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ABSTRACT: The two-step flow asymmetric synthesis of chiral γ-nitrobutyric
acids as key intermediates of the GABA analogues baclofen, phenibut, and
fluorophenibut is reported on a multigram scale. The telescoped process
comprises an enantioselective Michael-type addition facilitated by a
polystyrene-supported heterogeneous organocatalyst under neat conditions
followed by in situ-generated performic acid-mediated aldehyde oxidation.
Simple access to valuable optically active substances is provided with key
advances in terms of productivity and sustainability compared to those of
previous batch approaches.

3-Substituted derivatives of γ-aminobutyric acid (GABA) are
of outstanding pharmaceutical relevance.1 For example,
baclofen is an antispastic drug that is broadly applied as a
muscle relaxant in the case of certain types of spasticity.2

Another GABA-derived medication, phenibut, exhibits anx-
iolytic effects and is used to treat anxiety and insomnia.3 Most
similar to the closely related fluorophenibut, these compounds
act as potent GABAB receptor agonists (Scheme 1).4 The

asymmetric synthesis of these chiral GABA analogues has
attracted a great deal of interest. The corresponding chiral
center is typically introduced by using chiral auxiliaries, by
chemical and biocatalytic resolution, or by means of
asymmetric hydrogenation and enzymatic desymmetrization
strategies.5 Current synthetic routes often involve catalytic
enantioselective conjugate additions, which provide more
direct access to the chiral key intermediates using inexpensive
and readily available achiral components.6 From a practical and
environmental perspective, the application of chiral organo-
catalysts in related syntheses is exceptionally attractive.7

However, in many cases, the low productivity of the

asymmetric key step and the high cost of the homogeneous
chiral catalyst decrease the practical value for potential
manufacturing purposes.8

The asymmetric Michael-type addition of nitromethane to
α,β-unsaturated aldehydes offers practical access to γ-nitro-
aldehydes as critical chiral precursors,9 which can be
transformed into the desired GABA analogues via subsequent
oxidation and reduction steps (Scheme 1). Considering that
chemical processes that reduce solvent usage directly impact
environmental performance, cost, and health issues,10 we
envisioned that the enantioselective key step may be achieved
under neat conditions in the presence of a robust solid-
supported organocatalyst that enables cost-efficient and
scalable continuous flow operation with facile product
isolation.11 While telescoped flow processes for the multistep
syntheses of active pharmaceutical ingredients (APIs) and
related compounds offer numerous benefits over conventional
batch protocols,12 continuous flow multistep strategies are
scarcely exploited for the enantioselective synthesis of chiral
APIs and their advanced intermediates.13 By merging the
targeted organocatalytic asymmetric conjugate addition with
the subsequent aldehyde oxidation in a telescoped flow
process, we anticipated a simple and sustainable entry to
optically active γ-nitrobutyric acids as key intermediates of the
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Scheme 1. Synthetic Strategy toward GABA Derivatives
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GABA analogues phenibut, fluorophenibut, and baclofen. The
results are presented herein.
Our study was initiated by step-by-step continuous flow

method development. For the organocatalytic asymmetric
conjugate addition, a polystyrene-supported cis-4-hydroxydi-
phenylprolinol TBS ether (1) was selected as a catalyst (Figure
1A), which was chosen on the basis of our earlier results on a

solvent-free asymmetric Michael-type addition of dimethyl
malonate leading to a key chiral intermediate of a well-known
antidepressant.13b Catalyst 1 was developed as an improved
version of classical trans-diphenylprolinol analogues,14 but it
has not yet been exploited for conjugate additions of
nitromethane to α,β-unsaturated aldehydes. Because of the
beneficial cis arrangement and the TBS protecting group,14a,b

high catalytic activity and high robustness were expected even
under demanding conditions, such as continuous neat
reactions.

