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Electrochemical direct carboxylation of benzyl alcohols having an electron-withdrawing group on the
phenyl ring was successfully carried out by constant current electrolysis using an undivided cell
equipped with a platinum plate cathode and a magnesium rod anode in DMF in the presence of carbon
dioxide. Reductive cleavage of the C-O bond followed by fixation of carbon dioxide efficiently took place

at the benzylic position without any additive to give the corresponding phenylacetic acids in good yields
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in one step under neutral and mild conditions.
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Oxidation of a primary alcohol is a straightforward approach to
obtain a carboxylic acid.! However, when a primary alcohol
yielding the desired carboxylic acid by oxidation is not readily
available, one useful alternative approach is transformation of
readily available primary and secondary alcohols to desired car-
boxylic acids with one-carbon homologation. For instance, trans-
formation of benzyl alcohols including 1-phenylethanols to
phenylacetic acids and phenylpropanoic acids, known as potential
bioactive compounds including non-steroidal anti-inflammatory
agents, demands one-carbon homologation and two or more steps
are generally required. One conventional approach involves
hydrolysis of benzyl cyanides, which are generally prepared by
transformation of a hydroxyl group to an appropriate leaving
group followed by reaction with hazardous cyanide ion as a
homologation carbon source (Eq. 1).? Reaction of Grignard reagents
prepared from the corresponding benzyl halides, derived from ben-
zyl alcohols, with carbon dioxide as a carbon source can also pro-
vide carboxylic acids, although high reactivity of Grignard
reagents limits acceptable functional groups in the substrates
(Eq. 2).% For one-step synthesis of carboxylic acids from alcohols,
substitution of a hydroxyl group to a carboxyl group has to be

* Corresponding author. Tel./fax: +81 11 706 6555.
E-mail address: senboku@eng.hokudai.ac.jp (H. Senboku).
T Current address: Division of Applied Chemistry, Faculty of Engineering, Hokkaido
University, Japan.

http://dx.doi.org/10.1016/j.tetlet.2015.10.068
0040-4039/© 2015 Elsevier Ltd. All rights reserved.

achieved in one step. This has been accomplished using transition
metal catalysts such as palladium, rhodium, and nickel with
hazardous carbon monoxide as a homologation carbon source”
(Eq. 3). However, the use of pressurized carbon monoxide and a
high reaction temperature with strong acids and/or halide salts
as promoters were necessary in most cases, and it seems to be
hazardous and troublesome. Therefore, the development of milder
and environmentally benign alternatives is desirable from the view-
point of eco-friendly organic synthesis. Because of its abundance
and non-toxicity, on the other hand, carbon dioxide (CO,) is well
known as a useful, important and environmentally benign C1 car-
bon source, and results of applications to organic synthesis have
been widely reviewed.” The electrochemical method® has widely
used for fixation of carbon dioxide in organic molecules with car-
bon-carbon bond formation yielding carboxylic acids.” When a
reactive metal, such as magnesium or aluminum, is used as an
anode in the electrolysis,®® even under atmospheric pressure of
carbon dioxide, fixation can be accomplished to give carboxylic
acids in high yields under neutral and mild conditions. For
instance, Troupel and co-workers reported synthesis of pheny-
lacetic acids by electrochemical carboxylation of several benzyl
alcohol derivatives in moderate to good yields.'° Recently, we suc-
cessfully demonstrated two-step conversion of benzyl alcohols to
phenylacetic acids using the electrochemical method. Constant
current electrolysis of benzyl carbonates, readily prepared
from the corresponding benzyl alcohols with appropriate
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chloroformates in one step, using a one-compartment cell
equipped with a platinum cathode and a magnesium anode in ace-
tonitrile in the presence of atmospheric carbon dioxide resulted in
reductive carboxylation at the benzylic position of benzyl carbon-
ates to give the corresponding phenylacetic acids and phenyl-
propanoic acids in good yields (Eq. 4)."' In the course of our
studies on electroorganic synthesis,'? we recently found that direct
one-step conversion of benzyl alcohols having an electron-with-
drawing group on the phenyl ring to phenylacetic acids was possi-
ble using the electrochemical method with carbon dioxide as a
carbon source under neutral and mild conditions. Constant current
electrolysis of benzyl alcohols having an electron-withdrawing
group on the phenyl ring using a one-compartment cell equipped
with a platinum cathode and a magnesium anode in DMF in the
presence of atmospheric carbon dioxide resulted in direct forma-
tion of the corresponding phenylacetic acid in one step in good
yields (Eq. 5). To the best of our knowledge, there is no example
of one-step transformation of benzyl alcohols to phenylacetic acids
using carbon dioxide as a carbon source under neutral and mild
conditions. Here, we report the results of electrochemical direct
carboxylation of benzyl alcohols having an electron-withdrawing
group on the phenyl ring: one-step formation of phenylacetic acids
from benzyl alcohols under mild conditions.
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Firstly, reaction condition screening was carried out using
benzyl alcohol 1a having an ester substituent at the para position
as a substrate. The results are summarized in Table 1. Constant
current electrolysis (20 mA/cm?) of 1a was carried out in acetonitrile

