Synthesis, In vitro Antimicrobial and In silico Studies of Aminoalkyl
Derivatives of Carvacrol

By: Asaminew Goa (B.Pharm)

Advisors: Dr. Daniel Bisrat (PhD.)

Prof. Kaleab Asres (PhD.)

A Thesis Submitted to the Department of Pharmaceutical Chemistry
and Pharmacognosy Presented in Partial fulfillment of the

Requirements for the Degree of Master of Sciences in Medicinal
Chemistry.

May, 2025

Addis Ababa, Ethiopia



College of Health Sciences

School of Pharmacy
Department of Pharmaceutical Chemistry and Pharmacognosy

Synthesis, In vitro Antimicrobial and In silico Studies of Aminoalkyl
Derivatives of Carvacrol

By: Asaminew Goa (B.Pharm)

A Thesis Submitted to the Department of Pharmaceutical Chemistry
and Pharmacognosy Presented in Partial fulfillment of the
Requirements for the Degree of Master of Sciences in Medicinal

Chemistry.

Advisors: Dr. Daniel Bisrat (PhD.)

Prof. Kaleab Asres (PhD.)

May, 2025

Addis Ababa, Ethiopia



Addis Ababa University

School of Graduate Studies

This is to certify that the thesis prepared by Asaminew Goa, entitled: Synthesis, In
vitro Antimicrobial and In Silico Studies of Aminoalkyl Derivatives of Carvacrol”
and submitted in partial fulfillment of the requirements for the Degree of Master of
Science in Medicinal Chemistry complies with the regulations of the university and

meets the accepted standards concerning originality and quality.

Signed by the Examining Committee:

Name Signature Date

External examiner: Dr.Mulugeta Guta (PhD) e et S

Internal examiner: Dr.Wondmagegn Tamiru (PhD) e et S

Advisors: Dr. Daniel Bisrat (PhD) ~ mmmememmmememmeeeees

Prof. Kaleab Asres (PhD)  seemmmmmmmmmeeees

Chair of the Department



Abstract

Synthesis, In Vitro Antimicrobial and In Silico Studies of Aminoalkyl Derivatives of Carvacrol
By: Asaminew Goa

Addis Ababa University, 2025

The global rise of antimicrobial resistance has created an urgent need for the development of
new antimicrobial agents. Carvacrol, a natural phenolic compound, has drawn significant
attention in medicinal chemistry due to its broad-spectrum biological activities. In the present
study, two novel aminoalkyl derivatives of carvacrol were successfully synthesized through a
Mannich-type reaction, which involves the condensation of carvacrol with formaldehyde and a
secondary amine (dimethylamine or piperdine). Structural confirmation of the synthesized
derivatives was carried out using spectroscopic techniques (*H-NMR and **C-NMR). Based on
the spectral data, the compounds were identified as 4-((dimethylamino)methyl)-5-isopropyl-2-
methylphenol (14) and 5-isopropyl-2-methyl-4-(piperidin-1-ylmethyl)phenol (15). These
compounds were evaluated for their in vitro antimicrobial activity against twenty-six bacterial
strains and four fungal strains by using disc diffusion and broth dilution methods. Both
compound 14 and 15 demonstrated a broad antimicrobial activity. Specifically, Compound 15
exhibited the highest antibacterial activity against Escherichia coli and Vibrio cholerae strains
with a lower MIC value (25 pg/mL) and also showed superior antifungal activity against
Candida albicans and Penicillium funiculosum NCTC 287 (MIC: 200 pg/mL). Furthermore,
both compounds were evaluated through in silico studies to predict their potential mechanisms of
action and assess their drug-likeness properties. Among the two, compound 14 exhibited the

strongest binding affinity, with a docking score of -5.677 kJ/mol against the target protein enoyl-



acyl carrier protein reductase (Fabl), a crucial enzyme in bacterial fatty acid biosynthesis. This
work suggests that the aminoalkyl derivatives of carvacrol could be promising candidates for the
development of new antimicrobial drugs that combat infections and help combat antimicrobial
resistance.

Keywords: Carvacrol, Aminoalkyl, Antimicrobial, Antimicrobial Resistance (AMR),

Antibacterial, Antifungal, In Silico study
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1. Introductions

1.1. Infectious Diseases

1.1.1. Overview of infectious Diseases

Infectious diseases, caused by harmful microorganisms such as bacteria, viruses, fungi, and
parasites, have been a significant cause of morbidity and mortality throughout human history.
These diseases occur when pathogens invade the body, multiply, and disrupt normal biological
functions, often resulting in a variety of symptoms ranging from mild to severe (Metrics, 2020;
Verhoef et al., 2019). Despite advancements in medicine, infectious diseases remain a significant
global health concern, particularly in low-income countries and among vulnerable populations
such as young children. According to a 2007 WHO report, infectious diseases are spreading
rapidly than ever before and new infectious diseases are being found more frequently than ever

before (WHO, 2007).

In 2019, “Global Comprehensive Estimates of the Burden of Bacterial Infections” found that 33
different types of bacteria caused 7.7 million deaths globally. In addition, bacterial infections are
the second leading cause of death globally, after ischemic heart disease. The five leading
pathogens that caused mortality among the investigated bacteria were Staphylococcus aureus,
Escherichia coli, Streptococcus pneumoniae, Klebsiella pneumoniae, and Pseudomonas
aeruginosa. Staphylococcus aureus and Escherichia coli are two of the most clinically important
bacterial pathogens, responsible for a wide range of serious infections and contributing

significantly to the global burden of antimicrobial resistance (Ikuta, 2022).

Fungal diseases can have various clinical effects since they can result in life-threatening

infections and sight-threatening, as well as substantial morbidity in the case of chronic fungal



diseases (Denning, 2024). Over 1.5 million individuals are killed by fungal diseases globally per
year, which also impacts over a billion people. Serious fungal infections may occur from a
variety of medical conditions such as cancer, AIDS, asthma, organ transplantation, and
corticosteroid treatments. Infections in these patients have the potential to worsen quickly,

leading to increased morbidity and mortality (Bongomin et al., 2017).

Certain germs are no longer susceptible to the majority of medications now in use because of
inadequate infection treatment, unnecessary antibiotic prescriptions, and improper administration
by patients. As a result, treating infections becomes increasingly challenging as the antibiotics
and other antimicrobial medications that have been utilized up to this date are no longer effective

(Annunziato, 2019).

Natural products have long served as valuable sources of therapeutic leads, with many offering
unique mechanisms of action against resistant pathogens. Among these natural compounds,
carvacrol, a monoterpenoid phenol found abundantly in the essential oils of oregano and other
aromatic plants, exhibits antimicrobial activities (Hao et al., 2021). However, its clinical
potential is limited by volatility, low aqueous solubility, and low bioavailability (Baranauskaite
et al., 2018). To overcome these limitations and enhance its biological activity, chemical
modification of carvacrol through the Mannich-type reaction is considered an important strategy.
The Mannich-type reaction is a three-component condensation in which a compound containing
an active hydrogen atom reacts with formaldehyde and an amine, with the elimination of a water
molecule, resulting in the formation of an aminoalkylated product (Bhardwaj et al., 2018).In this
study, aminoalkyl derivatives of carvacrol were synthesized using secondary amines such as

dimethylamine and piperidine.



1.1.2. Antimicrobial Resistance

Antimicrobial resistance (AMR) is a worldwide concern. WHO lists it as one of the top ten
global public health risks that humanity is now facing. Antibiotic resistance occurs when germs
develop to adapt to the effects of drugs designed to eradicate them (WHO, 2023). Infections
caused by multidrug resistant organisms (MDROs) which result in significantly fewer number of
treatment options, making them one of the main global public health concerns (Gnimatin et al.,
2022). Although the discovery of antibiotics has transformed to fight against life-threatening
diseases, the emergence and spread of antibiotic resistance causes people to die from diseases
that cannot be cured all over the world these days. According to a Lancet study, bacterial AMR
caused an estimated 1.05 million deaths in 2019 and was directly responsible for 250,000 deaths
in the African region. With 23.7 deaths per 100,000, sub-Saharan Africa is the region most
affected by AMR, despite it being a global problem. Escherichia coli was the leading pathogen
causing deaths associated with resistance, followed by Staphylococcus aureus, Klebsiella
pneumoniae, Streptococcus pneumoniae, Acinetobacter baumannii, and Pseudomonas
aeruginosa (Sartorius et al., 2024). Ethiopia also has a high rate of antibiotic resistance, with
common pathogens such as Enterococcus species, S. aureus, E. coli, K. pneumonia, and P.

aeruginosa being resistant to key antimicrobial drugs (Berhe et al., 2021).

1.2. Statement of the problem

Antimicrobial resistance (AMR) has emerged as one of the most pressing global health threats of
the 21st century. The rise of pathogens resistant to nearly all classes of antimicrobial drugs has
led to increased morbidity, mortality, and economic burden (Prashanth et al., 2021; Salam et al.,
2023). In 2019 alone, an estimated 1.27 million deaths were directly linked to bacterial AMR,

with projections suggesting up to 10 million annual deaths by 2050 if current trends continue



(Wah et al., 2023). This crisis is compounded by the limited pipeline of new antibiotics and the
growing ineffectiveness of existing treatments. The World Health Organization has emphasized
the urgent need for research into new antimicrobial agents to combat this escalating threat.

(WHO, 2011).

In addition to bacterial resistance, antifungal treatments face similar challenges, with limited
drug classes, increasing resistance, and side effects complicating both prevention and treatment
(Frieri et al., 2016). Notably, most antifungal drugs introduced in the past decade belong to
existing classes, highlighting the lack of innovation (Memar et al., 2017; Vitiello et al., 2023).
These issues underscore the critical need to develop novel, effective, and safer antimicrobial

compounds to address both bacterial and fungal infections in an era of rising resistance.

Natural products such as carvacrol have attracted attention due to their broad-spectrum
antimicrobial potential. However, their direct application is often hindered by physicochemical
limitations, including high volatility, poor aqueous solubility, and low bioavailability. These
drawbacks reduce their therapeutic utility, emphasizing the need for structural modification to

enhance their bioavailability, stability, and antimicrobial efficacy.

1.3. Literature Review

1.3.1. Chemistry and physico-chemical properties of carvacrol

Carvacrol is chemically known as 2-methyl-5-(1-methylethyl)-phenol, represents a liquid
monoterpenoid phenol that is isomeric to thymol (Rad et al., 2018). According to the
International Union of Pure and Applied Chemistry, it is also known as 5-isopropyl-2-
methylphenol (National Center for Biotechnology Information, 2023). It is chemically related to

phenolic compounds, with the molecular formula C10H140 and a molecular weight of 150.22. It



exhibits lipophilic properties with a density of 0.976 g/ml at room temperature and a boiling
point of 236-237 °C. Carvacrol is highly soluble in ethanol, acetone, and diethyl ether but

insoluble in water (Mohammedi, 2017).

1.3.2. Antimicrobial activity of carvacrol derivatives

Carvacrol is a naturally occurring monoterpenoid phenol, primarily found in the essential oils.
This organic compound is produced by a variety of aromatic plants such as oregano (Origanum
vulgare), thyme (Thymus vulgaris), Coridothymus, Thymbra, Satureja, and Lippia (Herrera-
calderon et al., 2020). It is known for its distinctive odor, often described as warm, spicy, and
medicinal, and its various biological activities, including antimicrobial, antioxidant, anti-
inflammatory, and anticancer properties. These beneficial effects have led to increasing interest
in carvacrol and its derivatives as potential candidates for the pharmaceutical, food, and cosmetic

industries (Bendre et al., 2018; Zaman et al., 2024).