To test our hypothesis, catalyst 1 was placed in an Omnifit
glass column, and the effects of different reaction conditions
were carefully examined using the trans-cinnamaldehyde−
nitromethane conjugate addition as a model. To our delight,
the reaction performed well under neat conditions, despite the
fact that such conjugate additions with polystyrene-supported
organocatalysts are typically executed in dichloromethane as
optimal swelling media.11c It was observed that the rate of the
reaction could remarkably be improved at higher temperatures
without a loss of ee and that 0.6 equiv of acetic acid was
required as an additive to reach high conversions.9 As a result
of the parameter optimization, at a flow rate of 100 μL min−1

(14 min residence time) and 65 °C we managed to reduce the
nitromethane excess to 5 equiv and reached full conversion
and 97% ee without side product formation (Figure 1A and
Tables S1−S4). With the optimal reaction conditions in hand,
the preparative capabilities of the flow method were next
explored utilizing the appropriate cinnamaldehyde derivatives
as substrates to yield chiral intermediates of phenibut,
fluorophenibut, and baclofen (Figure 1B). For each substrate,
a 2.5 h scale-out was performed with the same batch of the
catalyst being utilized for all three experiments. Gratifyingly,
high yields (up to 95%) and excellent ee’s (up to 97%) were
achieved for each reaction, and chiral γ-nitroaldehydes 2−4
were obtained on a multigram scale (6.29, 6.87, and 7.22 g,
respectively) without the need for chromatographic purifica-
tion, after excess nitromethane and residual AcOH were
removed by simple evaporation. The large-scale syntheses
offered productivities of ≥2.52 g h−1 and resulted in a
cumulative turnover number (TON) of 158 for the whole
experiment. Importantly, the flow processes involved a small
amount of waste formation as indicated by E factors of 1.45,
1.33, and 1.25 for the syntheses of 2−4, respectively.
After having established a robust flow protocol for the

asymmetric synthesis of γ-nitroaldehydes 2−4, we next turned
our attention to the subsequent aldehyde oxidations. To avoid
large amounts of inorganic waste formation and possible
precipitation issues, we did not consider, for example,
Pinnick−Kraus oxidations,15 which were frequently utilized
in earlier batch syntheses of GABA derivatives.6d,9a In
searching for an appropriate oxidation method, we aimed for
a clean, selective, and sustainable flow protocol.16

Following unsuccessful trials on catalyst-free and platinum-
catalyzed aerobic aldehyde oxidations (see the Supporting
Information for details),17 a novel flow method was attempted
by using N-hydroxyphthalimide (NHPI) as a homogeneous
oxidation catalyst in the presence of molecular O2 as the
oxidant.18 The reaction was investigated in nitromethane so
that it would be compatible with the organocatalytic conjugate
addition upon telescoping. Following parameter optimization
(Tables S8 and S9), quantitative and selective oxidation of 2
was achieved by using the setup depicted in Figure 2. Under
optimal oxidation conditions, intermediate 2 was employed at
a concentration of 2.3 M, which was similar to the aldehyde
concentration determined in the appropriate organocatalytic
key step (Figure 1B).
Percarboxylic acids are well-known as oxidizing agents;

however, their tendency toward explosive decomposition poses
a significant safety hazard.19 Due their small internal
dimensions and the minimal amounts of hazardous material
that accumulated, continuous flow reactors are capable of safe
operation within such potentially explosive regimes.20 Peracid-
mediated aldehyde oxidation has not yet been reported under

Figure 1. Continuous flow enantioselective synthesis of γ-nitro-
aldehydes as chiral intermediates of GABA analogues.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c03100
Org. Lett. XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03100/suppl_file/ol0c03100_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03100/suppl_file/ol0c03100_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03100/suppl_file/ol0c03100_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03100/suppl_file/ol0c03100_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03100?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03100?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03100?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03100?fig=fig1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03100?ref=pdf


flow conditions. However, taking into account the low
molecular weight, low cost, and environmentally benign nature
of simpler percarboxylic acids in addition to the facile
experimental setup (i.e., elimination of gas handling), some
of these substances were investigated as oxidizing agents to
yield the targeted γ-nitrobutyric acids. After promising
preliminary results with a commercially available peracetic
acid solution (Table S10), aldehyde oxidation was next
attempted with performic acid generated in situ from formic
acid as a benign precursor.21 To this end, the solution of
aldehyde 2 in formic acid was combined with a stream of
aqueous H2O2, and the oxidizing agent was formed and
consumed continuously within the closed environment of a
reaction coil (see the Supporting Information for details). (To
minimize the hazard of peracid accumulation, H2O2 and the
substrate were streamed at flow rates that corresponded to 1
equiv of each.) During the oxidation of aldehyde 2, it was
observed that at temperatures of ≤50 °C, a significant amount
of perhydrate (5a) formation occurred as side reaction,
indicating the presence of unreacted H2O2 and thus
incomplete peracid formation (Table S11). When the reaction
temperature was increased to 100 °C, quantitative and
selective carboxylic acid formation was detected.22 To match
the oxidation with the organocatalytic key step during
telescoping, the flow setup was modified (Figure 3A). Neat
formic acid, an aqueous H2O2 solution, and the substrate in
nitromethane at a concentration of 2.3 M were fed via separate
streams. The effects of individual flow rates were explored to
determine that a residence time of 15 min in combination with
a formic acid excess of 5 equiv is sufficient to quantitatively and
selectively perform the oxidation (Figure 3A and Table S12).
Gratifyingly, the optimal conditions proved to be applicable to
all three chiral aldehydes in preparative-scale oxidations, and
the desired γ-nitrobutyric acids (5−7) were obtained in
excellent yields and in multigram quantities after simple
evaporation (Figure 3B).
After step-by-step reaction method development and

