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Introduction

Using electricity as a tool for preparative organic chemistry has
gained significant attention recently.'™ This is because elec-
trochemistry offers an attractive alternative to conventional
approaches to performing known functional-group trans-
formations as well as opening the door for exploring new
chemical space.>® One area of particular interest is oxidation
and reduction reactions where electrons can replace traditional
oxidising or reducing agents that are often toxic, hazardous, or
costly. As such, this makes electrochemistry attractive for both
academic and industrial settings.”**

Most approaches to synthesis using electrochemistry have
employed “homemade” equipment. This can result in issues
with reproducibility due to variations in reactor dimensions,
electrode sources, and current density. However, with the
advent of commercially available, specifically designed equip-
ment, more standardised methodologies can be developed.*"**

With an eye to oxidation reactions, aminoxyl compounds
such as 2,2,6,6-tetramethylpiperidinyloxy (TEMPO), 4-
acetamido-TEMPO (ACT, 1), and 9-azabicyclo[3.3.1]nonane N-
oxyl (ABNO) have been explored as electrocatalysts."*** These
bench-stable radical species are easy to use, recoverable, and
non-toxic, making them attractive from a sustainability
standpoint.**** Differing from direct electrolysis** where the
electron-transfer (ET) process occurs on the electrode surface,
electrocatalytic reactions use indirect electrolysis.” First, the
electrocatalyst is activated by an ET on the electrode surface. It
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to a range of structurally and electronically diverse substrates, including the oxidation of primary alcohols
to aldehydes rather than the more commonly formed carboxylic acids.

then diffuses into the solution to react with the substrate in
a homogeneous manner. The electrocatalyst is then regen-
erated, and the cycle repeats. This process allows reactions to be
performed at lower potentials than anodic oxidation which
broadens functional-group compatibility.

TEMPO, ACT, and ABNO have been employed by several
groups as an electrocatalyst for the conversion of primary and
secondary alcohols to aldehydes, ketones, or carboxylic acids
(Fig. 1).>**” The published approaches use an excess of base and
often employ expensive electrode materials such as
platinum,*** multi-walled carbon nanotubes (MWCNT),>” or
reticulated vitreous carbon (RVC)*® to perform the trans-
formations on what is often a narrow set of substrates, and
expensive reference electrodes are sometimes required. A
methodology for alcohol oxidation using an immobilized

OH pyrene-TEMPO (5 mol%), o
. 0.2 M Na,COj in 4:1 H,0:MeCN
a > o~
@ H 0.7 V, Ag/AgClI reference, ®J\\ OH

MWCNT anode, Pt cathode

OH TEMPO (10%), NaBr (4 eq), o
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®
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OH

ACT (5 mol%), 0
0.2 M Na,COj in 6:4 H,0:MeCN
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®)LH
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(dy 10 mA, Pt anode, Pt cathode .
Fig. 1 Literature examples of nitroxide-mediated
oxidation.
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TEMPO catalyst has been developed (Fig. 1a)*” as well as one for
Anelli and Pinnick oxidations in basic media with a reference
electrode (Fig. 1c).?® Electrochemical oxidation of alcohols can
also be achieved using TEMPO and a superstoichiometric
quantity of sodium bromide (Fig. 1b)** or, in the case of
secondary alcohols, by using ABNO as the electrocatalyst
(Fig. 1d).>*

Compared to other aminoxyl radicals, 1 is less costly and has
been proven to operate well, if not better, at a comparable
overpotential.* A case in point is the electrochemical oxidation
of 5-hydroxymethylfurfural (HMF).> 1 also shows better elec-
trocatalytic activity in the oxidation of alcohols compared with
less hindered aminoxyls such as ABNO or 2-azaadamantane-N-
oxyl (AZADO).*® Despite this, the use of 1 as an electrocatalyst for
oxidation reactions has not been extensively explored. When it
is employed, primary alcohols are converted to carboxylic acids
rather than aldehydes.”®

Our group has significant experience using 1 in a variety of
oxidation and oxidative functionalisation reactions, such as the
transformation of alcohols and aldehydes to esters,*
amides,** and nitriles.**** Focusing on the oxidation of alco-
hols to aldehydes or ketones, we have used 1 in conjunction
with visible-light photocatalysis (Fig. 2a).** Employing a dual
catalytic system of Ru(bpy);(PFe), as a photocatalyst, 1 as the
primary oxidant, and sodium persulfate as a terminal oxidant,
the oxidation of a wide range of alcohols, including tri-
fluoromethyl alcohols, is possible. More recently, we have
developed an allied methodology employing only potassium
persulfate and a catalytic amount of 1 under mild conditions
(Fig. 2b).*” However, the reactions still
stoichiometric quantities of a terminal oxidant.

