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5.1. Introduction

Nowadays, it is difficult to design heterogeneous catalytic one-pot multicomponent reactions
(COP-MCRs). For these kinds of reactions to occur, the correct reactants and rea- gents must
first be present at a single catalytic site, and then the bond-making  and breaking processes
must precisely take place in the available spatiotemporal regime, leading to the target product
via a stable transition state. Any disturbance during this phase has the potential to alter the
outcome of the reaction. The process can be sped up by using a solvent or additive that can
stabilize the transition state through H-bonding or electrostatic interactions. The enzyme can
accomplish this task effectively in nature. The amino acid residues at the catalytic site in the
hydrophobic enzymatic grooves can effectively stabilize the transition state, resulting in the
formation of the desired product with no by-products or waste [1]. To synthesize a variety of
commercially significant products using green methods, it is necessary to mimic these natural
enzymatic processes in the laboratory. To do this, protocols involving MCRs that take place
in a single pot either sequentially (known as tandem reactions) or in a cascade (known as
dominos reactions) fashion have been developed [2]. Compared to enzyme/homogeneous
catalysis, MCRs employing heterogeneous catalysis in organic synthesis have advantages
such as greater atom economy, atom usage, and selectivity can be obtained with time, cost,
and energy savings [3—6]. Here, we investigated the tandem Knoevenagel-Michael addition
events at a single catalytic site, which result in the products possessing a tri-substituted C—-C

bond in the molecular framework.
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Scheme 5.1. General reaction mechanism for classic Knoevenagel reaction [8].
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In a classic Knoevenagel reaction, the nucleophilic addition of a carbanion of an active
methylene compound with an electron-withdrawing group to a carbonyl compound is
followed by dehydration (Scheme 5.1). This generates trisubstituted alkenes with an E-
configuration. A basic mix of piperidine (pKaH 11) and pyridine (pKaH 5.5) is used as a
catalyst [7-10].

Alternative catalytic systems were developed to carry out the neat and clean reaction with a
smaller value of the E-factor as a consequence of the environmental concerns regarding the
basic catalyst mixture. A variety of amino acids, such as -alanine [11], L-proline [12], L-
histidine and L-arginine [13] (Scheme 5.2), guanidine [14], Lewis acids, such as ZnCl; [15],
TiCls [16], MgF> [17], and CuCl> [18], as well as surfactants, such as benzyl
triethylammonium chloride [19], were investigated. Furthermore, heterogeneous catalysts
such as organic—inorganic hybrid silica tagged with imidazolium and dihydro imidazolium
salts [20], organic amines supported on inorganic solid-acid surfaces [21], silica-L-proline in
the liquid phase [22], P4VP/Al;03-SiO; [23], HCIOsSiO2 [24], Ni-SiO. [25], modified
silica gel [26], magnetic hydroxyapatite-encapsulated y-Fe2Oz nanoparticles [27], MCM-41
[28], MgO/ZrO; [29], zeolites [30-34], clays [35] were also employed as catalytic systems.
These catalysts have good activity in terms of yield, but high temperature, prolonged reaction

times, and catalysts recycling are still problems.
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Scheme 5.2. General reported scheme for Knoevenagel condensation reaction [13].

Therefore, the literature review mentioned above stresses the need for the generation of
heterogeneous catalysts with the reaction sites basic in nature as well as additional
environmental features like recovery and recycling. The best choice in this direction should
be iron oxide-based nanoparticles (NPs) capped by amino acid functionalities. Studying the
activity of the amino acid in constrained conformations while adsorbed on the magnetic
surface might be intriguing. During enzymatic activities, amino acid molecules, and
specifically the histidine residue of the enzymes, are known for their proton shuttling. The
Knoevenagel reaction involves a similar proton shuttle mechanism [36].

Therefore, it would be preferable to retain the amino acid’s molecular conformation and
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mimic enzyme-like activity under the reaction conditions. In light of this, we developed iron
oxide nanoparticles with L-histidine and L-arginine caps (Fe3Os@L-Hist and FesOs@L-Arg
NPs, respectively) for the Knoevenagel reaction.

Now, from the standpoint of the pot economy, it would be advantageous to combine the
sequential Michael addition of nitromethane, which is also catalyzed by the same developed
base catalytic systems. For the synthesis of several key pharmaceutically important
compounds, the Knoevenagel-Michael sequence (KMS) is necessary. The synthesis of (£)-
Baclofen (4-amino-3-(4-chlorophenyl) butyric acid) and Pregabalin (Lyrica®) (3-isobutyl-y-
amino butyric acid) are two examples involving KMS. The conventional method for making
the basic building blocks of these drugs involves Knoevenagel condensation, 1,4-addition of
cyanide, hydrolysis of the resulting B-cyano diester, decarboxylation, reduction, and optical
resolution of the resulting racemates (if necessary) (Scheme 5.3) [37].

KMS Sequence Ke)
0 Hsc_'\( ?
O (0] NC O NC
OEt
e o+ I —— .
OEt R H NO,

R= Q Baclofen HOO \ i
Cl e S—— OEt
. NH,
/k/ Pregabalin R R NH,

Scheme 5.3. Synthesis scheme involving KMS sequence leading towards pharmaceutically
important drugs.
In the current study, we performed one-pot KMS of several aromatic aldehydes in the
presence of as-synthesized catalysts under solvent-free conditions, producing precursors of
the aforementioned drug molecules. We achieved high conversion and reaction yield in a
short time. The catalysts were conveniently removed from the reaction mixture and success

fully recycled for up to five cycles.

5.2. Experimental

5.2.1. Material
Ethyl cyanoacetate, 4-nitro benzaldehyde, FeClz*6H>0, L-histidine, L-arginine, ethyl acetate,
and petroleum ether (60—80%) were purchased from Loba Chemie Pvt. Ltd. Benzaldehyde, 4-
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chloro benzaldehyde and acetaldehyde were purchased from Spectrochem India. 4-Bromo
benzaldehyde, 2-bromo benzaldehyde, 4-methyl benzaldehyde, and 4-methoxy benzaldehyde
were purchased from TCI Chemicals (India) Pvt. Ltd. Propionaldehyde was purchased from
S. D. Fine Chemical Ltd., India. FeCl,.4H,O was purchased from Merck Life Science Private

Limited. All the chemicals were used without further purification.

