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Introduction

An organocatalyst is a small organic molecule that increases the rate of a chemical reaction without
being consumed in the process and does not contain metals. These catalysts typically function by
forming transient interactions—such as hydrogen bonding, ionic interactions, or covalent
intermediates—with the reactants to lower the activation energy of a reaction.

Key Features of Organocatalysts

e Metal-free: Made of carbon, hydrogen, nitrogen, oxygen, sulfur, and similar elements.
e Small molecules: Often simple structures compared to enzymes or metal-based catalysts.
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Mild conditions: Effective under relatively mild reaction conditions.

Environmentally friendly: Often considered more sustainable than metal-based catalysts.
Asymmetric Catalysis: Many organocatalysts are used to produce specific "handed" (chiral)
molecules, which is important in pharmaceuticals.

Operational Simplicity

Easy handling: Organocatalysts are typically stable, non-sensitive to air or moisture.

No need for inert atmosphere: Reactions can often be done without special equipment (like
glove boxes).

Broad Functional Group Tolerance

Compatible with diverse molecules:Organocatalytic reactions often tolerate a wide range of
functional groups.

Versatile reaction types: Effective in aldol, Michael, Diels-Alder, and Mannich reactions, among
others.

Scalable and Economical

Small amounts needed: Often catalytic in very low concentrations.

Cost-effective: Can be less expensive than metal catalysts or biocatalysts.

Complementary to Other Catalytic Methods

Can be used in tandem with metal or enzyme catalysis to build complex molecules more
efficiently (dual catalysis strategies).

Common Types of Organocatalysts
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Amino acids and its derivatives — widely used in enamine and iminium ion catalysis.

Thioureas and ureas — effective in hydrogen bonding catalysis.

Cinchona alkaloids — used in asymmetric catalysis.

N-Heterocyclic carbenes (NHCs) — used for various umpolung (polarity-inverting) reactions.
Organic acids such as Citric acid & Tartaric acid and other

Secondary amine derivatives

Phase transfer catalysts (PTCs)

Ionic liquids (ILs)

Plant extracts

. Enzymes

. Vitamin B,

. Resins/polymers

. Itself heterocyclic moieties
14.

Substituted aliphatic sulphonic acid derivatives (Good’s buffer)

Structures of few organocatalysts are depicted here with (Figure 1-6),
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Fig. 2: 3-Morpholinopropane-1-sulfonic acid

Fig. 1: 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid

MNH-= Q OH
O o
NT TR N*'f;\s
HO OH
A J < OH

HiC N° H.C
° Fig. 4: Citric Acid

OH
Fig. 3: Vitamin B,
OH O O
AN S T N S
HON\OH 0-5-0"Na’
O OH O
Fig. 5: Tartaric acid Fig. 6: Sodium lauryl sulfate (SLS)

Applications
e Asymmetric synthesis
e Aldol and Michael reactions
¢ Cycloadditions
e Green chemistry approaches
¢ Condensation reactions
e Coupling Reactions
e Other

Real-World Impact

Organocatalysts are used in:
e Drug synthesis
¢ Flavor and fragrance production
e Green chemistry (reducing toxic waste)
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They were a major focus of the 2021 Nobel Prize in Chemistry, awarded to Benjamin List and David
MacMillan for developing asymmetric organocatalysis, a powerful and eco-friendly tool in organic
chemistry.

Established Organocatalyzed Chemical Transformations
1. An organocatalyzed expeditious synthetic route to Benzimidazoles under ultrasound technique

MOPS catalyzed synthesis of benzimidazoles in ethanol under ultrasonic irradiation has been described.
The use of organocatalyst under ultrasonic technique is one of the concept of sustainable science.

Initially, the reaction of equimolar quantity of o-phenylinediamine and benzaldehyde catalyzed by
MOPS under ultrasonic irradiation at 50 - 60 °C has been considered as a standard model reaction. To
evaluate the effect of solvent, model reaction was performed in the presence of catalytic amount of
MOPS in different solvents. Here, time period 112mins has been kept constant because while optimizing
reaction condition we found complete transformation in ethanol within 112 mins and only solvents get

varied.
NH; @) MOPS/EtOH XN
X
+ > @:N\>—Ph/R
H

AT R eR 5060
Rl NH2 Rl
1 2 Ph = Aromatic 3(a-k)
R = Aliphatic
Scheme I: MOPS catalyzed synthesis of benzimidazoles.
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Figure 1: Effect of solvent on yield of the product.

