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ABSTRACT

Phenytoin is a traditional anti-epileptic drug of the hydantoin class, universally employed for seizure control in generalized tonic-clonic and
focal seizures. Although effective, phenytoin is plagued by limitations such as low aqueous solubility, dose-dependent pharmacokinetics, and
toxicity following chronic administration. These limitations have prompted the synthesis of several hydantoin analogs to enhance therapeutic
effects, pharmacokinetics, and drug selectivity. This review focuses on chemically modified phenytoin derivatives, prepared using methods such
as N-substitution, para-aryl functionalization, and heterocyclic hybridization, among others. Structural alteration was examined in their literature-
cited pharmacological activities. Classical and advanced synthetic methods, such as microwave-assisted synthesis, solvent-free grinding, ultrasound
irradiation, and continuous flow chemistry, were also assessed for efficacy, sustainability, and yield of the product. Derivatives including mephenytoin,
fosphenytoin, Schiff bases, and hybrid molecules incorporating thiazole, quinazolinone, and imidazole showed improved anticonvulsant, anti-
inflammatory, antioxidant, antimicrobial, and anticancer activity. PEGylation and prodrug formation (e.g. fosphenytoin) improved delivery and
solubility profiles. Modern green synthesis techniques, particularly microwave and solvent-free reactions, significantly reduce reaction times while
minimizing the environmental footprint. These methods not only enhanced synthetic efficiency but also benefited sustainable medicinal chemistry
practices. Structural modification of phenytoin has given rise to derivatives possessing better pharmacological profiles and broader therapeutic uses.
The incorporation of green and highly efficient synthesis routes presents an exciting avenue for future drug discovery. Phenytoin continues to be a
useful template in the field of medicinal chemistry, with continued application in the design of safer, better anticonvulsant drugs.
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INTRODUCTION

Epilepsy is a chronic, long-standing neurological disorder with
recurrent seizures due to abnormal neuronal discharges [1]. Despite
the availability of traditional anti-epileptics, the quest for newer drugs
with better efficacy and reduced toxicities remains a high-priority goal.
Hydantoin derivatives, especially phenytoin, have been extensively
explored due to their wide-spectrum anticonvulsant activity and
voltage-gated sodium channel-blocking mechanism [2]. Phenytoin,
5,5-Diphenylimidazolidine-2,4-dione, the classic hydantoin, remains
a cornerstone in the treatment of generalized tonic-clonic and partial
seizures [3].

Structural alterations have been made to the phenytoin core scaffold,
leading to a wide range of analogs with improved pharmacological
profiles [4]. These modifications include N-alkylation, para-
substitution on the aryl ring, thio-derivatives, Schiff base formation,
and hybrid conjugation with other bioactive heterocycles like
thiazole, quinazolinone, and imidazole. Substitution at the various
positions of the hydantoin ring system has been shown to have a deep
impact on the pharmacological profile, i.e., potency, selectivity, and
pharmacokinetics [5]. Simultaneously, synthetic strategies have evolved
significantly. Conventional methods, such as the Bucherer-Bergs reaction,
are now complemented by advanced green chemistry approaches,
including microwave-assisted synthesis, solvent-free grinding, and
ultrasound-aided techniques, which offer faster reactions, better yields,
and more eco-friendly conditions [6]. For instance, microwave-assisted
synthesis has been described as a fast, green, and efficient process with
a significant reduction in reaction time and enhanced yields [7]. This
review focuses on the structural diversification and green synthesis
of multiple phenytoin derivatives, using 5,5-diphenylhydantoin as
a core scaffold. The aim is to highlight both classical and modern
methodologies alongside the therapeutic potential of each analog,
contributing to future drug development in epilepsy and beyond.

Despite the extensive clinical use of phenytoin, challenges such as
poor aqueous solubility, nonlinear pharmacokinetics, and long-term
toxicity necessitate continued structural optimization. Therefore, this
review aims to comprehensively summarize structural diversification
strategies of phenytoin analogs along with advancements in eco-
friendly synthetic methodologies, highlighting their pharmacological
significance and future potential in drug development.

HISTORICAL OVERVIEW

Throughout the decades, numerous phenytoin derivatives have been found
through structural modification to maximize pharmacokinetics, reduce
toxicity, and expand therapeutic application [8]. The table summarizes
10 notable derivatives, with a focus on alkylation, hydroxylation,
halogenation, and hybrid conjugation with other heterocycles. Such
structural modification has yielded compounds with broadened
anticonvulsant, antimicrobial, anticancer, and anti-inflammatory activity.
Of greatest importance, prodrug species such as fosphenytoin improved
injectable solubility, and metal complexes and PEGylation improved
stability and bioavailability. Such structural advancement parallels
ongoing medicinal chemistry to further optimize the hydantoin template
for additional clinical applications beyond epilepsy.

