1504208).

B REFERENCES

(1) (a) Zhang, Y.-J.; Abe, T.; Tanaka, T.; Yang, C.-R.; Kouno, I J. Nat.
Prod. 2001, 64, 1527. (b) Beck, J. J.; Chou, S.-C. J. Nat. Prod. 2007, 70,
891.

(2) For selected examples on lactones synthesis, see: (a) Trend, R. M,;
Ramtohul, Y. K; Ferreira, E. M,; Stoltz, B. Angew. Chem., Int. Ed. 2003,
42,2892. (b) Cheng, X.-F.; Li, Y.; Su, Y.-M,; Yin, F.; Wang, J.-Y.; Sheng,
J.; Vora, H. U,; Wang, X.-S.; Yu, J.-Q. J. Am. Chem. Soc. 2013, 13§, 1236.
(c) Yang, W.; Wang, S.; Zhang, Q.; Liu, Q.; Xu, X.-X. Chem. Commun.
2015, 51, 661. (d) Xie, X.-M.; Stahl, S. S. J. Am. Chem. Soc. 20185, 137,
3767. (e) Shigehisa, H.; Hayashi, M.; Ohkawa, H.; Suzuki, T.; Okayasu,
H.; Mukai, M.; Yamazaki, A.; Kawai, R,; Kikuchi, H.; Satoh, Y,
Fukuyama, A.; Hiroya, K. J. Am. Chem. Soc. 2016, 138, 10597.

(3) Cross coupling reaction of C—H/O—H in lactone synthesis:
(a) Gallardo-Donaire, J.; Martin, R. J. Am. Chem. Soc. 2013, 135, 9350.
(b) Wang, Y.; Gulevich, A. V.; Gevorgyan, V. Chem. - Eur. ]. 2013, 19,
15836. (c) Li, Y; Ding, Y.-J.; Wang, J.-Y,; Su, Y.-M.; Wang, X.-S. Org.
Lett. 2013, 15, 2574. (d) Wang, X.-Q.; Gallardo-Donaire, J.; Martin, R.
Angew. Chem., Int. Ed. 2014, 53, 11084. (e) Dai, J.-J.; Xu, W.-T.; Wy, Y.-
D.; Zhang, W.-M.; Gong, Y.; He, X.-P.; Zhang, X.-Q.; Xu, H.-]. J. Org.
Chem. 2018, 80, 911. (f) Ramirez, N. P.; Bosque, L; Gonzalez-Gomez, J.
C. Org. Lett. 20185, 17, 4550.

(4) Related reports on the coupling reaction of sp> C—H with O—H:
(a) Bertrand, M. P.; Oumar-Mahamat, H.; Surzur, J. M. Tetrahedron Lett.
1988, 26, 1209. (b) Togo, H.; Muraki, T.; Hoshina, Y.; Yamaguchi, K ;
Yokoyama, M. J. Chem. Soc,, Perkin Trans. 1 1997, 1, 787. (c) Dohi, T.;
Takenaga, N.; Goto, A.; Maruyama, A.; Kita, Y. Org. Lett. 2007, 9, 3129.
(d) Sathyamoorthi, S.; Du Bois, J. Org. Lett. 2016, 18, 6308.

(5) Recent reviews on organic electrosynthesis: (a) Francke, R;; Little,
R. D. Chem. Soc. Rev. 2014, 43, 2492. (b) Francke, R. Beilstein J. Org.
Chem. 2014, 10, 2858. (c) Horn, E. J.; Rosen, B. R.; Baran, P. S. ACS
Cent. Sci. 2016, 2, 302. (d) Yan, M.; Kawamata, Y.; Baran, P. S. Chem.
Rev. 2017, 117, 13230. (e) Yoshida, J.-i.; Shimizu, A.; Hayashi, R. Chem.
Rev. 2017, DOL: 10.1021/acs.chemrev.7b00475. (f) Jiang, Y.-Y.; Xu, K;
Zeng, C.-C. Chem. Rev. 2017, DOI: 10.1021/acs.chemrev.7b00271.

(6) Selected recent reports on organic electrosynthesis: (a) Morofuji,
T.; Shimizu, A.; Yoshida, J. J. Am. Chem. Soc. 2015, 137, 9816.
(b) Broese, T.; Francke, R. Org. Lett. 2016, 18, 5896. (c) Horn, E. J;
Rosen, B. R.; Chen, Y.; Tang, J.-Z.; Chen, K,; Eastgate, M. D.; Baran, P.
S. Nature 2016, 533, 77. (d) Gieshoff, T.; Kehl, A.; Schollmeyer, D.;
Moeller, K. D.; Waldvogel, S. R. J. Am. Chem. Soc. 2017, 139, 12317.
(e) Fu, N.-K; Sauer, G. S.; Saha, A.; Loo, A,; Lin, S. Science 2017, 357,
575. (f) Wang, P; Tang, S.; Huang, P.-F.; Lei, A.-W. Angew. Chem., Int.
Ed. 2017, 56, 3009. (g) Yang, Q.-L.; Li, Y.-Q.; Ma, C.; Fang, P.; Zhang,
X.-J.; Mei, T.-S. J. Am. Chem. Soc. 2017, 139, 3293. (h) Zhao, H.-B.; Hou,
Z.-W.; Liu, Z.-].; Zhou, Z.-F.; Song, ] .-S.; Xu, H.-C. Angew. Chem., Int. Ed.
2017, 56, 587. (i) Kawamata, Y.; Yan, M; Liu, Z.; Bao, D.-H.; Chen, J.;
Starr, J. T.; Baran, P. S. J. Am. Chem. Soc. 2017, 139, 7448.

(7) (a) Kolbe, H. Justus Liebigs Ann. Chem. 1849, 69, 257. (b) Shtelman,
A.V,; Becker, J. Y. J. Org. Chem. 2011, 76, 4710.

(8) Perkins, R. J.; Xu, H.-C.; Campbell, J. M.; Moeller, K. D. Beilstein J.
Org. Chem. 2013, 9, 1630.

(9) Abraham, D. J.; Gazze, D. M.; Kennedy, P. E.; Mokotoff, M. ]. Med.
Chem. 1984, 27, 1549.

(10) Early exploration of electrochemical lactonization: (a) Fichter, F.;
Stenzl, H.; Beglinger, E. Helv. Chim. Acta 1938, 21, 375. (b) Kenner, G.
W.; Murray, M. A; Tylor, C. M. B. Tetrahedron 1957, 1, 259.

(11) Eberson, L.; Nyberg, K. J. Am. Chem. Soc. 1966, 88, 1686.

DOI: 10.1021/acs.orglett.7b03617
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.7b03617
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b03617/suppl_file/ol7b03617_si_001.pdf
mailto:shengzhang@nynu.edu.cn
mailto:xukun@nynu.edu.cn
mailto:zengcc@bjut.edu.cn
http://orcid.org/0000-0002-9686-3921
http://orcid.org/0000-0002-0419-8822
http://orcid.org/0000-0002-5659-291X
http://dx.doi.org/10.1021/acs.chemrev.7b00475
http://dx.doi.org/10.1021/acs.chemrev.7b00271
http://dx.doi.org/10.1021/acs.orglett.7b03617