As per Figure 1 it has been observed that among the different solvents ethanol/MOPS combination
shows best auxiliary condition for the desired product benzimidazoles. Rather, methanol and isopropyl
alcohol converts somehow appreciable yield of product than other solvents such as acetone, acetonitrile,
dichloromethane and carbon tetrachloride. It is also observed that in the combination of water/MOPS
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only Schiff’s base is formed in more extent rather than cyclized product i.e. benzimidazole. Hence,
authors were delighted to report that among the conditions screened the corresponding benzimidazole
was obtained quantitatively high with MOPS at 50-60 °C temperature in ethanol.

In the next study (Figure 2), we have determined the proper concentration of catalyst as 2, 4, 6, §, 10
and 12 mol %. The obtained results revealed that, when the reaction was carried out in the presence of 2,
4, 6 mol% of catalyst it gives lower yield of product even after prolonged reaction time.
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Figure 2: Screening of catalyst concentration for model reaction.

% Yield

At the same time when the concentration of catalyst was 10 or 12 mol% we got the excellent yields of
product 90 and 91 % respectively in short span. Even after increasing the catalyst concentration the
yields of the products were found to be constant. This indicates that 10 mol % of MOPS is enough to
carry out the reaction efficiently. The plausible step-up interactions of substrate molecules with MOPS
in alcohol medium are described according to the structural reactivity.

NH,
X X
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Ph

Fig. 3: Organocatalyzed mechanism for the synthesis of benzimidazole derivatives.

Sustainable Chemistry and Advanced Materials: Challenges and Opportunities (Vol. I) - Sharad K. Pasale,
Arjun S. Chavan (Eds.) ISBN: 978-93-95369-47-3 (electronic) 978-93-95369-45-9 (paperback) | © 2025 51
Advent Publishing. All rights reserved.



Suryakant B. Sapkal, Suchita S. Gadekar, Balaji R. Madje

As in the structure of MOPS, propane side chain imparts inductive donation to deficient sulfur as a
result, sulfonic acid proton is not that much anxious to protonate carbonyl group of benzaldehyde or
other electronegative groups in the substrate molecules. Consequently, in the reaction mixture MOPS
forms benzene disulfonamide intermediate followed by dehydration reaction. This on interaction with
benzaldehyde through cyclocondensation obtains desired benzimidazole. During this reaction course
neither any harmful substance is formed nor is poisonous gas evolved as a result reaction smoothly runs
at near neutral pH contributing wide advantages of sustainable technique. Hence, it is proved that MOPS
is suitable organocatalyst to the present reaction scheme, because it can typically be run under aerobic
condition and also possess environmentally/user friendly behavior.

Table 1:. Sonochemical effect on the synthesis of benzimidazoles.

Entry Ph/R R’ Time (hr) Yield*" (%) M.P. (°C)
3a CsHs H 4.5 91 291-293
3b 2Cl- C¢H4 H 6 84 230-232
3c 4 Cl- C¢H4 H 5 89 289-291
3d 4 OMe- CsHa H 5 87 220-222
3e 3 OMe- CgH4 H 6 81 207-209
3f 3 OMe, 4 OH-CsH3; H 55 90 288-290
3g 4 N(Me); CsHa H 5 90 228230
3h Furfural H 4.5 91 284-286
3i CsHs Me 7 80 239-241
3j CsHy H 10 78 188-190
3k CsHs EDA 15 75 124-126

?[solated yield.?*Compounds were characterised by spectral data and their physical constant.

To establish the scope and generality of the optimized reaction conditions, various aldehydes such as
aromatic, heteroaromatic and aliphatic aldehydes with different substituent and diamines were allowed
to undergo this cyclocondensation reaction with remarkable results (Table 1).

