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ABSTRACT
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) is a promising, sustainable, metal-free mediator
for oxidation of alcohols. In this contribution, we describe how the selectivity of TEMPO for
electrocatalytic alcohol oxidations in room-temperature ionic liquids (RTILs) can be changed by
design of the solvent medium. Cyclic voltammetry of TEMPO in a series of ammonium-,
phosphonium-, and imidazolium-based RTILs reveals that the potential at which TEMPO is
oxidized increases from 677 mV (vs. the potential of the decamethylferrocene/
decamethylferrocinium, dmFc/dmFc*, redox couple) to 788 mV as the H-bond basicity of the
RTIL anions decreases. The increase in potential is accompanied by an increase in the rate
constant for oxidation of benzyl alcohol from about 0.1 dm? mol™! s! to about 0.7 dm® mol™' s7!,
demonstrating the ability to manipulate the reactivity of TEMPO by judicious choice of the RTIL
anions. The rate of alcohol oxidation in a series of RTILs increases in the order 2-butanol < 1-
phenylethanol < octanol < benzyl alcohol, and the RTIL I-octyl-3-methylmidazolium
bis(trifluoromethanesulfonyl)imide ([NTf.]") shows clear selectivity towards the oxidation of
primary alcohols. In addition, the reaction kinetics and selectivity are better in [NTf;] -based
RTILs than in acetonitrile, often the solvent-of-choice in indirect alcohol electrooxidations.
Finally, we demonstrate that electrolytic TEMPO-mediated alcohol oxidations can be performed
using RTILs in a flow-electrolysis system, with excellent yields and reaction selectivity,

demonstrating the opportunities offered by such systems.



INTRODUCTION

The oxidation of alcohols is one of the most widely used industrial transformations.
However, traditional methods for oxidizing alcohols are often energetically demanding, suffer
from poor atom efficiencies, require harsh reaction conditions, and generate significant amounts

of potentially hazardous wastes.'

Consequently, the development of clean and sustainable
methods for oxidizing alcohols is of increasing importance to the chemical-using industries.*?
2,2,6,6,-tetramethylpiperidine-1-oxyl (TEMPO) is a metal-free, sustainable alternative to
traditional reagents for the oxidation of primary and secondary alcohols to carbonyl compounds,
and which attracted increasing interest in this context in recent years.%3

As well as growing interest in the development of sustainable processes for the chemical-
using industry, there is increasing interest in the development of sustainable electrosynthetic
methods, which offer the prospects of high atom economy and cleanliness. The renaissance in the
use of electrosynthetic methods is also being driven by increasing availability and accessibility of
electrochemical equipment.”!! Electrochemical methods have been used in TEMPO-mediated
oxidations as the catalytically-active oxoammonium species (TEMPO") can be formed
electrochemically using simple carbon electrodes held at positive potentials. This approach
eliminates the requirement for dedicated molecular oxidants such as hypervalent iodine® and
bleach'?, and increases the sustainability of the process.!® Despite these advantages, unfamiliarity
with electrosynthetic methods, as well as the use of volatile organic solvents and expensive
supporting electrolytes may be contributing the slow uptake of electrosynthesis for industrial-scale
processes.!!

Room temperature ionic liquids (RTILs) are salts that are liquid below 100 °C, inherently

conductive, non-volatile, and generally more electrochemically stable than conventional solvents



such as acetonitrile. The unique properties of RTILs offer clear advantages during the development
of electrosynthetic processes, due to their stability and the fact that they can be used as both the
solvent and electrolyte.!*!> RTILs can also be used as dissolved electrolytes, which in some cases
has improved the efficiency of electrochemical reactions. For example, addition of the 1-ethyl-3-
methylimidazolium methanesulfonate to alkaline water improved water electrolysis
significantly.'® A particularly attractive feature of RTILs is the ability to tune their
physicochemical and electrochemical properties by judicious choice of the cations and anions
(leading to their labelling as “designer” solvents).!” For example, the rates of mass transfer of
redox species to electrodes in RTILs can be changed significantly by altering the ionic composition
of RTILs; significant differences in the rates of mass transfer of a single redox couple in different
oxidation states in an RTIL have even been observed.!® The redox reactivity of solutes can also be
changed by varying the composition of RTILs; for example, the redox potentials of 2,2-diphenyl-
1-picylhydrazyl (DPPH)'" and 1,2-diferrocenylethylene?® in RTILs have been tuned by varying
the RTIL anions. In this context, the possibility of tuning the reactivity and selectivity of TEMPO
by using RTIL electrolytes is attractive, as it can potentially provide a means to boosting the
performance of TEMPO-mediated alcohol oxidations.