OH

Carvacrol (1)

Figure 1: Chemical structure of carvacrol

The FDA has approved carvacrol for use in food, and the Council of Europe has categorized it as
a Category B chemical flavoring agent that can be added to food at levels of 2 parts per million

in beverages, 5 parts per million in flakes, and 25 parts per million in candies (Vincenzi et al.,



2004). Carvacrol is also utilized as a component in mouthwash, cosmetics, and perfumes. Some
of these products are designed to massage joints and treat nail fungus as topical ointments. It has
also been formulated into drugs to treat mouth and throat infections and to prevent gingivitis

(Memar et al., 2017).

Carvacrol and its derivatives are effective against many strains of bacteria and fungi that are
harmful to human health or cause significant financial losses (Wanda, 2023). Several biological
activities, such as antifungal, antibacterial, anti-cancer, and antioxidant properties, have been
reported. Carvacrol has been studied extensively as an antibacterial agent in food to control both
gram-positive and gram-negative bacteria (Sawan et al., 2024; Sisto et al., 2020). It has strong
antibacterial activity against all tested oral pathogens, with MICs ranging from 0.625 to
10.0 mg/mL; the highest efficacy was observed against Candida albicans and Streptococcus

mutans (Baser, 2008).

Several carvacrol derivatives were synthesized; among them, ether derivatives (2) were
synthesized by Nikumbh et al., (2003) using both saturated and unsaturated aliphatic side chains
along with aromatic units. These derivatives showed strong antibacterial action against strains of
both Gram-positive and Gram-negative bacteria; when compared to carvacrol, the
carboxymethyl derivative was the most effective. Similarly, carvacryl ester derivatives (3) were
synthesized and evaluated for their antifungal activity. The methanoyl and 2-chloromethanoyl
groups exhibited the highest anticandidal action against Candida albicans, as shown with MICs

of 0.25 mg/mL (Lazarevi¢ et al., 2022).

Introducing selected amines into the carvacrol aromatic ring, which had been treated with

chlorosulfonic acid, these were also new sulfonamides derived from carvacrol. These derivatives



exhibited antimicrobial activity consistently stronger than carvacrol against selected
Staphylococcus aureus strains and helped reduce bacterial resistance. Derivatives (4a), (4b), and
(4c), which contained p-toluene, p-fluorobenzene, and 4-amino-N-(thiazol-2-yl) benzene
sulfonamide as substituents, respectively, showed MIC values ranging from 3.90 to 62.50 ppm,

the lowest among the tested compounds (Oliveira et al., 2016).

Allyl carvacrol derivatives (5) showed a MIC equal to 62.5 pg/ml, except for the ortho allyl
carvacrol derivative (6), which exhibited the most significant improvement in activity against
Propionibacterium acnes (MIC of 31.25 pg/ml). Alkyl carvacrol derivatives (7) also
demonstrated notable inhibitory effects, with MIC values ranging from < 15.6 to 31.25 pg/ml,
although Staphylococcus aureus exhibited greater resistance to the ortho propyl carvacrol

derivative (MIC value: 125 pg/ml) (Marinelli et al., 2018).

Carvacrol codrug derivatives by direct co-drug strategy (8-11), where the hydroxyl group of
carvacrol was conjugated via an ester bond to the carboxyl group of sulfur-containing amino
acids. Derivative (8) exhibited the most significant enhancement in antibacterial activity,
showing MIC values of 2.5 mg/mL for all bacterial strains tested, except P. aeruginosa. When
tested against Candida albicans, carvacrol codrugs (9), (10), and (11) demonstrated fungicidal

activities with MIC values of 0.15, 0.3, and 0.6 mg/mL, respectively (Cacciatore et al., 2015).

In a study conducted by Alokam et al., (2014), various carvacrol derivatives, including 4-
chlorocarvacrol derivatives, were synthesized and evaluated for their potential as inhibitors of
Mycobacterium tuberculosis chorismate mutase. Specifically, 4-chlorocarvacrol derivatives (12)
exhibited significant inhibitory effects against M. tuberculosis strains (MIC = 67.69 uM) and

showed promising antimycobacterial activity. These derivatives showed improved binding



affinity to the enzyme due to the electron-withdrawing properties of the chloro substituent, which

facilitated better interactions with the active site of the enzyme.

OR
2a:R= CH;
2b:R= CH,CH,CH;
2c¢:R= CH,CH,CH,CH;
2d:R= CH,CHCH,
2e:R= CH,C¢H;
2f:R=HOOCCH,

Figure 2: Ether derivatives of carvacrol

(0] R

T

0 3a: R=CH;
3b: R=CH,Cl
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3d: R=CH;0-Ph

Figure 3: Carvacryl ester derivatives as antifungal agents

OH
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RHN - ” 4¢: R=Sulphathiazolyl

o

Figure 4: Sulfonamides derived from Carvacrol
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Figure 6: Carvacrol codrug derivatives by direct co-drug strategy

1.3.3. Antimicrobial mechanism of action of carvacrol derivatives
1.3.3.1. Antibacterial mechanisms

1.3.3.1.1. The disruption of the cell membranes

Carvacrol and its derivatives are able to effectively manage an infection-related disease, which is
well established, although the molecular mechanisms behind its antibacterial action are still
unclear. One of the key mechanisms by which it exerts antimicrobial activity is by disrupting the
cell membranes of bacteria and fungi. The phenolic group of carvacrol is believed to work with
the fatty layer of microbial membranes, making them more permeable and causing important
substances inside the cells, like ions and small molecules, to leak out. This leads to cell death

(Marinelli et al., 2018).

Antibacterial drugs that target and disrupt the bacterial cell membrane represent a vital strategy
in the fight against infections, especially those caused by multidrug-resistant bacteria.
Polymyxins, daptomycin, and lipopeptides are the primary drugs that act on the bacterial
membrane, causing leakage of intracellular contents and cell death. While these drugs are
effective against resistant pathogens, they are often limited by toxicity concerns such as
nephrotoxicity, neurotoxicity, and muscle toxicity. Ongoing research aims to develop new
agents with improved efficacy and safety profiles, as well as to overcome bacterial resistance

mechanisms (Fu et al., 2020; Silverman et al., 2003).

1.3.3.1.2. Depletion of intracellular ATP

Ultee et al. hypothesized a scheme on the mechanism by which carvacrol enters the bacterial
cytoplasmic membrane. According to this theory, undissociated carvacrol dissociates and
diffuses through the cytoplasmic membrane before releasing its proton into the cytoplasm. After

10



returning undissociated with a potassium ion, it exits the membrane and enters the external
environment. Carvacrol returns to the cell after substituting a proton for potassium outside of it

(Ultee et al.,2002).

The antibacterial activity of carvacrol has also been demonstrated to depend on its current free
hydroxyl and delocalized electronic systems. When carvacrol enters the bacterial cytoplasm, the
delocalized lone electron pair on its hydroxyl oxygen can form with its benzene ring to produce a
p-m conjugate. This enhances the acidity of the bacterial cytoplasm by encouraging the release of
a proton on the phenolic hydroxyl group. However, the cytoplasm's pH is typically very close to
neutral. To maintain the right pH inside the cell, bacteria must use ATP to move extra protons
out of the cell. Cell death results from this, which eventually exhausts the intracellular ATP pool.
The decrease of intracellular ATP is therefore one of carvacrol's primary antibacterial actions

(Suntres & Coccimiglio, 2013).

1.3.3.1.3. Enoyl- acylcarrier protein reductase (Fabl)

The biosynthesis of fatty acids is a crucial initial step in the production of membrane lipids and
plays an essential role in bacterial physiology. In most bacteria and plants, fatty acid synthesis is
carried out by a distinct and highly conserved set of enzymes known as the Type Il, or
dissociated, fatty acid synthase (FAS) system. This system is structurally and functionally
different from the Type | FAS system found in mammals, where all the enzymatic reactions

occur within a single multifunctional polypeptide (Marrakchi et al., 2002).

Fatty acid synthase represents a valuable target for antimicrobial drug discovery due to its

essential role in bacterial physiology and the structural divergence between bacterial and

11



mammalian systems. This distinction provides an opportunity for the development of selective

antibacterial agents with minimal impact on human cells (Yao & Rock, 2018).

Within the bacterial Type Il FAS system, the enzyme enoyl-acyl carrier protein (ACP) reductase,
commonly known as Fabl, has emerged as a validated drug target for antimicrobial therapy (Yao
& Rock, 2018). Fabl catalyzes the reduction of the trans-2-enoyl-ACP double bond in the last
step of the type Il fatty acid biosynthesis elongation cycle. This step is critical for the elongation
of fatty acid chains, which are necessary for bacterial membrane lipid synthesis (Payne et al.,

2002).

0 (0]

ACP ACP
/\)ks/ /\)ks/
Transe-2-enoyl -ACP { v Acyl-ACP

NADPH NADP+

Figure 7: Fabl-catalyzed final reduction step of fatty acid
There are several classes of Fabl inhibitors, each targeting the enzyme's NADH-binding site or
substrate interaction regions. Triclosan (12), which is a chlorinated bisphenol, is a broad-
spectrum antibacterial agent that inhibits Fabl. It forms a stable ternary complex with Fabl and
NADH, effectively locking the enzyme in an inactive state and halting fatty acid elongation.
Despite its effectiveness, the widespread use of triclosan has led to resistance. Diazaborines are
another class of Fabl inhibitors that covalently bind to Fabl. However, the inclusion of boron in
their molecular structures makes them unsuitable for human use (Campbell & Cronan, 2001;
Silverman et al., 2003). Additionally, isoniazid(13) a first-line antitubercular agent which inhibits

fabl that binds to NAD" binding site and blocking enoyl-ACP reductase activity. This strategy

12



highlights the potential of NAD*-competitive inhibition of Fabl as a viable approach to

overcome resistance mechanisms observed with traditional inhibitors (Zhang et al., 2006).

Cl OH 0

cl cl N F
12 13

Figure 8: Fabl inhibitors triclosan and isoniazid

1.3.3.2. Antifungal mechanism

Similar to its antibacterial action, carvacrol and its derivatives disrupt the fungal cell membrane,
causing cytoplasmic leakage. It also inhibits the synthesis of ergosterol, an essential component
of the fungal cell membrane (Karaday1 et al., 2020). Several antifungal drugs are available on the
market that work by targeting the fungal cell membrane, either directly through binding to
ergosterol or indirectly by inhibiting the biosynthesis of ergosterol. Polyene antifungals, such as
nystatin and amphotericin B, bind to ergosterol in the fungal cell membrane to form pores or
channels that allow essential ions to pass through and ultimately kill the cell. Amphotericin B is
the most well-known polyene with a broad spectrum of action. However, its nephrotoxic effects

limit its use (Serhan et al., 2014).

Azoles like fluconazole and ketoconazole are synthetic antifungals that inhibit lanosterol
demethylase, the enzyme that catalyzes the transformation of lanosterol into ergosterol during

ergosterol biosynthesis. Likewise, allylamines, such as terbinafine and naftifine, also act on an
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enzyme in ergosterol biosynthesis called squalene epoxidase. Ciclopirox is a hydroxypyridone
antifungal that targets the fungal cell by chelating metal ions, which disrupts cell membrane

functions and impairs ergosterol biosynthesis (Niewerthl et al., 2002; Sanguinetti et al., 2005).

