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ABSTRACT: An electrochemical flow process has been developed for an alcohol oxidation step in the synthesis of the generic
epilepsy drug levetiracetam. A crucial metric in this process is the retention of high enantiomeric purity as the oxidation of the
primary alcohol to the carboxylic acid proceeds via an epimerizable aldehyde intermediate. Here, three different reactor
configurations are compared: undivided batch, undivided flow, and divided flow cells. The divided flow cell accesses the highest rate,
throughput, and enantiomeric fidelity among the three configurations. This approach is showcased in a 200-g scale process that
retains ≥97% enantiomeric purity and highlights a unique advantage of flow electrolysis.
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■ INTRODUCTION

Levetiracetam (LEV) is an important antiepileptic drug that
has been used globally for more than two decades.1 The
ongoing demand for LEV and expiration of patents has
contributed to exploration of improved synthetic protocols.2−4

A particularly efficient route features a carboxylic acid
intermediate (LEV-CO2H) prepared via oxidation of a chiral
primary alcohol precursor (LEV-CH2OH) obtained by
condensation of the corresponding chiral amino alcohol and
butyrolactone (Figure 1a).4 A key challenge in this synthetic
route is retention of the absolute (S) stereochemical
configuration of the chiral alcohol. Basic reaction conditions
commonly used in catalytic methods for the oxidation of
primary alcohols to carboxylic acids5 can epimerize the base-
sensitive aldehyde intermediate in the reaction sequence. To
address this limitation, we recently developed an electro-
chemical method for oxidation of LEV-CH2OH to LEV-CO2H
using 4-acetamido-2,2,6,6-tetramethylpiperidin-1-oxyl (ACT)
as a catalytic redox mediator (Figure 1b).6,7 The method has
many appealing features, as it proceeds in water, uses a benign
electrolyte (NaHCO3/Na2CO3), and generates H2 as the sole
stoichiometric byproduct (via water/proton reduction at the
counter electrode). Nevertheless, the batch reaction process
exhibits low rates (elaborated below) and a drop in
enantiomeric purity of the product becomes increasingly
problematic at larger scale. Here, we develop a flow electrolysis
process and analyze the comparative performance of batch and
flow configurations for the alcohol oxidation step in the
synthesis of Levetiracetam (Figure 1c). The data show that a
divided-cell flow process exhibits the highest rates and leads to
superior retention of enantiomeric purity in the reaction,
nearly eliminating epimerization of the aldehyde intermediate.
These results have important implications for other electro-
synthetic methods and highlight the advantages of flow-based
electrolysis for reactions that feature reactive intermediates.8
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Figure 1. (a) Synthetic route for the preparation of Levetiracetam.
(b) Stepwise sequence for oxidation of LEV-CH2OH to LEV-CO2H
by ACT, highlighting the intermediacy of the epimerizable aldehyde.
(c) Batch- versus flow-based electrochemical processes, considered
herein.
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■ RESULTS AND DISCUSSION
Previous studies have shown that ACT is a very effective
electrocatalytic mediator for oxidation of primary alcohols to
carboxylic acids.6a,9 Chronoamperometry studies revealed that
ACT exhibits turnover frequencies (TOFs) of 400−1900 h−1

for primary aliphatic alcohols. Much slower rates are observed
under bulk electrolysis conditions. The reaction rates observed
when conducting ACT-mediated oxidation of LEV-CH2OH
under typical batch electrolysis conditions with reticulated
vitreous carbon (RVC)6a and graphite felt (GF) (see Table 1,

entry 1) electrodes correspond to an “effective TOF” of only
0.6−7 h−1, drawing attention to the influence of mass transport
on the reaction rate. Postulating that the longer reaction times
imposed by the batch reaction format contributes to the loss of
enantiomeric purity during the oxidation of LEV-CH2OH, we
initiated an effort to explore flow electrolysis conditions.
Single-pass flow conditions have been reported previously for
TEMPO-mediated alcohol oxidation;10 however, this approach
requires slow flow rates to ensure complete conversion in a
single pass and negates many of the beneficial mass transport
contribution of flow-based electrolysis.
As an alternative, we considered a recirculating flow process

that would be compatible with high flow rates. A commercially
available parallel-plate electrolysis cell (Micro Flow Cell from
ElectroCell11) was selected for these studies, owing to their
modular construction and availability of larger-scale reactor
formats. Three-dimensional (3D) porous graphite felt (GF; 10
cm2 geometric surface area with a 0.5 cm thickness) was
integrated in the anode compartment. GF has been commonly
used in redox flow batteries due to its wide operating potential
range, good electrical conductivity, high specific surface area,
and chemical and mechanical stability12 and recently has begun

to be used in organic electrochemistry applications.13 This
electrode material has a high surface-to-volume ratio, and the
three-dimensional porosity promotes turbulent mixing and
efficient mass transport. A recent study by Weber and co-
workers analyzed the flow behavior through GF electrodes and
showed that this material serves as a static mixer that supports
plug-flow behavior.13b