Almost all the aromatic aldehydes proved to be amenable to these reaction conditions. Interestingly, no
significant substituent effect was found on the yield of the products and reaction also proceeds smoothly.
Nevertheless, aliphatic aldehydes and ethylene diamine gives comparatively less yields and takes more
time for completion of reaction. The formations of products were confirmed by physical constant and
spectroscopic analysis and are in good agreement with reported data.
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2. Thiamine Hydrochloride (VBI1) in Water: A Privileged SyntheticRoute to Benzimidazole
Derivatives

For this synthesis of various heterocyclic compounds herein, initial investigation was focused on the
synthesis of 1-aryl-1H,3H-thiazolo[3,4-a]benzimidazole derivatives 4 from o-phenylinediamine 1,
thioglycolic acid 2 and benzaldehyde 3 using VB, as a catalyst (Scheme 2). Because the targeted
products having promising biological activities viz HIV-1 RT inhibitor’, antitrichinellosis,
antidepressants and antiprotozoal.

3 [
| /_R3 | :/R'
H X0 VB4/solvent _
N NH2+ OH Strring, 55-60 °C QN S
RT . O)\/SH R N/)—/
1 2 4

Scheme 2: General reaction scheme for thiazolobenzimidazole synthesis.

Initially, equimolar quantity of o-phenylinediamine, thioglycolic acid and benzaldehyde were stirred in
the presence of VB in aqueous ethanol at room temperature to afford thiazolobenzimidazole derivatives.
But even after couple of hours the reaction was not completed. The same substrates were reacted in
aqueous ethanol at 55-60 °C little conversion is observed on thin layer chromatographic (TLC) plate.
Then a question was arrived in mind, why not to perform this reaction in water? Besides, the reaction is
performed in water where no complete transformation is observed. Nevertheless, during the same
reaction course in water at moderate temperature 55-60 °C remarkable product formation is observed.
Therefore, our interest is more focused on development of new protocol by using VB, in water medium.

0
NH; VBi/H,0 N\>_©
@ + H Strring, 55-60 °C
1 3

N
NH, N
5

Scheme 3: Standard model reaction.

To confirm this three component reaction (Scheme 2), parallel two component reaction has been carried
out by same protocol (Scheme 3). It is observed that RF value of compound 4 and 5 as well as their
physical constants are same. Hence, three component reaction is failed to afford
thiazolobenzimidazoles4 whereas two component reaction is successful to achieve simple benzimidazole
5 (Scheme 4).
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Scheme 4: A plausible product formation by VB, in water.

Further, attempts were made to optimize the reaction condition for the synthesis of desired product. In
search of the best experimental reaction conditions for the preparation of benzimidazole, reaction of o-
phenylinediamine and benzaldehyde was selected as a model reaction (Scheme 3). To evaluate the effect
of solvent, model reaction was further performed using VB, in ethanol and water as solvent. (Table 2).
Ethanol and aqueous ethanol did not bring the reaction to completion after 10 hours although in aqueous
ethanol it gives 70% yield of the product even at 60°C (Table 2, entry 1-4), but in contrast water found
to furnish the product in a good yield in 4.5 hours (Table 2, entry 6).

Table 2: Optimization of reaction condition for benzmidazole synthesis

Entry Solvent Temperature (°C) Time (hr) Yield (%)
1 Ethanol RT 10 30
2 Ethanol 55-60 10 65
3 Aq. ethanol RT 10 40
4 Aq. ethanol 55-60 10 70
5 Water RT 10 <30
6 Water 55-60 4.5 91

To establish the scope and generality of the optimized reaction conditions, various aldehydes, substituted
diamines were allowed to undergo this cyclocondensation reaction. Almost all the aromatic aldehydes
proved to be amenable to these reaction conditions.
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However, no significant substituent effect was found in case of all aryl aldehydes and diamines.
Nevertheless, aliphatic diaminei.e. ethylene diamine takes more time for complition of reaction.

To determine the proper concentration of the catalyst, that is VB, model reaction was investigated at
different concentrations of VB such as 2, 4, 6, 8 and 10 mol %. It was found that the products in 30%,
45%, 70%, 91% and 92% yields respectively. This indicates that 8 mol % of VB, is enough to carry out
the reaction efficiently.