A handful of studies on the electrochemical behavior of TEMPO in RTILs have been
conducted, and demonstrate that the behavior of TEMPO in RTILs is similar to that in acetonitrile
and water. Doherty and coworkers observed that the global rate constant of TEMPO-mediated
alcohol oxidation was a factor of six larger in N-butyl-N-methyl pyrrolidinium than in acetonitrile,
despite the fact that mass transfer was slower in the RTIL.?!*?> These experiments show that, not
only is the use of RTILs advantageous in terms of eliminating the need for volatile molecular

solvents and extraneous electrolytes, but also for the efficiency of the alcohol oxidations.



In this contribution, we describe tuning the reactivity and selectivity of RTILs for TEMPO-
mediated electrooxidations, by changing RTIL parameters such as the length of alkyl chains, the
presence of aromatic rings, and the H-bond basicity of the anions. We first describe changes in
the redox properties of TEMPO in a series of imidazolium-, pyrrolidinium-, phosphonium- and
ammonium-based RTILs (Table 1). Voltammetric analysis shows that the TEMPO/TEMPO"
redox potential depends on the choice of RTIL anion, due to differing degrees of stabilization of
the TEMPO™ cation within the RTILs. This tuning of the redox properties of TEMPO in turn
affects the rates of alcohol oxidation in the RTILs. We then demonstrate that the use of RTILs
allows the introduction of kinetic selectivity into the oxidation of primary and secondary alcohols.
To allow comparison with conventional systems, we also describe the effects of using RTILs as
dissolved electrolytes in acetonitrile during alcohol oxidations. Our studies show that stabilization
of TEMPO™" by the RTIL anions is also observed when the RTILs are dissolved. Moreover, the
identity and concentration of the dissolved RTIL clearly affect the rates of alcohol oxidations,
demonstrating that tuning the electrolyte is also important when using conventional solvents.
Finally, we show that RTILs can be used as the solvents during alcohol oxidation in an

electrochemical flow system, with excellent yields and selectivities.

EXPERIMENTAL METHODS

Reagents and Apparatus. Reagents were obtained from Sigma-Aldrich and Alfa-Aesar
and were used as received. RTILs were prepared according to literature procedures®* >4 and were
characterized using 'H, 3C, '°F and 3'P NMR spectroscopy (Bruker DPX-400 Spectrometer),
electrospray-ionisation mass spectrometry (Bruker MicroTOF spectrometer), and elemental

analysis. All RTILs were dried under vacuum (10 — 10" mbar) and stored under Ar prior to use.



Residual H>O contents of RTILs were measured using Karl-Fisher analysis and were < 200 ppm.
RTILs were free of residual halides (according to analysis using a DIONEX ICS-5000" ion
chromatograph). Cyclic voltammetry was performed using an Autolab PGSTAT302 (EcoChemie,

the Netherlands) and CHI760 potentiostat (From CH Instruments Austin, USA).

Table 1. RTIL cations and anions used in this study

Abbreviations Structure Name
[C.CiPyrr]+ ﬁ\/c ’ 1-alkyl-1-methylpyrrolidinium
[C,CiIm]* H2n+1Cn\N®N/ 1-alkyl-3-methylimidazolium
7
Ri
[NR4]* R(F":;%z N, N, N, N — tetraalkylammonium
Ri
[PR4]* R4/E\®R2 N, N, N, N — tetraalkylphosphonium
3
CFs CFs
[NTH] 0PN §o bis(trifluoromethanesulfonyl)-imide
FlL F
[PFe]™ FJI:I:’\F hexafluorophosphate
@O\)S .0
[OT{]” 0 R, trifluoromethanesulfonate
[DCA] L//,C’N \CsN‘ dicyanamide
9o
[MeOSOs3]™ /O_('S)'_o methylsulfate




Diffusion Measurements. Diffusion coefficients of benzyl alcohol in the reaction solutions
were determined using pulse-field gradient nuclear magnetic resonance (PFG-NMR)
spectroscopy. Measurements were performed using a Bruker DPX-400 spectrometer, operating at
400.13 MHz ('H). A solution containing 0.6 mol dm™ benzyl alcohol and 2.4 mol dm™ 2,6-lutidine
in the appropriate RTIL were added to the coaxial insert, which was then added into the sample
tube with deuterated acetone. Each measurement was performed in triplicate.

