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Abstract

This comprehensive review provides a consolidated and practically oriented overview
of the Friedel–Crafts reaction in pharmaceutical synthesis, bringing together data from
93 peer-reviewed studies published between 1962 and 2025. Through a structured and
comparative analysis of the literature retrieved from the Scopus and PubMed databases,
this work integrates scattered information into a single, accessible resource, designed to
guide researchers in drug discovery and development. The findings identify alkylation
and acylation as the dominant Friedel–Crafts transformations, often enabling the syn-
thesis of pharmacologically relevant scaffolds depending on substrate structure and the
efficiency and selectivity of the catalytic system. These include compounds with anticancer,
anti-inflammatory, and antimicrobial potential. Trends in catalyst and solvent selection
highlight both the persistent reliance on classical Lewis acids in chlorinated media and a
gradual interest in more sustainable alternatives, although their adoption remains system-
dependent. By consolidating 63 years of research into a unified reference, this review
underscores the versatility and enduring relevance of Friedel–Crafts methodologies in
medicinal chemistry but also offers a data-driven foundation for their optimized and more
sustainable application in future pharmaceutical development.

Keywords: Friedel–Crafts; pharmaceutical; synthesis; alkylation; acylation; sustainability;
medicinal chemistry; bioactive compounds

1. Introduction
The Friedel–Crafts reaction, first reported in 1877, is fundamental to electrophilic

aromatic substitution. It serves as a versatile tool for modifying aromatic compounds
and certain activated heteroaromatics (e.g., indole, pyrrole, furan, thiophene), as it is
generally unsuitable for heteroatom-rich systems due to Lewis acid coordination and
deactivation. Its main variants, alkylation and acylation, have long enabled the efficient
construction of structurally diverse molecules of high relevance to medicinal chemistry.
The reaction remains a highly valuable tool in pharmaceutical synthesis, enabling the
formation of C-C bonds that contribute to the construction and diversification of complex
molecular frameworks present in many bioactive scaffolds of drugs and natural product
analogs. Although traditionally dependent on Lewis acids and chlorinated solvents, recent
advances—such as electrochemical activation, heterogeneous catalysis, and solvent-free
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protocols—have broadened its synthetic scope. Over the past decades, the pharmaceutical
industry has increasingly capitalized on this versatility to access both simple intermediates
and highly complex bioactive frameworks.

However, while classical Friedel–Crafts methodologies provide robust and powerful
synthetic strategies, they also pose environmental and sustainability concerns, stemming
largely from the use of toxic solvents and corrosive catalysts. These challenges highlight
the need for continuous assessment and refinement. Modern research has responded
by introducing greener solvents, recyclable catalytic systems, and milder operational
conditions, thereby aligning Friedel–Crafts chemistry more closely with sustainability
principles and green chemistry objectives.

Recognizing these evolving demands in pharmaceutical development, recent trends
indicate that the field requires not only environmentally conscious methodologies, but also
systematic, practically oriented guidance. The Friedel–Crafts reaction represents a versatile
and frequently employed transformation in medicinal chemistry. However, it still lacks, to
the best of our knowledge, a unified, comprehensive, and practically informative reference
framework that systematically addresses optimal conditions as well as catalyst and reagent
selection. This gap underscores the need for the present review, which aims to provide an
up-to-date and concise overview that is currently missing from the field.

Following a thorough examination and comparative analysis of 93 peer-reviewed
articles published between 1962 and 2025, this review critically evaluates the application
of the Friedel–Crafts reaction in the industrial synthesis of pharmaceutical molecules
and bioactive compounds. It focuses on reaction types, substrate and product profiles,
solvent and catalyst choices, reaction efficiency, and the integration of sustainable practices.
In doing so, this review compiles the continued significance and synthetic utility of the
reaction in the pharmaceutical sector, while also documenting the expanding research
interest surrounding its potential.

Significantly, the findings collectively suggest that the Friedel–Crafts reaction remains
a dynamic and evolving synthetic tool, with clear potential for further development in
pharmaceutical and medicinal chemistry applications. Ongoing methodological innova-
tions, together with the growing emphasis on sustainability, are expected to expand its
applicability even further in the coming years, reinforcing its enduring relevance in modern
drug discovery and development.

2. Methods
This comprehensive review was conducted using the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA), as shown in Figure 1. The literature search
was performed using the Scopus and PubMed databases, along with articles published by
MDPI. Restricting the search to three platforms allowed for a focused yet thorough coverage
of relevant publications, while maintaining the manageability of the dataset. Publication
screening was conducted for article titles, abstracts, and keywords with publication dates
between 1962 and 2025. The search strategy used the keyword “Friedel–Crafts” in combination
with each of the following terms: “pharmaceutical”, “bioactive”, “medication”, “medical”,
“drug”, “API”, “clinical”, “biochemical”, “biochemistry” and “biomolecule”. Keywords were
searched in either the title, abstract or keywords of the articles, while the “AND” operator was
used on all searches in all of the three sources. The search was limited to articles published in
English and in their final publication stage. Moreover, the dataset consisted solely of articles
with full-text availability as this was a deliberate inclusion criterion to allow a comprehensive
evaluation of experimental methodologies and results. In summary, 872 papers were found
(624 from Scopus, 234 from PubMed and 14 from MDPI) and exported from the databases to
a spreadsheet, including the document title, abstract, authors, and year. Among them, 273
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duplicates were found and removed. Furthermore, 155 records were excluded as ineligible
by automation tools, for reasons such as having unavailable full text and incomplete or
inconsistent bibliographic information, thus leaving 444 records for screening. Moreover, 226
records were removed before screening, because the titles and/or abstracts did not correspond
to the subject area. Specifically, either the final product was not a pharmaceutical compound,
or the Friedel–Crafts reaction was not employed in the synthetic process. Thereafter, the
most resource-intensive stage of the screening of the records began, wherein all selected
articles underwent thorough full-text examination and detailed analytical assessment. All 218
remaining articles were screened to ensure that the Friedel–Crafts reaction was both actively
employed in the synthesis and served as the main synthetic transformation leading to the
production of a pharmaceutical compound. Studies in which the reaction was only briefly
mentioned or used in a peripheral step of the synthesis were excluded. Based on this criterion,
125 articles were excluded. After applying all inclusion and exclusion criteria, the final dataset
of this review consisted of 93 articles; all of these were relevant to the topic and met the scope
of investigating the Friedel–Crafts reaction in pharmaceutical synthesis.

Figure 1. PRISMA flowchart of the comprehensive review study.

3. Results and Discussion
3.1. Friedel–Crafts Variants

The Friedel–Crafts reaction includes multiple variants, several of which were identified
in the articles examined. Overall, it is safe to conclude that the most frequently employed
type of the Friedel–Crafts reaction is alkylation, which appears a total of 45 times across the
93 articles studied (~42%)—representing just under half of all cases. This proportion was
expected, given that alkylation stands as one of the two key variants of the Friedel–Crafts
reaction. The next most frequently reported reaction type corresponds to acylation, the other
key variant of the Friedel–Crafts reaction, which appears in 34 articles (~32%). Acylation
is distinguished from alkylation by the nature of the introduced group, incorporating an
acyl rather than an alkyl moiety. Another noteworthy type, observed in 12 out of 93 articles
(~11%), is cyclization. The fundamental distinction of cyclization from alkylation and
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acylation lies in its ability to form cyclic aromatic compounds which are not accessible by
typical Friedel–Crafts reactions.