3. Synthesis of Polyhydroquinoline derivatives using HEPES.

The reaction of equimolar quantity of Vanillin 1, Indole 2 and Aniline 3 in favor of MOPS in ethyl
alcohol as a model reaction at room temperature on magnetic stirrer. But there was not considerable
conversion of product we observed. Further, while optimizing the reaction conditions and stoichiometry
of catalyst concentration we realized that Immole of MOPS is sufficient to catalyze the proposed
transformation at increased temperature 60-65 °C Scheme 5

OCH3

CHO NH,
i Ny MOPS/EtOH
H Strring at 60-65 °C
H3;CO N
1 OH 2

3

Scheme 5: Model reaction for 3-aminoalkylated indole.

we have considered to synthesize targeted product polyhydroquinoline5 by cyclocondensation of
aromatic aldehyde 1, ethyl acetoacetate 2, dimedone 3 and ammonium acetate 4 under reflux
temperature with continuous magnetic stirring in the presence of optimal concentration of zwitterionic
sulfonic acid buffering agent that is 2-(4-(2-hydroxyethyl)piperazin-1-yl)ethane sulfonic acid (HEPES)
as a catalyst (Scheme 6).

2
OC,Hs
* CHO + 3 HEPES/EtOH _
Stirring/ reflux
0+ NH4OA

N
5(a) H

Scheme 6: Synthesis of Polyhydroquinoline derivatives using HEPES.
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At first we have taken calculated amount of ethyl acetoacetate, benzaldehyde, HEPES and 25 mL
alcohol in a 100 mL round bottom flask which is refluxed for half an hour. After that we have added in
the same flask dimedone and portion wise ammonium acetate. Change in color in the reaction flask
indicated that formation of imine intermediate. Which on continuous stirring and reflux at constant
power mode leads to desired product.

We examined the various zwitterionic sulfonic acid buffering agent as a suitable catalyst which are listed
in Table 3.

Table 3: List of some organocatalysts tested for scheme 6.

Abbreviation Structure IUPAC Name
Q
o ﬁ N /\/S\\— OR,2'-(Piperazine-1,4-
PIPES I S O diyl)di(ethane-1-sulfonic
SN
HO 1 .
0 acid)

o
3-(4-(2-

HEPPS o~ N J o hydroxyethyl)piperazin-1-
yl)propane-1-sulfonic acid
~_&on
\
HEPES @l 0 Hydroxyethyl)piperazin-1-
A~
HO yl]ethane-1-sulfonic acid
oon OO
MOPS ﬁ N /\/\ﬁ/ morpholino)propanesulfon
OQ o ic acid)

[0} oH 2-hydroxy-3-

I
MOPSO ﬁ N /\hﬁ morpholinopropane-1-
(o)

) oH

O

sulfonic acid

Sustainable Chemistry and Advanced Materials: Challenges and Opportunities (Vol. I) - Sharad K. Pasale,
Arjun S. Chavan (Eds.) ISBN: 978-93-95369-47-3 (electronic) 978-93-95369-45-9 (paperback) | © 2025 56
Advent Publishing. All rights reserved.



Organocatalyzed Chemical Transformations: A Sustainable Approach

Furthermore, from the table 4 we observed that HEPES is proved to be a prominent catalyst for the
cyclocondensation of aromatic aldehyde, ethyl acetoacetate, dimedone, and ammonium acetate under
reflux temperature with continuous magnetic stirring.

Table 4: Screening of organocatalyst for model reaction.

Sr. No. Catalyst Time in Hrs Isolated Yiels
1 PIPES 6 60
2 HEPPS 6 65
3 HEPES 6 89
MOPS 6 55
5 MOPSO 6 50

Table 5: Optimization of catalyst concentration for model reaction.

Entry Mole % Time (Min) Yield %
1 4 30 48
2 8 25 55
3 12 10 65
4 16 8 89
5 18 8 89

Fortunately, we need not to study solvent effect on this reaction because at the first attempt we got
targeted product within stipulated period of time and high percent yield in ethanol. Therefore in ethyl
alcohol catalytic concentration of HEPES has been optimized for the model reaction (Scheme 6) by
taking stoichiometric measurement in mole % of HEPES such as 4, 8, 12, 16, 18 etc. It has been
experimentally observed that 16 mole % catalyst is competent to produce maximum yield of the product
(Table 5, Entry 4).

To explore more results we extended developed methodology for further derivatization with substituted
aromatic aldehydes. We are delighted to note that all the derivatives were synthesized smoothly within
stipulated time period even those electron withdrawing and repelling substituents didn’t show
remarkable difference in reaction time and yield of the product (Table 5).
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Summary Table

Advantage Description

Metal-free Safer, environmentally benign

Mild conditions Good for sensitive compounds

High selectivity Excellent for chiral synthesis
Cost-effective Economical, easy to synthesize

Green chemistry friendly Low toxicity, biodegradable

Stable Often air/moisture stable

Versatile Useful in many types of organic reactions

Future scope on Organocatalysis

The future scope of organocatalysis is highly promising, with ongoing research and innovation
expanding its potential across multiple scientific and industrial domains. Here are some key future

directions:

1.