Electrochemical Methods. A three-electrode electrochemical cell consisting of a 3-mm
diameter glassy carbon (GC) disk working electrode, a Pt-flag counter electrode, and Ag-wire
quasi-reference electrode were used for electrochemical measurements. 5 mmol dm
decamethylferrocene (dmFc), which has been proposed as a more reliable internal reference redox
couple for ionic-liquid electrochemistry than the commonly-used ferrocene/ferrocinium (Fc/Fc*)
couple ,2%?% was used as the internal standard during voltammetry of RTILs. Prior to use, the GC
electrode was polished using an aqueous suspension of 0.05-um alumina and rinsed thoroughly
with ultrapure H>O. All solutions were deoxygenated prior to use by bubbling with Ar for at least
10 min. Compensation for uncompensated ohmic resistance was performed during each
measurement using positive-feedback correction.

Flow electrolyses were performed in an Ammonite8 cell from Cambridge Reactor Design
(Cambridgeshire, UK). 2 cm?® of 0.2 mol dm™ alcohol, 2.4 mol dm™ 2,6-lutidine, 0.06 mol
dm= TEMPO and 0.4 mol dm? tert-butylbenzene (as the internal standard for GC-MS
monitoring) were dissolved in the appropriate RTIL. 2 cm? of H,O was added to provide protons
for the H, evolution reaction at the cathode. 1 cm? of the solution was pumped through the cell at
0.05 cm® min™' and electrolysis was carried out under constant current densities (0.5 mA cm™2, 1

mA cm2, 1.5 mA cm™? or 2 mA cm™). Products were collected from the cell outlet and were



extracted into 5

cm™ of toluene for analysis by gas chromatography using a flame ionization detector.

RESULTS AND DISCUSSION

Electrochemical Behavior of TEMPO in RTILs. Figure 1 shows a cyclic voltammogram
(CV) of TEMPO in [CsCPyrr][NTf2]. Anodic and cathodic peaks due to oxidation of TEMPO
and reduction of TEMPO" are labeled a and c, respectively. Anodic and cathodic peaks due to
oxidation of dmFc to dmFc*, and reduction of dmFc*, are also visible.?’ The CV is representative
of those of TEMPO dissolved in each RTIL (Figures S2-S13 in the supporting information). In
all cases, the ratio of the anodic to cathodic peak current, ipJ/ipc, for TEMPO/TEMPO*
oxidation/reduction is close to unity, and ip. and i, are proportional to the square root of the

12 " as expected for freely-diffusing, electrochemically-reversible, redox

voltammetric scan rate, v
couples. Such electrochemical reversibility has also been observed previously during voltammetry
of TEMPO in organic?'?226, aqueous?’?%, and RTIL electrolytes.?’** The separation between the
anodic and cathodic peak potentials, AE,, for TEMPO oxidation/reduction in each RTIL is 60-70
mV, which is slightly higher than expected for an electrochemically-reversible system involving
the transfer of a single electron (59 mV). Given that ohmic-drop compensation was performed
using positive-feedback correction during all voltammetric measurements, the high AE, is
attributed to sluggish electron-transfer kinetics across the electrode/RTIL interface, as observed
previously when performing cyclic voltammetry using RTIL electrolytes.?’

The most notable observation from the cyclic voltammetry of TEMPO is that the potential

of the TEMPO/TEMPO" redox couple varies as the composition of the RTIL changes. The

TEMPO/TEMPO™ mid-point potential varies from 677 mV to 788 mV vs. dmFc/dmFc* as the



composition of the RTIL changes (Figure 2). This shift can be explained by considering the
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Figure 1. Cyclic voltammogram of 5 mmol dm™ decamethylferrocene and 10 mmol dm= TEMPO

in [CsCPyrr][NTf:], recorded using a 3-mm diameter glassy-carbon electrode at 50 mV s

solvent properties of the RTILs, polar solvents that can act as H-bond donors and H-bond
acceptors. The Kamlet-Taft parameters are commonly used to describe the solvent properties of
RTILs in terms of the H-bond basicity (), H-bond acidity (), and dipolarity/polarizability (x*).3
For RTILs with > 0.5, the TEMPO/TEMPO™ mid-point potential decreases linearly as /5 increases
(p values were obtained from References 30 and 31), indicating that the interaction between the
electron-deficient TEMPO" and RTIL-anions becomes stronger as the RTIL anions become more
basic (Figure 2). In general, the relatively bulky [NTf:]™ anions stabilize TEMPO" to a lesser
extent than the more basic [DCA] ions. In the following sections we investigate the effects of

this stabilization on TEMPO-mediated alcohol oxidations.
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Figure 2. Correlation between the measured mid-point potential of the TEMPO/TEMPO™ redox

couple and the H-bond basicity of the anions, £, which were obtained from References 30 and 31.

