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Abstract: Catalysts based on (R, R)-1,2-diphenylethylenediamine are, as chiral organic catalysts,
applied to the asymmetric Michael addition to &, B-unsaturated nitroalkenes under neutral con-
ditions. The role of an aqueous medium for organic catalytic activity can be reversed concerning
hydrophilic-hydrophobic function depending on the reaction conditions. In this study, to provide an
environmentally friendly system, the thiourea-based catalyst substituted with 3,5-(CF3),-Ph was used
in water solvents. The hydrophobic effect of the substituent provided fast reaction, high chemical
yield, and mirror-image selectivity. This reaction allowed the preparation of GABApg agonists in an
optically pure manner. Additionally, GABA (y-aminobutyric acid) analogs such as baclofen and
phenibut were synthesized as R-type S-type with high optical purity.

Keywords: Michael addition; inhibitor of GABAg receptor; organic chemistry; calcium release

1. Introduction

Organic catalysts composed of carbon, hydrogen, sulfur, and other nonmetal elements
are commonly referred to as “organocatalysts.” Stereoselective organocatalysts have been
extensively studied, although metal-catalyzed asymmetric reactions tend to exhibit higher
enantioselectivities than organocatalysts [1].

However, metal catalysts incur higher processing costs, and the metals are often re-
tained in the products in ppm-level concentrations, thereby lowering the pharmaceutical
purity of the products. Furthermore, metal catalysts are unstable in the presence of mois-
ture. Thus, to overcome such disadvantages, research on stereoselective synthesis using
organocatalysts has gained significant attention [2,3]. Since the conceptual establishment
of organocatalysts, the application of organocatalytic reactions in asymmetric synthesis
has been widely investigated, leading to significant advances in the area of organic syn-
thesis [4-6]. In addition, following the establishment of the concept of “on water” organic
synthesis by Sharpless et al. [7], Marcus’s theory of catalysis via hydrogen bonding was
proposed [8]. Over the past decade, numerous examples of organic reactions using water
as a solvent have been reported, and water-based asymmetric catalytic reactions exhibiting
high yields and good stereoselectivities have been investigated [9-13].

As a result, considerable progress has been made toward the synthesis of environmen-
tally friendly organocatalysts. However, with the continuous emergence and establishment
of new concepts, novel eco-friendly organocatalysts and reactions must be developed in
order to improve product yields, reactivity, and selectivity. For example, in 2014, the Zhou
group reported an “on water” reaction based on the fluorine effect [14]. In the non-catalyzed
reactions of aldehydes, activated ketones, and isatylidene malononitriles in the presence of
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water, difluoroenoxysilane derivatives are commonly employed, where the fluorine atoms
form hydrogen bonds with water [15-19]. This hydrogen bonding stabilizes the negative
charge of the reactants and the transition state, thereby promoting the reaction in the pres-
ence of water. We have also previously reported a catalytic reaction that is stable in water
with a short reaction time, high yield, and high stereoselectivity. This Michael reaction,
which is important for the formation of C—C bonds, was applied in a green example of
an asymmetric Michael addition reaction in the presence of a chiral bifunctional organic
catalyst (Figure 1) [20-24].
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Figure 1. Non-covalent organic catalysts in aqueous media. (a). Chiral, achiral hydrogen-bonding
catalysts are widely used for asymmetric reactions. (b). Thiourea catalyzes several reactions by
forming hydrogen bonds with the substrate. (c). Chiral hydrogen-bonding catalysts used for
asymmetric C—C Michael reactions.

Using a nitroalkenes group as a Michael acceptor makes it easy to apply to the Michael
reaction as an electrophile due to the strong electron deficiency of the nitro group, and the
compound produced after reaction with a chalcone group can be converted into keto,
amino, cyano, and carboxylic acid groups [25]. In this study, we report using (R, R)-1,2-
diphenylethylene diamine as the basic framework for chiral catalysts and the thiourea
moiety is functionally active. The Zhou group also reported that the 3,5-(CF3), groups
present in the catalyst can form C-F---H-O bonds with water molecules at the interface with
the organic phase.