1.4. Significance of the study

Antibiotic resistance is a growing global health threat, highlighting the urgent need for new
antimicrobial agents (Theuretzbacher, 2011). This study addresses this challenge by synthesizing
and evaluating aminoalkyl derivatives of carvacrol, a natural phenolic compound with known
antimicrobial properties (Wanda, 2023). Despite its broad activity, carvacrol's clinical use is
limited by poor solubility, volatility, and low bioavailability (Santos et al., 2015). Chemical
modification through aminoalkylation offers a strategic approach to enhance its pharmacokinetic

and physicochemical properties.

The synthesized derivatives demonstrated potent antimicrobial activity, specifically against drug-
resistant strains of bacteria and fungi. Additionally, in silico studies provided insights into their
potential mechanisms of action and drug-likeness. This research not only advances the
therapeutic potential of carvacrol derivatives but also contributes to the broader effort to combat

antimicrobial resistance by identifying promising lead compounds for future development.
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2. Objectives

2.1.

General objective

To synthesize aminoalkyl derivatives of carvacrol, evaluate their in vitro antimicrobial activity

and their potential mechanism of action through in silico studies.

2.2,

Specific objectives

> To synthesize two aminoalkyl derivatives of carvacrol via a Mannich-type reaction involving
the condensation of carvacrol with formaldehyde and a secondary amine (dimethylamine or
piperidine).

> To characterize the synthesized aminoalkyl derivatives of carvacrol using spectroscopic
techniques, specifically *H and *C-NMR.

> To assess the in vitro antibacterial and antifungal activities of the synthesized compounds
against 26 bacterial and 4 fungal strains using disk diffusion and broth dilution methods.

> To perform in silico studies to evaluate the potential mechanisms of action and drug-

likeness and ADMET properties of the synthesized compounds.
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3. Materials and Methods

3.1. Materials

3.2. Chemicals and reagents

The following chemicals and reagents were used during the synthesis process: carvacrol,
methanol (99.9%), ethanol (99.9%), formaldehyde (37%), chloroform (99.8%), anhydrous
sodium sulfate, dimethyl amine, piperidine, and glacial acetic acid (all from Sigma-Aldrich Co.,

MO, USA). All the solvents and reagents are of analytical grade.

3.2.1. Instruments and apparatus
Silica gel analytical TLC plates (60 F254, 0.2 mm thick, Merck KGaA, Darmstadt, Germany)
was used for chromatographic purposes. The TLC chromatograms were visualized using a UV-

Visible Spectrophotometer (Evlution 60S). Refrigerator — for storing the mixture overnight.

Various equipment were used for the synthesis and antimicrobial testing, including an incubator
(Model 100-800, Memmert), autoclave, biosafety cabinet (Biostar Model 50/60), vortex (Fisher
Brand), water bath, inoculating loops, electrical weighing balance, magnetic stirrer, cavate, test
tubes, pipette tips, pipette filler, micro-pipette (10-200 pl), microtiter plates, capillary tubes, and

measuring cylinder.

NMR spectra were recorded using 400 MHz for *H and 100 MHz for 3C on a Bruker Avance
DMX400 FT-NMR spectrometer (Bruker, Billerica, 18 Massachusetts, and USA), tetramethyl

silane (TMS) as internal standard and CDClswas used as solvent.

3.2.2. Media, microbial strains, and Standard drugs
Media preparation involved the use of nutrient agar (NA), Mueller-Hinton broth (MHB),

Sabouraud dextrose agar (SDA) and Sabouraud dextrose broth (SDB). For the antibacterial tests,
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ciprofloxacin was used as the positive control, while 1% dimethyl sulfoxide (DMSO) served as

the negative control. For antifungal tests, griseofulvin was used as the reference standard.

The in vitro antibacterial activity of the synthesized compounds were determined against the
following Gram-positive strains: Bacillus pumilus 82, Bacillus subtilis ATCC 6633,
Staphylococcus, aureus MDR10, S.aureus MDR 1*, S.aureus MDR 2* and The Gram-negative
bacteria were E.coli NCTC 5933, E.coli K88, E.coli NCTC 7360, E.coli LT37, E.coli 872, E.coli
ROW 7/12, E.coli 3:37C, E.coli CD/99/1, Salmonella typhi Ty2, Salmonella enterica TD 01,
Shigella dysentery 8, Shigella soneii 1, Shigella boydii D13629, Shigella flexneri Type 6, Vibrio
cholerae NCTC 4693, Vibrio cholerae NCTC5596, Vibrio cholerae NCTC 10732, Vibrio
cholerae NCTC 11501, E.coli HB101*, E.coli C600*, Pseudomonas aeruginosa MDR 1*. All
bacterial strains were procured from the Department of Technology at Jadavpur University, the
Central Drugs Laboratory in Kolkata, and the Institute of Microbial Technology in Chandigarh,
India. The purity of the strains was confirmed by standard microbiological, cultural, and

biochemical testing before their sensitivity to the test samples was assessed.

Similarly, antifungal activity was evaluated against the following fungal strains: Candida
albicans ATCC 10231, Aspergillus niger ATCC 6275, Penicillium notatum ATCC 11625, and
Penicillium funiculosum NCTC 287. All fungal strains were procured from the Central Drugs

Laboratory in Kolkata and the Institute of Microbial Technology in Chandigarh, India.
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3.3. Methods

3.3.1. Synthesis of aminoalkyl derivatives of carvacrol (14 and 15)

3.3.1.1 4-((Dimethylamino) methyl)-5-isopropyl-2-methylphenol (14)

The general procedure for the synthesis of compound 14 was as follows: a solution of 0.75 ml
(0.01 mol) of 37% aqueous formaldehyde in 10 ml of methanol was prepared in a 50 ml beaker,
with five drops of acetic acid as a catalyst. Dimethylamine (0.66 ml, 0.01 mol) was added
dropwise to a solution of formaldehyde and acetic acid to form an iminium intermediate, which
was then added dropwise to a solution of carvacrol (1.5g, 0.01 mol) in methanol. The resulting
mixture was thoroughly stirred and refluxed in a 250 ml Erlenmeyer flask for 28 hours at 100 °C.
The reaction progress was monitored using TLC with a chloroform/ methanol (4:1) solvent
system. After refluxing, the mixture was cooled to room temperature and poured into ice-cold
water to precipitate the product, followed by overnight storage in a refrigerator to enhance
precipitation. The resulting precipitate was filtered, washed with ethanol, and dried over
anhydrous sodium sulfate (Na:SQOs). Finally, the product is purified through recrystallization in

ethanol to obtain the pure compound 14.

3.3.1.2 5-Isopropyl-2-methyl-4-(piperidin-1-ylmethyl) phenol (15)

Compound 15 was synthesized following a procedure similar to that used for compound 14. A
solution of 37% aqueous formaldehyde (0.75 mL, 0.01 mol) in 10 mL of methanol was prepared
with five drops of acetic acid as a catalyst. Piperidine (1 mL, 0.01 mol) was added dropwise to
form the iminium intermediate, which was then added dropwise to a methanolic solution of
carvacrol (1.5 g, 0.01 mol). The reaction mixture was stirred and refluxed at 100°C for 20 hours,
with reaction progress monitored by TLC. After refluxing, the mixture was cooled and poured

into ice-cold water, then stored overnight in the refrigerator. The resulting precipitate was
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filtered, washed with ethanol, dried over anhydrous Na>SOs, and recrystallized from ethanol to

obtain pure compound 15.

OH OH OH
‘CHZO,dimethyl amine CH,O0,piperidine_
\N methanol,100%,28hrs methanol, 100, 20hrs
/ N
14 1
15

Scheme 1: Synthesis of aminoalkyl derivatives of carvacrol

3.3.2. Spectroscopic analysis of the synthesized compounds

The structures of compounds 14 and 15 were identified by analyzing their *H and *C-NMR
spectra data. Chemical shifts are denoted in parts per million (ppm) and coupling constants (J)
are expressed in Hz. Signal multiplicities are indicated as follows: s = singlet; d = doublet; t =

triplet; dd = doublet of doublet; and m = multiplet.
3.3.3. Invitro antibacterial and antifungal activity assay

3.3.3.1. Disc Diffusion Method

The disc diffusion method was used to screen the in vitro antibacterial assay by comparing the
zones of inhibition generated by the test samples with those of ciprofloxacin (Mitchell, J.K. and
Carter, 2000). To investigate the synthesized compounds, 200 pug/mL of each of the test samples
dissolved in 1% DMSO and ciprofloxacin dissolved in sterile distilled water were prepared.
After that, sterile Petri dishes were filled with molten nutrient agar to create agar plates, which
were then incubated at 37 °C for 24 hours to check for contamination. Once sterility was

confirmed, the surface of each agar plate was uniformly inoculated with standardized bacterial
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suspensions adjusted to 0.5 McFarland standards using a sterile cotton swab. Sterile filter paper
discs (Whatman No. 1) with diameter 6 mm were then immersed in the test sample stock
solution (200 pg/mL) and carefully placed on the surface of an agar plate. After being incubated
for 24 hours at 37 °C, the diameter of the zones of inhibition in the petri dishes was measured in
millimeters. A similar procedure was applied to pure ciprofloxacin, and the corresponding zone
of inhibition was appropriately compared. 1% DMSO was used as a negative control (H & D,

2010).

For antifungal activity, a similar protocol was followed using Sabouraud Dextrose Agar (SDA)
as the growth medium. The fungal pathogens were inoculated, and the plates were incubated for
three days at room temperature. After incubation, the ZOIl diameters were measured in

millimeters. In this assay, griseofulvin was used as the standard for comparison.

3.3.3.2. Broth Dilution Method

The minimum inhibitory concentrations of the synthesized compounds were investigated by
using broth dilution methods described by Jean B.etal (2015). Mueller—Hinton broth and
Saborauds dextrose broth were used for bacterial and fungal growth, respectively. A broth with
varying concentrations of the test sample ranging from 5 to 800 pg/mL for antibacterial activity
testing and 50 to 2000 ug/mL for antifungal activity testing was made. 1% DMSO was used to
dissolve the synthesized compounds. Furthermore, a growth control (nutrient broth with DMSO
and inoculum, without antimicrobial agents) was included to confirm microbial viability, while a
sterility control (nutrient broth with DMSO, without inoculum or antimicrobials) was included to
ensure the absence of contamination. Each test and control well was incubated at 37 °C for 24

hours for bacteria and at 25 °C for three days for fungi. The MIC was identified as the lowest

20



concentration that inhibited visible growth, indicated by the absence of turbidity in the wells (V

et al., 2023).

3.34. Insilico studies

3.3.4.1. Molecular docking study

Molecular docking studies were performed with Maestro v13.5 of the Schrdodinger 2023-1 Suite
to determine the possible interaction of the synthesized compounds with the enoyl-acyl carrier
protein reductase enzyme Fabl, a key target in the fatty acid biosynthesis pathway in
bacteria. The crystal structure of Fabl of E. coli (PDB ID: 1C14), with a resolution of 2.00 A,
was obtained from the Protein Data Bank (PDB) and used for docking studies to assess the

potential of the synthesized compounds as Fabl inhibitors.

3.3.4.1.1. Protein preparation

The molecular docking procedure first involved preparing the Fabl (PDB ID: 1C14) 3D structure
using the Protein Preparation Wizard in Maestro. As part of the preparation, unnecessary
components such as water molecules were removed so they would not affect ligand binding.
Next, hydrogen atoms were added to the structure, correcting errors such as absent side chains,
allocating appropriate bond ordering, correcting charges and atom types, and filling in missing
side chains and loops. The Optimized Potentials for Liquid Simulations 4 (OPLS4) force field
was applied for energy minimization to optimize molecular geometry and reduce steric clashes

(Sastry et al., 2013).