The GF anode was paired with a stainless-steel plate cathode
(10 cm2), and a PTFE static mixing spacer was included in the
cathode compartment of the flow cell (see Figures S1−S3 in
the Supporting Information for details of the reactor
construction). The cell was tested with and without a
sulfonated fluoropolymer membrane between the anode and
cathode compartments. Finally, a Ag/AgCl reference electrode
was interfaced with the inlet tube of the anodic chamber to
allow the anode potential to be monitored while performing
flow electrolysis at constant current. Prior to each electrolysis
experiment, the flow was initiated and a voltammogram was
recorded in order to measure the current at 0.7 V (i.e., just
beyond ACT/ACT+ potential: E1/2(ACT) = 0.63 V vs Ag/
AgCl). This current value was used to conduct the ensuing
constant current electrolysis. The anode potential was stable
throughout the electrolytic oxidation of LEV-CH2OH (de-
tailed below) until substrate was consumed, and the reaction
was terminated when the anode potential rose to 1.0 V.
Representative electrolysis data obtained under different

conditions are provided in Table 1. The reaction time, product
yield, and faradaic efficiency were determined, together with
the extent of epimerization, defined according to the % ee
retained in the product [i.e., (ee of LEV-CO2H/ee of LEV-
CH2OH) * 100]. An initial batch experiment was conducted as
a benchmark, using the same electrode materials used for the
flow electrolysis methods (see Supporting Information for
details). This reaction exhibits a comparatively long reaction
time (11 h) and a notable drop in ee, from 95.2% ee in the
alcohol to 87.5% ee in the LEV-CO2H product (92% ee ret)
(Table 1, entry 1). Flow conditions were initially tested using
an undivided flow cell (UDFC), which avoids the need for a
membrane and uses a single reservoir for the reaction solution.
Flow electrolysis under conditions otherwise identical to the
batch reaction (pH 9, 0.5 M Na2CO3/NaHCO3 electrolyte, rt,
10 cm2 GF electrode) led to a much faster rate, reaching
completion in only 1.2 h, and exhibited a significant
improvement in enantiomeric retention (97% ee ret, entry
2). Lowering the pH led to a slight improvement in
enantiomeric retention (98% ee ret at pH 8) but a significantly
lower rate, resulting in only 50% yield of product over the same
1.2 h time period (entry 3). A divided flow cell (DFC) was also
tested by incorporating a Nafion 324 membrane between the
anode and cathode compartments and using separate feed
solutions for each electrode. A preliminary experiment at pH 8
revealed very poor reaction performance (entry 4). This
outcome was traced to acidification of the anodic reaction
solution during electrolysis (a solution pH of 6−7 was measure
after 0.6 h). It was possible to maintain the pH by use of a pH
controller that titrated 1 M NaOH solution into solution
(Figure 2). Optimization of this approach (see Supporting
Information for further details) led to an excellent yield (92%)
within 0.6 h and near-perfect enantiomeric retention (entry 5).
Analysis of the reaction time course provided valuable

insights into the reaction performance during the DFC
electrolysis conditions (cf. Table 1, entry 5). The anode
potential was monitored relative to the Ag/AgCl reference

Table 1. Comparison of Batch and Flow Reaction
Conditions

Entry Formata pHb
Time
(h)

Yieldc

(%)
FEd

(%)
ee rete

(%)

1 Stirred batch 9.0 11 92 89 92
2 Flow,

undivided
9.0 1.2 91 81 97

3 Flow,
undivided

8.0 1.2 50 44 98

4 Flow, divided 8.0 0.6 23 N.D. N.D.
5f Flow, divided 9.0 0.6 92 83 >99

aConditions: 0.1 M (5 mmol) LEV-CH2OH, 5 mol % ACT, 50 mL of
carbonate buffer electrolyte (0.5 M; pH adjusted by varying the ratio
of Na2CO3/NaHCO3), flow rate = 50 mL min−1, rt. Variable constant
currents, set according to the current recorded at 0.7 V vs Ag/AgCl
during CV measurement at scan rate of 50 mV/s, corresponded to the
following values: batch, Iapp = 50 mA; undivided flow, Iapp = 500 mA;
divided flow, Iapp = 1000 mA. electrode dimensions = 10 cm2 × 0.5
cm. bpH controlled by using different ratios of NaHCO3 and
Na2CO3.

c1H NMR yields with DMSO as the internal standard.
dFaradaic Efficiency. e% ee ret = (ee of LEV-CO2H/ee of LEV-
CH2OH)*100; enantiomeric excess (ee) determined by HPLC. fThe
pH of the anode solution maintained by titration with 1.0 M NaOH
using a pH controller.
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electrode (Figure 3a), and aliquots of the reaction mixture
were analyzed by 1H NMR spectroscopy throughout the time
course (Figure 3b). The aldehyde hydrate LEV-CH(OH)2 is
detected as an intermediate during the course of the reaction,
rising to a steady-state concentration of ∼14 mM. Full
conversion of the alcohol to LEV-CO2H after ∼30 min
coincides with a rise in anode potential (cf. Figure 3a).
Further studies were conducted to probe the performance of