Evolution of phenytoin synthesis techniques

Synthesis of phenytoin has travelled a long way since its initial discovery
in 1908. Initially synthesized through the Bucherer-Bergs reaction of
benzil, urea, and base, the classical method dominated for decades [19].
With the emergence of green chemistry, techniques such as microwave-
assisted synthesis, solvent-free grinding, and ultrasound irradiation
have gained popularity, offering improved yields, reaction times, and
environmentally friendly conditions [20]. More recent developments
involve mechanochemical approaches and flow chemistry, further
enhancing process efficiency and scalability [21]. These developments
are reflective of enhanced emphasis toward efficient and sustainable
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processes in pharmaceutical synthesis, allowing continued optimization
of phenytoin and its analogs for drug use [22].

SYNTHESIS METHODOLOGY

Classical synthesis (Bucherer-Bergs reaction)

The traditional phenytoin synthesis is the Bucherer-Bergs reaction, a
time-tested method found in the early 20™ century [19]. It starts with
the condensation of benzil and urea with a strong base such as sodium
ethoxide or potassium hydroxide, under reflux (Fig. 1). The reaction
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Fig. 1: Phenytoin
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constructs the hydantoin ring by cyclization and dehydration reactions
to yield phenytoin as the product. Although easy and preferred, the
process normally involves long reaction times and severe conditions.
However, it is still a point of departure for phenytoin synthesis in
academia and small-scale pharmaceutical synthesis.

Microwave-assisted synthesis

Microwave-assisted synthesis is a sophisticated method employed to
synthesize phenytoin efficiently compared to traditional heating [23].
Here, the starting materials, such as benzil and urea, are combined with
a catalytic base and irradiated with microwaves [24]. The microwaves
efficiently heat the reactants quickly and uniformly, extremely
shortening reaction time hours, reducing them to mere minutes, and
also enhancing yields in many cases. The method reduces the use of
solvent, which fits the tenets of green chemistry (Fig. 3). The high
energy input makes it possible to close the ring and dehydrate quickly,
and thus it is a method of choice for lab-scale synthesis as well as eco-
friendly pharmaceutical synthesis of phenytoin and its analogs.

Solvent-free (mechanochemical or grinding) synthesis
Solvent-free synthesis or mechanochemical synthesis is a process of
ball milling the solid reactants - most often benzil and urea - jointly
in the presence of a catalytic base without the use of any solvent (Fig.
4) [25]. It encompasses manual grinding using a mortar and pestle or
mechanical grinding using a ball mill. Mechanical energy generated
leads to molecular interaction and induces the reaction, resulting in
the formation of the product, i.e., phenytoin [26]. It is a green synthesis
process that eliminates toxic solvents, conserves energy, and minimizes
waste. It is cost-effective, eco-friendly, and suitable for small-scale and
sustainable chemistry reactions [27].
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Fig. 4: Solvent-free (mechanochemical or grinding) synthesis
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Fig. 8: Mephenytoin (3-methyl-5,5-phenylimidazolidine-2,4-dione)

Fig. 10: Fosphenytoin (disodium [2-(phenytoin-5-ylmethoxy)
ethyl] phosphate)
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Ultrasound-assisted synthesis uses high-frequency sound waves to
aid the chemical reaction between benzil and urea in the presence
Na * of a base [28-30]. Ultrasonic waves form cavitation bubbles within
the reaction mixture, which collapse violently and generate localized

\\\\ high pressure and temperature. This energy increases mass transfer,

/ increases collision rates among reactants, and accelerates ring closure

\ in hydantoin formation. This leads to quicker synthesis of phenytoin

N\ —— with higher yields and milder conditions compared to conventional

methods. This green process is beneficial for increasing the efficiency
Fig. 9: Ethotoin (3-ethyl-5-phenylimidazolidine-2,4-dione) of the reaction (Fig. 5).
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Fig. 11: 5-(4-nitrophenyl)-5-phenylhydantoin
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Fig. 12: 5-(4-hydroxyphenyl)-5-phenylhydantoin
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Fig. 13: Thiohydantoin (2-thioxoimidazolidine-4-one)

Flow chemistry/continuous flow synthesis

Flow chemistry, or continuous flow synthesis, is the method of
conducting chemical reactions in a continuous flowing stream rather
than in batches [31,32]. Solutions of benzil, urea, and base are pumped
into a microreactor or flow tube under controlled temperature
and pressure in this procedure (Fig. 6) [33]. Reaction conditions,
residence time, mixing, and heat are precisely controlled, and this gives
reproducible and scalable phenytoin synthesis. It is best applied to
industrial-scale synthesis, yielding high purity and yield, and following
today’s sustainable manufacturing practices.