Spurred on by the possibility of substituting chemical
oxidants with electrons, we envisioned an electrocatalytic
approach for the oxidation of alcohols to aldehydes and ketones
using 1 (Fig. 2¢). We report the results from this study here.
Highlights and novel aspects of our approach are that:

e the transformation is base-free;

require super-

&

(6]
—GE— ol

@ g
Na;,S,0g, base, 24-48 h
OH (0]
b (ACT) >
(b) R/I\R’ Ny RJ\R’

K2S,0g, base, 50 °C

1 (ACT)

electrolyte, r.t. R R’

R: aromatic, heteroaromatic, aliphatic
R': CF3, aromatic, aliphatic

Fig. 2 Development of oxidation methodologies using ACT, 1, as the
primary oxidant.
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e inexpensive electrode materials and a commercially-
available electrochemistry unit are used, thereby ensuring
reproducibility, and offering greater utility to the synthetic
chemist;

e a simple two-electrode undivided cell is employed; there is
no need for a reference electrode;

e the substrate scope of the methodology is diverse,
including sensitive propargylic and a-trifluoromethyl alcohols;

e the aldehyde product is generated, in the case of primary
alcohols, without overoxidation to the corresponding carboxylic
acid;

e product isolation is simple and does not require column
chromatography.

Results and discussion

As a starting point for developing reaction conditions for the
electrochemical oxidation of alcohols to aldehydes and ketones
using 1, we decided to focus attention on the conversion of 1-
phenylethanol (2a) to acetophenone (3a). When performing the
reaction using 20 mol% of 1, lithium perchlorate in acetonitrile
(0.1 M, 4 mL) as the electrolyte and solvent, and a graphite
anode and nickel cathode, we obtained a 54% conversion of 2a
to 3a after 6 h at a constant current of 5 mA (Table 1, entry 1).
The addition of base to the reaction mixture had no observable
effect on product conversion, thereby showing that it is not
a required component (entries 2 and 3). This is noteworthy

Table 1 Optimisation of reaction conditions %

OH (o}

1 (20 mol%),
©)\ graphite anode, nickel cathode - ©)‘\

0.1 M LiCIO, in MeCN (4 mL)
2a 5mA, 6 h 3a

Entry  Change from conditions above 3a (%)
1 None 54%
2 Addition of 5 eq. pyridine 55%
3 Addition of 5 eq. 2,6-lutidine 53%
4 30 mol% 1 55%
5 20 mol% TEMPO in place of 1 52%
6 No 1 added 25%
7 10 mA —-
8 No current 0%
9 0.1 M [TBA][PF,] in place of LiClO, 20%
10 0.1 M [TBA][BF,] in place of LiClO, 13%
11 0.1 M [TBA][ClO,] in place of LiClO, 21%
12 0.1 M NaClO, in place of LiClO,4 42%
13 0.5 mmol 2a and reaction time of 3 h 43%
14 0.5 mmol 2a and reaction time of 6 h 98%
15 2 mmol 2a and reaction time of 24 h 99%
16 0.5 mmol 2a, 3h, Pt anode, Ni cathode 46%
17 0.5 mmol 2a, 3h, glassy carbon anode, Ni cathode 41%
18 0.5 mmol 2a, 3h, graphite anode, Pt cathode 35%

¢ Reactions performed on the 1 mmol scale unless stated otherwise.
b product conversion determined by 'H-NMR spectroscopy.
¢ Significant electrode fouling observed.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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given that previous electrocatalytic approaches to the oxidation
of alcohols using either TEMPO or 1 have involved the use of
a base in excess.”***

Increasing the quantity of 1 from 20 mol% to 30 mol% did
not improve the outcome of the oxidation reaction, and
replacing 1 with TEMPO resulted in a lower product conversion,
proving that the former is a better catalyst (entries 4 and 5). This
is consistent with the knowledge that 1 is a more active elec-
trocatalyst than TEMPO and other less sterically hindered
aminoxyls like and ABNO or AZADO.* In the absence of 1, only
a small amount of 3a is observed, this occurring as a result of
direct oxidation of the substrate, 2a, on the surface of the anode
(entry 6). In addition, the absence of 1 significantly increases
resistance and hence the requisite voltage required to maintain
the reaction at constant current. This indicates that 1 is
essential for performing the reaction under mild conditions.
Cyclic voltammetry also supports the assertion that 1 acts as
mediator, it being oxidised at lower potential than the substrate
and the process being chemically reversible (See ESIt).