3.3.4.1.2. Ligand preparation
Ligand preparation was performed using Schrodinger’s LigPrep module. Structures were drawn

in ChemDraw ultar12.0 and imported into LigPrep for conversion from 2D to 3D, with hydrogen
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addition, computing correct partial charges, optimizing the structures, and achieving the
appropriate protonation states at physiological pH 7.0 £ 2.0 by using Epik (Schrédinger, 2023).
LigPrep also generated relevant ionization states, tautomers, and ring conformations for docking

studies.

3.3.4.1.3. Receptor Grid Generation

Maestro v13.5's Grid Generation module was used to create the receptor. The grid was a cubic
box, centered on the active site originally occupied by the co-crystallized ligand, which was
excluded during the process. This approach ensured that new compounds could be docked
precisely at the same binding site. The setup was specifically designed to facilitate the docking
studies of amino alkyl carvacrol derivatives, allowing evaluation of their potential interactions
within the defined binding pocket.

3.34.14. Ligand docking

Using the Glide tool in Maestro, molecular docking simulations were performed under extra
precision (XP) modes. Ligands were docked into the Fabl active site. The XP mode applied
tighter scoring functions and constraints for improved accuracy. The Van der Waals scaling
factor and partial charge cut-off for ligand atoms were adjusted to 0.80 and 0.15, respectively.
Docking scores were used to estimate binding affinities by evaluating key interactions, such as
hydrogen bonds, electrostatic, and hydrophobic interactions. To ensure reliability, redocking was
performed by reintroducing the co-crystallized ligand into the active site of Fabl and evaluating

its binding affinity.

3.3.4.2.  Drug-likeness, Pharmacokinetics, and Toxicity Studies
The drug-likeness, pharmacokinetics, and toxicity profiles of the synthesized compounds were
predicted using the online ADMET Ilab 3.0 software. Initially, the 2D structures of the compounds
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were drawn using ChemDraw Ultra 12.0, and their corresponding SMILES strings
representations were generated for each compound. These SMILES were then pasted into the
input field of the ADMETIab 3.0 web server to predict the absorption, distribution, metabolism,

excretion, and toxicity (ADMET) profiles as well as drug-likeness.
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4. Results and Discussion

In this study, aminoalkyl derivatives of carvacrol were successfully synthesized by carrying out a
Mannich-type reaction. In this process, carvacrol was reacted with formaldehyde and two
different secondary amines—dimethylamine and piperidine. This reaction involved the formation
of an aminoalkyl group attached to the aromatic ring of carvacrol, resulting in the corresponding

aminoalkylated products (14 and 15).

4.1. Synthesis of aminoalkyl derivatives of carvacrol (14 and 15)

41.1. 4-((Dimethylamino)methyl)-5-isopropyl-2-methylphenol (14)

Compound 14 was synthesized through a one-pot Mannich-type reaction, involving a three-
component condensation of carvacrol, formaldehyde, and dimethylamine in the presence of an
acid catalyst. The physical property of compound 14 is summarized in Table 1. The reaction
occurs through a stepwise mechanism. Initially, glacial acetic acid enhances the electrophilicity
of the carbonyl carbon in formaldehyde. This is followed by a nucleophilic addition of
dimethylamine to formaldehyde, resulting in the elimination of water and the formation of an
iminium ion intermediate. Subsequently, the formed iminium ion undergoes electrophilic
aromatic substitution with the electron-rich aromatic ring of carvacrol, preferentially at the para
position relative to the hydroxyl group. This sequence ultimately leads to the formation of

compound 14. The reaction mechanism is depicted in Schemes 2 and 3.

Table 1: Physical properties of the compounds 14 and 15

Compound Molecular Predicted Physical Color %_ Rf
Formula MW(g/mol) State Yield value

14 Ci3H21NO 207.31 Crystal Colorless | 85 0.45

15 Ci16H2sNO 247.19 Crystal Colorless | 66 0.55
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Scheme 3: Electrophilic aromatic substitution of compound 14

4.1.2. 5-Isopropyl-2-methyl-4-(piperidin-1-ylmethyl) phenol (15)

Using the same synthetic method described for compound 14, compound 15 was synthesized
through a Mannich-type reaction. In this reaction, piperidine was used as a substitute for
dimethylamine, resulting in the successful formation of the compound 15. The reaction

mechanism closely resembles that of compound 14 and is illustrated in Schemes 2 and 4.

25



N (g L
QO

Scheme 4: Electrophilic aromatic substitution of compound 15

4.2.  Structural confirmation of synthesized compounds 14 and 15
The structures of compounds 14 and 15 were determined using *H-NMR and *C-NMR spectral

data.

4.2.1. 4-((Dimethylamino)methyl)-5-isopropyl-2-methylphenol (14)

The *H-NMR spectrum of compound 14 displayed two aromatic proton signals, assigned to H-6
(6 6.56, ArH, s) and H-3 (8 6.99, ArH, s), indicating that one of the aromatic protons in carvacrol
was replaced by an aminoalkyl group. This confirms that the reaction occurred on the aromatic
ring through substitution of one proton. Furthermore, a signal at & 3.38 (2H, s) indicated the
presence of a methylene group attached to a nitrogen atom, suggesting the formation of an

aminoalkyl group in compound 14 (Appendix 1).

The ¥C-NMR confirmed the presence of a total of 13 carbon atoms in compound 14. These
included four quaternary carbons, five methyls (5xCHzs), three methines (3xCH), and one
methylene (CH2). The methylene carbon linking the aromatic ring to the dimethylamino group
appeared at 5C 60.26 ppm. The '"H- NMR spectrum, combined with the 3C- NMR data, confirms
the proposed structure of 4-((dimethylamino) methyl)-5-isopropyl-2-methylphenol. The chemical

shifts of all other protons and carbons in compound 14 are detailed in the Table 2.
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4.2.2. 5-Isopropyl-2-methyl-4-(piperidin-1-ylmethyl) phenol (15)

The *H-NMR spectra of compound 15 showed two aromatic protons, identified as H-6 (5 6.72,
1H, s) and H-3 (6 7.15, 1H, s). Additionally, one aromatic proton in carvacrol, which originally
contained three aromatic protons, was replaced by an alkyl group. A singlet at 6 of 3.75 ppm
corresponded to the methylene (-CHz-) group at position 10, linking the aromatic ring to the
piperidine moiety, while signals at & of 2.62, 1.47, and 1.66 ppm corresponded to protons at

positions 2'and 6', 3' and 5', and 4', respectively, within the piperidine ring.

The C-NMR confirmed the presence of a total of 16 carbon atoms in compound 15. These
included four quaternary carbons, three methyl carbons (3xCHs), three methine carbons (3xCH),
and six methylene carbons (CH.). The methylene carbon linking the aromatic ring to the
piperidine group was found at 6 C 58.66 ppm, and the methylene carbons of the piperidine ring
were observed at & C 25.1, 26.73, and 55.53 ppm. Based on the combined H and *C-NMR
spectral data, compound 15 was identified as 5-isopropyl-2-methyl-4-(piperidin-1-ylmethyl)

phenol. The remaining chemical shifts for both protons and carbons are provided in the Table 2.
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Table 2: 1H and 13C-NMR spectral data of synthesized compounds

Compound 14

Compound 15

Position d H (ppm) 6 C (ppm) | Position |6 H (ppm) 6 C (ppm)
1 153.93 1 153.30
2 121.09 2 128.51
3 6.99 (ArH, s) 133.44 3 7.15 (ArH, s) 133.86
4 126.42 4 129.53
5 147.01 5 138.08
6 6.56(ArH, s) 111.89 6 6.72 (ArH, s) 120.43
7 2.13(3H, s) 15.48 7 2.25(3H,5) 20.34
8 3.21(1H,m) 28.26 8 3.17 (1H, m): 28.25
9,9 1.1(3H,3H,d, J = 8 Hz) 23.99 9.9' 1.26 (3H.3H, d, J = 8 Hz) 23.76
10 3.38(2H,s) 60.25 10 3.75(2H,s) 58.66
12,12 2.25(3H,3H,s) 45.30 2' 6 2.62(4H,1) 55.53

3,5 1.66(4H,m) 26.73

4 1.47 (2H,m) 25.1

4.3. Antimicrobial activity of compound 14 and 15

4.3.1. Antibacterial activity

The antibacterial activity of compounds 14 and 15 was evaluated against 26 bacterial strains,

comprising both Gram-negative and Gram-positive species. Two complementary methods were

employed for this assessment: the disc diffusion assay, which measures the ZOls caused by the

compounds at a concentration of 200 pg/mL, and the broth dilution method, which determines

the MIC necessary to inhibit bacterial growth. Ciprofloxacin, a well-established broad-spectrum

antibiotic, was included in the study as a positive control.
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Compounds 14 and 15 demonstrated comparable antibacterial activity against a broad range of
bacterial strains, with ZOls ranging from 6 to 16 mm and MICs ranging from 25 pg/mL to 400
pg/mL (Table 3). Compound 15 consistently exhibited greater antibacterial potency than
compound 14. This enhanced activity was evident from the larger zones of inhibition observed in
the disc diffusion assay and the lower MIC values recorded in the broth dilution tests. For
instance, compound 15 showed strong antibacterial activity against several clinically important
pathogens, including E. coli (ZO1=12.5-16mm; MI1C=25-100 pg/mL), S. enterica (ZO1=13.5mm;
MIC=100 pg/mL), various Shigella species (ZO1=12.5-13mm; MIC=100 pg/mL), Vibrio
cholera (ZOI=15.5-16mm; MIC=25 pg/mL), S. aureus (ZO1=9.5-13mm; MIC=50-400 pg/mL),
and P. aeruginosa (ZOI=10mm; MIC=400 pg/mL). However, neither compound exhibited
activity against Bacillus pumilus 82 (ZOl1=6mm; MIC=NA) or Bacillus subtilis ATCC 6633

(ZOl=6mm; MIC=NA), as shown in Table 3.

Among the tested strains, both compounds were particularly effective against multiple E. coli
isolates, a major causative agent of urinary tract infections, gastroenteritis, renal failure, and
sepsis(Nataro & Kaper, 1998). For instance, compound 15 inhibited the growth of E. coli strains,
with ZOI reaching up to 16.0 mm in diameter and exhibited MIC values as low as 25 pg/mL
against these strains, indicating strong antibacterial efficacy. This result is particularly crucial as
E. coli is one of the most prevalent bacteria that have been shown to have developed multi-drug
resistance to many of the currently available antibiotics (Sader et al., 2002). Both compounds
also exhibited moderate activity against Salmonella and Shigella strains, with zones of inhibition
ranging from 11.5 to 13.5 mm and higher MIC values between 100-200 pg/mL, indicating less
effectiveness against these more virulent pathogens. Compound 15 showed the weakest activity

against S. aureus MDR1 and MDR2, with MIC values of 400 pg/mL. However, both compounds
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displayed strong activity against S. aureus MDR10, with an MIC of 50 pg/mL. These findings
suggest that while the compounds have some potential, they may not be sufficiently potent to

effectively treat serious Gram-positive multidrug-resistant infections.

Vibrio cholerae is one of the most dangerous bacterial pathogens, commonly associated with
severe diarrheal diseases in both humans and animals. In its acute form, cholera can lead to
hypovolemia, potentially resulting in shock and death if left untreated (Chowdhury et al., 2022).
In this study, both compounds 14 and 15 exhibited strong antibacterial activity against V.
cholerae, with ZOls ranging from 14 to 16 mm and MICs ranging from 25 to 50 pg/mL. These

findings suggest that Vibrio species are particularly susceptible to the synthesized compounds.