the different reactor configurations (batch, UDFC, and DFC;
Figure 4). The same electrode size (10 cm2) and composition
(GF/stainless steel) were used in each case. Voltammetry data
highlight the different current response in the different reactors
(Figure 4a). The DFC accessed a current density of 250 mA
cm−2 at 0.8 V vs Ag/AgCl, 2-fold higher than that observed in
the UDFC and 20-fold higher than that in the batch reactor.
The difference between the DFC and UDFC reactors is
rationalized by the presence of the membrane in the DFC,
which ensures that the reaction solution is forced to flow
through the GF working electrode. In the UDFC, approx-
imately half of the reactor volume is not in contact with the GF
and will not support electrolysis (see Figure S8). The current
density observed at 0.7 V in the voltammetry experiments (cf.
Figure 4a) was used to define the current for bulk electrolysis
reactions. The reaction time-course data reveal significant
differences in rate and mass throughput for the three different
reactors (Figure 4b and 4c). Each reactor was then used to
perform the bulk electrolysis at different pH values. The data
show evidence for significant epimerization in the batch
reaction format (Figure 4d, blue data), with progressively
worse retention of ee as the pH is raised from 8 to 11.5. The
drop in product ee is rationalized by equilibration of the LEV-
CH(OH)2 intermediate (cf. Figure 3b) with the aldehyde (cf.
Figure 1b), which can undergo base-promoted epimerization
during the oxidation process. Significantly improved retention
of ee is observed with the UDFC and DFC reactors (Figure 4d,
red and black data, respectively), with virtually no loss of
enantiopurity in the DFC from pH 8−9.
The improved retention of ee in the flow cells is attributed

to the faster rates in these reactors, which reduce the time
available for the aldehyde to epimerize. Support for this
hypothesis was obtained by testing the relationship between
reaction time and ee retention. A series of electrolysis
experiments were performed using the DFC Micro Flow
Cell, varying the amount of LEV-CH2OH from 2 to 20 g

[different volumes of 0.5 M substrate solution in the anode
reservoir; 1 M NaHCO3/Na2CO3, (pH 8.5)]. Each electrolysis
used an identical current density (200 mA/cm2) and solution
flow rate (100 mL/min). The results in Figure 5 (see
Experimental Section and Table S6 for details) show that
retention of ee correlates with the overall reaction time, which
directly correlates with the scale of the reaction (top x-axis in
Figure 5).
The results above suggest that good overall reaction

performance should be possible on any scale by properly
matching the reaction scale with the electrolysis cell and
operational parameters (e.g., current density). This conclusion
was tested with a 200 g scale reaction using the Electro MP
Cell,11 which accommodates a GF electrode area of 100 cm2

(Figure 6; see Figures S5 and S6).

Figure 2. Schematic diagram of the divided flow cell with graphite felt
anode, stainless steel plate cathode, and Nafion N324 membrane. A
pH meter/controller maintains the pH of the anode reservoir solution
(for details, see Figures S1−S3 in the Supporting Information).

Figure 3. (a) Anode potential and charge passed during the
electrochemical ACT-mediated oxidation of LEV-CH2OH in a
DFC. (b) Time course for the conversion of 0.1 M LEV-CH2OH
during electrocatalytic oxidation. Reaction conditions: 5 mmol of
LEV-CH2OH and 5 mol % ACT in 50 mL of aqueous carbonate
buffer, NaHCO3 (1.0 M)/Na2CO3 (1.0 M) with pH 9.0, constant
current = 100 mA/cm2, flow rate = 50 mL/min, rt. Yields determined
using 1H NMR spectroscopy with DMSO as the internal standard.
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The oxidation of LEV-CH2OH (200 g, 1272 mmol, 0.5 M,
pH 8.5) was conducted with a current density of 300 mA/cm2,
and a stable anode potential of ∼1.2 V vs Ag/AgCl was
observed during the reaction (Figures 6b). These conditions,
together with a high faradaic efficiency (97%), allowed the

reaction to reach completion within 4.5 h (Figure 6c),
affording LEV-CO2H in 91% isolated yield with 97.3%
retention of ee. No evidence for product degradation was
observed during the reaction. The high faradaic efficiency
suggests the carbon electrode maintains good stability
throughout the experiment, although systematic efforts were
not undertaken to explore the material stability limits. The 44.5
g/h throughput in this demonstration may be compared to the
1.4 g/h throughput achieved in the previously reported 40 g
scale batch reaction. The principles established here are readily
adapted to larger scale applications.6a

■ CONCLUSIONS

The results of this study showcase the efficient electrochemical
oxidation of an important pharmaceutical intermediate using
mediated electrocatalysis. The high rates accessed by the DFC
play a crucial role in maintaining high enantiomeric purity by
minimizing the residence time of a sensitive reaction
intermediate. This phenomenon has important implications
for other reactions that proceed via metastable intermediates
susceptible to unwanted side reactions. More generally, the
systematic performance comparison of three electrochemical
reactor configurations establishes an important foundation for
scalable application of electrochemical methods to organic
synthesis.

Figure 4. Comparison of the electrochemical behavior of DFC, UDFC, and batch reactors for the ACT-mediated oxidation of LEV-CH2OH (0.1
M, 5 mmol). (a) Voltammetric analysis of ACT-mediated electrocatalytic LEV-CH2OH oxidation; scan rate: 50 mV/s. (b) Product yield time
course during constant-current electrolysis (the current density observed at 0.7 V in Figure 4a was used to define the applied current). (c) Reaction
throughput of LEV-CO2H obtained from constant-current electrolysis. (d) Retention of enantiomeric excess for electrolysis reactions at different
pH.