In this way, hydrogen bonding in the hydrophobic portion(3,5-(CF3),-Ph groups) of
the thiourea catalyst can stabilize the catalyst, thereby lowering the energy level of the
lowest unoccupied molecular orbital (LUMO) of the electrophile itself and the highest
occupied molecular orbital (HOMO) of the nucleophile, thus stabilizing the transition
state [26-30]. Such a proximity enables better orbital overlapping and therefore increases
bond-forming events. Therefore, our reaction was carried out by referring to previously
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published papers and determining whether any catalyst was needed to proceed in this
reaction [31,32].

2. Results and Discussion

The reaction was investigated by applying it to the Michael reaction of nitroalkene,
malononitrile, and nitro ester through a chiral hydrogen-bonding catalyst used for asym-
metric C-C Michael reaction. Initially, thiourea catalysts bearing no alkyl group on one
amine moiety were employed (Figure 1a,b), and the reaction at room temperature (rt) using
toluene as the solvent produced no additional reaction product (Supplementary Table S1).
The reaction was then attempted using a thiourea-based catalyst, in which the 3-pentyl
group was substituted on the amine (Figure 1, 1c-1i). Among the various thiourea cata-
lysts bearing 3-pentyl groups, the catalyst bearing an electron-withdrawing fluoro group
(Figure 1, 1i) gave a higher yield and similar stereoselectivity compared with that bearing
an electron-donating para-tolyl group (Figure 1, 1c). The highest yield and stereoselectiv-
ity were obtained using the catalyst substituted with the 3,5-bis-(trifluoromethyl group)
(Figure 1, 1d). Additional experiments were then carried out to confirm this result; it was
found that good selectivity and yield were obtained even when other alkyl groups were
substituted on the amine, although the incorporation of the 4-tolyl-Ph, 4-fluoro-Ph group
(Figure 1, 1¢,1i) gave lower yields and enantiostereoselectivities. Therefore, the obtained re-
sults suggested that catalyst 1d was optimal for this reaction at rt (Supplementary Table S1).
To investigate the effect of the catalyst on the asymmetric Michael reaction between mal-
onate and nitroalkene, the reaction was carried out using trans-B-nitrostyrene. A range
of malonates was examined in the presence of various catalysts, in which the (R, R)-1,2-
diphenylethylenediamine unit was substituted with a range of R! and R? groups at the
amine site [33]. We found that the yield and stereoselectivity afforded by the catalyst
substituted with a tert-butyl group (Figure 1, 1k) were higher than those afforded by the
catalyst substituted with the 3,5-(CF;3),Ph group (Figure 1, 1j) when the reaction was carried
out in toluene. In contrast, when water was used as the solvent, the yield and stereose-
lectivity were significantly improved when 1j was employed (Supplementary Table S2).
These results therefore indicate that hydrogen bonding between the fluorine group of
3,5-(CF3),Ph and the water solvent molecules enhances the reaction rate, yield, and stereos-
electivity and that superior results are obtained when the reaction is carried out in water.
We also found that in toluene, the yield tended to decrease as the malonate R group became
bulkier, while the yield increased in water. Furthermore, in the presence of catalyst 1j,
the addition of benzoic acid prevented self-condensation between the malonate units,
resulting in comparable yields but reduced reaction times (i.e., approximately 3 h) (Sup-
plementary Table S3). To further investigate the hydrophobic effect of the fluorine group,
a 3,5-(CF3),PhCH; group was added to the catalyst. [34] Thus, when the catalyst contain-
ing the 3,5-(Me),Ph group was used as a control, 1n (containing the 3,5-(CF3),PhCH, and
3,5-(Me),Ph groups) was obtained in improved higher yield and exhibited stereoselectivity
under neat conditions. However, when water was used as the solvent, 1m (containing the
3,5-(Me),Ph and 3,5-(CF3),PhCH; groups) was obtained in a shorter reaction time than 1n
(Supplementary Table S4).