5.2.2. Synthesis of FesOs@AA NPs

For the preparation of L-arginine coated FesO4 NPs, FeCls anhydrous (0.08 mmol) and FeCl:
(0.04 mmol) were mixed in 50 mL deionized water in a round-bottom flask and the mixture
was stirred at 70 °C for 15 min. Then, 10 mL aqueous solution of L-arginine (0.04 mmol)
was drop-wise added and the reaction mixture was stirred for 20 min at the same
temperature. Then, an aqueous solution of NH4sOH (10.0 mL) was instantly injected and the
reaction mixture was stirred at 6000 rpm for 1 h. All the processes were carried out under a
nitrogen atmosphere. After that, the resulting material was centrifuged, washed with
deionized water and ethanol, and dried at 80 °C in an oven for 12 h. Fe3Os@L-histidine NPs
were synthesized using the same procedure with L-histidine (0.04 mmol) dissolved in 10.0
mL water.

5.2.3. General procedure for the Knoevenagel condensation reaction

Aldehyde (1.0 mmol), ethyl cyanoacetate (1.0 mmol), and catalyst (80.0 mg) were mixed in
the RBF and stirred vigorously at 80 °C in an oil bath. The progress of the reaction was
monitored on the TLC plate. After the completion of the reaction, the catalyst was
magnetically separated from the reaction mixture. The final isolated product was obtained
followed by column chromatography using EtOAc: petroleum ether system.

5.2.4. General procedure for the Michael addition reaction

Nitromethane (2.0 mmol) and catalyst (80.0 mg) were added to the RBF and stirred
vigorously at 80 °C. The progress of the reaction was monitored on the TLC plate. After
completion of the reaction, the catalyst was magnetically separated from the reaction mixture.
The final isolated product was obtained followed by column chromatography using
EtOAc:Petroleum ether solvent system.

5.2.5. General procedure for sequential Knoevenagel and Michael addition reaction
In a two necked RBF attached with air condenser and silica-gel guard tube, benzaldehyde

(2.0 mmol), ethyl cyanoacetate (1.0 mmol), and FesOs@L-Arg NPs as catalyst (80.0 mg)
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were mixed, and stirred vigorously over the magnetic stirrer. The temperature of the reaction
was slowly raised to 80 °C, and the reaction was allowed to continue for 2.5 h at this
temperature. Then, nitromethane (2.0 mmol) was injected instantly in the reaction mixture
with vigorous stirring. The reaction was continued for further 6 h by maintaining the
temperature at 80 °C. Then, the catalyst was separated on applying the magnet outside the
RBF, the mixture was decanted followed by column chromatography using EtOAcC:

petroleum ether solvent system.
5.2.6. General procedure for the recovery of catalyst for sequential Knoevenagel-

Michael addition reaction
After completion of the reaction, the catalyst was separated with a magnet and the solvent
was evaporated. The recovered catalyst was washed with ethanol and dried and reused under

the same conditions as the first run at least 5 times and gave a corresponding product of KMS

in high yield and selectivity.

5.3 Results and Discussion
Powder XRD was used to investigate the phase of as-synthesized Fes:Os@L-Arg and
FesOs@L-Hist nanoparticles. The magnetite phase is revealed by the diffraction pattern

shown in Figure 5.1.
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Fig. 5.1. Powder X-ray diffraction patterns of as-synthesized (a) FesOs@L-Hist and (b)
Fes0s@L-Arg NPs.
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The magnetite phase of FesOs NPs with inverted spinel structure is confirmed by the X-ray
diffraction peaks at 20 values of 31.0, 36.4, 43.8, 53.5, 57.7, and 63.0°, which, for both
systems, correspond to the (220), (311), (400), (422), (511) and (440) planes, respectively
(JCPDS No. 82-1533) (Fig. 1).The particle size was determined by the Debye—Scherrer
formula (L = 0.94/B cosb) and the FWHM (Full Width at Half Maximum) value [38] of the
major peak for (311) planes in the range of 20.45 and 16.76 nm, respectively. It can be
observed that adsorption of amino acids does not affect the XRD pattern.

Transmission Electron Microscopy (TEM) was used to directly observe the morphology of
the sample (Figure 5.2). Figure 2 shows that both catalytic systems Fes0s@ AA (Amino
Acids) NPs display spherical morphology in the size range of 2-10 nm. Spherical particles
with a crystallite size of 5-10 nm are visible in the HRTEM images. The lattice fringes of the
(400) exposed planes are separated by 0.18 nm. The HRSEM images also support these

observations.

Fig. 5.2. HRSEM images of (a) FesOs@L-Arg (b) FesOs@L-Hist NPs. HRTEM images and
lattice fringes at higher magnification of as-synthesized (c, d) FesOs@L-Arg and (e, f)
FesOs@L-Hist NPs.
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FTIR spectroscopy is one of the best techniques for investigating the interactions of ligand
molecules with the host surface [39-43]. The FTIR spectra of pristine FesO4, free L-arginine
and L-histidine, FesOs@L-Hist, and Fe3Os@L-Arg NPs are presented in Figure 5.9. For
pristine FesO4 NPs, the absorption between 600 and 650 cm™! is due to the Fe—O stretching
of the inverse spinel system. The carboxylate ion of the amino acid ligand can coordinate
with surface Fe ions in either a mono-dentate or a bidentate (chelating) mode [44, 45]. These
can be proven by the COO™ stretching vibration frequencies. Two primary modes of vibration
for free carboxylate ions in acetate form are vas(COO’) and symmetric vs(COQ") stretching
at 1583 and 1422 cm™!, respectively. For FesO4@L-Arg NPs, the vas(COO-) of carboxylate
ions is at 1562 cm™! and vs(COO") is at 1472 cm™'. In coordination with surface Fe ions,
vas(COQ") decreases while vs(COQO") increases, indicating that the carboxylate ion of amino
acid is coordinated bidentately.