Figure 5. Relationship between enantiomeric excess retention (ee
ret), scale and reaction time in the DFC (Micro Cell). Reaction
conditions: 0.5 M of LEV-CH2OH, 5 mol % ACT, 1.0 M NaHCO3/
Na2CO3 electrolyte, pH 8.5, constant current = 200 mA/cm2, flow
rate = 100 mL/min, rt. See Supporting Information for details.
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■ EXPERIMENTAL SECTION

General Considerations. Chemicals and solvents were
purchased from commercially available sources and used
without purification. 1-[(2S)-1-Hydroxy-2-butanyl]-2-pyrroli-
dinone (LEV-CH2OH, 95.2% ee) was prepared according to a
literature protocol.4b Pyrene-TEMPO was synthesized accord-
ing to a previously reported protocol.9b Deionized water was
used for making all the solutions for voltammetric studies, and
electrolysis reactions. The aqueous buffered solutions were
made based on standard tables reported online.14 For the
desired pH values in this work, sodium hydrogen carbonate/
sodium carbonate buffer were used. The total concentration of
buffers was 0.1 to 1 M. Graphite felt (GF065) and Nafion
N324 membrane were purchased from Fuel Cell Store. 1H and
13C NMR spectra were obtained with Bruker Avance-400 MHz
with residual solvent peaks or tetramethylsilane as the internal
reference. Multiplicities are described using the following
abbreviations: s = singlet, bs = broad singlet, d = doublet, dd =
doublet of doublet, t = triplet, m = multiplet. Chiral HPLC
experiments were performed using a Shimadzu 1260 Series
HPLC equipped with a Chiralpak ID column. High-resolution
mass spectra were obtained using a Thermo Q Exactive Plus
via (ASAP-MS) by the mass spectrometry facility at the
University of WisconsinMadison. The structural images
were obtained by scanning electron microscopy (SEM) using a
Hitachi FE-SEM S-4700 operated at 15.0 kV.
Flow Electrochemical Oxidation Experimental Procedure.

Small-Scale Electrochemical Flow Setup. For the small-scale

electrochemical flow reactions, a commercial Micro Flow Cell
(purchased from ElectroCell) with an electrode area of 10 cm2

was used, the active reactor volume is 5 mL, and the
Bipotentiostat BP-300 was used as power supply. For the
divided flow cell, consisting of PTFE end frames, a stainless
steel plate (316L) as the cathode, a stainless steel plate, and a
graphite plate overlay together as the anode, the Nafion N324
membrane was used to separate the anode and cathode. The
flow cell also contains the flow frames and gaskets. Graphite
felt (0.6 g, BET surface area = 0.66 m2) with approximately
dimensions = 3.5 × 3.0 × 0.5 cm3 (Brunner−Emmet−Teller
(BET) surface area is 1.1 m2 g−1) was used to increase the
surface area of the electrode, and PTFE mesh was used as
turbulence material for diffusion. The interelectrode distance
between the anode and cathode is 3.5 mm as shown in Figure
S1 where the anode is separated from the cathode with a
nafion membrane, two gaskets, and a PTFE frame. All
electrolysis reactions were performed in aqueous solutions.
The working electrode potential during constant current
electrolysis was monitored versus Ag/AgCl. A magnetic stir
bar (1 cm) was used in the reservoirs, and the reaction mixture
was stirred (300 rpm) during the course of flow electrolysis
reactions. The aqueous carbonate buffer/reaction mixture in
the anodic reservoir and the aqueous carbonate buffered
solution in the cathodic reservoir were each pumped through
the system using peristaltic pumps with flow rates of 50 mL/
min. The undivided cell is identical to the divided flow cell, but
without the Nafion N324 membrane using one reservoir with a

Figure 6. Scale up of constant-current electrochemical oxidation of LEV-CH2OH. (a) Size comparison of the Micro flow cell and MP Cell; (b)
observed potential over time during the 200 g constant current electrochemical oxidation of LEV-CH2OH in the divided MP flow cell; and (c)
constant current time course of 0.5 M LEV-CH2OH electrocatalytic oxidation. Reaction conditions: 1272 mmol of LEV-CH2OH and 5 mol %
ACT in 2540 mL of aqueous carbonate buffer, NaHCO3 (1.0 M)/Na2CO3 (1.0 M), pH 8.5, at an applied current density of 300 mA/cm2, flow rate
= 1000 mL/min, rt. Yield determined by HPLC analysis.
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flow rate of 50 mL/min. This high flow rate prevents
complications that could arise from bubble formation. The
components of the electrochemical cell before and after
assembly are shown in Figures S1−S3. The SEM image of the
graphite felt is shown in Figure S4.
Large-Scale Electrochemical Flow Setup. A commercial

