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High-yield electrocarboxylation of acetophenone can be achieved in dry [BMPyrd][TFSI].
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Electrocarboxylation of acetophenone in ionic lagii

the influence of proton availability on producttdisution

Shu-Feng zZhad® Mike Horne™® Alan M. Bond and Jie Zhari§
Abstract

The electroreduction of acetophenone has beentigat=d in two ionic liquids (1-butyl-
2,3-dimethylimidazolium tetrafluoroborate ([BMMINVBJF4]; [H20] = 9.2 mM) and 1-butyl-
1-methylpyrrolidinium bis(trifluoromethylsulfonyiide ([BMPyrd][TFSI]; [H:O] = 1.0
mM) under both N and CQ atmospheres using transient cyclic voltammetrar reteady-
state voltammetry, bulk electrolysis technique amamerical simulations. The proton
availability in both solvents is low. In dry ioni@uids under a B atmosphere, the sole
reduction product detected is a dimer. The ratesteonts for dimer formation determined by
analysis of experiment and simulation are 5.0 £ 0" s* and 4.0 x 1H M™* s?, in
[BMMIM][BF 4] and [BMPyrd][TFSI], respectively. In dry [BMMIMBF,] under a CQ
atmosphere, the products of the electroreducticecefophenone are mixtures of 2-hydroxy-
2-phenylpropionic acid, 1-phenylethanol and dimedBy. contrast, the major reduction
product in dry [BMPyrd][TFSI] is 2-hydroxy-2-phemyopionic acid, suggesting this ionic
liquid is a suitable medium for electrocarboxylatidn water saturated [BMPyrd][TFSI]
([H20] = 0.63 M), dimers are the major products undghb\, and CQ atmospheres. The
dimerization rate constant determined for this tieacunder an Matmosphere was 1.0 x 10
M™* s more than three orders of magnitude higher tramd in dry [BMPyrd][TFSI].
Presumably strong interactions between the acetmpigeradical anions and water through
an extensive hydrogen bonding network lead to tadggree of charge delocalization and

thus favour dimer formation.
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| ntroduction

Formation of 2-hydroxy-2-arypropanoic acids via célecarboxylation of aromatic
ketones have been recognized as an environmeigatlfy route to the production of these
widely used anti-inflammatory agerits. In recent years, several research groups including
ours, have demonstrated the possibility of prody@rhydroxy-2-arypropanoic acid with
high yield via the electrocarboxylation of aromaltietones in molecular solvents, such as
dimethylformamide (DMB), N-methyl-2-pyrrolidone (NMP °) and acetonitrile (MeCH.
Common by-products in the electrocarboxylation odnaatic ketones are pinacols and
alcohols arising from dimerization and hydrogematieactions, respectivelylt has been
suggested by Scialdone et®af that reaction conditions and the nature of thematic
ketones dramatically affect the selectivity of thlectrocarboxylation process. Isse ef al.
have shown the yields of carboxylate, dimers acdhall are strongly media dependent due
to the variation in the COsolubility and proton availability in these medrs expected,
those with higher C@ solubilities and lower proton availabilities favowearboxylate
formation.

Room-temperature ionic liquids (RTILs) have recdivmnsiderable attention in recent
years due to their attractive physical and chempcaperties, such as negligible volatility,
high thermal and chemical stability, low toxicitgdanon-flammability’®*° In addition, their
good conductivity, wide electrochemical potentiah@ows and the ability to dissolve large
amounts of C@ and organic compounds make RTILs potentially vesgful media for
electrocarboxylation reaction$. ® So far, reactants including alkefesalcohol§®?
halide$® **and ketone&S have been investigated in this content with pramgisutcomes.

Of all the ionic liquids examined to date, the ia@dlium based ionic liquids have
received more attention due to their low meltingng ease of synthesis and good
electrochemical stability. Our grotfthas reported the electroreduction of acetopheitote
butyl-3-methylimidazolium tetrafluoroborate ([BMINBF4]) under N and CQ atmospheres.
Under a N atmosphere, acetophenone undergoes a one-eleettoction process followed
by rapid dimerization. This finding is consisteritmthe electrochemistry of acetophenone in
several imidazolium and ammonium based ionic liguidder a Bl atmosphere reported by
Lagrost et af’. However, under a CQatmosphere, the electroreduction of acetophersmne i
an overall two-electron, chemically irreversibleoess which leads to the formation of 1-

phenylethanol, instead of 2-hydroxy-2-phenylpropoacid, the product expected from an
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electrocarboxylation reaction. The proton-coupléztteon transfer pathway which forms 1-
phenylethanol requires the presence of a suffigiestrong proton donor, which is not
available in neat [BMIM][BR]. It is postulated that the presence of Gfhhances the C-2
hydrogen donating ability of [BMIM]resulting from the strong complex formation betwee
the deprotonated form of [BMIM] N-heterocyclic carbene, and @Oro provide further
evidence to support this postulate and to idergityer ionic liquids that are suitable for
electrocarboxylation, a systematic investigatioss naw been undertaken to examine the
influence of proton availability in ionic liquidsicelectrocarboxylation.
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() [BMMIM][BF,] (b) [BMPyrd][TFSI]

Scheme 1 Structures of (a) [BMMIM][BR] and (b) [BMPyrd][TFSI]