TEMPO-mediated Alcohol Oxidation in RTILs. Figure 3 shows the effects of adding
benzyl alcohol and 2,6-lutidine on the voltammetry of TEMPO in [CgCiIm][NTf2]. In this
instance, ferrocene was used as the internal standard, due to the instability of decamethylferrocene
in air. The green line is the CV of TEMPO in the RTIL. Addition of 2.0 mmol dm™ 2,6-lutidine
to the solution causes iy, and i, to increase, due to the slight decrease in viscosity of the RTIL
(blue line).?!?? Addition of benzyl alcohol to the TEMPO-RTIL solution (red line) causes a slight
increase in ip, and decrease in ipc. The decrease in i, suggests that some of the TEMPO™ was
reduced back to TEMPO by the alcohol oxidation. However, this effect is only observed at low
scan rates (<50 mV s™!), suggesting that TEMPO™ only react very slowly in the presence of alcohol.
When TEMPO, benzyl alcohol, and 2,6-lutidine are present together, i . increases drastically and
ip.c decreases to a negligible level, as a result of the catalytic reaction between TEMPO™ and benzyl

alcohol producing benzaldehyde.?!-??
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Figure 3. CV of 60 mmol dm= TEMPO (green). The red line is the CV of 60 mmol dm TEMPO
+ 0.6 mol dm™ benzyl alcohol. The blue line is the CV of 60 mmol dm TEMPO + 2.0 mol dm
2,6-lutidine. The black line is the CV of 60 mmol dm= TEMPO + 0.6 mol dm > benzyl alcohol +
2.0 mol dm? 2,6-lutidine. All CVs were recorded at 5 mV s’ using a 3-mm diameter glassy-

carbon working electrode and [CsCiIm][NTf>] as the solvent.

We examined the effect of changing the RTIL composition on the electrocatalysis of
alcohol oxidation, and the CVs of 2,6-lutidine, benzyl alcohol, and TEMPO recorded using
[C2CIm][NTT:] and [C2CiIm][DCA] as the solvent are compared in Figure 4. While the diffusion
coefficient of benzyl alcohol, D, in the [C2CiIm][DCA]/2.4 mol dm? 2,6-lutidine/0.6 mol dm™
benzyl alcohol solution is slightly higher (D = 1.244 x 10" £ 0.061 x 107! cm? s7!) than in the
[C2C1Im][NTf>]/2.4 mol dm™ 2,6-lutidine/0.6 mol dm™ benzyl alcohol solution (D = 1.171 x
10°1% £ 0.055 x 10719 cm? s7!), the catalytic current, ica, is much higher in the [C2oCiIm][NTf>]
solution than in the [C2CiIm][DCA] solution. Equation 1 shows the relationship between ic. and
D, where Cr is the bulk concentration of TEMPO, # is the number of electrons involved in one

catalytic cycle (2 in this case), F' is the Faraday constant, 4 the surface area of the working
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electrode, k is the reaction rate constant, and Ca is the bulk concentration of the alcohol. The
increase in ica: upon changing from [CoCiIm][DCA] to [C2CiIm][NTH:] is higher than expected

from Equation 1, indicating that changing the RTIL composition changes £.

fcat = NAFCt(DkCa)"2 (1)

The relationship between icar and Ca was then explored and Figure 5 shows CVs of
solutions containing TEMPO, 2,6-lutidine and different concentrations of benzyl alcohol in

2 in agreement with Equation 1 (Figure 5

[CsCiIm][NTf2]. icar increases linearly with Ca
inset).3>3 All of the TEMPO-RTIL systems containing 2,6-lutidine and varying Ca values yielded
an ic that was depended linearly on Ca'2. k can be derived from the slope of the linear plots of icat
vs. Ca'? and Figure 6 shows that k generally decreases as the TEMPO-oxidation potential
decreases. This decrease indicates that stabilization of TEMPO® by the more basic anions
decreases the availability of TEMPO" to take part in the catalytic cycle. k was generally higher in
the RTILs containing the relatively-acidic, bulky [NTf] anions (~0.5-0.8 dm? mol! s*! - red bars
in Figure 6) than in, for example, a relatively basic RTIL such as [CsCiIm][DCA] (~0.1 dm? mol
!'s71). While any relationship between k and the RTIL-cation identity is less clear, & is generally
lower when using those liquids containing imidazolium cations, whereas use of the bulkier
quaternary phosphonium- and ammonium-based RTILs leads to the higher rate constants. The
more exposed charge on the imidazolium-based cations may disfavor formation of the positively-