MP Flow Cell (purchased from ElectroCell) with an electrode
area of 100 cm2 was used for the large-scale demonstration.
The divided flow cell utilized a nickel plate cathode with a
graphite felt and plate anode. A Nafion N324 membrane was
used to separate the anodic and cathodic compartments. The
reactor was assembled following the manufacturer’s instruc-
tions and illustrated in Figure S5. The input and output ports
corresponding to the anodic and cathodic chambers were
equipped with PVDF hose barb adapters (3/8″ ID × 1/2″
NPT(M); Cole-Palmer #EW-30704-18). The unused ports
were plugged with HDPE threaded plugs (1/2″ NPT(M);
Cole-Palmer #EW-30401-39).
The assembled MP Cell was inserted into the flow setup

diagramed in Figure S6. The anolyte and catholyte solutions
were held in jacketed cylindrical reactors equipped with
overhead stirrers and connected to a Huber Ministat 230
chiller (Figure S6, 1). J-Kem temperature probes were inserted
into the reactors to monitor the internal temperature (Figure
S6, 1). A Mettler-Toledo InLab Micro Pro-ISM pH Probe
(#51344163) was inserted into the anolyte solution to monitor
the pH (Figure S6, 2). A 1/4″ stainless steel dip tube was
inserted to withdraw the solutions from the bottom of the
reactors before transitioning to Tygon 3/8″ tubing (E-LFL L/
S 35, Cole-Palmer #EW-06440-35). The solutions were
recirculated via a Cole-Palmer Masterflex L/S Digital Drive
(#EW-075220-20) equipped with two Easy-Load II Pump
Heads (#EW-77200-62) at a flow rate of 1000 mL/min
(Figure S6, 4). The sodium hydroxide buffering solution was
pumped via a single-channel Cole-Palmer Masterflex L/S
Digital Miniflex Pump (#EW-07525-20) with 1/8″ ID Tygon
E-LFL L/S 16 tubing (Cole-Palmer #EW-06440-16; Figure S6,
5), through a McMaster-Carr 0.33PSI opening pressure check-
valve (#45385K53; Figure S6, 6). The buffering solution,
through 1/8″ tubing transitioned to 3/8″, was combined with
the anolyte solution stream in a Cole-Palmer 3/8 in.
compression tee (#EW-06386-30) and flowed through a
Koflo 3/8″ static mixer (#3/8-40-3-6-2; Figure S6, 7). The
anolyte was passed through an Evsco 443-PV PVDF Three-
Way valve (1/2″ NPT(F); Cole-Palmer #EW-06472-47) with
an Oakton In-Line pH meter (Cole-Palmer #EW-27001-90)
inserted into one of the ports (Figure S6, 8). Two
polypropylene compression adapters (1/2″ OD × 1/2″
NPT(M); Cole-Palmer #EW-06385-70) were used to connect
the 3/8″ ID Tygon tubing to the valve. The anolyte stream
continued through another 3/8″ compression tee with a Pine
Research Ag/AgCl reference electrode (#RREF0021; Figure
S6, 9) before entering the electrolysis cell with a flow rate of
1000 mL/min. The catholyte solution was pumped directly
into the cell with the same flow rate. Both solutions were
immediately returned to the respective vessels upon exiting the
cell.
A Biologic VMP-300 potentiostat equipped with four 10-

Amp booster boards was used as the power supply. The
individual boards were connected to a Biologic CC8 current
collector. The power and sensory cables from the current
collector were attached to the MP cell with the provided

hardware. The cell potential was monitored versus the in-line
Ag/AgCl reference electrode.

Epimerization Time-Dependence Experiment. A 0.5 M
solution of LEV-CH2OH was prepared with 1.95 equiv of
sodium bicarbonate, 0.05 equiv of sodium carbonate, and 5
mol % ACT, consistent with section 2.4 in the Supporting
Information, and agitated until homogeneous. The flow
electrolysis was conducted in the microcell reactor with a 10
cm2 graphite felt anode as outlined in the previous section
(Figures S1−S3). The reaction solution was recirculated at 100
mL/min, and a constant current electrolysis was performed at
2000 mA. A 4 M sodium hydroxide solution was used to
maintain a pH of 8.5 in the anodic reaction solution. Upon
completion, a sample of the reaction solution was acidified
with HCl and extracted with EtOAc. The organic layer was
concentrated and analyzed for product enantiopurity. This
process was performed on 2, 5, 10, 15, and 20 g scales. The
chiral purities of the resulting products are outlined in Table
S6.

Characterization Data for Product. (2S)-2-(2-Oxopyrroli-
din-1-yl) Butanoic Acid (S-LEV-CO2H): The

1H and 13C NMR
data match those reported in the literature.6b 1H NMR (500
MHz, D2O, δ (ppm)): 4.43 (dd, J = 10.9, 4.8 Hz, 1H), 3.45
(m, 2H), 2.45 (td, J = 8.0, 7.3, 5.1 Hz, 2H), 2.06 (m, 2H), 1.95
(td, J = 14.5, 7.9 Hz, 1H), 1.74 (ddd, J = 14.4, 11.0, 7.2 Hz,
1H), 0.83 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, D2O):
179.5, 174.5, 56.2, 44.7, 30.9, 21.3, 17.5, 9.9. HRMS (ESI)
Calculated for [M+H+], 172.0968; measured, 172.0966.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.oprd.1c00036.