Additionally, A (vas(COO")— vs(COQ")) is greater than A’ (v’as(COO) — v’s(COO")), where A
is the difference between the absorption bands for free carboxylate ions and A’ for metal-
bound carboxylate ions, indicating bidentate coordination [43]. While the vas(COO-) of
carboxylate ions shows at 1588 and vs(COO") at 1413 cm™! in the case of FesOs@L-Hist NPs,
suggesting a similar type of bidentate coordination. From the UV-vis spectra, it can  be
inferred that L-histidine absorbs at 290 nm due to n — 7* transition and it fluoresces at 450
nm when excited at the same absorption wavelength which remains unaltered after adsorption
on the surface of FesOs NPs (Figure 5.9). Based on these investigations, we suggest the
bidentate type of amino acid molecule orientations on the surface of magnetic NPs (Figure
5.3). A thermogravimetry analysis of the freshly synthesized NPs was conducted in order to
further validate the presence of amino acid molecules adsorbed on the surface. Figure 5.4
shows the thermograms of pristine iron oxide (FesOs), FesOs@L-Hist, and FezOs@L-Arg

NPs, which can be utilized for quantification of the material’s degradation behavior.

HN=A

126 |Page



a n

Fig. 5.3. Proposed interaction of L-arginine and L-histidine molecules with the surface of

Fe304 NPs based on FTIR spectroscopy.

In the TG analysis temperature range, iron oxide doesn’t lose weight. On the other hand, both
of the Fes04s@AA samples exhibit two-stage degradation. Due to the degradation of surface-
adsorbed organic material, Fe3Os@L-Arg and FesOs@L-Hist NPs displayed severe weight
loss above 150 °C and 150-200 °C, respectively, and persisted up to 400 °C for both
samples. The weight loss at around 100 °C is due to the surface-adsorbed water molecules.
These studies demonstrate that amino acid molecules are present on the surface of FezOs
nanoparticles. On the basis of water loss and the %weight of residues left after heat treatment,
the loading of L-arginine and L-histidine on the surface of NPs was calculated to be 23.3 and

16.3 percent, respectively.
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Fig. 5.4. Thermograms of pristine Fez0s, FesOs@L-Arg, and FezOs@L-Hist NPs.
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The % weight of the residues is mentioned at the end of the curves. The nitrogen adsorption—
desorption isotherms for the synthesized FesOs@L-Arg and Fe3Os@L-Hist NPs, as well as
their computed BET surface area and pore volume, are shown in Figure 5.5 and Table 1. The
isotherms of FesOs@L-Arg and FesOs@L-Hist NPs are of type IV (BDDT classification), as
seen in Figure 5.5, with the H4 and H3 type of curves, respectively where the two branches
are nearly horizontal and parallel throughout a large range of relative pressures (P/Po),
suggesting the well-ordered mesoporous structure. In this situation, the amount of gas
adsorbed increases as P/Po rises. Narrow pores that resemble slits are frequently linked to the
type H4 curve [26, 46]. FesOs@L-Arg NPs have a much higher surface area than FesOs@L-

Hist NPs, as can be seen in Table 1.

The BET surface area and pore size studies show that both kinds of synthesized NPs systems
are good for catalytic activities.
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Fig. 5.5. Nitrogen adsorption-desorption isotherms of as-synthesized FesOs@L-Arg and
Fe30s@L-Hist NPs.

Fe30s@L-Arg and FezOs@L-Hist NPs magnetization curves were plotted using a magnetic
field gradient from —15,000 to + 15,000 Oe. As can be seen in Figure 5.6, FesOs@L-Arg NPs
exhibit superparamagnetic behavior with a Ms value of 61.5 emu/g while Fes04@L-Hist NPs

exhibit paramagnetic behaviour with a very low Ms value of 0.25 emu/g [47, 48].
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Fig. 5.6. M -H curves for as-synthesized a FesOs@L-Hist and b FezOs@L-Arg NPs

This investigation reveals the material’s ability to become magnetized under the influence of

a magnetic field and being recovered on removal of the field.

5.4 Optimization of reaction parameters for model Knoevenagel condensation

reaction

The model Knoevenagel reaction was carried out under various sets of conditions involving
different catalysts, Fe3:Os@L-Arg or FesOs@L-Hist, their amounts, sol- vents, and
temperature to optimize the reaction parameters. In a model reaction, the Knoevenagel
condensation of benzaldehyde (1a) and ethyl cyanoacetate was carried out by using the two
as-synthesized catalytic systems. Table 1 shows that the reaction could not continue in the
absence of the catalyst. Additionally, we conducted controlled reactions using free L-arginine
and L-histidine as well as pristine FesO4 NPs. Due to the Lewis acidic properties of Fe3O4
NPs, the reaction continued in the forward direction with a less yield of the product after 8 h
at 80 °C. Due to the solvent-free condition, which is discussed later, the same result was

observed when the reaction was conducted in the presence of free amino acids.
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Table 1. Effect of different catalysts on Knoevenagel condensation reaction.

0
o Fe,0 @AA N
NC\/U\
H
+ O/\CH3 80 °C

(1a) (2a)
Sr. No. Catalyst? Yield2P (%)
1 No Catalyst -
2 Fez0a4 17
3 L-Arginine 32c
4 L-Histidine 29c
5 FesOs@L-Arg 94
6 FesO4@L-Hist 91

#Reaction conditions: Catalyst (80.0 mg), benzaldehyde (1.00 mmol), ethyl cyanoacetate
(1.00 mmol), reaction temperature (80 °C), reaction time, 180 min Plsolated yield °Solvent-

less condition

The amount of the catalyst had a significant impact on the reaction. The yield increased
dramatically as the catalyst loading was increased, reaching up to 94% in the case of
Fes04@L-Arg on 80 mg of loading (Table 2).

Table 2. Optimization of the amount of catalyst (Fes0s@L-Arg and FesOs@L-Hist) for the

model Knoevenagel condensation reaction.®¢

(0]
Q Fe,0 @AA e
H NC\/U\
+ O/\CH3 80°C

(1a) (2a)
Sr. No. Catalyst amount  yieldb (%)
(mg)
FesOs@L-Hist Fes0s@
L-Arg
1 5.0 43 46
2 10.0 57 59
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3 20.0 61 66
4 30.0 74 80
5 50.0 85 89
6 80.0 85 94
7 100.0 85 94

4Reaction conditions: benzaldehyde (1.00 mmol), ethyl cyanoacetate (1.00 mmol), reaction
time: for FesO4@L-Hist-180min and Fe30s@L-Arg-150 min, reaction temperature, 80 °C.

blsolated yield. °Solvent-less condition.

Table 3. Optimization of temperature for FesOs@L-Arg and FezOs@L-Hist NPs mediated

model Knoevenagel condensation reaction.?