In general, Gram-positive bacteria showed greater resistance to the compounds 14 and 15
compared to Gram-negative strains. Particularly, compound 15 demonstrated high activities

against Gram-negative bacteria such as E. coli and V. cholerae.

Table 3: Zone of inhibition and minimum inhibitory concentration of the compound 14 and 15

against the tested bacterial strains

Zone of inhibition in mm (200 pg/ml) MIC (ug/ml)

Name of Bacteria

Compound Compound Ciprofloxacin  Compound  Compound

14 15 14 15
E.coli NCTC 5933 13.0 15.0 16.0 50 25
E.coli K88 13.5 14.5 17.0 50 25
E.coli NCTC 7360 14.0 15.0 17.0 50 25
E.coli LT37 13.5 15.5 16.0 50 25
E.coli 872 14.0 15.0 16.0 50 25
E.coli ROW 7/12 14.0 15.5 16.5 50 25
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E.coli 3:37C

E.coli CD/99/1

E.coli HB101*

E.coli C600*

Salmonella typhi Ty2
Salmonella enterica TD 01
Shigella dysentery 8

Shigella soneii 1
Shigella boydii D13629

Shigella flexneri Type 6
Staphylococcus aureus MDR10
S.aureus MDR 1*

S.aureus MDR 2*

Bacillus pumilus 82

Bacillus subtilis ATCC 6633
Vibrio cholerae NCTC 4693
Vibrio cholerae NCTC5596
Vibrio cholerae NCTC 10732
Vibrio cholerae NCTC 11501

Pseudomonas aeruginosa MDR 1*

14.5
14.0
12.0
11.5
13.5
13.5
11.5

13.0
12.0

12.0
13.5
10.0
11.5
6.0

6.0

14.0
14.5
14.5
14.5
10.5

16.0
15.5
12.5
13.0
13.5
13.5
12.0

12.5
12.0

13.0
13.0
9.5

10.0
6.0

6.0

15.5
16.0
16.0
15.5
10.0

16.5
17.0
14.0
13.5
16.0
19.0
20.0

19.5
20.0

20.5
18.0
11.5
12.0
19.0
18.0
17.5
18.5
19.0
18.5
12.5

50

50

200
200
100
100
200

200
200

200
50
200
200
NA
NA
50
50
50
50
100

25

25

100
100
100
100
100

100
100

100
50
400
400
NA
NA
25
25
25
25
400

NA; no activity

4.3.2. Antifungal activity

Both synthesized compounds demonstrated antifungal activity against four fungal strains, with
zones of inhibition ranging from 10.5 to 14.5 mm and MIC values between 200 and 800 pg/mL
as summarized in Table 4. Overall, compound 15 exhibited stronger antifungal activity than
compound 14 across all tested strains. Among the fungi evaluated, Candida albicans ATCC

10231 (ZOl= 14.5mm and MIC= 200 pg/mL) and Penicillium funiculosum NCTC 287 (ZOl=
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13.5mm and MIC= 200) were the most susceptible to compound 15, showing the largest zone of
inhibition (14.5 mm) and the lowest MIC (200 pg/mL), indicating notable antifungal potency. A
comparative assessment of both compounds revealed differences in activity levels against the

tested fungal strains (Table 4).

Table 4: Zone of inhibition and minimum inhibitory concentration of the compound 14 and 15

against the tested fungal species

Zone of inhibition in mm(2000pg/ml) MIC(pg/ml)

Name of Fungi Compound Compound  Griseofulvin Compound Compound

Candida albicans ATCC 10231 12.0 14.5 16.0 400 200
Aspergillus niger ATCC 6275 11.0 14.0 15.0 800 400
Penicillium notatum ATCC 11625 11.0 13.0 135 800 400
Penicillium funiculosum NCTC 10.5 135 14.0 800 200
287

4.4. In silico analysis

44.1. Molecular docking analysis

Molecular docking analysis of the synthesized compounds 14 and 15 was conducted against the
E. coli Fabl enzyme (PDB ID: 1C14) to assess their binding affinities, using triclosan as the
reference ligand.

Molecular docking analysis of compound 14 with E. coli enoyl-acyl carrier protein reductase
(Fabl; PDB ID: 1C14), a key enzyme in bacterial fatty acid biosynthesis, revealed promising
interactions within the enzyme's active site. Compound 14 achieved a docking score of -5.677
kcal/mol and glide energy of —25.140 kcal/mol, indicating favorable binding affinity. As shown
in the 2D and 3D interaction diagrams (Figures 9 and 10), the compound fits well into the
catalytic pocket of Fabl, forming several stabilizing interactions.

Particularly, compound 14 forms a hydrogen bond with the critical residue Lys163 and polar

interactions with Ser145 and Thr194, residues commonly associated with the enzyme's active

32



site. These interactions help anchor the compound in a favorable orientation, potentially

mimicking the natural substrate or interfering with NADH binding. In addition to hydrogen and

polar interactions, compound 14 engages in significant hydrophobic interactions with lipophilic

regions of the binding pocket, such as Leul44, Met159, Tyrl56, Phe203, 11e200, Alal97,

Alal89, Met206, 1le192, Pro191, and I1e20 and also forms a n—cation stacking interaction with

Tyr146, further stabilizing its conformation. Together, these interactions contribute to strong

binding affinity and suggest that compound 14 may inhibit Fabl by occupying the NADH

binding site or blocking substrate access. Overall, the docking results support the potential of

compound 14 as an effective Fabl-targeting antimicrobial agent against E. coli.

Table 5: Docking scores and glide energy of synthesized compounds

Ligand Docking score | Glide energy | Key Interactions
(kcal/mol) (kcal/mol) H-bonds | None H-bonds
Compound 14 | -5.677 -25.140 Lys163 | Tyrl46, Serl45, Thr194
Compound 15 | -4.976 -29.372 Gly93 Lys 163, HIEQO, Ser91, Ser145, Thr194
Triclosan -7.194 -35.771 Thr194 | Lys163, Tyrl46
B
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Figure 9: 3D interaction between compound 14 and E. coli Fabl (PDB ID: 1C14)
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Figure 10: 2D interaction between compound 14 and E. coli Fabl (PDB ID: 1C14)

The molecular docking analysis of compound 15 with E. coli Fabl (PDB ID: 1C14) revealed
favorable binding interactions within the enzyme's active site, with a docking score of —4.976
kcal/mol and glide energy of —29.372 kcal/mol (Table 5). As shown in the 2D and 3D interaction
diagrams (Figures 11 and 12), compound 15 fits well into the catalytic pocket, forming several
key interactions with surrounding amino acid residues. These include a hydrogen bond with
Gly93 and polar interactions with critical residues such as Hie90, Ser91, Ser145, and Thr194,
which likely contribute to the stability and specificity of the binding.

Additionally, hydrophobic interactions between the non-polar regions of compound 15 and the
lipophilic residues in the binding site further enhance its affinity for Fabl. The presence of

aromatic or planar groups in compound 15 also enables n—7 stacking interactions with Lys163,
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which are often involved in stabilizing inhibitors within the active site of Fabl. This combination
of hydrogen bonding, hydrophobic interactions, and n—r stacking suggests that compound 15
effectively occupies the enzyme’s active region, potentially interfering with NADH cofactor
binding or substrate access. Overall, the docking profile of compound 15 indicates moderate
binding potential to Fabl, supporting its promise as a lead compound for the development of new
antibacterial agents targeting E. coli Fabl.

To validate the reliability of the docking protocol, triclosan which is known inhibitor of E. coli
Fabl—was redocked into the enzyme’s active site under the same conditions used for the
synthesized compounds. The redocking yielded a docking score of —7.194 kcal/mol, confirming

the validity of the docking approach.

4 -
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Figure 11: 3D interaction between compound 15 and E. coli Fabl (PDB ID: 1C14)
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Figure 12: 2D interaction between compound 15 and E. coli Fabl (PDB ID: 1C14)

4.4.2. Drug-Likeness, and ADMET properties

4.4.2.1. Drug-Likeness

Physicochemical and medicinal chemistry properties are essential for determining the drug-
likeness of compounds. Early prediction of these parameters, such as through Lipinski’s Rule of
Five, can significantly increase the likelihood of success in lead optimization. Key factors like
solubility, lipophilicity, hydrogen bonding capacity, molecular flexibility, and synthetic
accessibility help predict oral bioavailability, membrane permeability, and overall
pharmacokinetic behavior (Lipinski et al., 2001; Serdaroglu, 2023). Using ADMET Lab 3.0, the
physicochemical and drug-likeness properties of synthesized compounds 14 and 15 were

analyzed and presented in Table 6 alongside triclosan for comparison. Both compounds showed
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values within acceptable ranges. Compound 14 demonstrated superb aqueous solubility and
moderate lipophilicity, reflecting excellent physicochemical properties. Compound 15, although
slightly more lipophilic with higher LogP and LogD values, still falls within acceptable limits.
While increased lipophilicity may enhance membrane permeability, it can also lead to reduced
solubility, higher toxicity, and faster metabolic clearance (Naylor et al., 2018). Both compounds
satisfied Lipinski’s criteria and showed favorable values for hydrogen bonding, molecular
flexibility, and topological polar surface area (TPSA = 23.47 A?), supporting good permeability
(Babalola & Igie, 2022). High QED scores indicate strong drug-likeness, and low synthetic
accessibility (SA) scores suggest both compounds are practical to synthesize, making them

promising candidates for further development.

When compared to triclosan, a known antimicrobial agent, both compounds showed comparable
or better solubility and synthetic accessibility, while maintaining acceptable ranges in
lipophilicity and hydrogen bonding. Triclosan's higher LogP and lower solubility suggest it is

less water-soluble and more lipophilic than both  synthesized compounds.
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Table 6: Physicochemical, and drug-likeness properties of the synthesized compounds

Parameters Compound | Compound | Triclosan | Reference Interpretation
14 15 Range
nHA (H-bond 2 1 2 0-12 Both are within acceptable range.
acceptors)
nHD (H-bond 1 1 1 0-7 Indicates acceptable H-bonding for oral bioavailability.
donors)
nRot (rotatable 3 3 2 0-11 Suggests moderate molecular flexibility.
bonds)
TPSA (A2 23.47 23.47 29.46 0-140 Low TPSA, favorable for membrane permeability and oral
(topological polar absorption.
surface area)
LogsS (solubility) | -2.535 -3.469 -4.555 -4t0 0.5 Compound 14 has better aqueous solubility; both are
within range.
LogP 2.789 3.774 4,512 0-3 Compound 14 has moderate lipophilicity; compound 15 is
(lipophilicity) slightly above the ideal.
LogD 2.36 3.234 3.494 1-3 Both compounds show good membrane permeability;
(distribution at compound 15 is near upper limit.
pH 7.4)
Lipinski’s Rule of | Accepted Accepted Accepted | — Indicates good oral drug-likeness.
5
QED (quantity 0.823 0.878 0.829 >0.67 High QED scores indicate strong drug-like properties.
estimate of drug-
likeness)
SA score 2 2 1 <6 Both are synthetically accessible.