Green chemistry approaches

Green chemistry-guided synthesis of phenytoin aims at minimizing
environmental impact by using environmentally friendly reagents,
renewable catalysts, and energy-saving processes [34]. These pathways
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Fig. 14: 5-(4-chlorophenyl)-5-phenylhydantoin

Fig. 15: Schiff base of phenytoin

can include the use of bio-based or recyclable solvents, solid-phase
catalysts, or enzyme-catalyzed reactions (Fig. 7) [34,35]. The goal is
to replace unsafe chemicals, save energy, and achieve maximum atom
economy. Green synthesis is the future of drug synthesis, integrating
environmental responsibility with effective phenytoin and derivative
production [36].

PHENYTOIN DERIVATIVES: STRUCTURES, SYNTHESIS,
MECHANISM, AND BIOLOGICAL EVALUATION

Mephenytoin

Mephenytoin (3-methyl-5,5-phenylimidazolidine-2,4-dione) is
synthesized by N3-methylation of phenytoin with methyl iodide
under a base such as potassium carbonate or sodium hydride (Fig.
8) [9,37,38]. The 3-position nitrogen atom is deprotonated under
microwave irradiation and methylated by Substitution Nucleophilic
Bimolecular Reaction (SN2) with methyl iodide very rapidly to
produce mephenytoin. The reaction is usually carried out in acetone
or Dimethylformamide (DMF), and the microwave energy significantly
reduces the reaction time with increased yield. Although mephenytoin
was discovered to have greater CNS activity, it was later withdrawn due
to toxicity [39-41].

Reaction mechanism

The reaction is a classic SN2 reaction. The acidic hydrogen is first
removed by the strong base from the N3 nitrogen of phenytoin and
yields a reactive anionic intermediate. The nitrogen is a nucleophile and
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attacks the electrophilic carbon atom of the methyl iodide, resulting in
the removal of the iodide ion and the formation of an N-C bond. The
product is mephenytoin, where the N3 position is methylated, and the
ring is intact. The alkylation reaction is effective and can be performed
using microwave-assisted synthesis, which shortens the reaction time
significantly [42,43].

Biological evaluation of mephenytoin

Mephenytoin was originally developed as an anticonvulsant medication
and proved to be extremely successful in treating the vast majority of
types of seizures, especially tonic-clonic and partial seizures(see table
1). Mephenytoin stabilizes neuronal membranes and retards repetitive
neuronal firing, similar to phenytoin, by blocking voltage-sensitive
sodium channels [9, 44, 45, 51].In the standard Maximal Electroshock
Seizure MES test in mice, Mephenytoin demonstrated an ED_50

N=

Fig. 16: Modification sites in phenytoin
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(median effective dose) of 12.5 mg/kg .This value indicates potency
comparable to the parent drug, phenytoin, which typically exhibits
an ED_50 of approximately 10.0 mg/kg in the same experimental
model [46].However, its use in the clinic was brief due to extreme
side effects, including inhibition of the bone marrow, hepatotoxicity,
and hypersensitivity. Mephenytoin is also metabolized in the liver by
CYP2C19 and exhibits extremely variable pharmacokinetics between
individuals, especially poor metabolizers [47].

Ethotoin

Ethotoin  (3-Ethyl-5-phenylimidazolidine-2,4-dione) is prepared
through the base-catalyzed condensation of urea and benzaldehyde in
the presence of a catalyst, potassium cyanide KCN (Fig. 9). Benzaldehyde
and urea couple together under microwave irradiation to produce
an intermediate, which subsequently undergoes intramolecular
cyclization to give the hydantoin ring with a single phenyl group at the
5-position. A methyl group is incorporated at the 3-position, resulting
in the final product, ethotoin. The reaction is usually solvent-free or
performed in ethanol, and microwave energy significantly reduces the
reaction time. Ethotoin has anticonvulsant activity and is structurally
less complex than phenytoin, but has been superseded largely because
of pharmacokinetic constraints [10,48,49].

Biological evaluation of ethotoin

Ethotoin is a hydantoin derivative that has been traditionally employed as
an anticonvulsant agent in the management of epilepsy(see table 1). Its
action is comparable to phenytoin in the sense that it stabilizes neuronal
membranes and inhibits recurrent neuronal firing by altering the voltage-
gated sodium channels [50, 51].In in vivo experiments, Ethotoin has
exhibited dose-dependent anticonvulsant efficacy in traditional models
[52]. The compound is usually moderately potent relative to phenytoin;
for example, in the Maximal Electroshock Seizure MES testin rats, Ethotoin
exhibited an ED_50 of 36 mg/kg, which is significantly higher than the
ED_50 of phenytoin in the same model approx. 10 mg/kg. It possesses a
shorter half-life and reduced toxicity in animal models [53, 54].