In this paper, we report the results of detailedligts of the electrochemical reduction of
acetophenone in two ionic liquids: 1-butyl-2,3-dtimgimidazolium tetrafluoroborate
([BMMIM][BF 4]) and 1-butyl-1-methylpyrrolidinium bis(trifluoroathylsulfonyl)imide
([BMPyrd][TFSI]) (Scheme 1), under ;Nand CQ atmospheres. The ionic liquid
[BMMIM][BF 4] was chosen since it is structurally similar toMB/][BF 4] except that a
methyl group is substituted for the reactive C-2ifogen. Sowmiah et &f. have shown
substitution at the C-2 position of the imidazoliwation prevents side reactions which
involve the reactive C-2 hydrogen since [BMMIM]|[BFs a weaker acid than [BMIM][BFf
(pKa® of [BMIM][BF 4] is about 21-23). Consequently, [BMMIM][BFmay provide a more
suitable medium for electrocarboxylation than [BM|BF4. Moreover, investigation of
electrocarboxylation in a medium where the C-2 bgen is absent, could also provide
indirect evidence about the role of this hydrogesmain the formation of 1-phenylethanol
during the electroreduction of acetophenone in [BIJIBF 4] under a C@ atmosphere. The
ionic liquid [BMPyrd][TFSI] also was chosen becausfeits low proton availability. It has
been used as an electrolyte in the developmenthifirh batteries where reactive protons
need to be avoidell. To assess the influence of adventitious waterclvlis a common
impurity in ionic liquids that provides a sourcembtons, electroreduction of acetophenone

was also investigated in water saturated [BMPym@@§I under N and CQ atmospheres.
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Experimental

Chemicals

Acetophenone (ReagentPlus®, 99%) and ferrocer8%) were purchased from Sigma
Aldrich and used as received. Acetonitrile (MeCN) amalytical grade purity was also
purchased from Sigma Aldrich and dried over 4A roolar sieves to remove residual water
prior to use. [BMMIM][BF] and [BMPyrd][TFSI] were purchased from IOLITEC
(Germany) and when required, these ionic liquidsewdried over basic alumina for at least
24 h?! then placed under vacuum at®Dfor 24 h prior to use. The water content aftesth
procedures was 165 + 5 ppm (or 9.2 mM) for [BMMIEH,] and 15 + 5 ppm (or 1.0 mM)
for [BMPyrd][TFSI], as determined by Karl Fischetrdtion (Metrohm 831 Karl Fischer
coulometer). Tetratbutyl)lammonium hexafluorophosphate (JBU[PFs], GFS Chemicals,
Inc, 98%) was recrystallised twice with ethanobpiio use. Other reagents (purities > 98%)
were purchased from Sigma Aldrich and were used@sved.

Water saturated [BMPyrd][TFSI] was prepared acaggdio the procedure described
elsewher®. The ionic liquid was added to a large quantityvatter in a glass tube then the
mixture was sonicated for several minutes to enslueeionic liquid was water saturated.
After standing for 24 h, the two phases were sepdrdy centrifuging at 9000 rpm
(Eppendorf, MiniSpin® plus). The immiscible watayér was decanted off and the water
concentration of the saturated ionic liquid wasniduo be 0.63 M using the Karl Fisher

method.

Voltammetric measur ements

Voltammetric measurements were performed using & @Helectrochemical analyser
(CH Instruments, Texas, USA) with a standard tleleetrode electrochemical cell. For
transient cyclic voltammetric experiments, a glasagbon working electrode was used (GC,
1.0 mm diameter), whereas for steady-state voltanmneneasurements, carbon-fiber
microdisk electrodes were used (nominally 7.0 pamndter). Platinum wires were used as
both the quasi-reference and counter electrodes. ditasi-reference potential scale was
converted the FéFc (Fc = ferrocene) reference potential scale alhgotentials are quoted
against F&/Fc. Working electrodes were polished using a 003 or 0.05 um aqueous
alumina slurry on a polishing cloth (BAS), sonichie deionised water, rinsed with water

and acetone, and then dried under a flow of nitndggfore use.

4
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All voltammetric experiments were undertaken atmmodemperature (22 + 2C).
Experiments with carefully dried ionic liquids wewnadertaken under aNitmosphere in a
dry box to minimize the effect of atmospheric wad@d oxygen. Experiments with water
saturated ionic liquids were carried out on thecbetop with a slightly positive Npressure
inside the electrochemical cell to minimize thergmf O, and BO vapour. The exact radii
(r) of the carbon-fiber microdisk electrodes (noatiyn 7.0 pm and 33 um diameters) used for
guantitative studies were determined to be 3.6 moh B pm, respectively, based on the
steady-state diffusion controlled limiting currefit) for the oxidation of Fc in MeCN
containing 0.1 M [BuN][PFg], using Equation (£f and the known diffusion coefficienb
for Fc in this solution of 2.4 x 10cn? s* %

|, = 4nFrDC 1)
wheren is the number of electrons transferrad=(1 in this case); is Faraday’s constant and
C is the bulk concentration of Fc.

Simulations of the voltammograms were undertakémguBigiElch® software (Elchsoft,
Kleinromstedt, Germany). A two-dimensional massigport model was used to take into
account the contribution from radial diffusion &g scan rates. The Butler-Volmer model

was used to describe the potential-dependent kmefithe heterogeneous electron transfer.