Beyond the two main reaction types—alkylation and acylation—and cyclization, iso-
lated Friedel–Crafts-inspired transformations, such as arylation and trifluoromethylth-
iolation, were also identified, owing to their mechanistic divergence from the classical
Friedel–Crafts reaction. While significantly less common than the key Friedel–Crafts re-
action types, arylation has also been reported in one study, highlighting the ability of the
Friedel–Crafts manifold to engage in C-C bond formation through mechanisms beyond
traditional electrophilic substitution. This approach involves the nucleophilic addition of
(hetero)arenes to highly electrophilic N-acylimines, prepared in situ from aldehydes and
amides, enabling the direct synthesis of α-arylglycines—key intermediates for the synthesis
of α-arylglycines—through bismuth, or iron-catalyzed multicomponent reactions with
water as the only by-product [1]. Notably, the yields of the reaction (54–95%) suggest that,
when applicable, this approach can be synthetically useful; however, the scope is limited to
highly reactive arenes and often requires stoichiometric Brønsted or Lewis acids.

The latter—trifluoromethylthiolation—does not involve the formation of a carbocation
intermediate, and proceeds via direct electrophilic attack, enabling the functionalization of
less activated aromatic rings. These features mechanistically differentiate trifluoromethylth-
iolation from Friedel–Crafts alkylation and acylation, which install simple alkyl or acyl
groups through carbocation intermediates and are typically limited to electron-rich sub-
strates. More precisely, in the study by Gregorc et al., trifluoromethylthiolation enabled
the introduction of CF3S groups onto tryptophan—and tyrosine-based substrates under
Brønsted acid catalysis [1]. Although reported only once, this transformation illustrates the
growing interest in incorporating highly electron-withdrawing and lipophilicity-enhancing
substituents—features of increasing importance in modern medicinal chemistry. The
broad yield range of this reaction (29–96%) further indicates that substrate electronics
play a significant role in determining reaction efficiency. The wide yield range (29–96%)
stems from the combined effects of N-protection and the nature of the catalyst (TsOH,
TfOH, or BF3·OEt2), as these parameters critically dictate electrophile activation and the
cyclization/ring-opening equilibrium, with Lewis acid activation under thermal conditions
favoring the quantitative formation of CF3S-Trp. The lowest yield (29%) obtained with
TsOH at room temperature (RT) is attributed to limited electrophile activation, which
disfavors the efficient formation of the ring-opened CF3S-Trp., whereas the high yields
(96%) obtained with TfOH under thermal activation result from efficient ring opening and
full conversion to CF3S-Trp.

It should be noted that all of the aforementioned variants of the Friedel–Crafts reaction
occur either intramolecularly or intermolecularly; however, emphasis is placed on the type
of Friedel–Crafts reaction itself rather than on this classification criterion.

3.1.1. Friedel–Crafts Alkylation

Friedel–Crafts alkylation is a catalyzed electrophilic aromatic substitution specifi-
cally used to install alkyl groups onto aromatic rings, as shown in Figure 2. Alkylation
commonly involves carbocationic intermediates, with some systems operating via stabi-
lized π-complexes, thereby increasing the likelihood of rearrangements (hydride or alkyl
shifts) that lead to isomerized products. Despite these challenges, the reaction remains
an important tool in industrial processes. In pharmaceutical and biomolecule synthesis,
Friedel–Crafts alkylation is particularly valuable for modifying aromatic cores, as it serves
as an important step in various synthetic methodologies, since several pharmaceutical,
pioneering and otherwise noteworthy pathways have been reported, as illustrated in
Table 1.
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Figure 2. Introduction of an alkyl group into the aromatic ring (Friedel–Crafts alkylation).

This reaction yields a diverse set of products, often with high synthetic efficiency
and selectivity. The diversity of products in terms of bioactivity naturally necessitates
the use of different substrates and reagents depending on the target molecule. Based
on the conducted analysis, it is observed that aromatic hydrocarbons and heterocyclic
compounds [2–6] are preferred for alkylation processes, due to their increased nucleophilic-
ity. Benzene and its derivatives are widely employed as substrates, not only due to their
commercial availability but, more importantly, because their reactivity is governed by
the aromatic ring’s nucleophilicity and the regioselective influence of substituents. The
presence of electron-donating groups activates the ring by increasing π-electron density,
which stabilizes the positively charged σ-complex (arenium ion) intermediate during the
rate-determining electrophilic attack. On the other hand, electron-withdrawing groups
significantly diminish reactivity [7]. The general prevalence of both of the aforementioned
substrate types, in all types of the Friedel–Crafts reaction, is illustrated in Figure 3. More-
over, compounds such as skatole (3-methylindole) [8] incorporate heteroatoms (e.g., N, O)
into the final product framework, potentially enhancing pharmacological profiles and facil-
itating subsequent structural modifications. In some cases, substrates are combined with
multifunctional molecules (e.g., azodicarboxylic derivatives) to construct complex molecu-
lar frameworks [9]. In several instances, substituted aromatic substrates are combined with
electron-withdrawing agents such as ketones or anhydrides (e.g., benzoic anhydride) [10]
for the direct introduction of pharmaceutically relevant functionalities.

Figure 3. Substrates employed in all variants of the Friedel–Crafts reaction.

Regarding solvents, DCM (CH2Cl2) and DCE ((CH2)2Cl2) represent the predominant
choice and they are used with Lewis acid catalysts, such as AlCl3 and FeCl3 [3,4]. The
moderate polarity of DCM, combined with its compatibility with Lewis acids and its ability
to effectively dissolve aromatic substrates and key reaction intermediates, establish it as the
solvent of choice for reactions requiring precise reaction control. Conversely, solvent-free
conditions represent an emerging trend toward sustainable catalytic processes, with yields
up to 95%, demonstrating that extensive solvent volumes are unnecessary in numerous
applications. Finally, specialized solvents, such as N,N-dimethylformamide (DMF) [11],
appear in limited applications, typically for reactions with sensitive substrates requiring
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mild conditions. It is also worth mentioning that many reactions are found to be carried
out at 0 ◦C [12], at room temperature (RT) [5], and a few under intermediate conditions [13].
That can be explained since Lewis acids (e.g., AlCl3, FeCl3, ZnCl2, SnCl4) promote the
reactions efficiently under mild conditions.

Apart from conventional Lewis acids, catalytic systems featuring synergistic ionic
modulation and chiral, organic elements have been identified, affording enhanced selectiv-
ity and catalytic efficiency, such as Ca(NTf2)2/NBu4PF6 [14]. In multiple reactions, several
enzymes are employed as catalysts (e.g., DMATS [15], PyrF [16], Ptases and AerPT [13]) in
alkylation reactions due to their remarkable selectivity, which enables the highly controlled
incorporation of alkyl groups with notable precision. Specifically, aromatic prenyltrans-
ferases (PTases) are enzymes that catalyze the Friedel–Crafts reaction, transferring prenyl
groups from isoprenoid diphosphates to aromatic acceptors [13]. This enzymatic prenyla-
tion represents a biologically mediated Friedel–Crafts alkylation, enabling regioselective
C-C, C-O, or C-N bond formation on complex aromatic scaffolds, such as flavonoids or
hapalindole derivatives. The formation of a carbocation intermediate from the prenyl donor
(e.g., DMAPP) drives an electrophilic attack on the electron-rich aromatic ring, with the
local electronic environment of the target carbon significantly influencing regioselectivity.
For instance, in hapalindole biosynthesis, AmbP1 and AmbP3 PTases display notable
plasticity in prenyl group transfer, with site selectivity modulated by factors such as metal
ions or the stereochemistry of the substrate [17]. Similarly, the prenylation of flavonoids by
PTases contributes to the structural diversity and bioactivity of these natural products [17].