(o]
0 (o]
Fe;0,@AA N
4 NC\)J\ > N o CH;
P
+ 0 CHs 80mg CN

(1a) (2a)

Sr. Temperature YieldPc

No. (°C) (%)
FesOs@L-Hist  FesOs@L-Arg

1 10 Trace Trace

2 RT 39 44

3 40 46 53

4 60 82 91

5 80 85 94

8Reaction conditions: Catalyst (80mg), benzaldehyde (1.00 mmol), ethyl cyanoacetate (1.00
mmol), reaction time: for Fe304@L-Hist-180 min and Fe30s@L-Arg — 150min. ° Isolated
yield. ¢ Solvent-less condition.

We tried out a range of temperatures for the model Knoevenagel condensation reaction
carried out up to 180 min under the optimized conditions (Table 3). From 10 to 60 °C, the
reaction rate was found to be quite slow and then increased with an increase in temperature.

At 80 °C, the reaction proceeded with the highest yield.

Time has a substantial impact on the reaction under evaluation. According to (Table 4), for
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the FesOs@L-Arg and FesOs@L-Hist NPs mediated catalysis, the %yield increased and
reached a maximum of 94 and 82% within 150 and 180 min, respectively. For the model
Knoevenagel condensation, both of the synthesized catalysts were utilized to evaluate
different solvents and solvent-free conditions in order to maximize yield. Table 5 provides an
overview of the outcomes. These findings support the notion that for both catalytic systems,

solvent-free conditions yield the best outcomes.

Table 4. Optimization of reaction time for FesOs@L-Arg and FezOs@L-Hist NPs mediated

Knoevenagel condensation reaction.?*

0
Q
0 Fe,0,@AA
e > X o™ ek,
H PN o
+ 0”7 YcH,  80°C N

(12) (2a)
Sr. Yield®©
No. Time (%)
(mins) FesOs@L- FesOs@L- Arg
Hist

1 30 20 37

2 60 35 58

3 120 63 79

4 150 71 94°¢

5 180 82 94

#Reaction conditions: catalyst (80.0 mg), benzaldehyde (1.00 mmol), ethyl cyanoacetate (1.00

mmol), reaction temperature, 80°C. Plsolated yield. Solvent-less condition.

Table 5. Optimization of a solvent system for FesOs@L-Arg and Fe3Os@L-Hist NPs

mediated Knoevenagel condensation reaction.?

Sr. Yield®
No. Solvent Temperature (%)
(°C) FesOs@L-Hist FesOs@L-Arg
1 Solvent-free 80 91 94
2 Water 80 68 68
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3 Ethanol 60 43 43
4 DCM 40 - -
5 CHCls 50 10 10

#Reaction conditions: catalyst (80.0 mg), benzaldehyde (1.00 mmol), ethyl cyanoacetate (1.00

mmol), reaction temperature, 80°C. Plsolated yield. Solvent-less condition.

Table 6. Knoevenagel condensation reaction between aromatic/aliphatic aldehydes and ethyl
cyanoacetate catalyzed by FesOs@L-Arg and FesOs@L-Hist NPs.?

0
Q
0 Fe,0,@AA
H NC\/U\ —>4 X o/\cH3
R + 0" NcH,  80°C R N

Solvent-less

R =2 (ad) R =3 (a-d)
Time Yield®Pe
Aldehyde Product (mins) (%)
FesOs@L FesOs@L FesOs@L FesOs@L
-Hist -Arg -Hist -Arg
0 It 180 150 91 94
o O
CN
(1a) (2a)
0 Q 75 50 94 97
o LR
CN
ON O,N
(1b) (2b)
0 0 180 150 89 90
o JURT
N ~o CN
(lC) (20)
0 o 180 150 87 89
H N0
CN
(1d) (2d)
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o o a0 75 92 95
o O
o ci CN
(le)
(2€)
o o a0 70 91 93
H N O/\
o O
Br
19 (2f)
Br fo) 90 73 90 91
Br O X o~
H CN
(20)
(1g)
(o) 180 150 -- --
)LH
ahn T
o 180 150 -- --
\)J\H
€

#Reaction conditions: catalyst (80.0 mg), aldehyde (1.00 mmol), ethyl cyanoacetate

(1.00 mmol), reaction temperature, 80 °C. Isolated yield. °Solvent-less condition.

To comprehend the electronic effects of substituent groups on the reaction, various aromatic
and aliphatic aldehydes substituted with electron-donating and withdrawing groups were
assessed (Table 6). It was observed that in the case of substituted aromatic aldehydes la—g
those with electron-withdrawing groups undergo a faster reaction than with electron-donating
groups. In the case of aliphatic aldehydes 1 h-1i, Knoevenagel condensation did not happen
with ethyl cyanoacetate in the presence of catalysts FesOs@L-Hist and FezOs@L-Arg under

the optimized conditions.
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Table 7. FesOs@L-Arg catalyzed sequential Michael addition reaction with Knoevenagel

condensation product.

KMS Sequence

one-pot
o Fe,0,@AA NC
+
w M+ J oo j/k YT Ilf
solvent-free 80 c
Knoevenagel Adduct Product Time Yield®
(h) (%)
FesOs@L- FesOs@L-
Hist Arg
0 - OaN 0 6 - 69
\CN ° o™
CN
(2a) (3a)
o . oaN 0 5 -- 72
Xy~ o
CN o
O,N oN CN
(2b) (3b)
o . OaN o 5 - 70
X o AN
~o CN - .
(20) (3c)
o oN 0 6 -- 67
X0 o~
CN CN
2d) (3d)

4Reaction conditions: Catalyst(80.0 mg), Knoevenagelproducts (0.5mmol), Nitro methane(2

mmol), Reaction temperature (80 °C). ® Isolated yield.

Furthermore, at optimal reaction conditions, Michael addition of Knoevenagel product (2a-d)
having electron donating and withdrawing groups was carried out with nitromethane under
the optimized reaction parameters. Knoevenagel condensation adduct having electron-
withdrawing groups delivered a good yield of Michael product (3a-d) with nitromethane as a
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nucleophile compared to electron-donating groups in presence of FezOs@L-Arg at 80°C.
FesOs@L-Hist could not catalysed the sequential Michael reaction under the optimized

reaction parameters (Table 7).