Table 1
Screening of reaction conditions

© ®
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containing 0.1 M BuyNBF, using a test tube-like undivided cell
equipped with a Pt plate cathode (2 x 2 cm?) and an Mg rod anode
(3 mmd¢, ca. 20 mm) in the presence of carbon dioxide at 0 °C with
4 F/mol of electricity. After the usual work-up, the corresponding
phenylacetic acid 2a was obtained in 32% yield along with a simple
reduction product, toluene derivative 3 in 25% yield with 57%
conversion of 1a (entry 1 in Table 1). Switching the solvent from
acetonitrile to DMF under the same conditions resulted in an
improvement of the conversion of 1a and the yield of 2a with a
reduction of the yield of 3 to 4% (entry 2). An increase or decrease
in current density was not effective for improving the conversion
of 1a and the yield of 2a (entries 3 and 4). When 6 F/mol of electric-
ity was passed to a DMF solution of 1a with 20 mA/cm? of current
density, we could obtain 2a in 73% isolated yield with 83% conver-
sion (entry 5). Effect of reaction temperature was also investigated.
Electrolysis at —20 °C resulted in a slight decrease of the yield of 2a
and the conversion of 1a (entry 6). Although the yield of 2a and the
conversion of 1a slightly increased in electrolysis at 20 °C, the
product selectivity of 2a unfortunately decreased (entry 7).

The scope and limitation of the present direct electrochemical
carboxylation of several benzylic alcohols were investigated, and
the results are summarized in Table 2.!* Unsubstituted benzyl alco-
hol (1b) and mono-fluorobenzyl alcohols 1¢ and 1d were not appli-
cable for this direct carboxylation (entries 2-4). 3,5-Difluorobenzyl
alcohol (1e) and 4-phenylbenzyl alcohol (1f) were also ineffective
(entries 5 and 6). In these cases, most of the starting alcohol 1
was unchanged and was recovered in 51-91% 'H NMR yield. On
the other hand, when para-cyanobenzyl alcohol (1g) was used as
a substrate and was electrolyzed under the same conditions, car-
boxylation at the benzylic position occurred efficiently to give the
corresponding phenylacetic acid 2g in 78% isolated yield (entry
7). These results indicate that a strong electron-withdrawing group
is necessary on the phenyl ring of benzyl alcohol for the present
direct carboxylation. Although a similar reaction of benzyl alcohol
1h, having an ester group at the ortho position on the phenyl ring,
provided the corresponding carboxylic acid 2h in 55% isolated yield
(entry 8), a similar reaction of alcohol 1i having an ester group at
the meta position gave only a trace amount of carboxylic acid (entry
9). These results indicated that the location of an electron-
withdrawing group on the phenyl ring of benzyl alcohol is critical
for the present direct carboxylation of benzyl alcohol. From the fact
that an electron-withdrawing group at the ortho or para position is
effective and one at the meta position is ineffective, it is thought
that a resonance effect plays an important role.