A study worth highlighting demonstrated a green, metal-free strategy that highlights
the deliberate use of electrochemical oxidation in benzyl alcohol as a sustainable alterna-
tive to commonly used catalysts [18]. Notably, electrochemical methods, including the
aforementioned, operate at an ambient temperature (25 ◦C), aligning with emerging trends
in energy-efficient synthesis. This thermal flexibility reveals the wide-ranging utility of
Friedel–Crafts chemistry across diverse catalytic systems. Of particular significance is that
electrochemical methods reduce catalyst loading via paired oxidation–reduction, slashing
waste. Future advancements will likely focus on engineering enzymes for active pharma-
ceutical ingredient (API) synthesis, as exemplified in the work of Metzger et al. [15], as well
as on scaling photoelectrochemical methods [9] to minimize the reliance on toxic catalysts
while maintaining high efficiency.

Friedel–Crafts alkylation processes yield a broad spectrum of products with pharmaceu-
tical and biochemical relevance, including compounds exhibiting anti-inflammatory [19–22],
antimicrobial [17,23,24], antioxidant [25], antidiabetic [12] and neurological [26] activity. No-
tably, Friedel–Crafts alkylation appears to be directly linked to the synthesis of compounds
that display antitumor and anticancer activity [5,9,11,14,16,19,25,27–39]. Furthermore, the
use of Friedel–Crafts alkylation positively contributes to the enhancement of the absorptiv-
ity of pharmaceutical molecules such as salicylic acid [40], further underscoring the close
relationship between the Friedel–Crafts reaction and pharmaceutical compounds. It has
also been highlighted that the asymmetric Friedel–Crafts alkylation of indoles, catalyzed
by either chiral metal complexes or chiral organocatalysts, represents one of the most pow-
erful and atom-economical strategies for accessing optically active indole derivatives [35],
which are important bioactive molecules [41]. Finally, a number of examples demonstrate
that simple Friedel–Crafts alkylation can also be a key step. For instance, in the study by
Suri et al. [12], the synthetic route that is followed incorporates Friedel–Crafts alkylation
and it ultimately affords diarylmethanol derivatives. Table 1 presents a summary of the
catalytic systems, substrates, reaction parameters and yields reported in the literature with
alkylation entries arranged and grouped systematically according to the specific catalysts
used in the reactions.
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Table 1. Overview of alkylation transformations classified by catalyst.

Catalyst Substrate Products Solvent Conditions Yield Ref.

AlCl3

Aromatic natural products & R–COCl Heterocyclic estradiol derivatives CH2Cl2, CS2 60 ◦C 93% [2]

Ethyl α-chloro-α-(methylthio)acetate Ethyl α-(methylthio)arylacetate CH2Cl2 or solvent-free 0 ◦C or RT,
10–90 min 5–92% [20]

Substituted benzenes Benzophenone derivatives N/A RT-120 ◦C, overnight 31–97% [32]

Indole Celastrol derivatives CH2Cl2 RT, overnight 99% [19]

N-phenylmaleimide & thiophene 1-Phenyl-3-(thiophen-2-
yl)pyrrolidine-2,5-dione CH2Cl2 RT, 24 h 85% [5]

p-xylene & CHCl3 Diarylmethanol derivatives CHCl3 0 ◦C, 6 h Up to 94% [12]

Aromatic diphenols &
4,4′-difluorobenzophenone

Hyperbranched Poly(ether ketone)s
(HBPEKs) (CH2)2Cl2 60 ◦C N/A [4]

Aromatic rings Poly(p-phenylene), hyperbranched,
ladder polymers (CH2)2Cl2 Reflux, 70 ◦C, 48 h 75–80% [3]

FeCl3

Aromatic natural products & R–COCl Heterocyclic estradiol derivatives CH2Cl2, CS2 60 ◦C 93% [2]

Aromatic rings Poly(p-phenylene), hyperbranched,
ladder polymers (CH2)2Cl2 Reflux, 70 ◦C, 48 h 75–80% [3]

Aromatic diphenols &
4,4′-difluorobenzophenone

Hyperbranched Poly(ether ketone)s
(HBPEKs) (CH2)2Cl2 60 ◦C N/A [4]

Aromatic compounds & 1,2,3-triazoles 4-(4-substitutedaryl)-1H-1,2,3-triazoles THF 50 ◦C, overnight 70–91% [10]

Poly(AN-co-EGDMA-co-VBC)
& nitrobenzene HXL poly(AN-co-EGDMA-co-VBC) C6H5NO2 80 ◦C, overnight 48% [40]

H3PO4

Benzoxazinone derivatives &
pyrrole derivatives

Pyrrolyl & trifluoromethyl
dihydrobenzoxazinones C3H8O3 RT, overnight 93–99% [37]

Indole derivatives &
α-iminophosphonates

Enantioenriched
α-aminophosphonate-functionalized

indole derivatives
CH2Cl2 RT, overnight 64–75% [39]

Indoles, pyrroles, acyclic α-ketimino esters Enantioenriched α-amino acid derivatives CH2Cl2 −78 ◦C, overnight 53–99% [24]

ZnCl2

Aromatic natural products & R–COCl Heterocyclic estradiol derivatives CH2Cl2, CS2 60 ◦C 93% [2]

Aromatic rings Poly(p-phenylene), hyperbranched,
ladder polymers (CH2)2Cl2 Reflux, 70 ◦C, 48 h 75–80% [3]

Ethyl α-chloro-α-(methylthio)acetate Ethyl α-(methylthio) arylacetate CH2Cl2 or solvent-free 0 ◦C or RT,
10–90 min 5–92% [20]

Aromatic aldehydes 2,4,5-trisubstituted-1H-pyrrol-3(2H)-ones EtOH Reflux, overnight 68–89% [33]
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Table 1. Cont.

Catalyst Substrate Products Solvent Conditions Yield Ref.

TiCl4

Aromatic rings Poly(p-phenylene), hyperbranched,
ladder polymers (CH2)2Cl2 Reflux, 70 ◦C, 48 h 75–80% [3]

Ethyl α-chloro-α-(methylthio)acetate Ethyl α-(methylthio) arylacetate CH2Cl2 or solvent-free 0 ◦C or RT,
10–90 min 5–92% [20]

Hydroquinone dimethyl ether Erbstatin methyl ether CH2Cl2 0 ◦C 71% & 74% [23]

TfOH

1-(3,4-dimethoxybenzyl)-6,7-
methylenedioxy-1,2,3,4-

tetrahydroisoquinoline (for berberine),
1-(benzo[d][1,3]dioxol-5-ylmethyl)-6,7-

methylenedioxy-1,2,3,4-
tetrahydroisoquinoline (for coptisine),

6-hydroxy-7-methoxy-1-
(dimethoxymethyl)-2-(3,4-
dimethoxybenzyl)-1,2,3,4-

tetrahydroisoquinoline (for jatrorrhizine)

Alkaloids: berberine,
coptisine, jatrorrhizine CH2Cl2 0 ◦C 79%, 57% & 60%

respectively [8]

Aromatic hydrocarbons & benzyl fluorides Diarylmethanes CH2Cl2 or neat RT-40 ◦C,
2–4 h 93% [42]

Catalyst-free
Electron-rich arenes & benzoic anhydride Acylated aromatic compounds Solvent-free 140 ◦C, 2–3 h 65–90% [6]