5.5 Recovery and recycling of FesOs@L-arginine and FesOs@L-histidine
NPs

Additionally, the model sequential reaction’s catalyst recovery was examined under optimal
reaction conditions (Figure 5.7). After the KMS reaction was finished, the reaction mixture

was filtered and the catalyst was completely washed with ethanol, dried under vacuum at

70°C, and reused for the succeeding reaction cycle.

1407 Bl Fe O @L-Histidine
R Fe,0, @L-Arginine

120

100

Yield%

3
Number of Runs

Fig. 5.7. Recovery and recycling study of FesOs@L-Arg and Fe3Os@L-Hist NPs for

Knoevenagel reaction.

Under the present conditions, Fe3Os@L-Hist (for the Knoevenagel reaction) or Fe30s@L-
Arg (for the KMS reaction) can be recovered and reused at least five times. It is significant to

notice that after 5 cycles, the catalytic activity is reduced.

Here shows the proposed reaction mechanism based on the review of the literature and the
results of the experiments. Consequently, the carboxylate group of the amino acid molecule
interacts with the FesO4 surface Fe?*/Fe®* ions in a bidentate manner, leaving the amine group

free (based on FTIR spectroscopy data).
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Scheme 5.4. Proposed mechanism for KMS in the presence of FezOs@L-Arg NPs.

The surface-retained amine group produces imine (1) by nucleophilic addition to
benzaldehyde. Now, the imine nitrogen atom is sufficiently basic to remove the acidic proton
from the ethyl cyanoacetate active methylene group, which in turn initiates the nucleophilic
attack of the resultant carbanion to produce the intermediate Il. Lastly, the base-catalyzed
mechanism makes the Knoevenagel product, which is a trisubstituted alkene I11. Product 111
participates in the sequential Michael reaction as a Michael acceptor, followed by the
addition of nitromethane, a Michael donor, which is initiated on the same catalytic site on the
magnetic surface (Fes0s@L-Arg) to give the final KMS product (Scheme 5.4).

5.6 Origin of reactivity

In the instance of the Knoevenagel reaction, it can be shown that the FesOs@L-Arg NPs
exhibit stronger catalytic activity than the FesO4s@L-Hist NPs, while the FesOs@L-Hist NPs
catalytic system is completely inactive for the sequential Michael addition process. There
could be two major reasons for this. (1) The effective delocalization of the positive charge on
the side chain guanidine nitrogen makes L-Arginine more basic than L-histidine. In contrast
to the amine group found in the imidazole ring of L-histidine, which has a pKaH of 6.5
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(near neutrality), the guanidine amino group of L-arginine has a pKaH of 12. So, during the
synthesis of NPs, both of the amino acid molecules get adsorbed and coordinated with sur-
face Fe?*/Fe* ions by the negatively charged carboxylate group. This happens because the
reaction medium is basic due to the ammonia. Now, when these NPs systems are utilised as
catalysts under solvent-free conditions, the 10 amino group of L-arginine close to the surface
carboxylate ion will be more basic due to the avail- ability of a loan pair of electrons, as the
side chain guanidine nitrogen atoms hold the proton more tightly. So, the 1° amine group of
L-arginine acts as a basic catalytic site for the reaction under consideration. Instead, the side
chain imidazole ring of L-histidine can’t hold the basic proton more tightly than that of L-
arginine, and the 1° amine of the amino acid near the surface carboxylate ion becomes
positively charged at a pH close to neutral [49]. Due to this, L-histidine becomes less basic
and is less effective at base catalysis. Hence, it can catalyze the Knoevenagel reaction
through the side chain imidazole —NH group but is not basic enough to carry out the

sequential Michael addition reaction of nitromethane (Figure 5.8).

e pair available for base

catalysis
\ No proton shuttling
>
x
@ Side chain guanidine

Strongly basic

Conformational flexibility

Protonoted amine can't

do base catalysis
\ +
NH3 Side chain imidazole ring
L Less basic

Conformational rigidity

Fig. 5.8. Origin of difference in reactivity of FesO4s@L-Arg and FesOs@L-Hist NPs catalytic

systems.
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(2) The flexibility of the adsorbate amino acid molecular framework on the FesO4
nanoparticle surface. Due to the central three-carbon long "spacer," L-arginine can adopt a
better molecular conformation and interact with the substrate aldehyde more easily to form
imines, whereas L-histidine could not show reactivity under the optimal conditions because
of the rigidity of the molecular framework on adsorption on the magnetic surface (Figure
5.8). Rahmati et al. reported free L-arginine and L-histidine as a catalyst for the Knoevenagel
reaction [13]. They condensed various aromatic substituted aldehydes with malononitrile,
ethyl cyanoacetate, or ethyl acetoacetate. When the reaction was run in aqueous media for 5—
12 h at room temperature, they got good yields. Hence, the "free amino acid" can produce
good results when the reaction is conducted "in water,” but solvent-free conditions are
favored when they are adsorbed on a suitable surface. Table 8 lists the various catalytic
systems designed for the Knoevenagel reaction along with their optimized reaction

parameters and compares them to the developed NPs systems described in this study.

Table 8. Comparative study of the efficiency of the as-synthesized catalytic systems with

those previously reported for the Knoevenagel condensation reaction.

Catalyst Substrate Conditions Yield Ref.
(%)
[HYEtPy]CI-HO—  4-CI-Ce¢H4-  Ethyl H-0,50 °C, 20 98  [48]
DABCO composite CHO cyanoacetate mins
SiO2-L-proline 4-NO2-CsHs- Malononitrile Acetonitrile, 80 90  [11]
CHO °C, 7h
4-NO,- Ethyl Acetonitrile,80 -b
CeH4.CHO cyanoacetate °C,7h

FeNPs/PPD@rGO  CgHs.CHO Malononitrile Toluene,40°C, 100 [49]

35h
CsHs-CHO Ethyl Toluene, 40 23.7
cyanoacetate °C,35h
SMNPs-Amp CeHs.CHO Malononitrile H.O, RT, 4 h 99 [50]
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composite

Chol-MNPs (com)  CeHs.CHO Ethyl Ethanol, RT, 24 79  [51]

cyanoacetate h

CeHs.CHO Malononitrile Ethanol, RT, 0.5 98

h
Lys-Chol-MNPs CeHs-CHO Ethyl Ethanol, RT, 24 65  [51]
cyanoacetate h

CsHs.CHO Malononitrile Ethanol, RT, 0.5 96

h
Gly-Chol-MNPs CeHs.CHO Ethyl Ethanol, RT, 24 67 [47]
cyanoacetate h

CsHs.CHO Malononitrile Ethanol, RT, 0.5 97

h
FesOs@L-Arginine  CgHs.CHO Ethyl Solvent-free, 80 94 This
cyanoacetate °C,150 mins work
CeHs.CHO Ethyl Solvent-free, 80 91 This
cyanoacetate °C,180 mins work