(synthetic access)
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4.2.2.2. ADMET Properties

In silico ADMET prediction models are widely used in drug design to support medicinal
chemists in optimizing lead compounds. Using the ADMET Lab 3.0 online tool, the
pharmacokinetic and toxicity profiles of compounds 14 and 15 were evaluated, with results
summarized in Table 7 with triclosan included as a reference for comparison. The tool predicts
critical parameters related to absorption, distribution, metabolism, elimination, and toxicity,
including insights into blood-brain barrier (BBB) permeability, gastrointestinal absorption, P-
glycoprotein (P-gp) interaction, and cytochromeP450 (C P450) enzyme inhibition (Fu et al.,

2024).

Caco-2 cell permeability is commonly used to estimate human intestinal absorption, with values
above -5.15 cm/s indicating good absorption potential. Both compounds exceeded this threshold,
suggesting strong oral absorption. The Human Intestinal Absorption (HIA) model also predicted
high absorption, with both compounds scoring below 0.01. Furthermore, neither compound is a
substrate for P-gp, meaning they are unlikely to be actively effluxed from cells, which supports

better intracellular retention and oral bioavailability (Lin & Yamazaki, 2003).

The volume of distribution (VDss) for compounds 14 and 15 was 0.454 and 0.617 L/kg,
respectively well within the acceptable range of 0.04-20 L/kg. BBB permeability was favorable
for compound 15 (0.66), suggesting effective penetration into the central nervous system.
Compound 14, however, showed a lower value (0.462), indicating limited BBB crossing. Both
compounds showed no inhibitory activity against CYP1A2, CYP2C19, and CYP2C8 enzymes,

implying a low risk of metabolic drug—drug interactions.
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In terms of clearance, both compounds exhibited good elimination rates, although compound 14
had a slightly prolonged half-life of 0.964, exceeding the medium threshold (0.7), which may
result in extended systemic exposure (Benet et al., 2002). Toxicity predictions revealed low
hERG inhibition and minimal p53 activation, indicating low cardiotoxicity and genotoxicity.
Additionally, compound 15 demonstrated a lower Ames mutagenicity score than compound 14,
suggesting a more favorable safety profile. Overall, these findings highlight the promising

pharmacokinetic behavior and safety potential of both compounds, especially compound 15.

Triclosan, used here as a reference antimicrobial, exhibited higher plasma protein binding, lower
clearance, and a longer half-life, indicating greater systemic retention and reduced free drug
availability. Additionally, triclosan showed higher BBB permeability and stronger hERG
inhibition, suggesting higher CNS penetration and potential cardiotoxicity. These differences

highlight the more balanced and safer pharmacokinetic profiles of compounds 14 and 15.

40



Table 7: Prediction of ADMET properties of the synthesized compounds

Parameter Compound | Compound Triclosan Recommended Interpretation
14 15 Range

Caco-2 -4.765 -4.725 -4.805 >-5.15 Good intestinal permeability predicted for both.

permeability

PPB (%plasma 82.545% | 86.3% 99.158% < 90% Acceptable plasma protein binding.

protein bound)

HIA (absorption) | 0.0 0.0 0.0 0.0-0.1 Good human intestinal absorption predicted.

Pgp-substrate 0.055 0.018 0.004 0.0-0.1 Low risk of P-glycoprotein efflux; favorable for oral
bioavailability.

VDss (L/kg) 0.454 0.617 -0.149 0.04-20 Moderate volume of distribution.

BBB permeability | 0.462 0.66 0.967 0.5-0.7 Compound 15 may cross the blood-brain barrier;
compound 14 is borderline.

CYP inhibition All values | All values < | All values < | 0.0-0.1 Both compounds are unlikely to inhibit major CYP450

<0.1 0.1 0.1 enzymes favorable.

Clearance 13.946 9.668 6.416 >5 Both have acceptable drug clearance rates.

(mL/min/kg)

Half-life (T%) 0.964 0.465 1.139 0.3-0.7 Compound 15 shows moderate stability; compound 14

(medium) has a slightly longer half-life.

hERG inhibition 0.358 0.64 0.89 0.0-0.7 Within medium risk; compound 15 closer to upper

(human ether-a-go- bound.

go related gene)

Ames test 0.413 0.248 0.246 0.0-0.3 Compound 15 shows lower mutagenic potential than
14,

SR-p53 interaction | 0.00 0.068 0.458 0.0-0.3 Low toxicity risk for both.

(a tumor suppressor
protein p53)
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In summary, compound 14 demonstrates better aqueous solubility and lower lipophilicity, along
with strong drug-likeness and moderate ADMET properties. In contrast, compound 15 exhibits
higher lipophilicity, contributing to slightly enhanced membrane permeability and increased
blood-brain barrier (BBB) permeability. However, this increased lipophilicity may also be
associated with a slightly elevated risk of toxicity. Despite these differences, both compounds
satisfy Lipinski’s Rule of Five, have high QED scores indicating strong drug-like characteristics,
and possess low synthetic accessibility scores, suggesting they are easy to synthesize. These
attributes make both compounds promising candidates for further drug development, warranting

additional in vitro and in vivo investigation.
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5. Conclusion

In this study, two novel aminoalkyl derivatives of carvacrol, 4-((dimethylamino)methyl)-5-
isopropyl-2-methylphenol (14) and 5-isopropyl-2-methyl-4-(piperidin-1-ylmethyl)phenol (15),
were synthesized using a Mannich-type reaction. Both compounds exhibited broad-spectrum
antimicrobial activity, with compound 15 demonstrating superior antimicrobial activity. For
instance, compound 15 showed stronger antibacterial activity against E. coli (MIC: 25 ug/mL)
compared to compound 14 (MIC: 50 ug/mL), highlighting its superior potency and potential as a
lead compound for treating infections such as urinary tract infections, gastroenteritis, and sepsis.
Additionally, it displayed potent antifungal activity against C. albicans and P. funiculosum
(MIC: 200 pg/mL). Molecular docking studies revealed that both derivatives interact favorably
with the active site and may inhibit the E. coli Fabl enzyme, which plays a critical role in fatty
acid elongation essential for bacterial membrane synthesis. These findings support the potential

of structural modifications of carvacrol to improve its antimicrobial profile.
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6. Recommendations

Based on the observed broad-spectrum antimicrobial activity of the synthesized aminoalkyl

derivatives of carvacrol, the following recommendations are proposed:

» Conduct cytotoxicity assays to determine the safety profile of these compounds,
along with pharmacokinetic studies and in vivo efficacy assessments to validate their
therapeutic potential.

» Synthesize and evaluate a wide range of aminoalkyl carvacrol derivatives for activity
against bacterial and fungal strains.

> Explore the potential of these compounds to interact with other biologically relevant
microbial targets, particularly DNA-related enzymes such as bacterial DNA gyrase
and topoisomerases.

> Explore additional biological activities of the synthesized aminoalkyl derivatives of
carvacrol, including antioxidant, anti-inflammatory, anticancer, antiviral, and

antiparasitic effects, to broaden their potential pharmacological applications.
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Appendices

Appendix1. The *H and 3C NMR spectra of the synthesized compounds

'H and 3C NMR spectra of compound 14
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'H and 3C NMR spectra of compound 15
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Appendix2. TLC chromatogram of synthesized compounds

CHCl3/MeOH(4:1) CHCl13yMeOH(4:1)
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Figure: I Normal-phase TLC chromatograms of compounds 14 and 15, visualized under UV
light at 254 nm.
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Appendix3. Binding interactions of the compound 14, 15 and triclosan, inhibitor of the
Escherichia coli Fabl enzyme
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Figure 1: 3D and 2D binding interaction of compound 14 with E. coli Fabl (1C14.pdb)
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Abstract

The global rise in antimicrobial resistance has created the urgent need for novel antimicrobial
agents. Carvacrol, a naturally occurring phenolic compound, has garnered attention for its broad-
spectrum biological activities. In this study, two new aminoalkyl derivatives of carvacrol were
synthesized via a Mannich-type reaction involving formaldehyde and a secondary amine
(dimethylamine or piperidine). Structural characterization using *H and *C- NMR confirmed the
identities of the products as 4-((Dimethylamino)methyl)-5-isopropyl-2-methylphenol (14) and 5-
Isopropyl-2-methyl-4-(piperidin-1-ylmethyl)phenol (15). Both compounds exhibited broad-
spectrum antimicrobial activity against 26 bacterial and 4 fungal strains, as determined by disc
diffusion and broth dilution methods. Notably, compound 15 showed the strongest antibacterial
activity against Escherichia coli and Vibrio cholerae (MIC: 25 pg/mL), and potent antifungal
effects against Candida albicans and Penicillium funiculosum NCTC 287 (MIC: 200 pg/mL). In
silico studies revealed favorable drug-likeness and pharmacokinetic profiles, with compound 14

exhibiting the highest binding affinity to the bacterial Fabl enzyme (docking score: —
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5.677 kJ/mol). These findings highlight the potential of carvacrol-based aminoalkyl derivatives

as promising candidates for antimicrobial drug development.

Keywords: Carvacrol, Aminoalkyl, Antimicrobial, Antimicrobial Resistance (AMR),

Antibacterial, Antifungal, In Silico study

Introductions

Infectious diseases continue to pose a global health threat, particularly in low-income regions
and among vulnerable populations (WHO, 2007). Bacterial infections caused 7.7 million deaths
in 2019, with S. aureus and E. coli among the leading pathogens (lkuta, 2022). Fungal diseases
also present significant health risks. They can result in life-threatening systemic infections,
vision loss, and chronic morbidity. Each year, fungal infections kill over 1.5 million people and
affect more than a billion individuals globally (Denning, 2024). The rise of antimicrobial
resistance (AMR) has further limited treatment options, with resistant infections causing over
1.27 million deaths globally in 2019 (Sartorius et al., 2024). Ethiopia faces high resistance rates

among major bacterial pathogens (Berhe et al., 2021).

Natural products remain valuable in antimicrobial drug discovery. Carvacrol, a monoterpenoid
phenol from oregano, exhibits notable antimicrobial activity but is limited by poor solubility,
volatility, and bioavailability (Hao et al.,, 2021; Baranauskaite et al., 2018). Chemical
modification through Mannich-type aminoalkylation can improve its pharmacological profile. In
this study, aminoalkyl derivatives of carvacrol were synthesized using dimethylamine and
piperidine, and evaluated for antimicrobial activity and potential mechanisms of action

through in silico analysis.
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Materials and Methods

Materials
Analytical-grade chemicals were obtained from Sigma-Aldrich (USA), including carvacrol,
methanol, ethanol, formaldehyde (37%), chloroform, anhydrous sodium sulfate, dimethylamine,

piperidine, and glacial acetic acid.

Instruments

TLC was performed on silica gel 60 F254 plates and visualized using a UV-Vis
spectrophotometer (Evolution 60S). NMR spectra were acquired on a Bruker Avance DMX400
(400 MHz for'H, 100 MHz for *C) using CDCL and TMS. Other equipment included a
biosafety cabinet, incubator, refrigerator, autoclave, magnetic stirrer, analytical balance,

micropipettes, and sterile microtiter plates.

Media and Standards
Media used included nutrient agar, Mueller—Hinton broth, Sabouraud dextrose agar, and broth.
Ciprofloxacin and griseofulvin were used as standard antibacterial and antifungal agents,

respectively; 1% DMSO served as the negative control.