Fosphenytoin

Fosphenytoin (Disodium [2-(phenytoin-5-ylmethoxy)ethyl]
phosphate) is done through initial hydroxymethylation of phenytoin
at the N3 position by formaldehyde (Fig. 10) [55,56]. The latter is
phosphorylated with phosphoric acid or phosphorus oxychloride to
yield the phosphonooxymethyl group. Fosphenytoin, in the water-
soluble prodrug form of phenytoin, is more suitable for parenteral
application due to increased solubility and patient tolerance [57].

Phenytoin

— l I

delays recovery of Na+ channels
from in activation

block Na+ channels in activated sites

blocks high frequency firing

Stabilizes the neuronal membrane

l

inhibits generation of action potentials

.

'
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antiepileptic activity

Fig. 17: Mechanism of action of phenytoin
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Table 1: Phenytoin derivatives table

Sr. Derivative name/code Modification type Pharmacological Remarks Year References
No. Activity
1  Mephenytoin N3-methylation Anticonvulsant Historical use. 1945 [9]
2 Ethotoin N3-ethylation Anticonvulsant Less potent. 1957 [9,10]
3 Fosphenytoin Phosphate ester (prodrug) Injectable anticonvulsant Water-soluble prodrug. 1996 [11]
4 5-(4-Nitrophenyl)- 5-phenylhydantoin Para-nitro substitution Anticonvulsant Electron-withdrawing 1974 [12]
groups enhance activity.
5 5-(4-Hydroxyphenyl)- Para-hydroxy substitution Antioxidant, Central Improves BBB 1986 [13]
5-phenylhydantoin nervous system active  permeability.
6  Thiohydantoin O replaced with S Anti-inflammatory, Common modification. 1979 [14]
anticancer
7  3-Amino-5,5-diphenylhydantoin NH, at N3 Anti-epileptic SAR-based study. 1989 [15]
8  5-(4-Chlorophenyl)- 5-phenylhydantoin Para-chloro substitution Anticonvulsant SAR candidate. 1990 [16]
9 Benzylhydantoin Benzyl ring fused CNS-active Improves lipophilicity. 2001 [17]
10  Schiff base of phenytoin Imine linkage with aldehydes Antimicrobial, anticancer Hybrid scaffold. 2011 [18]

Table 2: Modifications at different positions in phenytoin

Position Modification Resulting property/activity
N3 Alkyl group Increases lipophilicity; high toxicity risks
N3 Phosphate Dramatic increase in aqueous solubility;
ester safe for Intravenous use
N3 Schiff base Broadened activity; enhanced safety
index
C5 (Para) Nitro group Enhances binding/permeability;
mutagenic potential
C5 (Para) Hydroxyl Enhances solubility; lowers toxicity;
group antioxidant potential
C2 Sulfur (Thio)  Potent anticancer and anti-inflammatory
activity

Biological evaluation of fosphenytoin

Fosphenytoin is an intravenous prodrug of phenytoin designed to
avoid the solubility issue with intravenous phenytoin (Table 1). It
is rapidly metabolized to active phenytoin by plasma phosphatases
following injection. It is equally effective as an anticonvulsant and is
especially useful in emergencies for status epilepticus due to its rapid
onset, better tolerability, and reduced rate of local tissue injury [58,
59]. Fosphenytoin demonstrates dramatically enhanced solubility,
measured at 142 mg/mL compared to phenytoin’s aqueous solubility
of approximately 0.02 mg/mL. This increased solubility permits a
significantly faster maximum administration rate of 150 mg PE/min
(Phenytoin Equivalents), compared to phenytoin’s maximum rate of 50
mg/min, without the risk of crystallization or local irritation. It is also
less likely to induce cardiac arrhythmias and hypotension compared
with phenytoin [60, 61].

5-(4-Nitrophenyl)-5-phenylhydantoin

This compound is synthesized by cyclocondensation of 4-nitrobenzil
and urea in a base such as KOH. The reaction is based on the nucleophilic
attack of deprotonated urea at one of the 4-nitrobenzil carbonyl
carbons (Fig. 11) [19]. Cyclization and dehydration reactions are
carried out under microwave irradiation, which results in the formation
of the hydantoin ring with a phenyl and a 4-nitrophenyl group at the
5-position. Microwave energy enhances the reaction efficiency, reduces
the amount of solvent, and delivers the product in minutes. The nitro
group increases the electron-withdrawing quality and can serve as a
handle for future modification [23,24].