With the optimized reaction conditions in hand, the scope of the malonate substrate
was examined using 1m as a catalyst (Table 1). To demonstrate the effect of hydrogen
bonding between fluorine and hydrogen, the asymmetric Michael addition reaction was
carried out in water, which is able to form hydrogen bonds. Overall, good reaction yields
and stereoselectivities were obtained, although the reaction rate tended to be lower in the
presence of larger malonate R groups due to steric hindrance.

As outlined in Figure 2, the scope of the nitrostyrene substrate was examined next [35-38].
Poorer results were obtained compared with those using the non-substituted B-nitrostyrene,
although 4-Br and 4-Cl substituted B-nitrostyrenes gave good yields and stereoselectivities.
In contrast, substitution with 4-OMe and 2-OMe groups gave lower yields and stereose-
lectivities. These results indicate that for f-nitrostyrenes bearing electron-withdrawing
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groups, the double bond of the B-nitrostyrene is more electron-deficient, which facilitates
the reaction. This should allow the preparation of bioactive compounds such as baclofen
via the reaction between diethyl malonate and the 4-Cl substituted B-nitrostyrene.

Table 1. Malonate scope of the Michael reaction using catalyst 1m.

RO,C.__CO,R

A NO: RO,C.__CO,R 1m (1 mol%) I/
* water?, rt Ar NO,
1 equiv. 2 equiv.
Entry R Ar Time (min) Yield (%) P ee (%) €
1 Me Ph 30 99 99
2 Et Ph 40 99 99
3d Et Ph 10 99 99
4¢ Et Ph 10 99 99

2 Using 0.4 mL solvent on a 0.1 mmol scale. ® Isolated yield. ¢ Determined by chiral HPLC. ¢ The reaction was
run using 5 mol% catalyst. ¢ The reaction was run using 5 mol% benzoic acid.

Next, we investigated the trans-chalcone species of this asymmetric Michael addition,
as summarized in Figure 3. The substituents’ position and electronic properties on the
aromatic ring have a negligible effect on the reactive enantioselectivity. In fact, various trans-
chalcones, including furan or phenyl substituents, react with nitro-ethyl-esters to provide
the corresponding adducts with high enantioselectivity and good yields. Additionally,
after de-esterification using sodium hydroxide, the final product obtained was S enan-
tiomer. Therefore, to elucidate the catalytic mechanism underlying the Michael reaction
of this trans-chalcone, we calculated the quantum energy of the optimized structure of TS
(transition states) and IM (intermediate) step-by-step through DFT quantum calculation.
First, as shown in Figure 4, the optimization structure scheme confirmed each step through
quantum calculation.

The transition state of this reaction is similar to that of the catalyst [38], where the
hydrogen atom in the amine of the catalyst thiourea moiety forms a hydrogen bond with
the oxygen atom of the unsaturated nitroalkene and nitro-ethyl ester. Additionally, the un-
saturated nitroalkyne and nitro-ethyl ester are fixed in their conformation, thereby limiting
the reaction of the double bond to a single side. Moreover, the reaction course is determined
by the attack on the electrophically activated B-position of nitroethene [39,40]. Therefore,
we predicted the TS of the re or si face of the unsaturated nitroalkyne as in the TS in
Figure 4. In addition, as shown in Figure 4a of TS2, the cyano group of malononitrile
forms a hydrogen bond with the alkylated amine of the catalyst. Next, the malononitrile
approaches the re-face, the backside of the unsaturated compound, and finally, the interme-
diate IM3 with a selective R configuration is formed. In the case of the nitro ethyl ester in
Figure 4b, the difference in the thermal energy between TS1 and TS2 was 1.148 kcal/mol
more stable for TS2 through DFT calculation. Following TS2 formation, it was expected to
go through the same shape as IM2, and the final formation result was expected to be an
S-form product. Furthermore, as shown in Figure 4, it was predicted that the fluorine atoms
of the trifluoromethyl group interacted with the phenyl group of the catalyst and with
the protons of the water solvent via hydrogen bonds. Therefore, as a result of confirming
this part’s solvent effect through °F NMR (SI. 60 page), it was affected by the shift of the
fluorine peak of the catalyst under the MeOH-d4/D,O (1:1) condition. As a result, below,
we confirmed the solvent effect and reaction mechanism through DFT calculation for the
above reasons.
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Figure 2. R-form products of the Michael reaction using B-nitrostyrenes. (a) Synthesis concept
and reaction scope of the substrate for Michael reaction. (b) Scope of the Michael reaction using a
range of B-keto esters. The reaction was conducted by using nitrostyrene (14 mmol), -keto ester
(28 mmol), water (20 mL), and catalyst Im at room temperature. (c) Scope of the Michael reaction
using a range of malononitriles. The reaction was conducted by using nitrostyrene (27 mmol),
malononitriles (54 mmol), water (50 mL), and catalyst 1m at room temperature.