Microbial Strains

The antibacterial activity of the synthesized compounds was evaluated against a diverse panel of
Gram-positive and Gram-negative bacterial strains: Gram-positive strains: Bacillus pumilus 82,
Bacillus subtilis ATCC 6633, Staphylococcus aureus MDR10, S. aureus MDR1*, S. aureus
MDR2*. Gram-negative strains: Escherichia coli NCTC 5933, K88, NCTC 7360, LT37, 872,

ROW 7/12, 3:37C, CD/99/1, HB101*, C600*, Salmonella typhi Ty2, Salmonella enterica TDO1,
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Shigella dysenteriae 8, Shigella sonnei 1, Shigella boydii D13629, Shigella flexneri Type 6,
Vibrio cholerae NCTC 4693, NCTC 5596, NCTC 10732, NCTC 11501, Pseudomonas
aeruginosa MDR1* All strains were obtained from the Department of Technology, Jadavpur
University; Central Drugs Laboratory, Kolkata;, and the Institute of Microbial Technology
(IMTECH), Chandigarh, India. The strains were authenticated using standard cultural,

morphological, and biochemical tests prior to screening.

Antifungal activity was assessed against the following strains: Candida albicans ATCC 10231,
Aspergillus niger ATCC 6275, Penicillium notatum ATCC 11625, and Penicillium funiculosum
NCTC 287. All fungal strains were procured from the Central Drugs Laboratory, Kolkata, and

IMTECH, Chandigarh.

Methods

Synthesis of Aminoalkyl Derivatives of Carvacrol (14 and 15)

Synthesis of 4-((Dimethylamino)methyl)-5-isopropyl-2-methylphenol (Compound 14)

A solution of 37% aqueous formaldehyde (0.75 mL, 0.01 mol) in 10 mL methanol was prepared
in a 50 mL beaker, with five drops of glacial acetic acid added as catalyst. Dimethylamine (0.66
mL, 0.01 mol) was added dropwise to the formaldehyde solution to generate the iminium
intermediate, which was then slowly added to a solution of carvacrol (1.5 g, 0.01 mol) in
methanol. The mixture was stirred and refluxed at 100 °C for 28 hours in a 250 mL Erlenmeyer
flask. Progress of the reaction was monitored using TLC with chloroform: methanol (4:1) as the
solvent system. Upon completion, the reaction mixture was cooled, poured into ice-cold water,

and kept overnight to allow precipitation. The resulting solid was filtered, washed with ethanol,
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dried over anhydrous sodium sulfate, and purified by recrystallization in ethanol to obtain pure

compound 14.

Synthesis of 5-Isopropyl-2-methyl-4-(piperidin-1-ylmethyl)phenol (Compound (15)

Compound 15 was synthesized following a procedure similar to that used for compound 14. A
solution of 37% aqueous formaldehyde (0.75 mL, 0.01 mol) in 10 mL of methanol was prepared
with five drops of acetic acid as a catalyst. Piperidine (1 mL, 0.01 mol) was added dropwise to
form the iminium intermediate, which was then added dropwise to a methanolic solution of
carvacrol (1.5 g, 0.01 mol). The reaction mixture was stirred and refluxed at 100°C for 20 hours,
with reaction progress monitored by TLC. After refluxing, the mixture was cooled and poured
into ice-cold water, then stored overnight in the refrigerator. The resulting precipitate was
filtered, washed with ethanol, dried over anhydrous Na>SOs, and recrystallized from ethanol to

obtain pure compound 15.

In Vitro Antimicrobial Assays

Disc Diffusion Assay

The antibacterial and antifungal activities were initially evaluated using the disc diffusion
method (Mitchell, J.K. and Carter, 2000). Stock solutions of the test compounds were prepared at
200 pg/mL in 1% DMSO. Sterile Petri dishes containing solidified nutrient agar (for bacteria) or
SDA (for fungi) were inoculated with standardized microbial suspensions (adjusted to 0.5
McFarland standards). Sterile 6 mm filter paper discs (Whatman No. 1) were soaked in the test
solutions and placed onto the inoculated agar surfaces. Plates were incubated at 37 °C for 24
hours for bacterial cultures and at room temperature for three days for fungal cultures. Zones of

inhibition (ZOI) were measured in millimeters. Ciprofloxacin and griseofulvin served as positive
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controls for antibacterial and antifungal assays, respectively, while 1% DMSO was used as the

negative control (H & D, 2010).

Broth Dilution Method

Minimum inhibitory concentrations (MICs) were determined by broth dilution according to
established protocols Jean B.etal (2015). Serial dilutions of the test compounds were prepared in
MHB (for bacteria, 5-800 pg/mL) and SDB (for fungi, 50-2000 pg/mL). Wells were inoculated
with microbial suspensions and incubated at 37 °C for 24 hours (bacteria) or 25 °C for three days
(fungi). A growth control (broth with inoculum, no test compound) and sterility control (broth
only) were included. MIC was defined as the lowest concentration showing no visible turbidity

(V et al., 2023).

In silico studies

Molecular docking was performed using the Schrdodinger Suite 2023-1 targeting enoyl-acyl
carrier protein reductase (Fabl, PDB ID: 1C14), a key enzyme in bacterial fatty acid
biosynthesis. The protein was prepared by removing water molecules, adding hydrogens, and
minimizing the structure using the OPLS4 force field (Sastry et al., 2013).. Ligands (compounds
14 and 15) were sketched in ChemDraw, converted to 3D, and optimized in LigPrep with Epik to
account for ionization and tautomeric states at pH 7.0 £ 2.0 (Schrddinger, 2023). The receptor
grid was centered on the native ligand's binding site, which was removed prior to docking. Glide
XP mode was used for docking with standard parameters, and redocking of the native ligand
validated the protocol. Key interactions, including hydrogen bonds and hydrophobic contacts,
were analyzed. Drug-likeness and ADMET profiles were predicted using ADMETIab 3.0 based
on SMILES inputs, covering pharmacokinetic properties, toxicity, and compliance with

Lipinski’s Rule of Five.
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Results and Discussion

Synthesis of compounds 14 and 15

In this study, aminoalkyl derivatives of carvacrol were successfully synthesized by carrying out a
Mannich-type reaction. In this process, carvacrol was reacted with formaldehyde and two
different secondary amines—dimethylamine and piperidine. This reaction involved the formation
of an aminoalkyl group attached to the aromatic ring of carvacrol, resulting in the corresponding
aminoalkylated products (14 and 15).

Table 8: Physical properties of the compounds 14 and 15

Compound Molecular Predicted Physical Color % Rf
Formula MW(g/mol) State Yield value

14 C13H21NO 207.31 Crystal Colorless | 85 0.45

15 C16H2sNO 247.19 Crystal Colorless | 67 0.55

Structural confirmation of synthesized compounds 14 and 15

The structures of compounds 14 and 15 were determined using *H-NMR and 3C-NMR spectral
data.

4-((Dimethylamino)methyl)-5-isopropyl-2-methylphenol (14)

The *H-NMR spectrum of compound 14 displayed two aromatic proton signals, assigned to H-6
(6 6.56, ArH, s) and H-3 (8 6.99, ArH, s), indicating that one of the aromatic protons in carvacrol
was replaced by an aminoalkyl group. This confirms that the reaction occurred on the aromatic
ring through substitution of one proton. Furthermore, a signal at & 3.38 (2H, s) indicated the
presence of a methylene group attached to a nitrogen atom, suggesting the formation of an

aminoalkyl group in compound 14.
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The 3C-NMR confirmed the presence of a total of 13 carbon atoms in compound 14. These
included four quaternary carbons, five methyls (5xCHs), three methines (3xCH), and one
methylene (CH). The methylene carbon linking the aromatic ring to the dimethylamino group
appeared at 6C 60.26 ppm. The 'H NMR spectrum, combined with the '*C- NMR data, confirms
the proposed structure of 4-((dimethylamino) methyl)-5-isopropyl-2-methylphenol. The chemical

shifts of all other protons and carbons in compound 14 are detailed in the Table 2.

5-1sopropyl-2-methyl-4-(piperidin-1-ylmethyl) phenol (15)

The *H-NMR spectra of compound 15 showed two aromatic protons, identified as H-6 (& 6.72,
1H, s) and H-3 (6 7.15, 1H, s). Additionally, one aromatic proton in carvacrol, which originally
contained three aromatic protons, was replaced by an alkyl group. A singlet at 6 of 3.75 ppm
corresponded to the methylene (-CHz-) group at position 10, linking the aromatic ring to the
piperidine moiety, while signals at & of 2.62, 1.47, and 1.66 ppm corresponded to protons at
positions 2'and 6', 3'and 5', and 4', respectively, within the piperidine ring.

The ¥C-NMR confirmed the presence of a total of 16 carbon atoms in compound 15. These
included four quaternary carbons, three methyl carbons (3XCHs), three methane carbons (3xCH),
and six methylene carbons (CH.). The methylene carbon linking the aromatic ring to the
piperidine group was found at 6 C 58.66 ppm, and the methylene carbons of the piperidine ring
were observed at & C 25.1, 26.73, and 55.53 ppm. Based on the combined H and *C-NMR
spectral data, compound 15 was identified as 5-isopropyl-2-methyl-4-(piperidin-1-ylmethyl)

phenol. The remaining chemical shifts for both protons and carbons are provided in the Table 2.
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Table 9: 1H and 13C-NMR spectral data of synthesized compounds

Compound 15

Compound 14

Position | 6 H (ppm) 6 C (ppm) | Position |6 H (ppm) 6 C (ppm)
1 153.93 1 153.30
2 121.09 2 128.51
3 6.99 (ArH, s) 133.44 3 7.15 (ArH, s) 133.86
4 126.42 4 129.53
5 147.01 5 138.08
6 6.56(ArH, s) 111.89 6 6.72 (ArH, s) 120.43
7 2.13(3H, s) 15.48 7 2.25(3H,5) 20.34
8 3.21(1H,m) 28.26 8 3.17 (1H, m): 28.25
9,9' 1.1(3H,3H,d, J = 8 Hz?) 23.99 9,9 1.26 (3H.3H, d, J = 8 Hz) 23.76
10 3.38(2H,s) 60.25 10 3.75(2H,s) 58.66
12,12 2.25(3H,3H,5s) 45.30 2', 6 2.62(4H,1) 55.53
3,5 1.66(4H,m) 26.73
4' 1.47 (2H,m) 25.1

Antimicrobial activity of compound 14 and 15

Antibacterial activity

Compounds 14 and 15 were tested against 26 bacterial strains using disc diffusion (200 pg/mL)
and broth dilution methods. Ciprofloxacin served as the reference drug. Both compounds
exhibited broad-spectrum antibacterial activity, with inhibition zones of 6-16 mm and MICs
ranging from 25 to 400 ug/mL (Table 3). Compound 15 showed consistently stronger activity
than compound 14, particularly against E. coli (ZOl: 12.5-16 mm; MIC: 25-100 ug/mL) and
Vibrio cholerae (ZOl: 15.5-16 mm; MIC: 25 ug/mL). Moderate activity was observed against

Salmonella and Shigella spp. (MIC: 100-200 pg/mL). Both compounds were inactive against
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Bacillus pumilus and B. subtilis. While some activity was noted against S. aureus MDR10 (MIC:
50 pg/mL), resistance was higher in MDR1 and MDR2 strains (MIC: 400 pg/mL). Overall,
compound 15 demonstrated enhanced efficacy, especially against Gram-negative pathogens

Table 10: Zone of inhibition and minimum inhibitory concentration of the compound 14 and 15
against the tested bacterial strains