Reaction mechanism

The base abstracts a proton from the urea in the initial step to generate
a nucleophilic nitrogen. The nitrogen attacks the electrophilic carbonyl
carbon of 4-nitrobenzil to generate the tetrahedral intermediate.
Cyclization is the second step, as the second nitrogen of the urea
attacks the other carbonyl group and undergoes dehydration to give

the imidazolidine-2,4-dione ring (hydantoin). The product contains a
phenyl and a 4-nitrophenyl group at the 5-position due to the symmetry
of 4-nitrobenzil. The nitro substituent enhances the electrophilicity of
the benzil to render the reaction favorable [19,62].

Biological evaluation of 5-(4-nitrophenyl)-5-phenylhydantoin
This nitro-analogue of phenytoin has been investigated for
antimicrobial and anticonvulsant activity(see table 1). The nitro group,
being an electron-withdrawing functionality, increases CNS target
binding affinity and, potentially, blood-brain barrier permeability [62,
63].The compound has been shown to be an effective anticonvulsant
in model systems. Specifically, it displayed an ED_50 of approximately
14.8 mg/kg in the Maximal Electroshock Seizure MES test, confirming
its anticonvulsant potential. However, this structural feature introduces
a crucial trade-off: The potential therapeutic benefit of enhanced
CNS penetration must be critically weighed against the known risks
associated with the nitro functionality, which includes concerns for
cytotoxicity and mutagenicity. This risk necessitates that the compound
either be structurally optimized (e.g, by reduction or bioisosteric
replacement) or a prodrug designed to mitigate these safety concerns
before therapeutic purposes can be considered.

5-(4-Hydroxyphenyl)-5-phenylhydantoin

This derivative is prepared through the reaction of 4-hydroxybenzil with
urea under alkaline conditions in the presence of KOH as a catalyst Fig.
12. Upon microwave irradiation, deprotonated urea nucleophilically
attacks one of the carbonyls of 4-hydroxybenzil, which initiates
cyclization to result in the hydantoin ring. The reaction drives out water
and results in the final product with a phenyl and 4-hydroxyphenyl
group at the 5-position. The hydroxyl group confers polarity and
potential hydrogen-bonding capability to the molecule [64-66].

Biological Evaluation Of 5-(4-nitrophenyl)-5-phenylhydantoin
This  phenol derivative, often referred to as 4’-HPPH
(5-(4-Hydroxyphenyl)-5-phenylhydantoin), is most significant as the
major human metabolite of phenytoin. It is formed by CYP2C9 and
CYP2C19 metabolism of phenytoin, and then largely excreted as a
glucuronide conjugate [65, 66, 67].

Detoxification/Toxicity: Glucuronidation of HPPH is considered a
detoxification pathway, as HPPHmay be bioactivated to a reactive
intermediate by peroxidase, which can oxidize lipids, proteins, and
DNA.

Anticonvulsant Activity: The compound maintains moderate
anticonvulsant activity in seizure models (MES and PTZ
(Pentylenetetrazole)) but is specifically defined by reduced toxicity
(due to rapid detoxification) and enhanced aqueous solubility (it has an
approximate solubility of >40.2 pg/mLat pH 7.4).
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Antioxidant Potential: The phenolic moiety also allows for conjugation
with other pharmacophores and is suitable for further design in drug
delivery systems. The hydroxy group gives the compound antioxidant
properties(see table 1) [66, 67, 68].

Thiohydantoin

Thiohydantoin (2-Thioxoimidazolidine-4-one) is synthesized by the
condensation of thiourea with benzil in the presence of a base such as
KOH [69]. Thiourea is first deprotonated to render the nitrogen atom
nucleophilically active to attack one of the benzil carbonyl groups. Ring
closure and dehydration proceed to construct the thiohydantoin ring
Fig. 13, one of the carbonyl oxygens being replaced by a sulfur atom.
The reaction is highly efficient under microwave irradiation, which
reduces the reaction time and enhances the product purity. Sulfur
addition enhances biological reactivity and potential coordination
capability [70,71].

Reaction mechanism

The reaction begins with the deprotonation of thiourea by the base,
which activates the nucleophilic nitrogen center. The nucleophile
attacks one of the electrophilic carbonyl carbons of benzil, forming
a tetrahedral intermediate. Ring closure begins with a nucleophilic
attack of the second nitrogen atom of thiourea on the second carbonyl
group. The reaction is completed by a dehydration reaction that forms
the five-membered imidazolidine ring, now carrying a thioxo group
at position. The thiohydantoin product thus formed structurally
resembles phenytoin but with one carbonyl oxygen replaced by a sulfur
atom, which enhances its chemical reactivity and alters biological
interactions [71-73].