Bulk electrolysis

Potentiostatic bulk electrolysis were undertaker2at+ 2 °C, unless otherwise stated,
under either Mor CQ, atmospheres in an undivided cell equipped witthaasy carbon tube
cathode, a magnesium (Mg) sacrificial anode andlvarswire quasi-reference electrode
mounted into a tube sealed with a permeable gfds3 e solution used was 5 mL of either
[BMMIM][BF 4] or [BMPyrd][TFSI] containing 25 mM of acetopher®mrand a constant
stream of CQ or N, flowed through the cell during the electrolysidiek electrolysis, the
reaction mixture was hydrolysed with HCI (pH ~ 3)daextracted three times with diethyl
ether, dried over anhydrous Mg$@nd evaporated, and then analysed by the GC-MS
method (HP 6890A gas chromatograph equipped wi9& N mass selective detector,
Agilent, USA).

Results and discussion
1. Electrochemistry of acetophenonein dry [BMMIM][BF4]



Page 7 of 24

Green Chemistry

As described above, the electrochemical reductibmoetophenone in [BMIM][BH
under a C@Qatmosphere forms 1-phenylethanol in a proton aliptaction involving the C-
2 hydrogen on the imidazolium cation. In [BMMIM][BFthe C-2 hydrogen is absent.
Therefore, electroreduction of acetophenone was$ @indertaken in dry [BMMIM][BE] to
investigate the role played by the C-2 hydrogen tba imidazolium cation during
electrochemical reduction of acetophenone in [BMBH,] under a C@ atmosphere and to
assess its suitability for using as reaction medinelectrocarboxylation.

1.1. Voltammetric studies
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Fig. 1 Cyclic voltammograms recorded at a 1.0 mm diam@t@relectrode (scan rate = 0.1 V
s?) in neat dry [BMMIM][BF;] under (a) N or (b) CQ atmospheres (1 atm) and dry
[BMMIM][BF 4] containing 10 mM acetophenone under (¢)d¥ (d) CQ atmospheres (1
atm). Cyclic voltammograms for the igc process (around 0 V) with 5 mM Fc present in
The

voltammograms recorded in 10 mM acetophenone solsitin an N atmosphere with

-2.8 -2.1

the same acetophenone solutions are included fonpadson. inset shows

different negative limits of potential using a scate of 0.1 V 8.

Electroreduction of 10 mM acetophenone under bothaNd CQ atmospheres was
investigated by cyclic voltammetry (Fig. 1). UnderN, atmosphere (c), an irreversible
reduction process at -2.32 V was observed, whictorssistent with previous work in the
acetopheone reduction in [BMIM][BE®, suggesting that the electroreduction of
acetophenone was followed by a rapid homogeneoesichl reaction leading to the
formation of a species that is electrochemicallyctive in the potential region close to the
reduction process. Based on these observationgemuits from the literatuf® 2" 3¢ the

homogeneous chemical process is assigned to thexidahon of acetophenone radical anion.

6
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After the scan is reversed, a small oxidation pseds observed at -1.20 V. This process, also
reported by Amatore et al. in the electroreductibacetophenone in DMfand Zhao et al.

in the electroreduction of acetophenone in [BMIMJJE®, was attributed to the oxidation of
a head-to-tail type of dimer (1-[4-(1-hydroxy-etigg@ne)-cyclohexa-2,5-dienyl]-1-phenyl-
enthanol). A minor oxidation process was obsente@.84 V. This process was not observed
either in the absence of acetophenone or whenitehéng potential was more positive
(inset figure of Fig. 1), which suggest that irésulted from further electroreduction of the
acetophenone. Based on these experimental observatnd the results from the literaflire

3 the following reaction schemes is proposed.

o

_|_

OH o OH OH
e
Scheme 2 Reaction scheme proposed for reduction of acetapiein [BMMIM][BF4]
under a N atmosphere

Under a CQ atmosphere in [BMMIM][BE], the acetophenone reduction peak current
increased significantly and the peak potentialtetifpositively from -2.32 V to -2.27 V. It
has been reported that the presence of €é&n decrease the viscosity of 1-butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)ing® *®so it is tempting to propose that
the same effect increases the diffusion coefficenthe electroactive species in this case.
However, the fact that the oxidation and reducpeak currents simultaneously measured for
the FE/Fc process are virtually identical under Nr CQ, atmospheres rules out this
possibility. Consequently, the increased peak ouraad positive shift of peak potential for
acetophenone reduction in the presence of C&h be attributed to the presence of new
chemistry, and one that may also involve an adukfi@lectron transfer step.
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Fig. 2 Near steady-state voltammograms for the reductfoacetophenone (5 mM, 15mM
and 50 mM) in [BMMIM][BF4] recorded at a carbon-fiber microdisk electrode (@m

diameter) at a scan rate of 1 mYunder N (—) and CQ (—) atmospheres.