Fe;Os@L-histidine

{[HyEtPy]CI-H,O-DABCO composite - 1,4-diazabicyclo [2.2.2] octane (DABCO) hydroxyl
group in the ionic liquid of N-(2-Hydroxy-ethyl)-pyridinium chloride ([HyEtPy]Cl); SiO,-L-
proline - silica supported L-proline, FeNPs/PPD@rGO-p-phenylenediamine FeNPs (lron
nanoparticles) embedded onto the surface of Graphene nanosheet; SMNPs-Amp composite -
(aminomethyl) phenols-modified nano catalysts; Chol-MNPs (com) - silane ligand containing
choline hydroxide; Lys-Chol-MNPs - choline hydroxide function was neutralized with
Lysine; Gly-Chol-MNPs - choline hydroxide function was neutralized with Glycine. ® No

reaction.

It can be shown that malononitrile is a preferred substrate (because the methylene group may
be easily activated by two nearby cyano groups) and that a fair yield can be obtained when it

is condensed with aldehydes.
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However, there are few reports of ethyl cyanoacetate condensing with aldehydes and the
protocols that do achieve a moderate to low yield. According to Table 8, the as-synthesized
NPs catalytic system is a productive "green" catalyst for the Knoevenagel condensation
reaction when no sol- vent is present. We also used the conventional formula from the
literature to compute the E-factor, which we found to be 0.42 for the Fez0s@L-Arg and 0.47
for the FesOs@L-Hist NPs catalyst systems, respectively [50]. These outcomes render the

developed protocol truly "green."
E-Factor calculation for primary amines (as-synthesized in the present study)

Fes0s@L-Arg =(0.1 gm benzaldehyde + 0.113 gm ethyl cyanoacetate + 0.080 gm catalyst)-
0.206 gm product / 0.206 gm product = 0.42

FesOs@L-Hist = (0.1 gm benzaldehyde + 0.113 gm ethyl cyanoacetate + 0.080 gm catalyst)-
0.199 gm product/0.199 gm product = 0.47

5.7 Conclusion

By introducing amino acid-like components as a base catalyst on a robust host like FesO4
NPs, we have shown that one-pot multi-step synthesis of pharmaceutically significant
intermediate can be carried out sequentially. The Knoevenagel reaction can simply be carried
out by base catalysis due to amino acid molecules that are present on the surface of a single
nanoparticle. The product of this reaction was then condensed with nitromethane, a Michael
donor, yielding a product useful in the production of numerous pharmaceutically active
compounds. It can be concluded that by adopting all the optimal process parameters, (i) the
developed process becomes more cost-effective than those based on bare noble metal
catalysts (ii) catalyst recovery is made simple by using a magnetic field (iii) The catalyst
FesOs@L-Arg is more effective than FesOs@L-Hist for both sequential reactions (iv) the as-
synthesized catalyst FesOs@L-Arg NPs maintained its efficiency for five cycles (in this
study) for 2-way catalysis (v) the reaction is "green™ because no hazardous solvents are used,
and the entire one-pot process can be carried out in solvent-free conditions with short reaction
times, high product yields, and high activity and stability of the catalyst under the optimized
reaction conditions. This work brings up new possibilities for the development of multi-
component catalysts that can produce materials on a large scale while being environmentally
friendly. The next investigation will focus on developing a tandem process for the mass

production of enantio-pure Baclofen and Pregabalin.
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5.8  Characterization

X-ray powder diffraction (XRD) pattern was obtained using X-ray powder diffractometer
(Philips X’pert MPD system) with Cu Ko radiation, A = 0.15418 nm. The BET-specific
surface area (SBET) was determined by nitrogen adsorption (Micro- metrics ASAP 2020,
USA) via a multipoint BET method using the adsorption data in the relative pressure (P/Po)
range of 0.0-1.0. The samples were degassed at 80 °C before Brunauer—-Emmett-Teller
(BET) measurements. Desorption isotherm was used to determine the pore-size distribution
using the Barret— Joyner—Halendar (BJH) method, assuming a cylindrical pore model. The
nitrogen adsorption volume at the relative pressure (P/Po) range of 0.997 was used to
determine the pore volume and average pore size. The morphology of the samples was
examined by FESEM (JEOL-JSM-7100F). Particle size with elemental mapping was carried
out by TEM (JEOL-JEM-2100) at 200 kV. FT-IR spectra of all compounds were recorded
with Bruker FTIR spectrometer using KBr pellets in the range of 400 to 4000 cm™!. UV-
visible absorption spectra were recorded on a Perkin Elmer Lambda 35 and PL spectra were
recorded on a Jasco FP-6300 spectrophotometer using a Xenon lamp as an excitation source
at 280 nm. All measurements were made at 25 °C in methanol. HRMS was recorded on Xevo
G2-S Q Tof (Waters, USA), and TG analysis was recorded on Exstar TG/DTA7000 from 30
to 550 °C with a heating rate of 10 °C. The sample size was between 7-8 mg. The 'H NMR
and C NMR were recorded on Bruker Advance 400 MHz spectrometers using TMS as an

internal standard in CDCls.
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Fig. 5.9. (A) Fe3sO4 NPs (B) L-Histidine (C) FesOs@L-Histidine (D) L-Arginine (E)
Fe30s@L-Arginine.