Biological evaluation of thiohydantoin

Thiohydantoin derivatives are synthesized by replacing one or
more oxygen atoms of the hydantoin ring with sulfur, a structural
change known to expand the therapeutic spectrum beyond classic
anticonvulsant activity. Thiohydantoin analogues are known to exhibit
anti-inflammatory and potent anticancer properties (see table 1)[73,
74].Studies have demonstrated that key Thiohydantoin analogues
exhibit significant cytotoxicity. For example, a C2-substituted thio-
analogue demonstrated an IC50 of 2.5 pM against the A549 human lung
cancer cell line, a potency superior to the reference drug 5-fluorouracil
IC50 = 4.2 pM. The sulfur atom’s presence is linked to enhanced
cytotoxicity, and these compounds are excellent ligands for forming
metal complexes, which can further boost bioactivity [74].

5-(4-chlorophenyl)-5-phenylhydantoin

This compound is prepared by base-catalyzed condensation of
4-chlorobenzil and urea Fig. 14. The reaction involves cyclization and
dehydration reactions under microwave irradiation to form the final
hydantoin ring with a phenyl and a 4-chlorophenyl group. The chloro
substituent enhances lipophilicity and may be a location of further
substitution [75,76].

Biological evaluation of 5-(4-chlorophenyl)-5-phenylhydantoin
This analogue maintains high anticonvulsant activity due to its
structural resemblance to phenytoin. The chlorine substituent would
enhance lipophilicity and, therefore, CNS penetration and metabolic
stability [77].It has exhibited encouraging activity against seizure
models. Specifically, the 5-(4-chlorophenyl) analogue displayed an
ED50 of 18.5 mg/kg in the Maximal Electroshock Seizure MES test,
confirming its high activity and rigid structure make it a good core for
the synthesis of more active CNS agents. It is also sought after for anti-
inflammatory activity [78].

Schiff base of phenytoin

Phenytoin Schiff base is prepared by condensing the N3 position
of phenytoin with an aromatic aldehyde such as benzaldehyde or
salicylaldehyde. Under acidic or thermal conditions, the aldehyde is
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forced to react with the NH group of phenytoin to give an imine C=N
linkage. The reaction is conducted in methanol or ethanol and initiated
by microwave irradiation. The condensation yields the stable Schiff
base, which is used as a ligand or further substituted in an attempt to
improve its bioactivity (Fig. 15) [79,80].

Reaction mechanism

The reaction is a nucleophilic attack of the free pair of electrons on the
N3 nitrogen of phenytoin on the carbonyl carbon of the aldehyde. This
forms the hemiaminal of the intermediate, which dehydrates (loses
water) to yield the final product with the C=N (imine) bond. Microwave
irradiation facilitates the reaction with uniform distribution of heat
and lowering of activation energy, resulting in clean and efficient
condensation. The reaction follows the general principles of Schiff base
formation, also referred to as imine formation [79-81].

Biological evaluation of Schiff bases of phenytoin

Phenytoin Schiff base derivatives have been investigated for
anticonvulsant, anti-inflammatory, and antimicrobial activity. The
imine group C=N is the pharmacophore, and the attached aromatic
or heteroaromatic ring may be varied to increase binding [81].
Studies involving novel phenytoin Schiff bases have confirmed their
anticonvulsant potential. For example, a key analogue (SB2-Ph) was
evaluated using the Maximal Electroshock (MES) test in mice, exhibiting
an ED50 value of 8.29 mg/kg, demonstrating potency comparable to
the reference drug phenytoin (ED50 = 5.96 mg/kg). Critically, the
combination of phenytoin with this specific Schiff base resulted in an
additive anticonvulsant effect and increased the protective index (PI)
by more than sevenfold, suggesting a potential for enhanced safety in
combination therapy.They are primarily metal chelating, and Cu (II),
Zn(1I), or Ni(Il)complexes of Schiff bases have been found to exhibit
enhanced bioactivities, especially in antioxidant and anticancer
bioassays [80, 81].

SAR OF THE PHENYTOIN SCAFFOLD

Phenytoin (5, 5-diphenylimidazolidine-2,4-dione) consists of a
hydantoin ring with two phenyl groups at the C5 position. Modifications
at specific positions significantly alter its potency, solubility, and
therapeutic profile. The basic structure consists of a five-membered
heterocyclic ring containing two nitrogens (a glycolylurea). The
nitrogen at position 3 (N3) is weakly acidic. This allows Phenytoin to
form water-soluble salts (like Phenytoin Sodium), which are essential
for intravenous administration. The cyclic uride structure is necessary
for binding to the voltage-gated sodium channels in their inactive state
(Fig. 16) [9, 82, 83].