To verify whether the new chemistry occurred duregtophenone reduction involves an
additional electron transfer process, near-stetatg-svoltammograms for acetophenone
reduction were recorded at a carbon-fiber microdidctrode (7.2 um diameter) undes N
and CQ atmospheres. The results obtained with threerdifiteacetophenone concentrations
(5.0, 15.0 and 50.0 mM) are shown in Fig. 2. Incalies, the steady-state diffusion controlled
limiting currents obtained under a g@tmosphere are almost twice as large as those
obtained under a Natmosphere. Consequently, it is proposed thabpbehone undergoes a
two-electron reduction reaction under a L£&mosphere in [BMMIM][BE]. According to
the literature results,? this two-electron process could form an alcoholao acid, or a

combination of both according to the reactions dieed in Schemes 3 and 4.

_ H* OH o p+ OH

O O
Ar)K " Ar)'\ Ar)'\ Ar)\

Scheme 3 A proton coupled electron transfer reaction fataphenone reduction

o) o} o) . OH
)K +e ——— )\ €Oy, e, H
Ar Ar Ar COO- Ar COOH

Scheme 4 Reaction scheme for electrocarboxylation of adetopne

1.2. Bulk electrolysis
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In order to identify the details of the reactiorthveay for acetophenone reduction in dry
[BMMIM][BF 4] under both N and CQ atmospheres, preparative scale bulk electrolysis
experiments were undertaken using a large glagbpeaylindrical tube cathode and a Mg
sacrificial anode in an undivided ¢&ll After bulk electrolysis of 25 mM acetophenone in
[BMMIM][BF 4], the products were extracted with diethyl ethed a&entified by GC-MS.
Since [BMMIM][BF4] is quite viscous, the electrolysis was undertakeb0°C to increase

the mass transport rate. The product distributeoessummarized in Table 1.

Table 1.Productd obtained from preparative scale reductive elegsisl of 25 mM
acetophenone in dry [BMMIM][BE at 50°C

Atmosphere Electricity Applied potential Product yield (%)

(P=1atm) consumption (F mdj (V vs. F¢'/Fc) dimer acid alcohol
N, 1.0 -2.32 100 0 0
COo, 2.0 -2.27 25 15 60

®Dimer = 1-[4-(1-hydroxy-ethylidene)-cyclohexa-2,Eualyl]-1-phenyl-ethanol, 2,3-diphenyl-
butane-2,3-diol and other unidentified dimers, asid2-hydroxy-2-phenylpropionic acid,
alcohol = 1-phenylethanol.

PGas chromatography vields based on the reactastiowed.

Under a N atmosphere, the only products detected were diméhe fact that
acetophenone undergoes a one-electron reductidm¢gto the formation of dimers (100%)
(Scheme 2), is consistent with the result obtaimedther ionic liquid$® 2’ By contrast,
under a CQ@ atmosphere the products consist of 1-phenyleth&b0%), 2-hydroxy-2-
phenylpropionic acid (15%), and dimers (25%). Traceounts of unidentified compounds
were also detected. 1-Phenylethanol is the predmmhiproduct even though the water
impurity is not a sufficiently strong acid and [BMM][BF 4] does not contain C-2 hydrogen
that becomes reactive under a&nosphere due to the formation of a stable-C&bene
complex®® Since the bond energy of C-C (348 kJ Mad$ smaller than C-H (423 kJ mof’,
CHs" could be abstracted from [BMMIM][BF in the same way as ‘Hs abstracted from
[BMIM][BF 4] when CQ is present. If this is the case, €Han further react with water (9.2
mM in [BMMIM][BF 4]) to produce H required for the formation of 1-phenylethanol. The
results in Table 1 also suggest that although tlwoten transfer pathways are dominant
during the electroreduction of acetophenone, theridmtion from the one electron pathway
is also significant. This is consistent with theansteady-state voltammetric data (Fig. 2)
which show that current is nearly double under a @@osphere instead ot N

9
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1.3. Kinetics of the dimerization reaction following acetophenone reduction in dry
[BMMIM][BF,] under a N, atmosphere

Voltammetric data at a macrodisk GC electrode sti@at/the homogeneous dimerization
reaction kinetics coupled to electron transferast {Fig. 1). To quantify these kinetics using
transient voltammetry, a sufficiently fast scarerat required so that the kinetics becomes
relatively slow with respect to the time scale leé measurement. However, uncompensated
resistance IR, drop) effects often become substantial at fash sedes. Microelectrode
voltammetry is conventionally used to overcome fisblent® % With a 33 pm diameter
carbon-fiber microdisk electrode and a scan rat®.afV s', acetophenone reduction is
completely irreversible. Partially reversible votamograms, as required for quantifying the
kinetics of the dimerization reaction, were obtdir the higher scan rates of 5.0 Vand
10.0 V §".

To quantify the dimerization kinetics in [BMMIM][BF, simulations of the mechanism

described in Scheme 5 were undertaken.

O EO) av kS O_ kf

Ar)K "e Ar)'\

Scheme 5 Reaction scheme proposed for reduction of acetaptee in [BMMIM][BF,]

dimers

under a N atmosphere.

where,E%, a andks represent the formal reversible potential, thergharansfer coefficient
and the electron transfer rate constant respegtiaeldk; stands for the overall rate constant
of the dimerization reactions. Simulated voltamnaogs obtained using parameters specified
in the caption of Fig. 3 agree well with the expental data. The major discrepancy
between experimental and simulated voltammogranastibuted to the fact that the double
layer capacitanceCq) is independent of potential as assumed in theulsimons. The
diffusion coefficient of 7.2 x 18 cn? s* used for acetophenone was calculated from the
steady-state diffusion controlled limiting currdiiig. 2) using Equation (1). The diffusion
coefficients of species derived from reduction cétaphenone were assumed to be the same

as for acetophenone.