Remaining focused on the electrochemical component of
the reaction, we increased the current from 5 mA to 10 mA. This
resulted in a concomitant increase in product conversion (entry
7), but was at the cost of substantial electrode fouling and so did
not prove advantageous overall. When no current was applied,
the reaction did not occur, thereby proving that the process is
electrochemically mediated (entry 8). Next, we explored the
effect of the electrolyte on the reaction by screening different
ion pairs systematically. Three different tetrabutylammonium
(TBA) salts were used to probe the effect of the anion (entries 9-
11). The use of the perchlorate salt (entry 11) resulted in better
performance than the hexafluorophosphate and tetra-
fluoroborate salts (entries 9 and 10). This could be related to the
hydrogen-bond acceptor capacity of perchlorate,*® suggesting
that this anion is non-innocent and assist the oxidation process
itself. Turning to the cation, using sodium or TBA perchlorate
instead of the lithium congener reduced the effectiveness of the
reaction (entries 11 and 12). Since it showed the best perfor-
mance in the oxidation of 2a, and because of the ease of sepa-
ration from 3a at the end of the reaction, lithium perchlorate
remained the electrolyte of choice.

We wanted to probe the effect of substrate concentration on
the effectiveness of the oxidation reaction. When reduced from
0.250 M to 0.125 M, a 43% conversion to 3a was obtained after
3 h, and the reaction was essentially complete after 6 h (entries
13 and 14). When raised to 0.500 M, the reaction took 24 h to
reach full conversion, indicating that the reaction time required
is proportional to the quantity of starting material used.

Platinum, glassy carbon, and graphite are common elec-
trodes used in preparative organic electrochemistry, so we
screened various combinations of these (entries 16-18). In each
case, product conversions were comparable. As a result, we
opted to remain with our initial selection of a graphite anode
and a nickel cathode because of their low cost and easy acces-
sibility. Thus, our optimised conditions were: alcohol substrate
(2 mmol), ACT (20 mol%), lithium perchlorate in acetonitrile
(0.1 M, 4 mL), a graphite anode and a nickel cathode, constant
current (5 mA), for 24-48 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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With optimised conditions in hand, we screened a range of
alcohol substrates to evaluate the scope of our methodology
(Fig. 3). Different 1-phenylethanol derivatives, with substitu-
ents in ortho-, meta- and para-positions were successfully
oxidised to the corresponding ketones in good to excellent
yields (3a-3j). A representative propargylic benzylic alcohol
was effectively oxidised in good yield (3k). This is noteworthy

1 (20 mol%),
OH 0.1 MLiCIO, in MeCN (4 mL)

R'

@ =0

R™ "R' graphite anode, nickel cathode "R
2 5mA, 24-48 h

(o] 0 o
R : : : :R
3a R=H 90% 24 h 3h 84% 24h 3i R=Br 81% 24h
3b R=Me 66% 24h 3j R=F 76% 48h
3c R=0OMe 71% 24 h
3d R=F 88% 24 h
3e R=Cl 94% 24 h
3f R=NO, 79% 48h
3g R=CF3 84% 48h
O O

o
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SA®
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O
o
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30 R=Me 58% 30h
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Fig. 3 Substrate scope for the oxidation of alcohols.® Performed on
the 2 mmol scale; isolated yield after purification.” Performed on the
1 mmol scale.© Product conversion.
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because it represents a class of sensitive substrates that
typically decompose or generate off-target products when
oxidised using conventional approaches.*

Biphenyl, naphthyl, and phenylpropyl alcohols could also
be oxidised successfully to the ketones (31-3n). Benzylic and
heteroaromatic primary alcohols were oxidised to the corre-
sponding aldehydes and not further transformed to carbox-
ylic acids (30-3u). Aliphatic alcohols were also amenable to
the procedure (3v-3x), as was geraniol (3y). Two representa-
tive trifluoromethyl ketones (TFMK) were also prepared with
conversions near 90% (3z and 3aa). However, due to their low
polarity, separating the desired TFMK product from the
remaining a-trifluoromethyl alcohol was not trivial and came
at a cost to the isolated yield obtained. As is generally the case
when using oxoammonium cations as oxidants, electron-
deficient substrates require longer reaction times than their
electron-rich congeners, as do stating materials bearing
substituents in ortho-positions.”* Due to its extreme electron-
withdrawing nature of the substrate, 3aa was synthesised on
a smaller, 1 mmol scale to avoid a significantly extended
reaction time. Overall, 27 representative alcohols were
screened, with isolated yields of 58-97% being obtained.