5.8.2 UV-vis absorption spectra and emission spectra of the catalysts
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Fig. 5.10. UV-vis absorption spectra of (A)FezOs@L-Histidine (B) FesOs@L-Arginine and
(C) emission spectra of FesOs@L-Histidine.
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5.8.1 FT-IR, NMR and GC-MS Spectra of the Products

(E)-Ethyl- 2-cyano-3-phenylacrylate (2a)

\ O/\
CN

White solid crystals (M.p. 49-51 °C). FTIR (KBr, cm™'). 2981 (-C—-H, stretching, sp?), 2939
(-C—H, stretching, sp®), 2222 (-CN), 1726 (-C=0 ester), 1606 (—-C=C), 1444-15,720 (-C=C,
Ar). 'H NMR (400 MHz, CDCls) 6: 1.43 (CHs, t, J = 7.2 Hz, 3H), 4.42 (CHz, q, J = 7.2 Hz,
2H), 7.49-7.59 (ArH, m, J = 7.2 Hz, 3H), 7.99-8.01 (ArH, d, J = 8.4 Hz, 2H), 8.27 (-CH, s,
1H). 3CNMR (400 MHz, CDCls) 6: 14.2 (-CHs3), 62.8(-O-CH>), 102.9 (-C-CN), 115.5 (-
CN), 129.3, 131.1, 131.5, 133.4, 155.1, 162.5 (-C=0). ESI-MS (m/z) = 201.2 [M + H]*
(Figure 5.11—5.14).
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Fig. 5.11. FT-IR spectra of the product (2a).
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Fig. 5.14. Mass spectra of the product (2a).

(E)-Ethyl-2-cyano-3-(4-nitrophenyl) acrylate (2b)

CN

Yellow solid crystals (M.p. 157-159 °C). FTIR (KBr, cm™"). 3096 (-C—H, stretch- ing, sp?),
2993 (-C—H, stretching, sp®), 2225 (-CN), 1720 (-C=0, ester), 1594, 1268 (-NO), 1415
1616 (—C=C, Ar), 1007 (—C=0, ester). tHNMR (400 MHz, CDCl3) 6: 1.4 (-CHg3, t, J = 7.2
Hz, 3H), 4.4 (CH2, q, J =7.2 Hz, 2H), 8.1 (ArH, d, J = 8.8 Hz, 2H), 8.32-8.36 (Ar H, d, J =
8.8 Hz, 2H), 8.38 (-CH, s, 1H). 3 CNMR (400 MHz, CDCls) §: 14.1 (-CHj3), 63.4 (-O—-CHy>),
107.3 (-C-CN), 114.6 (-CN), 124.4, 131.5, 136.9, 149.7 (-C-NO), 151.8 (-C=C), 161.4 (—
C=0). ESI-MS (m/z) = 246.08 [M + H]" (Figure 5.15 -5.18).
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Fig. 5.18. Mass spectra of the product (2b).
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(E)-Ethyl 2-cyano-3-(4-methoxyphenyl) acrylate (2c)

H o)
\ O/\

\ CN

o)

White solid crystals (M.p. 109-111 °C). FTIR (KBr, cm™). 1435, 1513, 1561 (-C=C, Ar),
1717 (-C=0), 2215 (-CN), 2843, 2992 (—CH, str), 3025 (-CH, str). *THNMR (400 MHz,
CDCls) 0: 1.42 (-CHs, t, J = 7.2 Hz, 3H), 3.90 (-O-CHs, s, 3H), 4.40 (-CHz, g, J = 7.0 Hz,
2H), 6.99-7.01 (Ar H, d, J = 8.8 Hz, 2H), 8.0 (ArH, d, J = 8.8 Hz, 2H), 8.2 (=CH, s, 1H).
13CNMR (400 MHz, CDCls) 6: 14.2 (-CHs3), 55.6(-OCHj3), 62.5 (-OCH>), 99.3 (-C-CN),
116.3 (-CN), 114.8, 124.3, 133.7, 154.5, 163.2, 163.8 (-C=0). ESI-MS (m/z) = 231.28 [M +
H]* (Figure 5.19-5.22).
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Fig. 5.19. FTIR spectra of the product (2c).
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Fig. 5.21. 3C-NMR spectra of the product (2c).
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Fig. 5.22. Mass spectra of the product (2c).

X O/\

CN

281.08 294.24
280 300

White solid crystals (m.p. 110-113 °C). FTIR (KBr, cm™). 3029 (-C—H, stretching, sp?),
2993 (—C-H, stretching, sp®), 2216 (-CN), 1724 (-C=0, ester), 1420-1596 (—C=C-Ar), 1093
(-C-0, ester). THNMR (400 MHz, CDCls) d: 1.42 (CHs, t, J = 7.2 Hz, 3H), 2.44 (CHs, s,
3H), 4.41 (CHz, q, J = 6.8 Hz, 2H), 7.6 (ArH, d, J = 8.8 Hz, 2H), 7.8 (Ar H, d, J = 8.4 Hz,
2H), 8.2 (=CH, s, 1H). ®°CNMR (400 MHz, CDCls) §: 14.2 (-CHs), 21.9 (Ar— CHs), 62.6
(O—CHy), 101.5 (-C-CN), 115.8 (-CN), 128.8, 130.0, 131.2, 144.7, 162.8 (—C=0), 155.0 (-
C=C). ESI-MS (m/z) = 215.19 [M + H]" (Figure 5.23 -5.26).
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Relative Abundance
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Fig. 5.25. 3C-NMR spectra of the product (2d).
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Fig. 5.26. Mass spectra of the product (2d).
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(E)-Ethyl-2-cyano-3-(4-chlorophenyl) acrylate (2e)

H O

\ O/\

CN
Cl

White solid crystals (M. p. 159160 °C). FTIR (KBr, cm™'). 3431 (-C—H, stretching, sp?),
2954 (—C—H, stretching, sp®), 2223 (-CN), 1726 (-C=0, ester), 1411-1611 (-C=C, Ar), 1206
(-C-0, ester), 1081 (Ar-Cl). tHNMR (400 MHz, CDCls) &: 1.43 (-CHs, t, J = 7.2 Hz, 3H),
443 (-CHz, q, J = 7.2 Hz, 2H), 7.48 (Ar H, d, J = 6.8 Hz, 2H) 7.93-7.96 (Ar H, d, J = 6.8
Hz, 2H), 8.22 (= CH, s, 1H). 3CNMR (400 MHz, CDCls) 6: 14.2 (-CHs3), 62.9 (-O-CH),
103.4 (-C-CN), 115.3 (-CN), 129.7, 132.2, 139.6, 153.5, 162.3 (-C=0). ESI-MS (m/z) =
235.09 [M + H]* (Figure 5.27 -5.30).
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Fig. 5.27. FTIR spectra of the product (2e).
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Fig. 5.29. 3C-NMR spectra of the product (2e).
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Fig. 5.30. Mass spectra of the product (2e).