10
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Fig. 3 Cyclic voltammogram -€) for the reduction of 10 mM acetophenone in
[BMMIM][BF 4] under a N atmosphere recorded at a carbon-fiber microdisktedde (34
pm diameter) at different scan rates. The simulatdthmmograms-€) were based on the
mechanism described in Scheme 5 using the parasnefer -2.32 V,ks= 0.035cm 8, a =
0.50,R,=25x16Q, Cy=7.8x 1 F,D = 7.2 x 10 cn? s’ for all speciesk = 5.0 x 10
M*sh,

The second order rate constant for the dimerizatantions is estimated to be 5 ¥ M
! 5! based on comparisons of experiment with theorjs Value is lower than that of 1 x°.0
M™ s reported in [BMIM][BR]?® and 3x1&8 M s* - 4 x1¢ M™ s* reported in imidazolium
based ionic liquid4’ On the basis of their studies in imidazolium ioleids and molecular

12" suggested that the rate of the dimerization reac$ enhanced

solvents, Lagrostt al
significantly in ionic liquids because the acetaptree radical anion forms a strong ion pair
with the cation of the ionic liquid. Subsequentcéien delocalization weakens the repulsion
between acetophenone radical anions, thus favotimmdormation of dimers. The relatively
low dimerization rate constant observed in [BMMIKH,] therefore suggests the
acetophenone anion and [BMMIM]nteract only weakly. Moreover, this ionic liquid
viscous § = 650 cp*®), so mass transport for the bimolecular reactidhalso be slow.

Under a CQ atmosphere, the electroreduction of acetophenenwined completely
chemically irreversible, even at a scan rate of0D0@ s* (maximum value available with the
potentiostat used). Thus, the kinetics of the fellgp chemical reactions is now too fast to be
measured.

2. Electrochemistry of acetophenonein [BMPyrd][TFSI]

11
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2.1. Voltammetric studies
Another ionic liquid which should be suitable fohet electrocarboxylation of
acetophenone IS 1-butyl-1-methylpyrrolidinium hidiigoromethylsulfonyl)imide,
[BMPyrd][TESI]. It has no readily available protoasd a wide electrochemical window of -
3.0 Vto + 2.5 V (vs. Ag/A§*. Consequently, decomposition of [BMPyrd][TFSI] thg
should be nedgigibThus,

[BMPyrd][TFSI] (< 20 ppm, water, ca. 1.0 mM) alsasvchosen for investigation of the

electroreduction of acetophenone carefully dried
electrocarboxylation of acetophenone. Cyclic voltamgrams were obtained at a 1.0 mm
diameter GC working electrode with a scan rate.bf\0s’ for 10 mM acetophenone in dry

[BMPyrd][TFSI] under both Mand CQ atmospheres (Fig. 4).

0.00

-0.01

I (mA)

1 (mA)

Fc'/Fc
-0.02

16 0.8 0.0 08

E (V vs. Fc'/Fc)
-0.03 - r . ; - T . . . . . .
-3.2 -2.4 -1.6 -0.8 0.0 0.8

E (V vs. Fc'/Fc)

32 24

Fig. 4 Cyclic voltammograms recorded at a 1.0 mm diam@t@relectrode (scan rate = 0.1 V
s?) in dry [BMPyrd][TFSI] under (a) B or (b) CQ atmospheres (1 atm), and for dry
[BMPyrd][TFSI] containing 10 mM acetophenone un@@rN, and (d) CQ atmospheres (1
atm). The Fc/Fcprocess (around 0 V) is included for comparisone Tnset figure shows

cyclic voltammograms as in (c) but at a scan rate®V s*.

Under a N atmosphere, two well-resolved reduction processes observed with
reduction peak potentials of -2.36 V and -2.85 &5pectively (Fig. 3, ¢). This is consistent
with results reported in molecular solvents (D¥1F? MeCN and NMP). The reduction
processes are assigned to the initial formatioth@facetophenone radical anion and then the
dianion. The first reduction process is partialyersible at a scan rate of 1.0 Vsuggesting
that the follow up chemical reaction is not tooidagAn oxidation process of a head-to-tail
type of dimer was also observed at -1.13 V on th&te potential direction scan. A second

small oxidation process was also observed at -0.6h the positive potential direction scan

12
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when the scan rate was 0.1 V and the potential was reversed after traversiegsttond
reduction process. Consequently, this processsigreedd to the oxidation of a product formed
as a result of the second reduction process.

In dry [BMPyrd][TFSI] saturated with C£ the peak current for the first reduction
process increased significantly, while the peakepial shifted from -2.36 V to a more
positive value -2.26 V and the second reductioncgse disappeared completely. These
observations are similar to those made in [BMMIM{}B which again suggests that an
overall two electron transfer step may occur viaphoton coupled electron transfer pathway

described in Scheme 3 or the electrocarboxylataithyeay described in Scheme 4.