Experimental details and compound characterization
data (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Shannon S. Stahl − Department of Chemistry, University of
WisconsinMadison, Madison, Wisconsin 53706, United
States; orcid.org/0000-0002-9000-7665; Email: stahl@
chem.wisc.edu

Authors
Xing Zhong − Department of Chemistry, University of
WisconsinMadison, Madison, Wisconsin 53706, United
States; College of Chemical Engineering, Zhejiang University
of Technology, Hangzhou 310032, P. R. China

Md Asmaul Hoque − Department of Chemistry, University of
WisconsinMadison, Madison, Wisconsin 53706, United
States

Matthew D. Graaf − Process R&D, AbbVie, North Chicago,
Illinois 60064, United States

Kaid C. Harper − Process R&D, AbbVie, North Chicago,
Illinois 60064, United States; orcid.org/0000-0003-
3894-4851

Fei Wang − Department of Chemistry, University of
WisconsinMadison, Madison, Wisconsin 53706, United
States; orcid.org/0000-0002-1244-3680

J. David Genders − Electrosynthesis Company, Inc., Lancaster,
New York 14086-9779, United States

Complete contact information is available at:

Organic Process Research & Development pubs.acs.org/OPRD Article

https://doi.org/10.1021/acs.oprd.1c00036
Org. Process Res. Dev. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.1c00036?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.1c00036/suppl_file/op1c00036_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shannon+S.+Stahl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9000-7665
mailto:stahl@chem.wisc.edu
mailto:stahl@chem.wisc.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xing+Zhong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md+Asmaul+Hoque"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+D.+Graaf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaid+C.+Harper"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3894-4851
http://orcid.org/0000-0003-3894-4851
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1244-3680
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+David+Genders"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.1c00036?rel=cite-as&ref=PDF&jav=VoR


https://pubs.acs.org/10.1021/acs.oprd.1c00036

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support was provided by AbbVie, the NIH (R35
GM134929), and the China Scholarship Council (X.Z.). We
thank Prof. Mohammad Rafiee (Univ. Missouri-Kansas City)
for helpful discussions and suggestions during the course of
this project and Suiqin Li (Zhejiang University of Technology)
for acquisition of the SEM image of the GF. Spectroscopic
instrumentation was partially supported by a gift from Paul J.
and Margaret M. Bender and the NSF (CHE-1048642).

■ REFERENCES
(1) (a) Hovinga, C. A. Levetiracetam: a novel antiepileptic drug.
Pharmacotherapy. 2001, 21, 1375−1388. (b) Muralidharan, A.;
Bhagwagar, Z. Potential of levetiracetam in mood disorders: a
preliminary review. CNS Drugs 2006, 20, 969−979.
(2) (a) Gobert, J., Geerts, J.-P., Dodson, G. (S)-alpha-ethyl-2-oxo-1-
pyrrolidineacetamide compositions. US4837223 A, 1989. (b) Gobert,
J., Geerts, J.-P., Bodson, G. (S)-alpha-ethyl-2-oxo-1-pyrrolidine-
acetamide, US4943639 A, 1990. (c) Surtees, J.; Marmon, V.;
Differding, E.; Zimmermann, V. 2-oxo-1-pyrrolidine derivatives,
process for preparing them and their uses. US7217826 B2, 2007.
(3) (a) Kotkar, S. P.; Sudalai, A. A short enantioselective synthesis of
the antiepileptic agent levetiracetam based on proline-catalyzed
asymmetric α-aminooxylation. Tetrahedron Lett. 2006, 47, 6813−
6815. (b) Chandra Babu, K.; Buchi Reddy, R.; Mukkanti, K.; Suresh,
K.; Madhusudhan, G.; Nigam, S. Enantioselective synthesis of
antiepileptic agent, (−)-levetiracetam, through evans asymmetric
strategy. J. Chem. 2013, 2013, 1 Article ID: 176512. (c) Friedfeld, M.
R.; Zhong, H.; Ruck, R. T.; Shevlin, M.; Chirik, P. J. Cobalt-Catalyzed
Asymmetric Hydrogenation of Enamides Enabled by Single-Electron
Reduction. Science 2018, 360, 888−892. (d) Baglai, I.; Leeman, M.;
Kellogg, R. M.; Noorduin, W. L. A Viedma ripening route to an
enantiopure building block for levetiracetam and brivaracetam. Org.
Biomol. Chem. 2019, 17, 35−38. (e) Narczyk, A.; Mrozowicz, M.;
Stecko, S. Total synthesis of levetiracetam. Org. Biomol. Chem. 2019,
17, 2770−2775.
(4) (a) Boschi, F.; Camps, P.; Comes-Franchini, M.; Munoz-
Torrero, D.; Ricci, A.; Sanchez, L. A synthesis of levetiracetam based
on (S)-N-phenylpantolactam as a chiral auxiliary. Tetrahedron:
Asymmetry 2005, 16, 3739−3745. (b) Mylavarapu, R.; Anand, R.
V.; Kondaiah, G. C. M.; Reddy, L. A.; Reddy, G. S.; Roy, A.;
Bhattacharya, A.; Mukkanti, K.; Bandichhor, R. An alternate synthesis
of levetiracetam. Green Chem. Lett. Rev. 2010, 3, 225−230.
(5) See, for example: (a) Mallat, T.; Baiker, A. Oxidation of alcohols
with molecular oxygen on solid catalysts. Chem. Rev. 2004, 104,
3037−3058. (b) Balaraman, E.; Khaskin, E.; Leitus, G.; Milstein, D.
Catalytic transformation of alcohols to carboxylic acid salts and H2
using water as the oxygen atom source. Nat. Chem. 2013, 5, 122−125.
(c) Ahmed, M. S.; Mannel, D. S.; Root, T. W.; Stahl, S. S. Aerobic
oxidation of diverse primary alcohols to carboxylic acids with a
heterogeneous Pd-Bi-Te/C (PBT/C) catalyst. Org. Process Res. Dev.
2017, 21, 1388−1393.
(6) (a) Rafiee, M.; Konz, Z.; Graaf, M.; Koolman, H.; Stahl, S. S.
Electrochemical oxidation of alcohols and aldehydes to carboxylic
acids catalyzed by 4-acetamido-TEMPO: An alternative to “Anelli”
and “Pinnick” oxidations. ACS Catal. 2018, 8, 6738−6744. (b) Wang,
F.; Stahl, S. S. Electrochemical oxidation of organic molecules at lower
overpotential: accessing broader functional group compatibility with
electron-proton transfer mediators. Acc. Chem. Res. 2020, 53, 561−
574.
(7) For a review of electrochemical reactions with aminoxyl radicals,
see: Nutting, J. E.; Rafiee, M.; Stahl, S. S. Tetramethylpiperidine