Aromatic rings & dicationic compounds Diarylmethane CH2Cl2 0 ◦C or RT 99% [9]

H2SO4 4-Hydroxybenzoic acid 3,5-Diisopropyl-4-hydroxybenzoic acid H2SO4/H2O (9:1) 60 ◦C 84% [22]

Yb(OTf)3 2-furfuryl, 2-thienyl Diheteroarylmethanes CH3NO2 RT, 3–15 min 54–78% [36]

(R)-α,α-Bis[3,5-
bis(trifluoromethyl)phenyl]-2-

pyrrolidinemethanol
tert-butyldimethylsilyl ether

(E)-6-(3,5-Dimethoxyphenyl)hex-2-enal Bicyclic resorcinols & CBD analogs CHCl3 50 ◦C, 7 h 31–78% [26]

(S)-DTE-BPA Imines & Indoles α-aminoalkyl indoles N/A N/A N/A [43]

AgSbF6 C3-bromo diketopiperazine (+) (+)-luteoalbusin A and (+)-luteoalbusin B CH2Cl2 RT 77% [27]

Sc(OTf)3, BF3·Et2O Aromatic natural products & R–COCl Heterocyclic estradiol derivatives CH2Cl2, CS2 60 ◦C 93% [2]

Bi(OTf)3
Aromatic hydrocarbons &

N,N-dimethylaniline Bis(aryl methyl)anilines Solvent-free 80 ◦C, 1–3 h 72–95% [44]

C25H31NOSi Indole & nitroalkene 3-(1-nitroalkyl)indole DMF RT, overnight 90–96% [11]

Ca(NTf2)2 & NBu4PF6 Activated cyclopropanes & Benzo[b]furan γ-Benzo[b]furanyl C7H8 70 ◦C, overnight 36–89% [14]

Camphor-10sulfonic
acid (CSA)

4-methylphenol & ethyl
2-[hydroxy(phenyl)methyl] acrylate 3-hydroxycoumarins Solvent-free 100 ◦C, 2 h 80% [7]
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Table 1. Cont.

Catalyst Substrate Products Solvent Conditions Yield Ref.

Chiral iridium catalyst with
(R)-prophos ligand 1,3,5-trimethoxybenzene & methacrolein

Enantioselective monoalkylated adducts
from aromatics/heteroaromatics with

enals or nitroalkenes
CH2Cl2

−10 ◦C,
6–72 h 15–58% & 98% [45]

Cu(MeCN)4BF4 Electron-rich arenes & α-diazoesters Benzyl esters (CH2)2Cl2 RT, overnight 52–94% [46]

DHQD, DHQ 2-naphthols & azodicarboxylic compounds Axially chiral anilides CH2Cl2 RT 98% [47]

DMATS enzyme DMAPP & L-Tryptophan 4-(dimethylallyl)-L-tryptophan N/A N/A N/A [15]

Enzyme PyrF Aromatic compound Meroterpenoid Pyrrocidine B N/A N/A N/A [16]

Enzymes AmbP1 & AmbP3 cis-indolylvinyl isonitrile & dimethylallyl
diphosphate (DMAPP) Hapalindole U & derivatives N/A pH = 6–8 N/A [17]

Fe–Pd bimetallic
catalyst system Substituted indole Bis-heteroaryl indole derivatives MeOH 60 ◦C High [28]

g-C3N4 N-aryl glycines Diarylmethane MeCN RT, overnight 82% [34]

HFIP & PFTB Indoles, pyrroles, electron-rich arenes β-Nitroalkylated indoles, pyrroles, arenes HFIP RT, overnight 62–99% [38]

Hg(OTf)2 or Hg(SO3C4F9)2 THC Elisapterosin B C6H6 & C7H8 70 ◦C, 15 min N/A [31]

K2CO3 & n-Bu4PBr Indoles & trifluoromethyl ketones
Trifluoromethyl

(indolyl)
phenylmethanol

H2O RT, overnight 63–99% [35]

Li/NH3 Benzoic acids & carbonyl compounds 1,3-cyclohexadienes Liquid NH3 −78 ◦C, RT 65–93% [21]

Not used (via
electrochemical oxidation) Benzyl alcohols 1,1-Disubstituted

tetrahydronaphthalene derivatives MeCN RT Up to 85% [18]

Pd(OAc)2 & MPAA Aromatic compounds with an amide
directing group & olefins Arylethylene derivatives (CH2)2Cl2, Ag2CO3 100 ◦C, overnight 55–85% [25]

Ptases & AerPT Flavonoid ring MaIDT and CtIDT HCl 30 ◦C, 30 min, pH = 9 24–30% [13]

PTSA Indolyl alcohols Fused-polycyclic Indoles MeCN RT or 50 ◦C, overnight 55–90% [30]

SnCl4
Ethyl α-chloro-α-(methylthio)

acetate Ethyl α-(methylthio)arylacetate CH2Cl2 or solvent-free 0 ◦C or RT,
10–90 min 5–92% [20]

Y(OTf)3 p-tolualdehyde and morpholine C3-alkylated imidazo [1,2-a]pyridines C7H8 110 ◦C, overnight 90% [29]
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3.1.2. Friedel–Crafts Acylation

The Friedel–Crafts acylation reaction entails the catalyzed introduction of an acyl
group (R-CO-) onto an aromatic ring, as shown in Figure 4, and represents an important
transformation in the synthesis of structurally diverse bioactive compounds.

Figure 4. Introduction of an acyl group into the aromatic ring (Friedel–Crafts acylation).

In addition to the general preference for electron-rich [6], substituted aromatics, the
substrate scope reported in these studies demonstrates that acylation is broadly toler-
ated across a wide range of nucleophilic aromatic systems. Highly activated arenes (e.g.,
1,4-dihydroxy-2,6-dimethoxybenzene [48], 3-methyl-1,4-dimethoxy-naphthalene [49]), het-
eroaromatic scaffolds (furan [50], benzofurans [51], indoles, pyrroles, thiophenes [52]), and
benzylic or aniline-type electron donors all promote regioselective acylation by stabilizing
the σ-complex and lowering the activation barrier. Nonetheless, regioselectivity in these
systems—particularly in heteroarenes such as furans and indoles—is influenced not only by
electronic effects but also by steric blocking and prior modifications, such as esterification.
Moreover, substrates containing weakly activating groups (toluene [53] and acetanilide [54])
or bulkier π-systems (perylene [55], phenyl(hetaryl)silanes/germanes/stannanes [56]) were
also successfully acylated as shown in Figure 3. However, it should be noted that for these
less reactive or sterically demanding substrates, the reaction efficiency is often compro-
mised, leading to moderate or variable yields (e.g., 52–70%) and potential selectivity issues
compared to highly activated systems. Heterocyclic ester precursors [57] and activated
amides [58] further expand the scope, demonstrating that both classical and non-classical
aromatic nucleophiles can participate in Friedel–Crafts acylation under the reported condi-
tions. Reaction efficiency and yields, however, vary depending on the substrate (Figure 3),
with certain less-nucleophilic or structurally demanding systems leading to comparatively
low yields in some cases.

Friedel–Crafts acylation reactions are usually performed at low-to-moderate tempera-
tures, most commonly between 0 ◦C [59–61] and RT [55,62,63], with mild heating applied
when required. Notably, a few studies report Friedel–Crafts acylation at temperatures
above the typical range (Table 2). In the case of indanone formation [64], the reported
temperature range spans 0–250 ◦C, with the reaction carried out under reflux to prevent
solvent evaporation. In another study, relatively high temperatures reaching up to 120 ◦C,
which are above the boiling point of DCE, indicate the use of a closed reaction setup.
That is necessary in order to maintain the solvent in the liquid phase and accommodate
the requirements of the radiochemical transformation [65]. In a specific example, the use
of a high-boiling solvent, DMF [66], enabled elevated reaction temperatures within the
range of 40–101 ◦C without solvent loss. Overall, acylation may be performed at elevated
temperatures when dictated by the choice of solvent or specific reaction conditions.