—~ %07 16mMm
<
< ]
- 0.2
T T T T T
0.04 10 mM
?‘C? ]
= 07
1.4
T T T T T
0.0
50 mM
T 151
< ]
= 304
4.5
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3.2 2.8 2.4 2.0 -1.6

E (V vs. Fc'/Fc)

Fig. 5 Near steady-state voltammograms for the reductiactetophenone (1.6 mM, 10 mM
and 50 mM) in dry [BMPyrd][TFSI] recorded at a canbfiber microdisk electrode (7.0 um

diameter) at a scan rate = 1 mVunder N (—) and CQ (—) atmospheres.

The near steady-state voltammograms for acetopleergaluction were also conducted in
dry [BMPyrd][TFSI] at a carbon-fiber microdisk etemde (7.0 um diameter) under both N
and CQ atmospheres. The results obtained with threerdifteacetophenone concentrations
(1.6, 10.0 and 50.0 mM) are shown in Fig. 5.

Under a N atmosphere, the steady-state diffusion controliedting current for the
second reduction procesk,] was significantly smaller than that of the firsduction
process I(1). The ratio of the steady-state diffusion cong&dlllimiting currents I(1/1,2)
increases as the acetophenone concentration iesré@able 2). This unequal steady-state
diffusion controlled limiting current for two ondegtron reduction processes and a similar
concentration dependence dfi/l., was also observed in the electroreduction of

benzophenone in the same ionic liddidhis behaviour was attributed to the formatioraof
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complex (or dimer) between acetophenone and thdretgnerated acetophenone dianion

that is electrochemically inactive in the potentegion of acetophenone dianion formation.

Table 2. The ratios of the near steady-state diffusion rodled limiting currents|(4/1 ) for
the first and second acetophenone reduction presessder a N atmosphere in dry
[BMPyrd][TFSI] as a function of the concentratiohacetophenong.

CacetophenorNM I/l
1.6 1.68
10 3.81
50 3.84

& Experimental conditions are as specified in thaioa to Fig. 3.

Under a CQ atmosphere, only one reduction process was olasavith the steady-state
diffusion controlled limiting currents almost twicaf that for one-electron reduction of
acetophenone to the acetophenone radical anionr anéle atmosphere, implying that an
overall two-electron transfer reaction occur via #lectrocarboxylation route (Scheme 4)

since dry [BMPyrd][TFSI] has no readily availablefns.

2.2. Bulk electrolysis

Preparative scale bulk electrolysis experiments ewaalso undertaken in dry
[BMPyrd][TFSI] using a GC tube cathode and a Mg dmaon an undivided cell. After
electrolysis under Nand CQ atmospheres, the products of the electrolysis weparated
and identified via GC-MS. Reaction products anddgere summarized in Table 3.

Table 3. Product8 obtained from preparative scale reductive elegsisl of 25 mM
acetophenone in dry [BMPyrd][TFSI] at 22

Atmosphere Electricity Applied potential Product yield (%)

(P=1atm) consumption (F md) (V vs. F¢'/Fc) dimer acid alcohol
N, 1.0 2.1 100 0 0
CO, 2.0 -2.3 2 98 0

®Dimer = 1-[4-(1-hydroxy-ethylidene)-cyclohexa-2,Ealyl]-1-phenyl-ethanol and 2,3-
diphenyl-butane-2,3-diol and other unidentified dis) acid = 2-hydroxy-2-phenylpropionic
acid, alcohol = 1-phenylethanol.

PGas chromatography yields based on the reactastioed.

14
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Under a N atmosphere, one-electron electroreduction of abetoone in dry
[BMPyrd][TFSI] followed by a dimerization reactio(Gcheme 2) is the major reaction
pathway. When the preparative scale bulk electi®lggperiments were undertaken under a
CO, atmosphere, a 98% vyield of 2-hydroxy-2-phenylpoop acid was obtained in dry
[BMPyrd][TFSI], confirming that electrocarboxylatio reaction is the major reaction

pathway.

2.3. Kinetics of the dimerization reaction for acetophenone reduction in dry
[BMPyrd][TFSI] under a N, atmosphere

To quantify the kinetics of acetophenone reductionry [BMPyrd][TFSI] under a K
atmosphere, a 34 um diameter carbon-fiber microeisktrode was also used at scan rates
that provided to obtain voltammograms with partziemical reversibility (Fig. 6).
Simulations used to obtain the theoretical dataewsssed on reaction Scheme 5. The
diffusion coefficient of 2.62 x 10 cn? s* for acetophenone used in the simulations was
calculated from the steady-state diffusion congeblllimiting current for acetophenone
reduction and use of Equation (1). The diffusiorefioients of species derived from
reduction of acetophenone were assumed to be the sa for acetophenone. Simulated
voltammograms obtained using parameters specifiedda caption of Fig. 6 agree well with
experimental data. The second order rate constarthé dimerization reactions of 4.0 x*10
M™ s* obtained in [BMPyrd][TFSI] is significantly lowethan found in [BMMIM][BF],
suggesting even weaker interaction of acetopheraieal anions and pyrrolidinium cations
based on the mechanism proposed by Lagtcait?’. Therefore, in addition to its advantage
of low proton availability, slower dimerization katics make [BMPyrd][TFSI] a suitable

medium for electrocarboxylation of aromatic ketanes

15
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I (nA)
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Fig. 6 Cyclic voltammogram -€) for the reduction of 10 mM acetophenone in
[BMPyrd][TFSI] under a N atmosphereecorded at a carbon-fiber microdisk electrode (34
um diameter) at different scan rates. The simulatdthmmograms—) are based on the
mechanism described in Scheme 5 using the parasnefer -2.36 V,ks= 0.035cm 8, a =
0.50,R,= 2.5 x 16 Q, Cy = 8.63x 10° F, D = 2.62x 10 cnt s for all speciesk; = 4.0 x
10°M* s,