The relative free energies and thermal energies for the Michael reaction step are
shown in Figure 5 through DFT calculation. The Michael addition of nitro ethyl ester
and malononitrile to nitro compounds using a thiourea-DPEN-based organocatalyst was
accelerated due to the hydrophobicity of the fluorine substituted organocatalyst [40—43].
Therefore, to predict the solvent effect of the catalyst, we compared the relative free energy
and thermal energy of TS in water, toluene, and gas state, respectively, as shown in
Supplementary Figure S1, where the energy in the state in which water was a solvent
was the lowest and was stable. Additionally, as a result of confirming the solvent effect
(toluene, water, and gas) for the addition reaction of diethyl malonate, the relative free
energy was low when water was used as a solvent (Supplementary Figure S2). Thus,
when the solvent of Michael’s reaction is water, as the polarity of the catalyst increases,
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the reactivity increases, possibly due to the effect of the hydrophobic group of the catalyst.
In addition, a comparison of the relative free energies during the interfacial reaction
between the hydrophobic substituent of the catalyst Im and H,O was compared in an
aqueous two-component mixture (H,O + Solvent). As a result of the comparison, it was
confirmed that it had the lowest relative free energy when water was used as a solvent.
These results suggest that the relative energy can be stabilized due to the hydrophobic
effect of the hydration reaction, and thus the reactivity can be increased.

Ar/VLR i

+ X Y ———
H,0, rt Ar” R
X = CO,Et, Y = NO,
Ar = aryl and heterocyclic

o]
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Figure 3. S-form products of the Michael reaction using catalyst 1m. (a) Synthesis and reaction
scope of the substrate for Michael reaction. (b) Trans-chalcone scope of the Michael reaction. The re-
action was conducted using trans-chalcone (15 mmol), nitro-ethyl ester (30 mmol), water (30 mL),
and catalyst 1m at room temperature.

As outlined in Figure 6a, when NiCl,-6H,O and NaBH4 were added to the 4-Cl
and 4-H substituted B-nitrostyrenes, the nitro group was reduced and cyclized to ob-
tain the corresponding pyrrolidinone (products 5e, 5f) [44,45]. Subsequent ring-opening
of the pyrrolidinone ring gave a B-phenyl-y-amino-buta-noic-acid (GABA) derivative
(products 5a, 5b, 5¢, 5d). These substances, which can easily be converted into phenylpirac-
etam [46], have pharmacological effects as GABApg agonists, muscle relaxants, and antide-
pressants [47,48]. Phenibut (3-phenyl-4-aminobutyric acid) is a GABA (y-aminobutyric
acid)-mimetic psychotropic drug clinically used in its racemic form. The pharmacological
activity of racemic phenibut relies on R-phenibut, which correlates with the binding affinity
of enantiomers of phenibut to the GABAg receptor [49]. Moreover, the GABAp receptor
binds to the G protein to form a heterodimer of the GABAp; and GABAg; subunits, both of
which are required for functional activation of the GABAp receptor [50].