The present direct carboxylation was also carried out by using
pentafluorobenzyl alcohol (1j) and 4-trifluoromethylbenzyl

OH Pt Mg CO,H CHs
/©/\ + CO, 2y /©/
H3CO,C 0.1 M BusNBFg-solvent H,CcO,C H3CO,C

1a 2a 3
Entry Solvent Current density [mA/cm?] Electricity [F/mol] Temperature [°C] Conversion® [%] Yield [%]
2a” 3
1 CH3CN 20 4 0 57 32 25
2 DMF 20 4 0 74 59 4
3 DMF 15 4 0 75 59 5
4 DMF 30 4 0 65 55 4
5 DMF 20 6 0 83 73 3
6 DMF 20 6 -20 71 67 2
7 DMF 20 6 20 99 79 10

3 Determined by '"H NMR using 1,4-dintrobenzene as an internal standard.
b Isolated yield.



6774 H. Senboku et al./Tetrahedron Letters 56 (2015) 6772-6776

Table 2
Scope of benzyl alcohols in electrochemical direct carboxylation

S] ®

P M
R{j/\ OH | co, ' o R@/\ CO,H
Z 0.1 M BusNBF4-DMF Z
1 20 mA/cm?, 6 F/mol, 0 °C 2
Entry R Conversion® [%] Product and yield” [%]
1 4-CO,CH; (1a) 83 2a: 73
2 H (1b) 15 2b: (trace)
3 4-F (1c) 9 2c: (trace)
4 2-F (1d) 27 2d: (5)
5 3,6-F (1e) 35 2e: (11)
6 4-CgHs (1f) 49 2f: (18)
7 4-CN (1g) 98 2g: 78
8 2-CO,CH;(1h) 82 2h: 55
9 3-CO,CH;5 (1i) 23 2i: (trace)

In parenthesis, the yield determined by 'H NMR using 1,4-dintrobenzene as an
internal standard.

@ Determined by '"H NMR using 1,4-dinitrobenzene as an internal standard.

b Isolated yield.

alcohol (1k) as substrates, and the results are summarized in
Scheme 1.' Although a complex mixture was only obtained by
electrolysis of 1j under the same conditions as those shown in
Table 2, we finally found that reductive cleavage of the C-F bond
followed by carboxylation selectively occurred at the para position
on the phenyl ring to give 4-hydroxymethyl-2,3,5,6-tetrafluo-
robenzoic acid (4)'?® under milder electrolysis conditions as
shown in Scheme 1.!> We also tested a trifluoromethyl group as
an electron-withdrawing group for the direct carboxylation. When
4-trifluoromethylbenzyl alcohol (1k) was subjected to the present
direct carboxylation under the same conditions as those shown in
Table 1, reductive cleavage of the C-F bond followed by carboxyla-
tion selectively occurred at the benzylic position of the CF; group
on the phenyl ring to give 2,2-difluoro-(4-hydroxymethylphenyl)
acetic acid (5) in 74% yield (Scheme 1). Similar electrochemical car-
boxylation of benzotrifluoride (a,a,0-trifluorotoluene) has already

been reported by Troupel and Périchon’s group'® and by us.!”
These results indicate that fluorine atoms and a trifluoromethyl
group are not suitable as electron-withdrawing groups for the pre-
sent direct electrochemical carboxylation of benzyl alcohol.

We next investigated application of secondary and tertiary ben-
zyl alcohols to the present direct carboxylation as substrates. Some
of the results are shown in Scheme 2.'® When 1-phenylethanol 6a
having an ester group at the para position of the phenyl ring was
electrolyzed in the presence of carbon dioxide under the same con-
ditions as those shown in Table 1, similar direct carboxylation of a
secondary benzyl alcohol also took place to give the corresponding
2-arylpropanoic acid 7a in 59% yield, and 40% recovery of 6a was
detected by '"H NMR. In a similar manner, electrochemical direct
carboxylation of secondary benzyl alcohol 6b having a cyano
group, instead of an ester group, gave 2-(p-cyanophenyl)propanoic
acid (7b) in 60% yield, and 25% recovery of 6b was detected by 'H
NMR. The present direct carboxylation was also applicable to ter-
tiary benzyl alcohol. It proceeded, however, less effectively than
that of secondary benzyl alcohols. When tertiary benzyl alcohol 8
was electrolyzed under the same conditions, the corresponding
carboxylic acid 9 was obtained only in 25% yield as shown in
Scheme 2 and 62% recovery of 8 was detected by 'H NMR.
Although diphenylmethanol (benzhydrol) was, on the other hand,
subjected to the present direct carboxylation under the same con-
ditions, the starting material was recovered in 96% and only a trace
amount of diphenylacetic acid was detected by 'H NMR.