NOxyl (TEMPO), phthalimide N-Oxyl (PINO), and related N-Oxyl
species: Electrochemical properties and their use in electrocatalytic
reactions. Chem. Rev. 2018, 118, 4834−4885.
(8) For reviews and perspectives on flow-based electrochemical
processes, see: (a) Pletcher, D.; Green, R. A.; Brown, R. C. D. Flow
electrolysis cells for the synthetic organic chemistry laboratory. Chem.
Rev. 2018, 118, 4573−4591. (b) Elsherbini, M.; Wirth, T.
Electroorganic Synthesis under Flow Conditions. Acc. Chem. Res.
2019, 52, 3287−3296. (c) Noël, T.; Cao, Y.; Laudadio, G. The
fundamentals behind the use of flow reactors in electrochemistry. Acc.
Chem. Res. 2019, 52, 2858−2869.
(9) (a) Rafiee, M.; Miles, K. C.; Stahl, S. S. Electrocatalytic alcohol
oxidation with TEMPO and bicyclic nitroxyl derivatives: Driving force
trumps steric effects. J. Am. Chem. Soc. 2015, 137, 14751−14757.
(b) Das, A.; Stahl, S. S. Noncovalent immobilization of molecular
electrocatalysts for chemical synthesis: Efficient electrochemical
alcohol oxidation with a pyrene-TEMPO conjugate. Angew. Chem.,
Int. Ed. 2017, 56, 8892−8897; Angew. Chem. 2017, 129, 9018−9023.
(c) Cardiel, A. C.; Taitt, B. J.; Choi, K.-S. Stabilities, regeneration
pathways, and electrocatalytic properties of nitroxyl radicals for the
electrochemical oxidation of 5-hydroxymethylfurfural. ACS Sustain-
able Chem. Eng. 2019, 7, 11138−11149. (d) Rafiee, M.; Alherech, M.;
Karlen, S. D.; Stahl, S. S. Electrochemical aminoxyl-mediated
oxidation of primary alcohols in lignin to carboxylic acids: Polymer
modification and depolymerization. J. Am. Chem. Soc. 2019, 141,
15266−15276.
(10) (a) Hill-Cousins, J. T.; Kuleshova, J.; Green, R. A.; Birkin, P. R.;
Pletcher, D.; Underwood, T. J.; Leach, S. G.; Brown, R. C. D.
TEMPO-mediated electrooxidation of primary and secondary
alcohols in a microfluidic electrolytic cell. ChemSusChem 2012, 5,
326−331. (b) Kuleshova, J.; Hill-Cousins, J. T.; Birkin, P. R.; Brown,
R. C.D.; Pletcher, D.; Underwood, T. J. The methoxylation of N-
formylpyrrolidine in a microfluidic electrolysis cell for routine
synthesis. Electrochim. Acta 2012, 69, 197−202. (c) Delorme, A. E.;
Sans, V.; Licence, P.; Walsh, D. A. Tuning the reactivity of TEMPO
during electrocatalytic alcohol oxidations in room-temperature ionic
liquids. ACS Sustainable Chem. Eng. 2019, 7, 11691−11699.
(11) https://www.electrocell.com (accessed December 6, 2020).
(12) See, for example: (a) Chakrabarti, M. H.; Brandon, N. P.;
Hajimolana, S. A.; Tariq, F.; Yufit, V.; Hashim, M. A.; Hussain, M. A.;
Low, C. T. J.; Aravind, P. V. Application of carbon materials in redox
flow batteries. J. Power Sources 2014, 253, 150−166. (b) Chen, J.-Z.;
Liao, W.-Y.; Hsieh, W.-Y.; Hsu, C.-C.; Chen, Y.-S. All-vanadium redox
flow batteries with graphite felt electrodes treated by atmospheric
pressure plasma jets. J. Power Sources 2015, 274, 894−898. (c) Walsh,
F. C.; Ponce de León, C. Progress in electrochemical flow reactors for
laboratory and pilot scale processing. Electrochim. Acta 2018, 280,
121−148.
(13) See, for example: (a) Kong, W.-J.; Finger, L. H.; Messinis, A.
M.; Kuniyil, R.; Oliveira, J. C. A.; Ackermann, L. Flow rhodaelectro-
catalyzed alkyne annulations by versatile C-H activation: Mechanistic
support for rhodium(III/IV). J. Am. Chem. Soc. 2019, 141, 17198−
17206. (b) Egbert, J. D.; Thomsen, E. C.; O’Neill-Slawecki, S. A.;
Mans, D. M.; Leitch, D. C.; Edwards, L. J.; Wade, C. E.; Weber, R. S.
Development and scale-up of continuous electrocatalytic hydro-
genation of functionalized nitro arenes, nitriles, and unsaturated
aldehydes. Org. Process Res. Dev. 2019, 23, 1803−1812.
(14) Choudhary, A. Preparation of Buffer Solutions, https://www.
pharmaguideline.com/2010/09/preparation-of-buffer-solutions.html,
accessed December, 2019.