While AlCl3 remains the most frequently employed catalyst, accounting for approxi-
mately 44% of reported acylation reactions, a variety of other catalysts have been explored
and demonstrated to be effective in promoting Friedel–Crafts acylation under diverse
conditions. However, the strong Lewis acidity and moisture sensitivity of AlCl3 may limit
its compatibility with hydrolysis-sensitive functional groups. Thus anhydrous conditions
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are employed (e.g., [2–4]) so that its applicability is not restricted in certain substrate classes
(Figure 3). It is evident that the appropriate choice of catalyst is decisive in achieving effi-
cient and selective acylation. Strong Brønsted acids and superacids, such as TfOH [49,57,67],
CF3SO3H [58], or Tf2O [68], facilitate the generation of acylium ions from acyl precursors,
allowing reactions to proceed on less reactive substrates while minimizing side reactions
with a reduced formation of by-products, although the potential for acid-catalyzed rear-
rangements or polyacylations must be considered. More specialized catalysts, including
TMSOTf [52], AgNTf2 [69], NbCl5 [64], Cu(OTf)2 [62], or combinations with anhydrides
and Lewis acids, are employed to activate particularly inert or sensitive substrates under
milder conditions. Solid-supported acids or reagents such as silica sulfuric acid [70] and
POCl3 [65] offer alternative, potentially more sustainable approaches.

As illustrated in Figure 5, the various Friedel–Crafts reaction variants exhibit a broad
spectrum of bioactivities. Acylation in particular constitutes a key step in the synthe-
sis of the widely known Ibuprofen [71]. Moreover, numerous chemical entities exhibit-
ing antiplasmodial [59], antiviral [55,58,72], antitumor/anticancer [56,60,63], antiarrhyth-
mic [73], anti-HIV [61], antimicrobial [70,74], antioxidant [74], antihypertensive [66], anti-
inflammatory [75,76], and anticoagulant [76] activities, include as an essential step in their
synthesis the Friedel–Crafts acylation. The synthetic routes employed for the preparation of
the aforementioned compounds vary in terms of sustainability. For example, the synthesis
of 2,4-diacetylphloroglucinol (DAPG) [70] was conducted under solvent-free conditions,
whereas the synthesis of (2-butyl-5-nitrobenzofuran-3-yl)(4-hydroxyphenyl)methanone [73]
relied on a conventional solvent, CH2Cl2. It is also worth noting the study by Kamma
et al., which presents the first total synthesis of pedalitin with full characterization, wherein
Friedel–Crafts acylation is employed as a key step [48].

 

Figure 5. Distribution of bioactivities among products generated across all variants of the Friedel–
Crafts reaction.

Table 2 collates the catalytic systems, substrates, reaction parameters, and yields
documented across the literature, structuring the acylation entries according to the corre-
sponding catalyst.
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Table 2. Overview of acylation transformations classified by catalyst.

Catalyst Substrate Products Solvent Conditions Yield Ref.

AlCl3

Aromatic amines with
ortho-position [11C]DHI, [11C]L1-L11 (CH2)2Cl2

80–120 ◦C,
≤2 min 2–56% [65]

Heterocyclic ester precursors Benzo- or pyrido-fused tetracyclic
N,S-heterocycles CH2Cl2 & (CH2)2Cl2

RT, overnight &
50–80 ◦C,

7–10 h
70–85% [57]

3-Arylpropanoic acids,
4-Arylbutanoic acids,

Phenylpropionic acid chloride,
Arylpropanoic/butanoic acids

1-indanones CH2Cl2, CS2,
MeNO2, MeOH 0–250 ◦C up to 99% [64]

Tosyl derivative Oxazolobenzazepine CH2Cl2 0 ◦C, overnight 23–90% [77]

1-oxo-4-indancarboxylic acid 6-Aroyl-1-Indancarboxylic acid &
4-Aroyl-1-Indancarboxylic acid N/A N/A 75% & 90% [75]

Toluene Esonarimod: (R,S)-2-acetylthiomethyl-
4-(4-methylphenyl)-4-oxobutanoic acid CH2Cl2 & (CH2)2Cl2 RT 52% & 53% [53]

Acetanilide Clenbuterol (bronchodilatator) (CH2)2Cl2 60 ◦C, 24 h 70% [54]

Furan
1,4-difuranyl-1,4-diketone (DOD),
1,4-dithienyl-1,4diketone (DSD) &

1,4-diselenophene-1,4-diketone (DSeD)
CH2Cl2 0 ◦C 25% & 50% [60]

Benzene derivatives 2,4-Dichloro-pyrimidine-6-
carbonylchloride N/A 0 ◦C, 5–6 h 70–87% [61]

n-octylbenzene Fingolimod C6H14 RT 85% [78]

Perylene 3-acetyl-9(10)-alkylperylenes C6H5Cl RT 70–95% [55]

Squaric acid dichloride N-unsubstituted
bisindolylcyclobutenediones C4H10O 0 ◦C-RT, overnight <12% [59]

3,4-dichloro-2-
hydroxy-acetophenone

2,3-Dihydro-1,4-benzodioxin & 5(or
6)-AcyI 2,3-Dihydro-l,4-
benzodioxin derivatives

NaOH, CH2Cl2, CCl4,
(CH2Cl2)2, CH3NO2,

Cyclohexane
40–101 ◦C 0–83% [66]

Aspartic acid azlactone β-acylamino-γ-ketoesters C6H6 & C7H8 RT, overnight 49–70% [79]

Phthalic anhydride & cumene 2-(4-isopropylbenzoyl)benzoic acid C9H12 RT, overnight 65% [80]
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Table 2. Cont.

Catalyst Substrate Products Solvent Conditions Yield Ref.

AlCl3

Phenylacetyl chloride &
4-bromobiphenyl

1-(p-bromobiphenyl-4-yl)-2-
phenylethanone CH2Cl2 −10 ◦C, overnight 80% [76]

Chloride of N-Phthaloyl-1-
acetyltryptophan 1-Acetyltryptophan (CH2)2Cl2 Reflux, 2 h 20–24% [81]

2-Phenylbenzofurans 3-/4-/6-aroylbenzofurans CH2Cl2 RT Not mentioned [51]

TfOH

Heterocyclic ester precursors Benzo- or pyrido-fused tetracyclic
N,S-heterocycles CH2Cl2 & (CH2)2Cl2

RT, overnight &
50–80 ◦C,

7–10 h
70–85% [57]

3-methyl-1,4-dimethoxy-
naphthalene & benzoic acids 3-aroylmenadiones CH2Cl2 0 ◦C to RT, overnight 63–97% [49]

3-(3-Methoxyphenyl)-3-
(trifluoromethyl)-3H-diazirine hPhe TfOH 0 ◦C, 2 h 71% [67]

N/A

Benzylamine N-Benzyl-2,2,2-trifluoroacetamide N/A N/A N/A [74]

1,4-dihydroxy-2,6-
dimethoxybenze &

3,4,5-trimethoxyphenol
Pedalitin CH3COOH N/A 71.2% & 75.7% [48]

Aryl(hetaryl)silanes,
aryl(hetaryl)germanes,
aryl(hetaryl)stannanes

Trifluoroacetylfurans N/A 20–70 ◦C,
1–32 h 26–72% [56]

SnCl4

Tosyl derivative Oxazolobenzazepine CH2Cl2 0 ◦C, overnight 23–90% [77]

2-butyl-5-nitrobenzofuran
(2-butyl-5-nitrobenzofuran-3-yl)

(4-hydroxyphenyl)
methanone

CH2Cl2 N/A 82% [73]

Not used

trans-4-carboxy-3,4-dihydro-3-
phenyl-1(2H)isoquinolones Indenoisoquinolines CHCl3 RT, 4 h 84% [63]

Trifluoroacetic
anhydride (TFAA) Polycyclic spiro lignans C2H5OC2H5 0 ◦C, 30 min 93% [72]

TMSOTf Indoles, pyrroles, furans,
thiophenes, electron-rich arenes Heteroaryl sulfondiimines 2-Me-THF RT, overnight 29–96% [52]
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Table 2. Cont.