Under a CQ atmosphere, the electroreduction of acetophenenined chemically
irreversible even at the maximum scan rate of @0DOV s' available, so the kinetics of the
follow-up carboxylation reaction is too fast to leeasured under our experimental

conditions.

3. Electrochemistry of acetophenonein water saturated [BMPyrd][TFSI]

3.1. Voltammetric studies

One of the most significant impurities in ionicdigs is water. Even “hydrophobic” ionic
liquids absorb significant amounts of water oveshart period of tim&. Generally, even
commercially available high-purity hydrophobic ionliquids contain up to 100 ppm of
water. Although ionic liquids have been widely apglin synthetic reactions, separations,
extractions and electrochemical processes, thetsftd the acid/base chemistry of®on
electrochemical processes in ionic liquids havebs&n adequately investigated. However, it
is well recognized that water impurities in molesusolvents dramatically alter the kinetics

and reaction pathways of many reactions involvingrganic, organic, and biological

16
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molecules™ “® Our voltammetric studies suggest that the benzuophe dianion is highly

sensitive to KO in ionic liquids”.

0.00

-0.01

I (MA)

-0.02 +

-0.03

—3'.0 ' —2'.5 ' —2'.0 ' —1].5 ‘ —1l.0 ‘ —OI.5 ' OTO l 0!5

E (V vs. Fc'/Fc)
Fig. 7 Cyclic voltammograms recorded at a 1.0 mm diam@terelectrode (scan rate = 0.1 V
s%) in water saturated [BMPyrd][TFSI] under (a) br (b) CQ atmospheres (1 atm), and for
water saturated [BMPyrd][TFSI] containing 10 mM &xghenone under (c)Nand (d) CQ
atmospheres (1 atm). The "Fec process (around 0 V) with 3.6 mM Fc is included

comparison.

To investigate the effect of added water on thetedehemical reduction of acetophenone
in water saturated [BMPyrd][TFSI], cyclic voltamnragns of 10 mM acetophenone were
recorded at a 1.0 mm diameter GC electrode unddr ldpand CQ atmospheres (Fig. 7).
Under a N atmosphere, two processes were observed with ieduymeak potentials of -2.10
V and -2.44 V. The fact that reduction occur at erenpositive potential than that in dry
[BMPyrd][TFSI], implies that protonation and/or hpden-bonding reactions involving
acetophenone anions occur in the presence of wdpan saturation with C£€ only one
reduction process was observed in the water satuianic liquid. In comparison with the
first reduction process recorded under a d&imosphere, the peak current has increased
significantly and the peak potential also has sHif¢lightly from -2.10 V to -2.07 V. These
observations suggest that two-electron processeg dweminate on the voltammetric
timescale, preassembly due to proton available #h@0Os. It should be noted that the peak
currents of acetophenone undes Ahd CQ atmospheres are larger than found in dry
[BMPyrd][TFSI]. This phenomenon is attributed tal@crease in viscosity in the presence of

H.,0, since a similar increase in current was als@mesi for the Fc/Fcprocess.
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3.2. Bulk electrolysis

Preparative scale bulk electrolysis experimentsvetso undertaken under, ldnd CQ
atmospheres for acetophenone reduction in wateradatl [BMPyrd][TFSI]. The products of
the electrolysis were separated and identified B¢NMES. The products and their yields are

summarized in Table 4.

Table 4. Productd obtained from preparative scale reductive elegsisl of 25 mM
acetophenone in water saturated [BMPyrd][TFSI|2a{@

Atmosphere Electricity Applied potential Product yield (%6)

(P=1atm) consumption (F md) (V vs. F¢'/Fc) dimer acid alcohol
N, 1.0 -2.10 100 0 0
CO, 2.0 -2.07 100 0 0

®Dimer = 1-[4-(1-hydroxy-ethylidene)-cyclohexa-2,Balyl]-1-phenyl-ethanol and 2,3-
diphenyl-butane-2,3-diol and other unidentified dis) acid = 2-hydroxy-2-phenylpropionic
acid, alcohol = 1-phenylethanol.

PGas chromatography yields based on the reactastiowed.

Under a N atmosphere, dimers are the sole products, comfgnthat one-electron
electroreduction of acetophenone followed by theedization reaction is the major reaction
pathway. Under a COatmosphere, dimers are again the sole products.i$hn contrast
with the voltammetric data which suggests that a&hectron reduction process is involved.
This apparent discrepancy may be due to the fatthidration of C@to form HCO; as
required for the two-electron reaction pathway @thbthermodynamically and kinetically
unfavourablé®. In the case of the voltammetric study, a suffitiamount of time was
available to saturate [BMPyrd][TFSI] with G@nd to achieve CQequilibration. Therefore,
the amount of LCO; available may be sufficient to significantly inflace the reaction
pathway for voltatmmetric reduction 10 mM acetoptren due to the higher mobility of
either HCO; or H' dissociated from COs. However, in bulk electrolysis experiments,
significantly higher concentration of acetophen@e mM) was used. More importantly, the
amount of HCO; once depleted, is negligible on the timescale ld timerization.