optimization, the combination of the organocatalytic asym-
metric conjugate addition and the subsequent aldehyde
oxidation into an uninterrupted flow sequence was targeted.
With regard to the oxidation step, the process with in situ-
generated performic acid was chosen instead of the NHPI-
catalyzed reaction, which would involve gas handling and
chromatographic purification to remove the homogeneous
catalyst from the product. Moreover, to introduce the NHPI

catalyst, an organic solvent (acetonitrile) would be required,
whereas generation of the peracid demands only formic acid
and an aqueous H2O2 solution as inexpensive and environ-
mentally benign components.
The optimal conditions determined during the step-by-step

experiments served as a basis in setting up the telescoped flow
sequence, as shown in Figure 4. The organocatalytic
asymmetric Michael-type addition of nitromethane to the
appropriate cinnamaldehyde derivative took place under neat
conditions while the reactants were being passed through a
heated column filled with catalyst 1, similar to the stepwise
process. Neat formic acid and an aqueous H2O2 solution were
introduced as separate feeds at flow rates that corresponded to
1 equiv of H2O2 and 5 equiv of acid with respect to the
aldehyde stream. The reaction mixture exiting the catalyst
column was mixed with the combined formic acid/H2O2
stream, and the resulting solution was finally directed through
a heated reaction coil where simultaneous performic acid
generation and aldehyde oxidation took place. The telescoped
system proved to be stable in reactions of all three substrates
and was run for 1 h in each case after reaching steady state.
The targeted γ-nitrobutyric acids were obtained in high yields
(up to 96%) and in excellent ee’s (up to 97%) comparable to
those of the stepwise processes. Multigram quantities of
compounds 5−7 (2.77, 2.94, and 3.14 g, respectively) were
achieved in a highly productive manner without the need for
chromatographic purification. For the uninterrupted two-step

Figure 2. Continuous flow NHPI-catalyzed aerobic oxidation of chiral
γ-nitroaldehyde 2 (MFC, mass flow controller).

Figure 3. Continuous flow oxidation of chiral γ-nitroaldehydes with in
situ-generated performic acid.
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sequences, E factors of only 2.44, 2.25, and 2.13 were obtained
in cases of 5−7, respectively.
In summary, a telescoped continuous flow process was

developed for the asymmetric synthesis of γ-nitrobutyric acids,
which are advanced chiral intermediates of the GABA
analogues baclofen, phenibut, and fluorophenibut. The process
ensured access to the targeted optically active substances
directly from readily available cinnamaldehyde derivatives and
nitromethane via telescoped enantioselective conjugate
addition−aldehyde oxidation sequence. The asymmetric key
step was achieved under neat conditions in the presence of a
polystyrene-supported cis-4-hydroxydiphenylprolinol as a het-
erogeneous organocatalyst. The subsequent aldehyde oxidation
was accomplished by taking advantage of the safe utilization of
performic acid generated in situ using formic acid as a benign
precursor. Valuable γ-nitrobutyric acids, which can readily be
transformed to the appropriate GABA analogues by well-
established nitro reduction methods,6b−d,23 were obtained in
excellent yields and in high ee’s. With a cumulative residence
time of only 29 min, the sequential flow protocol enabled
significant chemical intensification and offered productivities
up to 3.14 g h−1 of pure products after simple isolation.
Importantly, the methodology ensured high chemo- and
stereoselectivities and generated a small amount of waste as
demonstrated by E factors of ∼2 for the two-step processes.
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