(E)-Ethyl-2-cyano-3-(4-bromophenyl) acrylate (2f)

AN o N\

CN
Br

273.06 28719

280 300

White solid crystals (M. p. 80 —82 °C). FTIR (KBr, cm™') 3430 (—-C—H, stretching, sp?) 2952
(—C—H, stretching, sp®), 2222 (-CN), 1725 (-C=0, ester), 1487-1611 (Ar, C=C), 1205 (-C—
O, ester), 1094 (Ar—Br). 'H NMR (400 MHz, CDCls) J: 1.4 (CHs, t, J = 7.2 Hz, 3H), 4.4
(CH2, q, J = 6.8 Hz, 2H), 7.6 (Ar H, d, J = 8.8 Hz, 2H), 7.8 (ArH, d, J = 8.4 Hz, 2H), 8.2
(=CH, s, 1H). *C NMR (400 MHz, CDCls) §:14.2 (-CHs), 62.9 (-O-CH>), 103.6 (-C-CN),
115.3 (-CN), 128.3, 130.2, 132.2, 132.7, 153.6 (-C=C), 162.2 (-C=0). ESI-MS (m/z) =
280.06 [M + H]* (Figure 5.31-5.34).
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Fig. 5.32. 'H-NMR spectra of the product (2f).
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Fig. 5.34. Mass spectra of the product (2f).
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(E)-Ethyl-2-cyano-3-(2-bromophenyl) acrylate (2 g)

Br 0]
X o N
CN

White solid crystals (M. p. 81-83 °C). FTIR (KBr, cm™') 3430 (—C—H, stretching, sp?) 2952
(—C— H, stretching, sp®), 2222 (-CN), 1725 (—C=0, ester), 1487-1611 (Ar, C=C), 1205 (-C—
O, ester), 1094 (Ar—Br). 'H NMR (400 MHz, CDCls) d: 1.4 (CHs, t, J = 7.2 Hz, 3H), 4.4
(CH2, q,J = 6.4 Hz, 2H), 7.2 (Ar H, t, J = 7.6 Hz, 1H), 7.3 (Ar H, t, J = 7.6 Hz, 1H), 7.5 (Ar
H, d, J = 8.0 Hz, 1H), 8.0 (ArH, d, J = 7.6 Hz, 1H), 8.6 (=CH, s, 1H). *C NMR (400 MHz,
CHy), 106.4 (C-CN), 114.7 (-CN), 126.6, 128.1, 130.1,
131.7, 133.6, 133.7, 153.9 (-C=C), 161.8 (-C=0). ESI-MS (m/z) = 280.06 [M + H]* (Figure

CDCls) d: 14.2 (-CHs), 63.0 (O—

5.35-5.38).
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Fig. 5.35.

FTIR spectra of the product (29g).
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Fig. 5.36. 'H-NMR spectra of the product (29).
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Fig. 5.37. 3C-NMR spectra of the product (29).
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Fig. 5.38. Mass spectra of the product (2g).

Ethyl-2-cyano-4-nitro-3-phenyl butanoate (3a)

(o]

o O\

CN

Colorless oil. 'H NMR (400 MHz, CDCls). 6: 7.41 (m, J = 7.6 Hz, 10 H), 5.05 (m, J = 6.8
Hz, 4H), 4.27 (m, J = 7.6 Hz, 6H), 3.95 (m, J = 5.6 Hz, 2H), 1.17 (t, J = 7.2 Hz, 6H). *°C
NMR (400 MHz, CDCls) ¢: 13.8 (-CHj3), 41.5 (-C-CH>), 43.1 (-C-CN), 63.7 (-OCH2>-),
76.3 (-CH2-NO>), 114.4 (-CN), 127.5, 129.3, 129.5, 134.5 (-C=C), 163.9 (-C=0) (Figure
5.39 -5.40).
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Ethyl 2-cyano-4-nitro-3-(4-nitrophenyl) butanoate (3b)

o
0/\
CN
O,N

Colorless 0il.'H NMR (400 MHz, CDCls) ¢: 8.27 (m, J = 6.8 Hz, 4H), 7.5 (m, J = 8.0 Hz,
4H), 5.06 (m, J = 7.6 Hz, 4H), 4.43 (m, J = 5.6 Hz, 6H), 4.02 (m, J = 6.8 Hz, 2H), 1.28 (t, J =
7.2 Hz, 3H) (Figure 5.41).
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Fig. 5.41. 'H-NMR spectra of the product (3b).
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Ethyl 2-cyano-4-nitro-3-(4-methoxy phenyl) butanoate (3c)

NO,
(o]
o O\
\O CN

Colorless oil. *tH NMR (400 MHz, CDCls) 6: 7.26 (m, J = 7.0 Hz, 4H), 6.90 (m, J = 8.8 Hz,
4H), 5.03 (m, J = 6.6 Hz, 4H), 4.26 (m, J = 6.8 Hz, 6H), 3.91 (m, J = 5.6 Hz, 2H), 3.81 (s,
6H), 1.27 (t, J = 4.8 Hz, 3H) (Figure 5.42).
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Fig. 5.42. 'H-NMR spectra of the product (3c).
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Ethyl 2-cyano-4-nitro-3(4-methylphenyl) butanoate (3d)

NO,
o)
o/\
CN

Colorless oil. tH NMR (400 MHz, CDCls) 6: 7.18 (m, J = 6.8 Hz, 8H), 5.04 (m, J = 6.4 Hz,
4H), 4.7 (m, J = 7.2 Hz, 6H), 4.27 (m, J = 6.8 Hz, 2H), 2.35 (s, 3H), 1.16 (t, J = 7.2 Hz, 6H)
(Figure 5.43).

..................................................... TRty

N L 3 MAME BsC 20
W W 3 i
PROCEO
D ! 20210]20

Tueraum po
PROBED 5 == PARSO BB~
FULPROS 2330
asnx(
Souvawe cocl
Ng 16

SWH 8223, us 153
FIDRES 0.125483 He
2 9!16:.7 ane

NUC1 1
»1 1£.00 uzec

-1,00 dl
LN 13.59779358 W
5701 400.1524711 MHz

32768

ST 400.1500000 Mtz
£
0
1B 0.30 Hz
0
1.00

_’__,LJFFA(LJJ_#

T T
10 9 8 6 5 4 3 2 1 0 ppm

8 ghagkh & M9

Fig. 5.43. 'H NMR spectra of the product (3d).
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