Organic Process Research & Development pubs.acs.org/OPRD Article

https://doi.org/10.1021/acs.oprd.1c00036
Org. Process Res. Dev. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.oprd.1c00036?ref=pdf
https://doi.org/10.1592/phco.21.17.1375.34432
https://doi.org/10.2165/00023210-200620120-00002
https://doi.org/10.2165/00023210-200620120-00002
https://doi.org/10.1016/j.tetlet.2006.07.061
https://doi.org/10.1016/j.tetlet.2006.07.061
https://doi.org/10.1016/j.tetlet.2006.07.061
https://doi.org/10.1155/2013/176512
https://doi.org/10.1155/2013/176512
https://doi.org/10.1155/2013/176512
https://doi.org/10.1126/science.aar6117
https://doi.org/10.1126/science.aar6117
https://doi.org/10.1126/science.aar6117
https://doi.org/10.1039/C8OB02660B
https://doi.org/10.1039/C8OB02660B
https://doi.org/10.1039/C9OB00111E
https://doi.org/10.1016/j.tetasy.2005.10.014
https://doi.org/10.1016/j.tetasy.2005.10.014
https://doi.org/10.1080/17518251003716568
https://doi.org/10.1080/17518251003716568
https://doi.org/10.1021/cr0200116
https://doi.org/10.1021/cr0200116
https://doi.org/10.1038/nchem.1536
https://doi.org/10.1038/nchem.1536
https://doi.org/10.1021/acs.oprd.7b00223
https://doi.org/10.1021/acs.oprd.7b00223
https://doi.org/10.1021/acs.oprd.7b00223
https://doi.org/10.1021/acscatal.8b01640
https://doi.org/10.1021/acscatal.8b01640
https://doi.org/10.1021/acscatal.8b01640
https://doi.org/10.1021/acs.accounts.9b00544
https://doi.org/10.1021/acs.accounts.9b00544
https://doi.org/10.1021/acs.accounts.9b00544
https://doi.org/10.1021/acs.chemrev.7b00763
https://doi.org/10.1021/acs.chemrev.7b00763
https://doi.org/10.1021/acs.chemrev.7b00763
https://doi.org/10.1021/acs.chemrev.7b00763
https://doi.org/10.1021/acs.chemrev.7b00360
https://doi.org/10.1021/acs.chemrev.7b00360
https://doi.org/10.1021/acs.accounts.9b00497
https://doi.org/10.1021/acs.accounts.9b00412
https://doi.org/10.1021/acs.accounts.9b00412
https://doi.org/10.1021/jacs.5b09672
https://doi.org/10.1021/jacs.5b09672
https://doi.org/10.1021/jacs.5b09672
https://doi.org/10.1002/anie.201704921
https://doi.org/10.1002/anie.201704921
https://doi.org/10.1002/anie.201704921
https://doi.org/10.1021/acssuschemeng.9b00203
https://doi.org/10.1021/acssuschemeng.9b00203
https://doi.org/10.1021/acssuschemeng.9b00203
https://doi.org/10.1021/jacs.9b07243
https://doi.org/10.1021/jacs.9b07243
https://doi.org/10.1021/jacs.9b07243
https://doi.org/10.1002/cssc.201100601
https://doi.org/10.1002/cssc.201100601
https://doi.org/10.1016/j.electacta.2012.02.093
https://doi.org/10.1016/j.electacta.2012.02.093
https://doi.org/10.1016/j.electacta.2012.02.093
https://doi.org/10.1021/acssuschemeng.9b01823
https://doi.org/10.1021/acssuschemeng.9b01823
https://doi.org/10.1021/acssuschemeng.9b01823
https://www.electrocell.com
https://doi.org/10.1016/j.jpowsour.2013.12.038
https://doi.org/10.1016/j.jpowsour.2013.12.038
https://doi.org/10.1016/j.jpowsour.2014.10.097
https://doi.org/10.1016/j.jpowsour.2014.10.097
https://doi.org/10.1016/j.jpowsour.2014.10.097
https://doi.org/10.1016/j.electacta.2018.05.027
https://doi.org/10.1016/j.electacta.2018.05.027
https://doi.org/10.1021/jacs.9b07763
https://doi.org/10.1021/jacs.9b07763
https://doi.org/10.1021/jacs.9b07763
https://doi.org/10.1021/acs.oprd.8b00379
https://doi.org/10.1021/acs.oprd.8b00379
https://doi.org/10.1021/acs.oprd.8b00379
https://www.pharmaguideline.com/2010/09/preparation-of-buffer-solutions.html
https://www.pharmaguideline.com/2010/09/preparation-of-buffer-solutions.html
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.1c00036?rel=cite-as&ref=PDF&jav=VoR