Catalyst Substrate Products Solvent Conditions Yield Ref.

(F3CCO)2O, Ac2O/
TiCl4, P4O10

Tosyl derivative Oxazolobenzazepine CH2Cl2 0 ◦C, overnight 23–90% [77]

AgNTf2 & PdCl2 N-(2-Alkynylaryl) lactams Ketone-fused indoles & pyrroles DCE Reflux, overnight 40–70% [69]

NbCl5, ZnCl2, metal
triflate, ClSO3H, PPA,

metal trifluoromethane-
sulfonates

3-Arylpropanoic acids,
4-Arylbutanoic acids,

Phenylpropionic acid chloride,
Arylpropanoic/butanoic acids

1-indanones CH2Cl2, CS2,
MeNO2, MeOH 0–250 ◦C up to 99% [64]

CH3NO2 complex Heterocyclic ester precursors Benzo- or pyrido-fused tetracyclic
N,S-heterocycles CH2Cl2 & (CH2)2Cl2

RT, overnight &
50–80 ◦C,

7–10 h
70–85% [57]

CF3SO3H Activated amides, Arenes Aromatic ketones CHCl3 & CH2Cl2 25–60 ◦C, overnight 55–99% [58]

CTAB/NH4OH Furan & acetic anhydride 2-Acetylfuran Solvent-free 80 ◦C N/A [50]

Cu(OTf)2 Aniline derivatives Aminobenzophenones CH2Cl2 RT N/A [62]

HF Isobutyl benzene Ibuprofen N/A N/A N/A [71]

POCl3
Aromatic amines with

ortho-position [11C]DHI, [11C]L1-L11 (CH2)2Cl2
80–120 ◦C,
≤2 min 2–56% [65]

Silica sulphuric acid
(SSA) Phloroglucinol 2,4-diacetylphloroglucinol (DAPG) Solvent-free 60 ◦C,

15–20 min 95% [70]

Tf2O Electron-rich arenes Arenecarboxamides CH2Cl2
0 ◦C-RT,
30–48h 31–90% [68]

TFAA 3-methyl-1,4-dimethoxy-
naphthalene & benzoic acids 3-aroylmenadiones CH2Cl2 0 ◦C to RT, overnight 63–97% [49]
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Pharmaceutical relevance can be clarified by hierarchically classifying the synthesized
molecules into approved drugs (APIs), natural products, and bioactive lead compounds. At
the top of this classification are established drugs such as Ibuprofen [71], Fingolimod [78],
Clenbuterol [54], and Esonarimod [53], which are distinguished from complex natural
products with known biological activities, like Berberine [6] and Marmycin A [82]. These
are further separated from bioactive scaffolds and tool molecules, such as diarylmethanol
derivatives [12] or celastrol derivatives [18], which primarily serve as leads for drug
discovery. The ability of the Friedel–Crafts reaction to correlate molecular structure with
biological activity through the controlled modification of aromatic scaffolds is apparent, for
example, in the synthesis of Ibuprofen [71], where acylation ensures para-regioselectivity on
the aromatic core. This geometry is a crucial requirement for the drug’s binding affinity to
cyclooxygenase (COX) enzymes, as any other isomer would lack pharmacological potency.
Similarly, in the synthesis of Fingolimod [78], the Friedel–Crafts approach is the preferred
strategic choice over modern cross-coupling methods. This preference arises from its ability
to offer superior atom economy and allow for the direct functionalization of unactivated
aromatics through a concise synthetic sequence.

3.1.3. Friedel–Crafts Cyclization

The Friedel–Crafts cyclization reaction was found to primarily facilitate the construc-
tion of C-C bonds within aromatic frameworks. However, in some cases—such as in the
synthesis of quinolones or peptidomimetics—the cyclization may also involve heteroatoms
(e.g., N or O) as part of the newly formed ring. It enables intramolecular electrophilic
aromatic substitution, effectively generating cyclic and polycyclic structures. Consequently,
it provides important synthetic pathways to complex molecules of relevance in medici-
nal chemistry.

The reaction demonstrates considerable versatility, being performed under a broad
variety of conditions: from room temperature [83,84] to 150 ◦C [85], with times varying,
and from conventional solvents such as CH2Cl2 [83,86,87] and MeCN [82] to solvent-free
environments (Table 3). In particular, CH2Cl2 is the solvent most frequently applied in
the cyclization reaction. Cyclization also accommodates diverse catalytic systems ranging
from strong Lewis acids (AlCl3 [85], SnCl4/TMSOTf [86]) to Brønsted acids (H3PO4 [88],
TfOH [84]) or even catalyst-free [89] protocols. This flexibility is mirrored in the wide
yield distribution reported (10–93%), suggesting that substrate structure and ring-closure
predisposition significantly influence efficiency. Moreover, the substantial differences in
methodologies among studies result in a wide range of reported yields. For instance, in
the study by Belasri et al., the yield of the desired product ranged from only 10% under
neat conditions at 80 ◦C, increasing slightly to 19% at 100 ◦C, with side products observed.
Switching the solvent to acetonitrile at reflux improved the yield to 49%, while microwave-
assisted conditions at 100 ◦C further enhanced the yield to 67% in 10 min and up to 82%
after 20 min, illustrating the significant influence of solvent, temperature, and reaction time
on efficiency [90].

It should also be mentioned that Friedel–Crafts cyclization processes afford a diverse
array of products with pharmaceutical and biochemical relevance encompassing antimicro-
bial [83,84,89,90], anti-inflammatory [85,87], anticancer [82], analgesic [88], antiviral [89]
and anxiolytic [91,92] activity. More specifically, the study by Zaghouani et al. reports
analogs with antibiotic activity [83], while the studies by Bai et al. and Belasri et al. describe
products exhibiting antibacterial activity [90,93]. Collectively, these studies report in vitro
evaluations of the synthesized compounds. Antibacterial activity was examined using stan-
dard in vitro assays against Gram-positive bacteria [84], as well as coupled enzyme-based
colorimetric tests [83], while anticancer potential was assessed through DNA-targeting and
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related cellular assays [88]. Combined, the aforementioned conclusions underscore that,
although less prevalent than alkylation and acylation, Friedel–Crafts cyclization remains a
valuable tool for constructing challenging architectures with notable medicinal relevance.

A consolidated overview of the catalytic systems, substrates, conditions and yields re-
ported across the literature is presented in Table 3, which organizes the available cyclization
data according to the catalyst employed.

Table 3. Overview of cyclization transformations classified by catalyst.

Catalyst Substrate Products Solvent Conditions Yield Ref.