Substitutions at the N3 position

Adding a methyl group at N3 (e.g., Mephenytoin) creates a “prodrug”
effect. The body must de-alkylate the drug to make it active. While it
remains an effective anticonvulsant, N3-alkylated derivatives are
often associated with higher incidences of sedation and skin rashes.
Fosphenytoin is a phosphate ester prodrug attached to the N-3 position.
It is highly water-soluble and safer for IM or IV injection because it is
rapidly converted to Phenytoin in the blood [83].

Modifications at the N3 position

The N-3 position is the most common site for modification to alter
pharmacokinetics and solubility. Replacing the N-3 hydrogen with a
methyl group (Mephenytoin) or an ethyl group (Ethotoin) increases
lipophilicity and CNS activity(see table 2). While Mephenytoin shows
potency ED50 = 12.5 mg/kg. Comparable to phenytoin (ED50 = 10.0
mg/kg), it introduces significant metabolic variability via CYP2C19
and severe side effects like bone marrow inhibition. Replacing the N-3
hydrogen with a phosphate ester group dramatically improves aqueous
solubility (142 mg/mL vs. 0.02 mg/mL for phenytoin) this modification
allows for safe parenteral administration at high rates (150 mg PE/min)
without crystallization or local tissue irritation. Integrating an imine
linkage (C=N) at N-3 expands the biological profile Some Schiff bases
(e.g., SB2-Ph) maintain high anticonvulsant activity (ED50 = 8.29 mg/
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kg) while significantly increasing the Protective Index (PI) by more than
seven-fold compared to phenytoin [84, 85, 86].

Substitutions at the C5 position

The C-5 position is the most critical site for determining the spectrum of
anticonvulsant activity. Two phenyl groups at the C-5 position (as seen
in Phenytoin) provide maximum activity against generalized tonic-
clonic seizures and partial seizures. If the phenyl groups are replaced
by smaller alkyl groups (like methyl or ethyl), the drug becomes more
effective against absence seizures (Ethotoin is an example) but loses
potency against tonic-clonic seizures. One phenyl and one ethyl group
(Nirvanol) results in a different activity profile and higher toxicity. At
least one aromatic ring at C-5 is generally required for the “Phenytoin-
like” effectonsodium channels. The presence ofan electron-withdrawing
nitro group (NO2) increases electrophilicity and potential CNS target
binding affinity It maintains effective anticonvulsant activity (ED50 =
14.8 mg/kg) but introduces risks of cytotoxicity and mutagenicity. A
hydroxyl group (OH) increases polarity and water solubility it serves
as a detoxification pathway through rapid glucuronidation, resulting in
reduced toxicity compared to the parent compound while maintaining
moderate anticonvulsant activity adding a chlorine atom increases
lipophilicity and metabolic stability. The chloro-analogue remains
highly active (ED50 = 18.5 mg/kg), demonstrating that halogenation is
well-tolerated at the Para-position [87, 88, 89].

Modifications at the C2 position (Isosteric replacement)

Replacing the C-2 carbonyl oxygen with a sulfur atom (Thiohydantoin)
shifts the therapeutic focus from epilepsy to anti-inflammatory and
anticancer activity (Table 2). . The sulfur atom increases chemical
reactivity and coordination capability with metal ions, leading to potent
cytotoxicity against cancer cell lines like A549 (IC50 ~ 2.5 p\M), often
superior to standard drugs like 5-fluorouracil [90].

MECHANISM OF ACTION OF PHENYTOIN

Phenytoin works by blocking voltage-gated sodium channels and
keeping them in their inactive state for longer. This extends the
refractory period, so neurons cannot fire repeatedly as easily. It acts on
sodium channels in both brain and heart cells. In the brain, it mainly
affects neurons that are firing very rapidly, like those involved in
seizures, with a particular focus on the motor cortex. By doing this, it
helps stop seizure activity from spreading and reduces the overactive
brain stem signals that cause the stiffening (tonic phase) seen in tonic-
clonic seizures (Fig. 17). In the heart, phenytoin slightly shortens the
cardiac action potential and increases the time before the next impulse
can occur [91, 92].

DISCUSSION

Structural modification of phenytoin has been a successful strategy
in precluding its pharmacokinetic drawbacks and increasing its
therapeutic scope. By intentional substitutions like N-alkylation, para-
aryl functionalization, and heterocyclic hybridization, some analogs
have shown enhanced anticonvulsant, antioxidant, anti-inflammatory,
and antimicrobial activities.