Although details are still unclear at this stage, one plausible
reaction mechanism in the present electrochemical direct carboxy-
lation of benzyl alcohol is shown in Scheme 3.!° At the cathode,
one-electron reduction of the benzyl alcohol 1 results in hydrogen
and alkoxide ion A. Evolution of hydrogen at the cathode can be
easily observed by the naked eyes. The generated alkoxide ion A
reacts with carbon dioxide to form benzyl carbonate ion B. Two-
electron reduction of the thus-generated benzyl carbonate ion B
at the cathode generates benzylic anion C. Electrochemical reduc-
tion of benzyl carbonate 10 in the presence of carbon dioxide has
been reported by Troupel'® and by us.!! It is thought that reduction
of benzyl carbonate ion B is more difficult than reduction of

F e @ F
F F
Mg
OH , & o, OH
F 10 mA/cm?, 3 F/mol E
40 °C
1j 4 48%
o ®
H Mg H
/©/\O + CO2 o
CF3 0.1 M Bus;NBF4-DMF HO.C
20 mA/cm?, 6 F/mol FF
0°C
1k 5 74%

Scheme 1. Electrochemical carboxylation of pentafluorobenzyl alcohol (1j) and 4-trifluoromethylbenzyl alcohol (1k).

H3C R2 ® H3C RZ
OH Pt Mg CO,H
+ COs
R1 0.1 M BU4NBF4—DMF R1
2
6a: R' = CO,CHs, R2= H 20 mA/cnl , 6 F/mol 7a: 59%
6b:R'=CN,R2=H 0°C 7b: 60%
' 9: 25%

8: R' =CO,CH;, R2=CHj,

Scheme 2. Electrochemical direct carboxylation of secondary and tertiary benzyl alcohols 6a, 6b and 8.
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at the cathode
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Scheme 3. Probable reaction mechanism of electrochemical direct carboxylation of benzyl alcohols.

electronically-neutral benzyl alkyl carbonate 10. It is likely that the
electron-withdrawing group on the phenyl ring of 1 plays an
important role in reduction of B. The generated benzyl anion C
and carbon dioxide react with formation of a carbon-carbon bond
to give the corresponding carboxylate ion D. At the anode, on the
other hand, dissolution of magnesium metal takes place to gener-
ate magnesium cation. Carboxylate ion D, carbonate ion, and mag-
nesium cation form magnesium salts. Acid treatment in the
workup gives carboxylic acid 2. Competitively, electrochemical
reduction of carbon dioxide would take place at the cathode,
resulting in an excess amount of electricity for a high rate of con-
version and high yield. The possibility of direct electrochemical
reduction of benzyl alcohol 1 generating benzyl anion C cannot
be excluded. When benzyl alcohol 1a was electrolyzed in the
absence of carbon dioxide, methyl p-methylbenzoate, which would
be produced by reductive cleavage of the benzylic C-O bond
followed by protonation, was detected in 7% yield along with
61% of recovery of 1a by '"H NMR. Both reaction paths of reduction
might be involved in the generation of benzyl anion C. Although
detection of intermediate B by the reaction with iodomethane
failed, these results indicate that carbon dioxide plays an impor-
tant role in reductive cleavage of the C-O bond at the benzylic
position.

In conclusion, electrochemical direct carboxylation of benzyl
alcohols having an electron-withdrawing group was successfully
carried out. The present method could provide the corresponding
phenylacetic acids and phenylpropanoic acids from benzyl alcohols
using atmospheric pressure of carbon dioxide in good yields under
neutral and mild conditions. This is the first example of one-step
transformation of benzyl alcohols into phenylacetic acids and
phenylpropanoic acids using carbon dioxide as a carbon source
without the use of pressurized carbon monoxide and any initiators
such as strong acids or halide salts.

Acknowledgment

This work was supported by a Grant-in-Aid for Scientific
Research (C), JSPS KAKENHI Grant Number 25410104.