AlCl3

Phenol &
chromarol

Asperjinone,
asperimide C (CH2)2Cl2

80 ◦C, 6 h &
150 ◦C, 1 h 25%, 37%, 54% [85]

Various (±)-naphthacemycin
A9 N/A RT 68%, 83%, 93% [84]

Isoindole-1-acetyl
chloride

Isoindolo[2,l-
a]quinoline
derivatives

(CH2)2Cl2 N/A N/A [92]

N/A

Substituted
hydrazide
derivative

Thienodiazepine
derivatives MeOH N/A 86% [91]

Protected
seco-marmycin

intermediate
Marmycin A MeCN 82 ◦C, 8 h 13% [82]

SnCl4
Tertiary alcohol

& others Pelorol CH2Cl2 −20 ◦C 76% [86]

TMSOTf Tertiary alcohol Pelorol CH2Cl2 25 ◦C 75–81% [87]

H3PO4 Ketone & Diol ent-Ketorfanol Solvent-free 105 ◦C or
125 ◦C 69% [88]

Not used 9-phenanthrol Aminophenanthrols Neat & CH3CN 80–100 ◦C,
20–120 min 10–82% [90]

PPA or
catalyst-free Enamino diester Quinolone

derivatives
C12H10O or
solvent-free

130 ◦C,
overnight 40–93% [89]

Tf2NH Malonate
derivative (triester) (±)-fumimycin CH2Cl2 RT 24% [83]

TfOH, MsOH

N-acylated
tryptophan

derivatives &
tyrosine

Macrocyclic
peptidomimetics CH2Cl2 RT, 16 h 57–73% [93]

3.2. Sustainable Approaches

There are several modifications that can improve the sustainability of many phar-
maceutical synthesis processes. The choice of an appropriate solvent or the elimination
of solvent use altogether could be a very advantageous approach to making a technique
more environmentally friendly, given that the overall process outcome remains sustainable.
Therefore, the use of solvent-free conditions can be considered a sustainable approach only
when the overall reaction parameters—such as temperature, time, and reagent choice—
align with the principles of green chemistry, ensuring both efficiency and minimal environ-
mental impact. Analysis revealed that DCM and DCE are employed as solvents in about
40% of the reported studies, as shown in Figure 6. DCM and DCE are often selected for their
ability to dissolve a wide range of organic substrates, including aromatic hydrocarbons and
many Lewis acid catalysts. Although generally considered inert under standard Friedel–
Crafts conditions, DCE is highly volatile and flammable, and both solvents can potentially
react with strong Lewis acids or electrophiles under forcing conditions (e.g., transesterifica-
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tion for DMC or ether cleavage for DCE). DCM is primarily used in reactions conducted at
lower temperatures, typically around 0 ◦C [8,23,60] or room temperature [19,27,63]—due
to its low boiling point of 39.6 ◦C—especially with AlCl3 as a catalyst. In contrast, DCE is
preferred for reactions performed at higher temperatures [25,54,85], approximately above
80 ◦C, owing to its higher boiling point of 83.5 ◦C.

Figure 6. Solvents utilized in all variants of the Friedel–Crafts reaction.

DCM and DCE are considered toxic, since they are reactive chlorinated solvents that
can produce toxic degradation products. They are also persistent in the environment and
prone to volatilization, which requires careful handling and disposal. Such concerns have
prompted several studies to explore greener solvents. Admittedly, while glycerol is compat-
ible with a wide range of compounds, its high polarity can lead to miscibility issues with
nonpolar substrates [37]. This could limit its applicability in Friedel–Crafts transformations,
unless specific conditions are employed to facilitate phase contact. Additionally, there are
reports (~10%) conducted on the reactions under solvent-free conditions. In the research of
Bai et al. [89], the reaction of benzoylacetic acid ethyl ester, triethyl orthoformate and aniline
takes place and a number of solvents are examined such as EtOH, AcOH and Ac2O to
optimize the reaction conditions. All of the solvents lead to either a low yield or Schiff base
formation. However, solvent-free conditions with the right reagents increase conversion up
to 86% and reduce reaction time by approximately 4 h too. In the research of Kusuman-
ingsih, Prasetyo, and Firdaus [70], where DAPG is synthesized, solvent-free conditions are
also preferred since they enhance the reaction rate and selectivity, minimize by-product
formation, and improve the yield due to better miscibility and higher concentrations of the
reactants. This approach improves reaction efficiency while lowering the environmental
impact and costs, and may reduce the need for strict temperature control. Nevertheless, as
already mentioned above, solvent-free conditions are not universally beneficial, as they can
sometimes complicate temperature management or promote the formation of undesired
by-products.

Another important strategy involves replacing toxic catalysts—such as AlCl3 and
Lewis acids in general, which are corrosive and difficult to recycle—with easily recyclable
and reusable catalytic systems like mpg-CN [34], or biopolymer-based, metal-free catalysts
such as piperazine [6]. In addition, non-toxic and more benign alternatives like Bi(OTf)3 [94]
and H3PO4 [88] have been successfully employed, providing practical catalysis while
avoiding the drawbacks of classical Lewis acids.

To substantiate the sustainability claims of modern Friedel–Crafts protocols that are
implied throughout the review, metrics such as the environmental factor (E-factor) and
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atom economy (AE) were employed (Table 4). The traditional Friedel–Crafts reaction,
utilizing stoichiometric amounts of AlCl3 or H2SO4, typically suffers from high E-factors
(often >50) due to the generation of significant aqueous waste during workup and the
consumption of non-recyclable reagents [95]. In contrast, the methodologies reviewed in
this section demonstrate a noteworthy shift towards lower mass intensity. For instance,
studies utilizing reusable heterogeneous catalysts (e.g., [37]) report successful recovery
and reuse for up to 5–10 cycles, which drastically reduces the E-factor by minimizing
catalyst-related waste. Furthermore, solvent-free protocols (e.g., [63]) contribute to higher
Process Mass Intensity (PMI) efficiency by eliminating or recycling the largest component
of chemical waste. When compared to alternative synthetic disconnections like cross-
coupling reactions, Friedel–Crafts transformations often exhibit superior atom economy;
while cross-couplings require the pre-functionalization of substrates, the direct C-H func-
tionalization inherent in Friedel–Crafts chemistry minimizes the number of synthetic steps
and auxiliary reagents. Therefore, a quantifiable reduction in the environmental footprint
of pharmaceutical synthesis is demonstrated.

Table 4. Comparison table between conventional and green Friedel–Crafts conditions.

Parameter Conventional Conditions Green Conditions

Catalysts Strong Lewis acids (AlCl3, FeCl3, ZnCl2, TiCl4)

✓ Enzymes (PTases, DMATS)
✓ Recyclable catalysts (e.g.,

Yb(OTf)3, Bi(OTf)3)
✓ Catalyst-free systems

Solvents Mostly chlorinated solvents (DCM, DCE)

✓ Solvent-free
✓ Water
✓ Ethanol
✓ Glycerin

Activation Thermal activation (reflux up to 70 ◦C for 48 h) [3,32,69]
✓ Electrochemical oxidation
✓ Photoelectrochemical methods
✓ Mild enzymatic processes

Sustainability High catalyst loading & toxic waste
✓ Reduced catalyst loading
✓ High AE
✓ Water as the only by-product

Regarding product purification, the replacement of chromatographic techniques with
crystallization or simple filtration has proven beneficial. Chromatography typically requires
large amounts of toxic organic solvents, generating chemical waste. By employing simpler
purification methods, the use of organic solvents (and solvents in general) is avoided,
notably reducing chemical waste [35,89].