charged TEMPO". These results demonstrate that it is possible to control the reactivity/efficiency

of TEMPO-mediated alcohol oxidations simply by changing the structure of the RTIL media.
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Figure 4. CVs of 60 mmol dm= TEMPO, 0.6 mol dm benzyl alcohol, and 2.4 mol dm™ 2,6-
lutidine in [C2C1Im][NTf] (blue line) and [C2CiIm][DCA] (red line) recorded at 5 mV s™.
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Figure 5.

CVs of 60 mmol dm™> TEMPO and 2.4 mol dm? 2,6-lutidine dissolved in
[CsCiIm][NTf:] containing 0.30 mol dm™ (green), 0.6 mol dm™ (black), 1.2 mol dm (red) and
2.4 mol dm™ (blue) benzyl alcohol. The inset shows a graph of the icat vs. Cal’2.
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Figure 6. Correlation between the midpoint potential of TEMPO/TEMPO™ and the rate constants
of the TEMPO-mediated alcohol oxidations. The maximum errors in the rate constant and the mid-
point potentials are estimated as +0.009 dm™ mol!' s' and + 7 mV. The RTILs are 1-
[CsCiIm][DCA], 2-[CsCiIlm][BF4], 3-[CsCiIm][OTH], 4-[CoCiIlm][DCA], 5-[Psg.6,14][NTE:], 6-
[CsCiPyrr][NTH2], 7-[C2C1Im][NT12], 8-[Ne6,6,14][NTE2], 9-[Nag4,1][NTE2], 10-[CsCiIm][NTL2],
11-[P44.4,1][NTf2], and 12-[CsCiIm][PF¢].
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Figure 7. (A) CVs of solutions containing 0.06 mol dm= TEMPO, 0.6 mol dm= benzyl alcohol
and 4.0 mol dm? (blue), 3.0 mol dm™ (red), 2.0 mol dm™ (black) and 1.5 mol dm™ (green) 2,6-
lutidine in [CsCiIm][NTf2]. (B) CVs of solutions containing 0.06 mol dm= TEMPO, 0.6 mol dm"
3 benzyl alcohol and 2.0 mol dm™ 2,4,6-collidine, pKan = 7.43 (blue), 2.0 mol dm™ 2,6-lutidine,
pKan = 6.75 (black), and 2.0 mol dm pyridine, pKan =5.25 (red).

We tested the effect of the concentration of the added base on the electrocatalytic process
and Figure 7A shows that ic. increases with increasing concentration of 2,6-lutidine. As the

concentration of 2,6-lutidine is increased, the viscosity decreases resulting in the higher ic.: values.
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The increase in rates of mass transfer is evident by comparing the Fc/Fc™ waves in the
voltammograms. The relative increase in ica: as the concentration of 2,6-lutidine increases is
drastically higher than that of the Fc/Fc* peaks, demonstrating that the increase in the catalytic rate
is due to a combination of the increased mass transfer in the solution and a higher k. We also
performed our voltammetric analysis in reaction mixtures containing 2,4,6-collidine (pKan = 7.43)
and pyridine (pKan =5.25), instead of 2,6-lutidine (pKa.n = 6.75) as the base, and Figure 7B shows
that ic. increases as the pKan of the base increases. These effects have been observed previously
when using organic?'?? aqueous?® and RTIL media.?!** The increase in i with increasing
concentration and increasing pKan of the base is because both the alcohol and hydroxylammonium
species are deprotonated more rapidly, giving the reactive alcoholate anion, which is oxidized by
TEMPO" 2!

The selectivity of the process was determined by performing TEMPO-mediated
electrocatalytic oxidations of phenylethanol, 1-octanol, and 2-butanol in [CsCiIm][NTf>] and
[CsCiIm][DCA] (chosen as the best- and worst-performing RTIL anions during oxidation of
benzyl alcohol). k& in [CsCiIlm][NTT:] (blue bars) and [CsCilm][DCA] (red bars) are shown in
Figure 8. k generally increases in the order 2-butanol < 1-phenylethanol < octanol < benzyl
alcohol, due to the lower degree of steric hindrance during reaction of the alcohol.?*>2% Figure 8
also shows that the[CsCiIm][NTf,]/TEMPO system was more kinetically selective than the
[CsCiIm][DCA]/TEMPO system in the oxidation of different alcohols. This different degree of

discrimination between the RTILs indicates that the reaction selectivity can be tuned by the choice
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2-butanol, and 1-octanol in [CsCiIm][NTf:] and [CsCiIm][DCA].

of RTIL media, which demonstrates some of the opportunities offered by RTIL/TEMPO solvent-
electrocatalyst systems for sustainable and selective alcohol oxidations.