References and notes

1. Recent examples: (a) Ley, S. V.; Madin, A. In Comprehensive Organic Synthesis;
Trost, B. M., Fleming, L., Ley, S. V., Eds.; Pergamon: Oxford, 1991; Vol. 7, pp 251-
289; (b) Procter, G. In Comprehensive Organic Synthesis; Trost, B. M., Fleming, L.,
Ley, S. V., Eds.; Pergamon: Oxford, 1991; Vol. 7, pp 305-327; (c) Irngartinger, H.;
Reimann, W.; Garner, P.; Dowd, P. J. Org. Chem. 1988, 53, 3046-3050; (d) Guanti,
G.; Banfi, L.; Riva, R. Tetrahedron 1995, 51, 10343-10360; (e) Mazitschek, R.;
Miilbaier, M.; Giannis, A. Angew. Chem., Int. Ed. 2002, 41, 4059-4061; (f) Zhao, M.
M.; Li, J.; Mano, E.; Song, Z. ].; Tschaen, D. M. Org. Synth. 2005, 81, 195-203; (g)
Galletti, P.; Pori, M.; Giacomini, D. Synlett 2010, 2644-2648.

2. For example: (a) Paduraru, M. P.; Wilson, P. D. Org. Lett. 2003, 5, 4911-4913; (b)
Lee, J.; Kang, S. U.; Kim, S. Y.; Kim, S. E.; Jo, Y. J.; Kim, S. Biol. Med. Chem. Lett.
2001, 11,965-968; (c) Nakazato, A.; Ohta, K.; Sekiguchi, Y.; Okuyama, S.; Chaki,
S.; Kawashima, Y.; Hatayama, K. J. Med. Chem. 1999, 42, 1076-1087.

3. For example: (a) D’Alessandro, N.; Albini, A.; Mariano, P. S. J. Org. Chem. 1993,
58,937-942; (b) Gilman, H.; Kirby, J. E. J. Am. Chem. Soc. 1926, 48, 1733-1736;
(c) Osman, M. A.; Huynh-Ba, T. Helv. Chim. Acta 1984, 67, 959-963; (d) Kahil, A.
I. M.; Nierenstein, M. J. Am. Chem. Soc. 1924, 46, 2556-2560.

4. Recent papers: (a) Imamoto, T.; Kusumoto, T.; Yokoyama, M. Bull. Chem. Soc.
Jpn. 1982, 55, 643-644; (b) Takahashi, Y.; Yoneda, N.; Nagai, H. Chem. Lett.
1985, 1733-1734; (c) Alper, H.; Sibtain, F. J. Org. Chem. 1988, 53, 3306-3309;
(d) Yamasaki, K.; Uchimoto, T.; Kakuta, N.; Ueno, A. J. Mol. Catal. 1988, 48, 21-
23; (e) Chin, C. S.; Jung, H. J.; Hong, S.-G. Bull. Korean Chem. Soc. 1992, 13, 391-
394; (f) Cavinato, G.; Toniolo, L. J. Mol. Catal. 1993, 78, 131-142; (g) Yamazaki,
K. Nippon Kagaku Kaishi 1993, 105-107; (h) Papadogianakis, G.; Maat, L.;
Sheldon, R. A. J. Chem. Technol. Biotechnol. 1997, 70, 83-91; (i) Lin, Y.-S.;
Yamamoto, A. Bull. Chem. Soc. Jpn. 1998, 71, 723-734; (j) Jayasree, S.; Seayad,
A.; Chaudhari, R. V. Chem. Commun. 1999, 1067-1068; (k) Seayad, A.; Jayasree,
S.; Chaudhari, R. V. Catal. Lett. 1999, 61, 99-103; (1) Jayasree, S.; Seayad, A.;
Chaudhari, R. V. Org. Lett. 2000, 2, 203-206; (m) Duan, J.; Jiang, J.; Gong, J.; Fan,
Q.; Jiang, D. J. Mol. Catal. A: Chem. 2000, 159, 89-96; (n) Seayad, A.; Jayasree, S.;
Chaudhari, R. V. J. Mol. Catal. A: Chem. 2001, 172, 151-164; (o) Griinberg, M. F.;
GooRen, L. . Chem. Eur. J. 2013, 19, 7334-7337.