A proposed mechanism for the oxidation process is shown in
Fig. 4. The first step is the electrochemical generation of
oxoammonium cation 4 from 1. This takes place at the anode
through a single electron transfer (SET) process. Facilitated by
the perchlorate anion from the electrolyte, 4 then oxidises the
alcohol substrate to form the carbonyl product. The hydroxyl-
amine species, 5, generated from this reaction is converted back
into 1 at the anode by another SET process, thereby completing
the catalytic cycle. At the cathode, the proton released from the
alcohol oxidation step is reduced to H, (hydrogen evolution
reaction).’®**2%4 This is supported by the observation of
bubbles formed on the cathode surface over the course of the
reaction.

NHAc

o
/ OH 5 ] 11, Hz ()

\ NHAc \
N
lo
o 1 H*

(e}
Q
NHAc H---0-CI=0
\ o’ 1]
® R R’
N
1]
o 4

Fig. 4 Proposed mechanism for the electrochemical oxidation of
alcohols.
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Conclusion

We have developed a methodology for the nitroxide-mediated
electrochemical oxidation of alcohols to aldehydes and
ketones. The reaction is performed in the absence of base, this
representing an advance in terms of ease of use compared to
similar procedures. Our approach also allows for the selective
oxidation of primary alcohols to aldehydes rather than the
corresponding carboxylic acids that are traditionally formed
when using 1 as an electrocatalyst. The methodology uses
inexpensive, widely available electrode materials, a simple
electrolyte, and a small quantity of solvent. It is performed
using a commercially available electrochemistry unit, making it
reliable and reproducible. The approach proves effective for the
oxidation of a range of aromatic, heteroaromatic, and aliphatic
alcohols and can be applied to sensitive propargylic alcohols
and to a-trifluoromethyl alcohols, which are classes of
compounds that are notoriously hard to oxidise.

Experimental

General considerations

NMR spectra (‘H-, **C-, and '°F-) were performed at 300 K using
either a Briiker Avance Ultra Shield 300 MHz, or Briiker DRX-
400 400 MHz spectrometer. "H-NMR spectra were referenced
to residual CHCI; (7.26 ppm) in CDCl;. "*C-NMR spectra were
referenced to CDCI; (77.16 ppm). ">F-NMR spectra were refer-
enced to hexafluorobenzene (—161.64 ppm).*' Reactions were
monitored by "H- or "’F-NMR, and/or by TLC on silica gel plates
(60 A porosity, 250 um thickness). TLC plates were visualised
using UV light. Electrochemistry reactions were performed
using an IKA ElectraSyn 2.0 single vial holder and carousel
units.

Chemicals

Deuterated chloroform (CDCl;) was purchased from Cambridge
Isotope Laboratories. Hexafluorobenzene was purchased from
Oakwood Chemicals. 4-Acetamido-TEMPO (ACT, 1) was
prepared and recrystallised using a previously reported
protocol.*> All the alcohols used were purchased from Oakwood
Chemicals, Sigma-Aldrich, or Alfa Aesar.

General procedure for the preparation of ketones and
aldehydes

Without precautions to exclude air or moisture; alcohol
(2 mmol, 1 eq.), 1 (0.4 mmol, 0.2 eq.), lithium perchlorate in
acetonitrile (4 mL, 0.1 M), and a stir bar were placed in an
ElectraSyn 2.0 vial (5 mL capacity). The ElectraSyn vial cap was
equipped with a graphite anode (working electrode) and
a nickel cathode (counter electrode) and then secured onto the
vial. The reaction mixture was stirred at 500 rpm. A constant
current of 5 mA was passed through the reaction mixture until
the oxidation was deemed complete, as monitored by "H-NMR
spectroscopy (24-48 h). On completion, the product mixture
was filtered through a pad of silica. The silica was washed with
diethyl ether to elute the product and then the organic solvent

© 2023 The Author(s). Published by the Royal Society of Chemistry
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removed from the filtrate under vacuum to afford the pure
product.
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