TEMPO-mediated Alcohol Oxidations in Acetonitrile. To allow comparison with the state
of the art, TEMPO-mediated alcohol oxidation in acetonitrile containing tetraethylammonium
tetrafluoroborate, [TEA][BF4], was investigated. Due to the lower viscosity of acetonitrile, mass
transfer is typically faster than in RTILs, resulting in more rapid and efficient electrooxidation if
the chemical steps are fast. However, if the kinetics of alcohol oxidation in RTILs are faster than
in acetonitrile, this could potentially compensate for the slow mass transfer in RTILs and result in
a higher rate of catalysis.?! Figure 9 benzyl-alcohol oxidation

CVs recorded using acetonitrile/0.05 mol dm= [TEA][BF4] and [CsCiIm][NTf], respectively. icat

17
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Figure 9. CVs of 60 mmol dm= TEMPO, 0.6 mol dm= benzyl alcohol, and 2.4 mol dm™ 2,6-
lutidine in [CsCiIm][NTf:] (solid line) and in acetonitrile containing 0.05 mol dm> [TEA][BF4]
(dashed line), recorded at 5 mV s’

in the acetonitrile system is higher than in the [CsCiIm][NTf>] system, which reflects the relative
mass-transfer rates in the media. However, using the analysis described above and Equation 1, &
=0.336 + 0.004 dm® mol! 57! in [CsCiIm][NTf>], compared to k£ = 0.249 + 0.004 dm* mol! s*!' in
acetonitrile. The concentration of [TEA][BF4] in acetonitrile was increased to explore the role of
the electrolyte in catalysis and Figure 10 (black squares) shows that k£ decreases as the
concentration of [TEA][BF4] increases. These data suggest that increasing amounts of electrolyte
increases interactions with TEMPO™, making it less available to participate in the catalytic cycle.
Similar decreases in k are observed when [CgCiIm][NTfz], [CsCiIm][BF4] and [CsCiIm][DCA]

are used as dissolved electrolytes in acetonitrile at increasing concentrations (Figure 10 blue dots,

18
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Figure 10. Rate constants for benzyl-alcohol oxidations in acetonitrile containing various
concentrations of [TEA][BF4], [CsCilm][BF4], [CsCiIm][NTf,] and [CsCiIm][DCA]. Rate
constants were determined using Equation 1 and by measuring i..c at different concentrations of
benzyl alcohol (0.3 mol dm™, 0.6 mol dm™, 1.2 mol dm and 2.4 mol dm™), with 2.4 mol dm™
2,6-lutidine, 0.06 mol dm> TEMPO.

green triangles, and red diamonds, respectively). k& is generally lower than in neat RTILs when the
concentration is >0.05 mol dm~ and, interestingly, is similar to that in neat RTILs when the
concentration is 0.05 mol dm™, potentially suggesting that the environments within the dilute
electrolyte and neat RTILs are similar. A lot of recent work has addressed the nature of the ionic
environment within RTILs. For example, recent surface-force measurements have indicated that
RTILs behave as dilute electrolytes,*® containing long-lived ion pairs and relatively low numbers
of free ions. However, there is some disagreement on the true “ionicity” of RTILs,?*¢-** and recent
computational modelling led to the conclusion that RTILs behave not as dilute electrolytes, but

as concentrated electrolytes.*! While a lot more work on this topic is needed, the data described
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here suggest that electrochemical analyses such as that described here could potentially provide
some new insights into the nature of RTILs.

Flow Electrolysis. Preparative-scale, constant-current electrolysis was conducted in order
to determine the efficiency and selectivity of the catalytic TEMPO-mediated alcohol oxidations in
RTILs. Products emanating from the flow cell were recovered from the RTIL medium by
extraction into toluene and were analyzed using GC analysis. Table 2 shows flow electrolysis data
for the oxidation of benzyl alcohol in [CsCiIm][NTf:] and [CsCiIm][DCA] at different current
densities (Scheme 1). At 0.5 mA cm~ in [CsCiIm][NTf:], relatively poor yields are observed and,
at the highest current density of 2 mA cm™, selectivity drops to 93%, indicating that competing

reactions occur at higher currents.