5. Recent reviews: (a) Louie, J. Curr. Org. Chem. 2005, 9, 605-623; (b) Sakakura, T.;
Choi, J.-C.; Yasuda, H. Chem. Rev. 2007, 107, 2365-2387; (c) Aresta, M.;
Dibenedettob, A. Dalton Trans. 2007, 2975-2992; (d) Riduan, S. N.; Zhang, Y.
Dalton Trans. 2010, 39, 3347-3357; (e) Huang, K.; Sunwa, C.-L.; Shi, Z.-]. Chem.
Soc. Rev. 2011, 40, 2435-2452; (f) Cokoja, M.; Bruckmeier, C.; Rieger, B.;
Herrmann, W. A.; Kuehn, F. E. Angew. Chem., Int. Ed. 2011, 50, 8510-8537; (g)
Tsuji, Y.; Fujihara, T. Chem. Commun. 2012, 48, 9956-9964; (h) Chai, X.-H.; Xie,
B. Synthesis 2013, 45, 3305-3324; (i)Transformation and Utilization of Carbon
Dioxide; Bhanage, B. M., Arai, M., Eds.; Springer-Verlag: Berlin Heidelberg,
2014.

6. Recent reviews: (a) Torii, S. Electroorganic Reduction Synthesis; Wiley-VCH
Verlag, 2006; (b) Yoshida, J.; Kataoka, K.; Horcajada, R.; Nagaki, A. Chem. Rev.
2008, 108, 2265-2299; (c) Frontana-Uribe, B. A.; Little, R. D.; Ibanez, J. G.;
Palmad, A.; Vasquez-Medranoc, R. Green Chem. 2010, 12, 2099-2119.

7. (a) Tokuda, M. J. Nat. Gas. Chem. 2006, 15, 275-281; (b) Matthessen, R.;
Fransaer, ].; Binnemans, K.; De Vos, D. E. Beilstein J. Org. Chem. 2014, 10, 2484~
2500; (c) Senboku, H. In Transformation and Utilization of Carbon Dioxide;
Bhanage, B. M., Arai, M., Eds.; Springer-Verlag: Berlin Heidelberg, 2014; pp
245-261.

8. (a) Silvestri, G.; Gambino, S.; Filardo, G.; Gulotta, A. Angew. Chem., Int. Ed. Engl.
1984, 23, 979-980; (b) Silvestri, G.; Gambino, S.; Filardo, G. Acta Chem. Scand.
1991, 45, 987-992.

9. (a) Sock, O.; Troupel, M.; Périchon, J. Tetrahedron Lett. 1985, 26, 1509-1512; (b)
Chaussard, J.; Folest, J. C.; Nédélec, ]. Y.; Périchon, J.; Sibille, S.; Troupel, M.
Synthesis 1990, 369-381.

10. Gal, ].; Folest, J. C.; Troupel, M.; Moingeon, M. O.; Chaussard, ]J. New J. Chem.
1995, 19, 401-407.

11. Ohkoshi, M.; Michinishi, J.; Hara, S.; Senboku, H. Tetrahedron 2010, 66, 7732-
7737.

12. (a) Senboku, H.; Nakahara, K.; Fukuhara, T.; Hara, S. Tetrahedron Lett. 2010, 51,
435-438; (b) Yamauchi, Y.; Hara, S.; Senboku, H. Tetrahedron 2010, 66, 473-
479; (c) Hiejima, Y.; Hayashi, M.; Uda, A.; Oya, S.; Kondo, H.; Senboku, H.;
Takahashi, K. Phys. Chem. Chem. Phys. 2010, 12, 1953-1957; (d) Senboku, H.;
Michinishi, J.; Hara, S. Synlett 2011, 1567-1572; (e) Senboku, H.; Yamauchi, Y.;
Kobayashi, N.; Fukui, A.; Hara, S. Electrochemistry 2011, 79, 862-864; (f)
Senboku, H.; Yamauchi, Y.; Kobayashi, N.; Fukui, A.; Hara, S. Electrochim. Acta
2012, 82, 450-456; (g) Senboku, H.; Yoneda, K.; Hara, S. Electrochemistry 2013,
81, 380-382; (h) Tateno, H.; Nakabayashi, K.; Kashiwagi, T.; Senboku, H.;
Atobe, M. Electrochim. Acta 2015, 161, 212-218; (i) Senboku, H.; Nagakura, K.;
Fukuhara, T.; Hara, S. Tetrahedron 2015, 71, 3850-3856.