GABAGp receptors regulate neurotransmitter release by inhibiting Ca* influx through
voltage-activated Ca?* channels involved in slow synaptic inhibition [51]. Moreover,
GABAGp receptor activation can be induced either by agonists such as GABA or baclofen
or by positive allosteric modulators (PAMs) [52]. In particular, baclofen was approved for
the treatment of seizures in the 1970s [53]. It has also recently emerged as a promising
treatment for alcoholism [54]. In subsequent indications, very high doses of baclofen up
to 400 mg per day are prescribed to reduce and control alcohol intake [55]. These high-
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dose regimens are most likely to induce baclofen-induced mania symptoms (BIMS) [56].
This suggests that the putative antidepressant effect of baclofen may also be related to the
isomer (R-form, S-form) form of baclofen.
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Figure 4. Reaction mechanism inferred through expected transition states. (R, R)-1,2-diphenyleth-
ylenediamine (DPEN)-thiourea-catalyzed enantioselective Michael reaction calculated at the
B3LYP/6-31G(d,p) level. (a) Expected R-form products mechanism of the substrate for Michael
reaction. (b) Mechanism of expected S-form products of the Michael reaction.

Prior to confirming the GABAg receptor activation via these compounds, we assessed
their cytotoxicity using HEK293T cells. As shown in Figure 7a, below 1 uM, none of
the compounds have an effect on cell viability at a concentration. To determine differ-
ences in the biological functions induced by these compounds, we examined intracellular
Ca?* release in HEK293T cells in response to treatment with R-baclofen and R-phenibut
and using RS-baclofen and phenibut as controls (Figure 7b,c). The changes of intracellu-
lar [Ca2*] concentrations were measured using Fluo-3-AM, a Ca?* fluorescent indicator.
We demonstrated that R-baclofen induced a higher intracellular Ca?* release than RS-
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baclofen. Taken together, our data show that as a drug, baclofen RS-type may induce
differential calcium release activity depending on R and S-types. This will in turn induce
differential GABAp receptor activation. We conclude that the pharmacological activity

of RS-phenibut depends on R-phenibut, which is related to the binding affinity of the
enantiomer of phenibut to the GABAp receptor.
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Figure 5. DFT-calculated energy diagram for the Michael reaction using B-nitrostyrenes. (a) (R, R) -1,2-
diphenylethylenediamine (DPEN)-thiourea-catalyzed enantioselective Michael reaction calculated at
the B3LYP/6-31G(d,p) level. Expected thermal energy of the Michael reaction. (b) Representation of
a 1m catalyst at an aqueous binary mixtures calculated at the B3LYP/6-31G(d,p) level.
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Figure 6. Possibility of application of product. Synthesis of pyrrolidinone derivatives (phenylpirac-
etam) and GABAg receptor (phenibut, baclofen). (a) The reaction was conducted using nitrostyrene
(27 mmol), malononitriles (54 mmol), water (50 mL), and catalyst 1m at room temperature. (b) The
reaction was conducted using trans-chalcone (15 mmol), nitro-ethyl ester (30 mmol), water (30 mL),
and catalyst 1m at room temperature. (c) Catalyst Im (X mol%), water, rt, (d) 6N HCI, R,COs3, 100 °C,
12 h, (e) NiCl,-6H,O/NaBHy, MeOH, rt, 6 h, (f) 6N HCl, R,CO3, 100 °C, 12 h, (g) (1) NaOH, EtOH,
rt, 0.5 h, (2) Toluene, reflux, 0.5 h, (h) (1) NaH, THEF, rt, 6 h, (2) NHj3, rt, MeOH, 5 h, (i) NaOH, EtOH,
reflux, 2 h, (j) m-CPBA, TFA, CICH,CH,Cl, 70 °C, 72 h.
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Figure 7. In vitro cell viability test and comparison of Ca* release in response to RS-baclofen, RS-
phenibut, and R-phenibut with R-baclofen. (a) Cell viability analysis of the compounds against
HEK293T cells. The cells were treated with R-baclofen, RS-baclofen, RS-phenibut, and R-phenibut
for 24, 48, and 72 h. The cell viability (%) was calculated as per the CCK-8 assay protocol. Each value
represents the mean + SEM of three independent experiments. (b) Representative Fluo-3-AM
fluorescence images of the intracellular Ca?* level in HEK293T cells treated with RS-baclofen, R-
baclofen, RS-phenibut, and R-phenibut (1 uM, final concentration). R-baclofen was used as a positive
control. Scale bar: 200 um. (c) The intensity of Ca?* release over time after treatment with RS-baclofen,
R-baclofen, RS-phenibut, and R-phenibut.