OH O

TEMPO (30%), anode

>
ITonic Liquid, 2.4 mol dm? 2,6-Lutidine

0.05ml min™! flow rate

Scheme 1: Benzyl alcohol oxidation to benzaldehyde.
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Table 2: Measured conversions and yields of flow TEMPO-mediated electroxidation of benzyl
alcohol (1) in [CsCiIm][NTf;] and [CsCiIm][DCA] at a constant flow rate of 0.05 cm? min™'!,

measured at different current densities.

S Current density / mA Yield of b o
Ionic Liquid om? benzaldehyde® / % Selectivity”/ %
0.5 76 100
1 85 100
[CgCllm] [Nsz]
1.5 100 100
2 93 93
0.5 25 83
1 55 95
[CsCiIm][DCA]
1.5 92 92
2 88 97

*Yields were determined by using GC-FID against calibration curves of benzyl alcohol, benzaldehyde and
TEMPO respectively. "Selectivity based on concentration of unreacted benzyl alcohol.

Overall, better yields and selectivities are observed when the reaction is performed in
[C8CiIm][NTHf2] than when performed in [C3CiIm][DCA]. The difference in performance is likely
due to a combination of faster mass transfer and reaction rates in [CsCiIm][NTf2] (D and & in
[CsCiIm][NTf2] and [CsCiIm][DCA] are shown in Tables S10 and S2, respectively). The lower
selectivities in [CsCiIm][DCA] suggest that competing reactions occur in [CsCiIm][DCA].

When the electrolysis is performed at lower flow rates (>0.05 cm?® min'') and higher current
densities (> 2 mA cm?), the [CsCiIm][DCA] and [CsCiIm][NTf:] solutions changed color from
light orange to dark brown. Furthermore, a clear loss of TEMPO from the GC chromatograms was
observed. Previous studies have observed that the imidazolium cation is susceptible to oxidation

to an imidazole radical species,* ¥ which could be one of the competing reactions in the
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electrolysis. Considering that TEMPO is known to scavenge carbon-centered radicals,* if any
imidazole radical is formed it will react with TEMPO, which can explain the loss of TEMPO.
However, at lower current densities and higher flow rates, the solution did not change color and
better faradaic selectivities were obtained.

To investigate how the efficiency of the TEMPO-mediated alcohol oxidations in RTILs
compares to alcohol oxidations in acetonitrile, flow electrolysis of benzyl alcohol oxidation was
conducted in acetonitrile containing 1 mol dm [CsCiIm][NTf:] (see Table 3). Despite the fact
that [CsCiIm][NTf>] is more viscous than acetonitrile, the product yields are similar or only
slightly lower than when the oxidation is performed in acetonitrile containing 1 mol dm
[CsCiIm][NTf>] (D in acetonitrile is 17.1 x 1071 + 0.5 x 101 m? s'"). As shown in the previous
section, k in [CsCiIm][NTf:] (0.336 dm™ mol! s!) is greater than in in 1 mol dm™ [CsCiIm][NTf>]
in acetonitrile (0.04 dm mol™!' s™!). The higher & in [CsCiIm][NTf:] seems to compensate for the
slower mass transfer and results in comparative yields as when the oxidation is performed in
acetonitrile. This observation demonstrates the viability of replacing volatile organic solvents and
electrolyte systems with RTILs as the media for TEMPO-mediated alcohol oxidations without the

loss of efficiency of the reaction due to slower mass transfer.
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Table 3: Measured conversions and yields of the flow TEMPO-mediated electroxidation of benzyl
alcohol (1) in acetonitrile with 1 mol dm™ [CsCIm][NTHf] at a constant flow rate of 0.05 cm?® min

! measured at different current densities.

Current density / mA Yield of b
Electrolyte e’ Benzaldehyde® / % Selectivity™/ %
0.5 61 100
1 mol dm™ 1 99 100
[C8CiIm][NTT2]
1.5 100 100
2 100 62

*Yields were determined by using GC-FID against calibration curves of benzyl alcohol, benzaldehyde and
TEMPO respectively. ° Selectivity based on concentration of unreacted benzyl alcohol.