http://refhub.elsevier.com/S0040-4039(15)30265-3/h0005
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0005
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0005
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0010
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0010
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0015
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0015
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0020
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0020
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0025
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0025
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0030
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0030
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0035
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0035
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0040
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0045
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0045
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0045
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0050
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0050
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0055
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0055
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0060
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0065
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0070
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0070
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0075
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0075
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0080
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0080
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0085
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0090
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0090
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0095
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0095
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0100
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0105
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0105
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0110
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0110
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0115
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0115
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0120
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0120
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0125
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0125
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0130
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0130
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0135
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0135
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0140
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0140
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0145
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0145
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0150
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0155
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0155
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0160
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0160
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0165
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0165
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0170
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0170
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0175
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0175
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0180
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0180
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0185
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0185
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0190
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0190
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0190
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0195
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0195
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0200
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0200
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0205
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0205
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0210
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0215
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0215
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0215
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0220
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0220
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0220
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0225
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0225
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0230
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0230
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0235
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0240
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0240
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0240
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0245
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0245
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0250
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0250
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0255
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0255
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0260
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0260
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0265
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0265
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0270
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0270
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0275
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0275
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0280
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0280
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0280
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0285
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0285
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0290
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0290
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0295
http://refhub.elsevier.com/S0040-4039(15)30265-3/h0295

6776

13.

14.

15.
16.

17.
. Alcohols 6a,>° 6b*° and 87 were prepared from the corresponding commer-

Benzyl alcohols 1a-g are commercially available. Alcohol 1h?° was prepared
from phthalide by the reaction with aqg NaOH followed by iodomethane.
Alcohol 1i*' was prepared from the corresponding commercially available
aldehyde by the reaction with NaBH, in MeOH. Isolated and detected
carboxylic acids 2a,'" 2d,?? 2e,?* 2f,>?>?* 2g'! and 2h?° are known compounds
and their spectral data were good agreement with reported ones.

Benzyl alcohols 1j and 1k are commercially available. Selected spectral data of
carboxylic acid 5: 6, (400 MHz, DMSO-d6) 2.50 (1H, s), 4.55 (2H, s), 7.46 (2H, d,
J=8.1Hz), 7.52 (2H, d, J=8.1Hz); Sc (100 MHz, DMSO-d6) 62.4, 113.7 (t,
J=248Hz), 125.0 (t, J=6Hz), 126.7, 131.1 (t, J=25Hz), 146.0, 165.2 (t,
J =34 Hz); 6¢ (372.5 MHz, DMSO-d6) -101.8.

Unpublished result. Related electrochemical carboxylation of polyfluoroarenes
has been reported in ref. 12g.

Saboureau, C.; Troupel, M.; Sibille, S.; Périchon, J. J. Chem. Soc., Chem. Commun.
1989, 1138-1139.

Yamauchi, Y.; Fukuhara, T.; Hara, S.; Senboku, H. Synlett 2008, 428-442.

cially available ketones by the reaction with NaBH, in MeOH or with
methylmagnesium bromide in THF. Isolated carboxylic acids 7a and 7b are
known compounds and their spectral data were good agreement with reported
ones.'! Selected spectral data of carboxylic acid 9: ;4 (400 MHz, CDCl5) 1.63
(6H,s),3.91 (3H, s), 7.47 (2H, d,] = 8.0 Hz), 8.01 (2H, d, ] = 8.0 Hz); 6¢ (100 MHz,
CDCl3) 26.0, 46.6, 52.1, 125.9, 128.7, 129.7, 148.9, 166.9, 182.4.

19.

20.

21.

22.

H. Senboku et al./Tetrahedron Letters 56 (2015) 6772-6776

Cyclic voltammetry of several representative benzyl alcohols 1a, 1b, 1i, 1j, 1k,
and 6a was carried out. While no reduction peaks were observed in CVs of 1b,
1j, and 1k at more positive potential than —3.0V versus Ag/Ag*, reduction
peaks were observed in CVs of 1a, 1i and 6a. Their reduction peaks appeared at
about —2.8 V versus Ag/Ag" in their CVs although the reaction of 1a and 6a
gave carboxylic acids and the reaction of 1i did not. These results indicate that
relationships between the yields and the reduction potentials are so
complicated to explain clearly and reasonably at the present stage.
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