3. Materials and Methods
3.1. General Procedure for the Asymmetric Michael Reaction

Trans-B-nitrostyrene (27 mmol, 1.0 equiv.), the desired ester (54 mmol, 2.0 equiv.),
and catalyst 1m (1-0.0001 mol%) were added to water (50 mL), and the reaction mixture
was stirred at rt. The reaction was monitored by TLC. Upon completion of the reaction,
ethyl acetate (20 mL) was added to the reaction mixture, and the obtained solution was
washed twice with water (2 x 10 mL), dried over anhydrous magnesium sulfate, filtered,
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and concentrated to yield the desired product. Each product was purified using column
chromatography on a silica-gel column using hexane/methylene chloride (2:1) as the eluent.

3.2. Reagents

The fluorescent Ca?* indicator Fluo-3 AM was purchased from Invitrogen (Leiden,
the Netherlands). Cell Counting Kit-8 (CCK-8) solution was obtained from Dojindo Molec-
ular Technologies.

3.3. Cell Culture

HEK293T was maintained in Dulbecco’s modified Eagle’s medium (DMEM; Invit-
rogen) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics at 37 °C
in 100 mm cell culture dishes (Corning, NY, USA) under a humidified air atmosphere
containing 5% CO,.

3.4. Cytotoxicity Analysis

HEK293T cells (1 x 10* cells/well) were seeded in a 96-well plate. The next day,
cells were treated with compounds (10-fold, 6 point) and incubated for 24 h, 48 h, and 72 h.
Subsequently, cell cytotoxicity was analyzed using the Cell Counting Kit-8 (CCK-8) solution
(Dojindo Molecular Technologies, Inc, Rockville, MD, USA) following the manufacturer’s
procedure. The absorbance was detected at 450 nm via a microplate reader (Spectra MAX
340, Molecular Devices, Seoul, Korea). The data were analyzed through Prism software
(GraphPad, San Diego, CA 92108, USA).

3.5. Intracellular Ca®>* Measurements Using Confocal Laser Scanning Microscopy (CLSM)

To detect intracellular Ca2* level, HEK293T cells were seeded and incubated to 40-60%
confluence in a 35 mm diameter confocal dish 24 h prior to the experiment. The cells
were loaded with 5 mM fluorescent radiometric calcium indicator Fluo-3-acetoxymethyl
(Fluo-3-AM; Invitrogen) for 30 min at 37 °C. The Ca®" concentration was determined
using CLSM (Zeiss LSM 700 Meta; Zeiss, Oberkochen, Germany). After washing with the
medium, the culture plates were placed on a temperature-controlled microscope stage and
observed at 200 x microscope magnification. The excitation and emission wavelengths for
signal detection were 488 and 515 nm, respectively. The intensity analysis of intracellular
calcium was performed using Zen software (Carl Zeiss).

4. Conclusions

Here, we report the development of catalysts based on (R, R)-1,2-diphenylethyl-
enediamine for use as chiral bifunctional organocatalysts in asymmetric Michael additions
to a, B-unsaturated nitroalkenes under neutral conditions. These catalysts are economical
due to their facile syntheses and the low catalyst loadings required for the reaction to take
place (i.e., <0.0001 mol%). Importantly, the absence of metals and additives and the fact
that the reaction could be carried out in air using water as a solvent renders our method
environmentally friendly. In particular, we found that the Michael addition of malonate to
a, B-unsaturated compounds in the presence of catalyst 1m and water gave high yields
and excellent stereoselectivities due to the effect of fluorine since hydrogen bonding of the
hydrophobic group of 1m accelerated the catalytic reaction by stabilizing the transition
state. We also demonstrated the further application of our method in the preparation
of the bioactive compounds R- or S-baclofen and phenibut through substitution of the
nitroalkene aryl group with 4-Cl and 4-H moieties. Moreover, in the presence of a lactam
as the nitroalkene alkyl group, an advanced intermediate of phenylpiracetam was obtained
in high yield and stereoselectivity. The study of this catalytic methodology can be applied
to various pharmaceutical syntheses in the future.
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