To investigate the reaction selectivities in RTILs, electrolysis of a mixture of a primary
alcohol and a secondary alcohol was conducted. Table 4 shows flow electrolysis data for the
oxidation of a mixture of benzyl alcohol (primary) and I1-phenylethanol (secondary) in
[CsCiIm][NTf:], [CsCiIm][DCA] and acetonitrile containing 1 mol dm= [CsCiIm][NTf,] at 1.5

mA cm? (Scheme 2).

OH OH O 0}

TEMPO (30%), anode (1.5 mA cm?)
Tonic Liquid, 2.4 mol dm™ 2,6-Lutidine

0.05ml min’! flow rate

Scheme 2: oxidation of benzyl alcohol and phenylethanol to benzaldehyde and acetophenone.
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Table 4: Measured conversions, yields and selectivities of the flow TEMPO-mediated
electroxidation of a mixture of benzyl alcohol (1) and phenylethanol (2) in [CsCiIlm][NTf2],

[CsCiIm][DCA] and acetonitrile with 1 mol dm™ [CsCiIm][NTf,] at a constant flow rate of 0.05

cm’ min’,
Tonic Liauid Yield of Benzaldehyde® / Yield of Selectivity of
d % Acetophenone®/ % Benzaldehyde / %

[CsCiIm][NTH] 96 16 83
[CsCiIm][DCA] 100 39 61

1 mol dm™
[CsCiIlm][NTf] in 100 72 28

acetonitrile

%Yields were determined by using GC-FID against calibration curves of benzyl alcohol,
phenylethanol, benzaldehyde and acetophenone.

A clear selectivity towards primary alcohols is observed, and the best selectivity is
observed when the electrolysis is performed in [CsCiIm][NTf,]. The selectivity is slightly poorer
when the electrolysis is performed in [CsCiIm][DCA]. This difference in selectivity is also seen
in the calculated rate constants as discussed in previous section. The selectivity was, however, very
poor when the alcohol oxidation was performed in acetonitrile containing 1 mol dm
[CCi{Im][NTHf2]. In previous studies, it has been demonstrated that, despite the slower chemistry,
secondary alcohols are oxidized efficiently with excellent yields using the same conditions as for
oxidation of the primary alcohol analogue. For example, the electrolysis of primary alcohol 4-
methoxybenzyl alcohol yielded 4-methoxybenzaldehyde at 88% yield and electrolysis of the
secondary alcohol 1-(4-methoxyphenyl)ethanol yielded 92% of 1-(4-methoxyphenyl)ethanone,
under the same conditions.?® Stahl and coworkers showed that the TEMPO modified 4-acetamido-
TEMPO, electrooxidation of benzyl alcohol and 1-phenylethanol yielded 88% of benzaldehyde
and 88% acetophenone respectively (in two separate experiments) using identical conditions and
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electrolysis time.?” These results demonstrate good reaction efficiency of oxidation secondary

alcohols, however it also demonstrates poor alcohol selectivity of TEMPO.

Conclusion

The redox properties of TEMPO have been investigated using a range of ionic liquids as
the electrochemical solvents. Cyclic voltammetry revealed that the TEMPO/TEMPO" redox
potential depended on the composition of the ionic liquid, due to differing degrees of stabilization
of the TEMPO" cations. The variation in the degree of interaction between the RTIL solvent and
the catalytically-active TEMPO™ led to significant differences in catalytic activity of TEMPO
during oxidation of alcohols in ionic liquids. The catalytic reaction rate constant increased with
increasing TEMPO/TEMPO™ potential, and could be correlated with decreasing RTIL-anion H-
bond basicity. Comparison of the rates of catalytic oxidation of four different alcohols substrates
revealed different degrees of catalytic discrimination in the ionic liquids, confirming that the
activity of TEMPO can be controlled by the choice of the ionic liquid. Electrochemical TEMPO-
mediated oxidations in ionic liquids offer an alcohol oxidation route with a higher atom efficiency
than in conventional alcohol oxidations in that (1) coupling electrochemistry with TEMPO
minimizes the input of stoichiometric or hazardous reagents during oxidations, (2) the use of ionic
liquids as the solvent and electrolyte reduces the amount of required reagents for the
electrosynthesis. The redox catalytic oxidation of alcohols in RTIL with low H-bond basicity
anions, such as [NTfz] is particularly advantageous as highly efficient processing can be carried
out catalytically in the absence of secondary oxidant, volatile molecular solvents and electrolyte
salts. It is also significant that the global rate constant for the oxidation rate constant for the
oxidation reaction is larger in RTILs with low H-bond basicity anions than that observed in

acetonitrile.
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