Development of New Organocatalysts

Designing novel catalysts with better efficiency, selectivity, and broader substrate scope.
Chiral organocatalysts with enhanced enantioselectivity for asymmetric synthesis.

Bifunctional and multifunctional catalysts that can promote more than one reaction type
simultaneously.

Green and Sustainable Chemistry

Organocatalysis aligns with green chemistry principles, promoting:
o Metal-free reactions

o Biodegradable catalysts

o Solvent-free or water-based systems

Strong candidate for sustainable manufacturing in the pharmaceutical, agrochemical, and
fine chemical industries.

Asymmetric Synthesis of Pharmaceuticals

Increased application in enantioselective synthesis of drug molecules.
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e Organocatalysis is particularly attractive in active pharmaceutical ingredient (API)
production where chiral purity is critical.

e Regulatory support due to absence of metal contamination.
4. Integration with Other Catalytic Systems

e Dual catalysis: Combining organocatalysts with metal catalysis, photocatalysis, or
biocatalysis to unlock new reactivity.

o Expanding complexity and efficiency of one-pot or cascade reactions.
5. Industrial and Commercial Applications
e Scalability improvements will boost adoption in:
o Bulk chemical manufacturing
o Material synthesis
o Natural product synthesis
6. Computational Design and Mechanistic Studies
e Use of AI and computational chemistry to design catalysts and predict outcomes.
e Better understanding of reaction mechanisms will enable rational catalyst design.

Summary of Future Trends:

Focus Area Future Opportunity

Catalyst Innovation Smarter, multifunctional, and more selective organocatalysts
Green Chemistry Eco-friendly industrial synthesis

Pharma Synthesis Chirally pure drug production without metal contamination
Hybrid Catalysis Combining with other catalytic modes for new transformations
Industrial Scale-up Cost-effective and efficient large-scale production

Mechanistic and Al Research Rational design via computational tools

Some Disadvantages of organocatalysis

Nevertheless, an organocatalysis offers many advantages; it also comes with several disadvantages and
limitations, particularly when compared to metal or enzymatic catalysis. Here's an overview:
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1. Lower Catalytic Efficiency

Higher catalyst loading (typically 5-30 mol%) is often required compared to metal catalysts
(often <1 mol%).

Reactions can be slower, especially for less reactive substrates.
2. Limited Reaction Scope
Not all types of chemical reactions are amenable to organocatalysis.

Limited redox chemistry: Organocatalysts are less effective for oxidation/reduction reactions
compared to metal catalysts.

3. Lack of Tunability

Unlike metal catalysts, which can be fine-tuned with ligands, organocatalysts have fewer
structural modification options to influence reactivity and selectivity.

4. Difficult Catalyst Recovery and Reuse

Many organocatalysts are used in homogeneous systems, making recovery and recycling
challenging.

This can reduce cost-effectiveness and sustainability in industrial applications.
5. Cost and Synthesis of Complex Organocatalysts

While simple ones like proline are cheap, more advanced or chiral organocatalysts can be
expensive and synthetically complex.

6. Solubility and Compatibility Issues

Some organocatalysts may have limited solubility in common solvents or be incompatible with
aqueous systems.

This limits their use in certain green or biological processes.
7. Enantioselectivity Not Always Generalizable
High enantioselectivity may be substrate-dependent.

One catalyst often does not work across a wide range of substrates, requiring extensive
screening.
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Disadvantages Summary Table:

Disadvantage Description

Low catalytic efficiency Higher loading and longer reaction times

Limited reaction scope Poor performance in redox and metal-type transformations
Tunability limitations Fewer structural modification strategies than metal catalysts
Catalyst recovery issues Hard to recycle in homogeneous conditions

High cost of advanced catalysts Complex chiral organocatalysts can be costly and hard to synthesize

Solubility/compatibility issues Poor performance in water or polar solvents

Enantioselectivity variability =~ Selectivity may vary widely with different substrates
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