Zone of inhibition in mm (200 pg/ml) MIC (pg/ml)
Name of Bacteria

Compound Compound  Ciprofloxacin ~ Compound  Compound

14 15 14 15
E.coli NCTC 5933 13.0 15.0 16.0 50 25
E.coli K88 13.5 14.5 17.0 50 25
E.coli NCTC 7360 14.0 15.0 17.0 50 25
E.coli LT37 13.5 15.5 16.0 50 25
E.coli 872 14.0 15.0 16.0 50 25
E.coli ROW 7/12 14.0 155 16.5 50 25
E.coli 3:37C 14.5 16.0 16.5 50 25
E.coli CD/99/1 14.0 155 17.0 50 25
E.coli HB101* 12.0 12.5 14.0 200 100
E.coli C600* 11.5 13.0 13.5 200 100
Salmonella typhi Ty2 13.5 135 16.0 100 100
Salmonella enterica TD 01 13.5 13.5 19.0 100 100
Shigella dysentery 8 115 12.0 20.0 200 100
Shigella soneii 1 13.0 12.5 19.5 200 100
Shigella boydii D13629 12.0 12.0 20.0 200 100
Shigella flexneri Type 6 12.0 13.0 20.5 200 100
Staphylococcus aureus MDR10 13.5 13.0 18.0 50 50
S.aureus MDR 1* 10.0 9.5 115 200 400
S.aureus MDR 2* 115 10.0 12.0 200 400
Bacillus pumilus 82 6.0 6.0 19.0 NA NA
Bacillus subtilis ATCC 6633 6.0 6.0 18.0 NA NA
Vibrio cholerae NCTC 4693 14.0 15.5 17.5 50 25
Vibrio cholerae NCTC5596 14.5 16.0 18.5 50 25
Vibrio cholerae NCTC 10732 14.5 16.0 19.0 50 25
Vibrio cholerae NCTC 11501 14.5 15.5 18.5 50 25
Pseudomonas aeruginosa MDR 1*  10.5 10.0 12.5 100 400

NA; no activity

Antifungal activity

Both synthesized compounds demonstrated antifungal activity against four fungal strains, with
zones of inhibition ranging from 10.5 to 14.5 mm and MIC values between 200 and 800 pg/mL
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as summarized in Table 4. Overall, compound 15 exhibited stronger antifungal activity than
compound 14 across all tested strains. Among the fungi evaluated, Candida albicans ATCC
10231 (ZOIl= 14.5mm and MIC= 200 pg/mL) and Penicillium funiculosum NCTC 287 (ZOl=
13.5mm and MIC= 200) were the most susceptible to compound 15, showing the largest zone of
inhibition (14.5 mm) and the lowest MIC (200 pg/mL), indicating notable antifungal potency. A
comparative assessment of both compounds revealed differences in activity levels against the
tested fungal strains (Table 4).

Table 11: Zone of inhibition and minimum inhibitory concentration of the compound 14 and 15

against the tested fungal species

Zone of inhibition in mm(2000pg/ml) MIC(pg/ml)
Name of Fungi

Compound Compound  Griseofulvin  Compound Compound

14 15 14 15
Candida albicans ATCC 10231 12.0 14.5 16.0 400 200
Aspergillus niger ATCC 6275 11.0 14.0 15.0 800 400
Penicillium notatum ATCC 11625 11.0 13.0 13.5 800 400
Penicillium funiculosum NCTC 10.5 13.5 14.0 800 200

287

In silico analysis

Molecular docking analysis

Molecular docking of compound 14 with E. coli Fabl (PDB ID: 1C14) revealed a favorable
binding affinity, with a docking score of —5.677 kcal/mol and glide energy of —25.140 kcal/mol.
The compound fit well within the active site, forming a hydrogen bond with Lys163 and polar
interactions with Ser145 and Thr194. Hydrophobic interactions with residues such as Leul44,
Met159, Tyr156, and Phe203, along with a n—cation interaction with Tyr146, further stabilized
the binding. These interactions suggest that compound 14 may inhibit Fabl by blocking the

NADH binding site or substrate access.
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Compound 15 exhibited favorable binding with E. coli Fabl (PDB ID: 1C14), with a docking

score of —4.976 kcal/mol and glide energy of —29.372 kcal/mol. Key interactions included a

hydrogen bond with Gly93 and polar contacts with HIEQO, Ser91, Serl45, and Thrl94.

Hydrophobic interactions and n—n stacking with Lys163 further stabilized the binding. These

interactions suggest that compound 15 may interfere with NADH binding or substrate access.

Redocking of triclosan (docking score: —7.194 kcal/mol) validated the docking protocol.

Table 12: Docking scores and glide energy of synthesized compounds

Ligand Docking score | Glide energy | Key Interactions
(kcal/mol) (kcal/mol) H-bonds | None H-bonds
Compound 14 | -5.677 -25.140 Lys163 | Tyrl46, Serl45, Thr194
Compound 15 | -4.976 -29.372 Gly93 Lys 163, HIEQO, Ser91, Ser145, Thr194
Triclosan -7.194 -35.771 Thr194 | Lys163, Tyrl46
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Figure 1: 3D interaction between compound 14 and E. coli Fabl (PDB ID: 1C14)
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Drug-Likeness

Physicochemical and medicinal chemistry properties are critical for assessing drug-likeness, with
early prediction such as via Lipinski’s Rule of Five enhancing success in lead optimization.
Parameters like solubility, lipophilicity, hydrogen bonding, molecular flexibility, and synthetic
accessibility inform oral bioavailability and pharmacokinetics (Lipinski et al., 2001; Serdaroglu,
2023).. Using ADMET Lab 3.0, compounds 14 and 15 were analyzed (Table 6) and showed
values within acceptable ranges. Compound 14 exhibited excellent aqueous solubility and
moderate lipophilicity, while compound 15 was slightly more lipophilic but remained within
limits. Both compounds met Lipinski’s criteria and had favorable hydrogen bonding profiles,
TPSA (23.47 A?), and flexibility—supporting good permeability. High QED scores and low
synthetic accessibility values further suggest strong drug-likeness and feasibility for synthesis,

making them promising drug candidates.
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Table 13: physicochemical, and drug-likeness properties the synthesized compound

Parameters Compound | Compound | Triclosan | Reference Interpretation
14 15 Range
nHA (H-bond 2 1 2 0-12 Both are within acceptable range.
acceptors)
nHD (H-bond 1 1 1 0-7 Indicates acceptable H-bonding for oral bioavailability.
donors)
nRot (rotatable 3 3 2 0-11 Suggests moderate molecular flexibility.
bonds)
TPSA (A2 23.47 23.47 29.46 0-140 Low TPSA, favorable for membrane permeability and oral
(topological polar absorption.
surface area)
LogsS (solubility) | -2.535 -3.469 -4.555 -4t0 0.5 Compound 14 has better aqueous solubility; both are
within range.
LogP 2.789 3.774 4,512 0-3 Compound 14 has moderate lipophilicity; compound 15 is
(lipophilicity) slightly above the ideal.
LogD 2.36 3.234 3.494 1-3 Both compounds show good membrane permeability;
(distribution at compound 15 is near upper limit.
pH 7.4)
Lipinski’s Rule of | Accepted Accepted Accepted | — Indicates good oral drug-likeness.
5
QED (quantity 0.823 0.878 0.829 >0.67 High QED scores indicate strong drug-like properties.
estimate of drug-
likeness)
SA score 2 2 1 <6 Both are synthetically accessible.

(synthetic access)
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ADMET Properties

In silico ADMET prediction plays a vital role in drug discovery by guiding the optimization of
lead compounds. Using ADMET Lab 3.0, the pharmacokinetic and toxicity profiles of
compounds 14 and 15 were assessed, with results summarized in Table 7 (Fu et al., 2024). Key
parameters included absorption, distribution, metabolism, elimination, and toxicity, such as BBB
permeability, gastrointestinal absorption, P-glycoprotein (P-gp) interaction, and CYP450 enzyme

inhibition.

Both compounds demonstrated strong Caco-2 permeability (above —5.15 cm/s) and excellent
human intestinal absorption (HIA < 0.01), indicating good oral bioavailability. Neither
compound is a P-gp substrate, suggesting favorable intracellular retention and reduced efflux
(Lin & Yamazaki, 2003). The volume of distribution (VDss) values 0.454 L/kg for compound 14

and 0.617 L/kg for compound 15 were within the acceptable range (0.04-20 L/kg).

Compound 15 exhibited higher BBB permeability (0.66), indicating better central nervous
system (CNS) penetration than compound 14 (0.462). Both compounds showed no inhibitory
activity against CYP1A2, CYP2C19, and CYP2C8, suggesting low potential for metabolic drug—
drug interactions. Clearance predictions were favorable, though compound 14 had a slightly
prolonged half-life (0.964), indicating potentially extended systemic exposure (Benet et al.,

2002).

Toxicity modeling revealed low hERG inhibition and minimal p53 activation for both
compounds, suggesting low cardiotoxic and genotoxic risk. Compound 15 also exhibited a lower

Ames mutagenicity score than compound 14, indicating a better safety profile.

76



Table 13: Prediction of ADMET properties of the synthesized compounds

Parameter Compound | Compound Triclosan Recommended Interpretation
14 15 Range

Caco-2 -4.765 -4.725 -4.805 >-5.15 Good intestinal permeability predicted for both.

permeability

PPB (%plasma 82.545% | 86.3% 99.158% < 90% Acceptable plasma protein binding.

protein bound)

HIA (absorption) | 0.0 0.0 0.0 0.0-0.1 Good human intestinal absorption predicted.

Pgp-substrate 0.055 0.018 0.004 0.0-0.1 Low risk of P-glycoprotein efflux; favorable for oral
bioavailability.

VDss (L/kg) 0.454 0.617 -0.149 0.04-20 Moderate volume of distribution.

BBB permeability | 0.462 0.66 0.967 0.5-0.7 Compound 15 may cross the blood-brain barrier;
compound 14 is borderline.

CYP inhibition All values | All values < | All values < | 0.0-0.1 Both compounds are unlikely to inhibit major CYP450

<0.1 0.1 0.1 enzymes favorable.

Clearance 13.946 9.668 6.416 >5 Both have acceptable drug clearance rates.

(mL/min/kg)

Half-life (T%) 0.964 0.465 1.139 0.3-0.7 Compound 15 shows moderate stability; compound 14

(medium) has a slightly longer half-life.

hERG inhibition 0.358 0.64 0.89 0.0-0.7 Within medium risk; compound 15 closer to upper

(human ether-a-go- bound.

go related gene)

Ames test 0.413 0.248 0.246 0.0-0.3 Compound 15 shows lower mutagenic potential than
14,

SR-p53 interaction | 0.00 0.068 0.458 0.0-0.3 Low toxicity risk for both.

(a tumor suppressor
protein p53)
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Conclusion

In this study, two novel aminoalkyl derivatives of carvacrol, 4-((dimethylamino)methyl)-5-
isopropyl-2-methylphenol (14) and 5-isopropyl-2-methyl-4-(piperidin-1-ylmethyl)phenol (15),
were synthesized using a Mannich-type reaction. Both compounds exhibited broad-spectrum
antimicrobial activity, with compound 15 demonstrating superior antimicrobial activity. For
instance, compound 15 showed stronger antibacterial activity against E. coli (MIC: 25 ug/mL)
compared to compound 14 (MIC: 50 ug/mL), highlighting its superior potency and potential as a
lead compound for treating infections such as urinary tract infections, gastroenteritis, and sepsis.
Additionally, it displayed potent antifungal activity against C. albicans and P. funiculosum
(MIC: 200 pg/mL). Molecular docking studies revealed that both derivatives interact favorably
with the active site and may inhibit the E. coli Fabl enzyme, which plays a critical role in fatty
acid elongation essential for bacterial membrane synthesis. These findings support the potential

of structural modifications of carvacrol to improve its antimicrobial profile.
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