Comparative analysis of structural diversification strategies

The structural modifications to the phenytoin core highlight distinct
design philosophies, often involving trade-offs between potency, safety,
and delivery.

Prodrugs versus N-Alkylation (Delivery vs. Metabolism)

The major limitation of injectable phenytoin (low solubility)
was directly overcome by the rational design of the prodrug
Fosphenytoin. Its solubility of 142 mg/mL allows for a significantly
faster administration rate 150 mg PE/min compared to phenytoin,
addressing a critical clinical need for status epilepticus. Conversely,
simple N-alkylation (e.g., Mephenytoin) initially yielded compounds
with comparable anticonvulsant potency (ED50sim 12.5 mg/kg vs. 10.0
mg/kg for phenytoin), but this structural change introduced severe
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toxicity and variable metabolism (CYP2C19 dependence), leading to its
withdrawal. This exemplifies a key design lesson: optimizing delivery
(Fosphenytoin) was more impactful than optimizing potency via simple
N-substitution (Mephenytoin) [93].

Functionalization on the aryl rings leads to varied pharmacological
profiles, demonstrating the impact of electronic effects.The nitro
group (5-(4-Nitrophenyl) derivative, ED50sim 14.8 mg/kg is thought
to enhance CNS affinity but introduces a critical safety trade-off.
The electron-withdrawing nature, while potent, raises concerns
regarding potential cytotoxicity and mutagenicity, demanding further
optimization.In contrast, the hydroxyl group (5-(4-Hydroxyphenyl),
or 4) is associated with detoxification as the major human metabolite,
exhibiting enhanced aqueous solubility and antioxidant properties,
making it a safer template for conjugation [94, 95].

Hybridization and functional expansion

Coupling the hydantoin core with other pharmacophores yields multi-
functional agents. Schiff bases exhibit potency comparable to phenytoin
(ED50sim 8.29 mg/kg) and, when used in combination, significantly
enhance the protective index by over seven-fold, suggesting a major
safety advantage. Similarly, Thiohydantoin analogues, modified at the
C-2 position, expand the focus to non-epileptic uses, showing potent
anticancer activity against cell lines like A549 IC50 sim 2.5 uM), often
surpassing reference drugs like 5-FU [95, 96].

Impact of green chemistry on sustainable synthesis

Equally important as the use of green chemistry in synthesis is the use
of methods like microwave-assisted reactions, solvent-free grinding,
ultrasound irradiation, and continuous flow synthesis.Microwave-
assisted reactions provide rapid and uniform heating, shortening
reaction times from hours to mere minutes, significantly enhancing
synthetic efficiency.Techniques such as solvent-free grinding represent
the ultimate commitment to the 12 Principles of Green Chemistry by
eliminating the use of toxic organic solvents and minimizing waste
generation.Continuous flow synthesis allows for precise control of
parameters (temperature, pressure, residence time), which is critical
for safety, reproducibility, and industrial-scale production of high-
purity derivatives.The synergy between diversification of structures
and green synthetic pathways has the potential to fashion futuristic
antiepileptic drugs that are safer, more efficient, and environmentally
friendly [97, 98, 99, 100].

CONCLUSION

The structural diversity of phenytoin has led to a promising series of
derivatives with improved pharmacokinetic and pharmacodynamic
properties. Site-directed substitutions such as N-alkylation, aryl
functionalization, and hybrid conjugation with heterocycles have
resulted in several analogs with improved anticonvulsant, antioxidant,
anticancer, and antimicrobial activity. The incorporation of quantitative
data, such as the ED, of the Schiff base analogs, sim. 8.29 mg/kg and
the IC,, data for Thiohydantoin (sim. 2.5 uM for anticancer activity),
validate the potential for these new derivatives to offer comparable
potency to phenytoin while expanding the therapeutic spectrum.
Prodrugs like Fosphenytoin, with their superior aqueous solubility
142 mg/mL), demonstrate the success of rational molecular design in
overcoming clinical formulation limitations. Furthermore, the synthesis
of hybrid molecules that enhance the PI suggests new avenues for
safer combination therapies. Modern green synthetic techniques,
particularly microwave-assisted and solvent-free protocols, have
significantly enhanced the efficiency and environmental acceptability
of phenytoin synthesis. This shift in methodology allows for rapid,
scalable, and environmentally conscious synthesis of derivatives with
shorter reaction times and higher yields. Overall, phenytoin continues
to be a robust scaffold for anticonvulsant drug discovery, with new
analogs having breakthrough potential for safety and efficacy. The
advancement of medicinal chemistry with eco-sustainable synthetic
methodologies holds promise for the continued development of next-
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generation hydantoin-based therapeutics to meet modern clinical and
regulatory demands [101-104].
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