Consequently, dimers are the major products.

3.3. Kinetics of the dimerization reaction during acetophenone reduction in water
saturated [BM Pyrd][TFSI] under a N, atmosphere

18
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Fig. 8 Cyclic voltammogram -€) for the reduction of 17 mM acetophenone in wet
[BMPyrd][TFSI] under a N atmosphere recorded at a carbon-fiber microdisktedde (34
um diameter) at different scan rates. The simulatdthmmograms—) are based on the
mechanism described in Scheme 5 using the parasnifer -2.36 V,ks = 0.035 cm S, a =
0.50,R=7.0 x 16 Q, Cy=2.43 x 1d° F, D = 4.19 x 10 cnt s* for all speciesk = 1.0 x
10’ Mt st

To further quantify the kinetics of acetophenonealustion in water saturated
[BMPyrd][TFSI] under a N atmosphere, a 34 um diameter carbon-fiber mickogelisctrode
was employed at fast scan rates up to 714*\fosachieve voltammetric data with partial
chemical reversibility (Fig. 8). Simulations usipgrameters specified in the caption of Fig. 8
were then used to obtain the theoretical cyclictammmograms based on the reaction
mechanism given in Scheme 5. The diffusion coeffitiof 4.19 x 18 cnf s* for
acetophenone used in the simulations was calculfi@mu the steady-state diffusion
controlled limiting current for acetophenone reduttand use of Equation (1). The diffusion
coefficients of species derived from reduction oétaphenone were assumed to be the same
as for acetophenone. The second order rate congianite dimerization reactions is
estimated to be 1.0 x 1™ s* based on the experiment versus theory comparigaris.
value is significantly higher than that of 4.0 20" s* obtained in dry [BMPyrd][TFSI],
implying stronger interaction between acetophen@utcal anions and water. It has been

48845, 49, 50

suggested that aromatic keton and quinoned, and their reduced forms form

extensive hydrogen bonding networks with water rmgaaic solvents and ionic liquids.
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Presumably, this type of hydrogen bonding netwarksld form between acetophenone
anions and water, resulting in a higher degreehafrge delocalization and hence favour

dimer formation.

Conclusions

Electrochemical studies of acetophenone were uskiamt under both Nand CQ
atmospheres in dry [BMMIM][BE, and dry and water saturated [BMPyrd][TFSI] to
investigate the influence of proton availabilityordn the ionic liquid itself and from
adventitious water on electrocarboxylation.

In dry [BMMIM][BF 4] and [BMPyrd][TFSI], results obtained under a Btmosphere
support a mechanism involving overall reductioraoétophenone followed by dimerization
reactions with an rate constant of 5.0 ¥ M0* s* and 4.0 x 1dM™ s?, respectively. These
values are considerably smaller than obtained iiddmolium based ionic liquids %’
presumably due to weaker interaction between tepbenone radical anion and the cations
of these ionic liquids. Under a GGatmosphere, the results indicate that acetophenone
reduction involves a combination of dimerizationpm@ton coupled two-electron transfer
reaction and electrocarboxylation pathways in @yIMIM][BF 4], revealing that even when
the reactive C-2 hydrogen in [BMIM][BFis substituted by a methyl group, demethylation
of imidazolium cation under a G@tmosphere could occur to form a stalilbeterocyclic
carbine complex with CO By contrast, dry [BMPyrd][TFSI] is a much moreitable
medium for electrocarboxylation and provides ad/igf carboxylic acid as high as 98%. The
reusability of this ionic liquid for electrocarbdayion of acetophenone is an important
consideration in green chemistry. In this contéxhay be noted that the workup required to
undertake GC-MS measurements after electrolysisodsirates that the products and
unreacted acetophenone can be completely sepdrated BMPyrd][TFSI] using a simple
solvent extraction method. Consequently, it canphmposed that reusability of this ionic
liquid could be achieved using the same method.

In water saturated [BMPyrd][TFSI], product distrilin analysis by GC-MS after bulk
electrolysis suggests that dimers are the only ymsdproduced under both, dind CQ
atmospheres. Under & Mtmosphere, an overall dimerization rate consifftO x 16 M™ s
! was obtained by comparison of experimental andilsited voltammetric data. This value is
more than three orders of magnitude higher thanh ¢héained in dry [BMPyrd][TFSI],
indicating the key role of water on the kineticsdierization. Stronger hydrogen-bonding
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interaction between acetophenone radical anionsveatdr may lead to enhanced charge
delocalization thus favour dimer formation.

The results obtained from these studies also damad@ghat precautions should be taken
to dry ionic liquids carefully to achieve electraoaxylation since water may promote the
undesirable reactions by providing protons in thsecof [BMMIM][BF,] or enhancing the

kinetics of dimerization in the case of water-sated [BMPyrd][TFSI].
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