The study by Pillaiyar, Sedaghati, and Schnakenburg [35] is a great example of a
sustainable method. The synthesis of multiple halogen-substituted indoles’ derivatives
via Friedel–Crafts alkylation is reported, with multiple modifications aimed at rendering
the reaction more environmentally friendly. These include using water as a solvent (re-
placement of toxic organic solvents), incorporating t-BuPBr as a catalyst, something that
allows catalyst recycling, employing a mild inorganic base like K2CO3 that eliminates the
need for corrosive Lewis acids and avoiding extensive chromatographic purification that
minimizes waste.

A comparative analysis of Friedel–Crafts methodologies is demonstrated in Table 4,
which reveals a gradual transition from classical to green approaches, although this shift
remains heavily dependent on the specific reaction type. Despite environmental concerns,
traditional Lewis acid catalysts (e.g., AlCl3, FeCl3) remain dominant, particularly in acyla-
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tion reactions [5,46,50]. Similarly, chlorinated solvents continue to be the preferred media
as they efficiently solubilize a wide spectrum of organic substrates and stabilize intermedi-
ate carbocations [10,25,64]. The successful implementation of solvent-free conditions has
achieved yields reaching 95%, proving the viability of reducing organic waste in pharma-
ceutical synthesis [32,54]. Furthermore, the emergence of biocatalysis through enzymes
such as PTases and DMATS, allows for reactions to occur under mild conditions (30 ◦C,
pH 6.8–7.5), offering a greener alternative for producing complex bioactive intermedi-
ates [13,15,17]. Finally, the trend towards lower temperatures (RT or 0 ◦C) and the use of
alternative energy sources, such as electrochemistry, could reduce the energy footprint of
the process [69,92].

For the activation of aromatic hydrocarbons and simple heterocycles, strong Lewis
acids remain the primary choice. AlCl3, for instance, is used for the acylation of p-xylene
and the synthesis of heterocyclic estradiol derivatives with high yields [5,46]. In cases
where the generation of reactive acylium ions from carboxylic acids is required, Brønsted
acids such as TfOH are preferred, enabling the synthesis of complex alkaloids like berberine
(79% yield) [22], as is H2SO4 for the alkylation of 4-hydroxybenzoic acid [50]. For sensitive
substrates such as furan and thiophene, milder catalysts like Yb(OTf)3 are employed [28].
Additionally, Bi(OTf)3 allows for the rapid synthesis of bis(aryl methyl)anilines in as little
as 3–15 minutes under solvent-free conditions [32]. A particularly noteworthy trend is the
use of indoles as substrates; due to their high activation, they can react with trifluoromethyl
ketones in the presence of K2CO3 in water, achieving yields of up to 99% [64].

In conclusion, these examples highlight that combining greener solvents, recyclable
or non-toxic catalysts, and simplified purification strategies can improve the sustainabil-
ity profile of the Friedel–Crafts reaction. The data supports the conclusion that Friedel–
Crafts transformations represent a versatile and widely applied strategy in the design of
bioactive molecules and pharmaceutical materials, offering reliable access to both simple
intermediates and highly sophisticated structures. Emerging methodologies show con-
siderable promise. However, they still require further validation to achieve parity with
traditional strategies. Their adoption necessitates rigorous benchmarking against the classi-
cal Friedel–Crafts reaction to ensure reproducibility and scalability. For instance, increasing
the structural knowledge of PTases through X-ray crystallography could advance both the
enzymology of Friedel–Crafts biocatalysis and chemoenzymatic strategies for the synthesis
of bioactive compounds [17].

4. Conclusions
This study demonstrates that the Friedel–Crafts reaction remains a versatile tool

in pharmaceutical synthesis, enabling efficient access to a broad range of bioactive and
pharmacologically relevant structures. Alkylation and acylation continue to dominate the
field. Within this context, acylation has gained greater relevance over alkylation, primarily
because the formation of stable acylium ions avoids the carbocation rearrangements often
associated with alkyl chains, thereby ensuring higher synthetic predictability and precision.
At the same time, less frequently employed transformations including Friedel–Crafts
cyclization, trifluoromethylthiolation and arylation, account for a smaller proportion of
reported applications yet contribute notably by enabling the construction of complex
cyclic architectures and introducing functionalities with high medicinal relevance (such as
electron-modulating groups).

The selection of catalyst in the Friedel–Crafts reaction is crucially substrate-dependent
and should be guided primarily by the electronic nature of the aromatic system. For highly
electron-rich heteroarenes like indoles and pyrroles [37,39,64], mild Lewis or Brønsted acids,
such as H3PO4 and ZnCl2, are preferred to ensure activation while avoiding overreaction
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or polymerization. Strongly electron-rich arenes, such as methoxy- or phenol-substituted
benzenes [40], require similar catalysts to prevent excessive polyalkylation due to their high
nucleophilicity. Consequently, neutral or moderately activated aromatic hydrocarbons,
which are less nucleophilic, such as p-xylene [12] or benzene derivatives [61,78], typically
require stronger Lewis acids (e.g., AlCl3) to achieve an efficient reaction. Electron-deficient
aromatics, such as substituted benzenes bearing electron-withdrawing groups [40,67],
require more potent Lewis or Brønsted acids (e.g., TfOH), while carefully considering
functional group compatibility.

Although the Friedel–Crafts reaction is typically conducted under mild conditions,
elevated temperatures were involved in several articles. In order to maintain the solvent
in the liquid phase and ensure efficient reaction kinetics, specific conditions are required.
The ones commonly employed are either closed systems, allowing the reaction to be
conducted above the solvent’s normal boiling point by containing the vapors, or reflux,
enabling continuous heating while condensing and returning evaporated solvent. High-
boiling-point solvents also provide a thermally stable medium that can sustain elevated
temperatures without degradation. Thus, while the classical Friedel–Crafts reaction is
typically performed at low temperatures, higher ones are generally manageable under
suitable experimental conditions.

When choosing a solvent for a Friedel–Crafts reaction, the substrate type, reaction
conditions, and desired selectivity must be taken into account. Nonpolar chlorinated sol-
vents, such as DCM or DCE, are optimal for neutral or moderately activated arenes [12,45],
providing good solubility and moderate thermal stability, but toxicity and environmental
concerns cause the elimination of their use. Polar, protic solvents, such as HFIP or PFTB [38],
can be effective for electron-rich heteroarenes, as they stabilize carbocation intermediates
and enable high yields under certain conditions. Additionally, high-boiling-point polar
aprotic solvents, such as DMF [66], are advantageous when elevated temperatures are
required, preventing solvent loss and decomposition.

A critical evaluation of catalytic systems and solvents reveals a continued reliance on
traditional Lewis acids, operating in halogenated media. Nevertheless, a clear method-
ological shift is emerging. An increasing use of recyclable catalysts, greener solvents,
solvent-free protocols, and alternative activation modes reflects a growing emphasis on
sustainability in modern synthetic design. Admittedly, the industrial-scale application of
these methods remains currently limited, as the transition to large-scale production necessi-
tates rigorous, case-by-case validation to ensure efficiency and safety beyond the laboratory
setting. Nevertheless, these developments signal a gradual but tangible evolution toward
environmentally responsible Friedel–Crafts chemistry.

Looking forward, future progress could potentially arise from advancements in cat-
alyst design—particularly tailored Lewis and Brønsted acid systems—as well as from
the broader integration of photochemical and electrochemical strategies. These activa-
tion modes may offer more sustainable synthetic pathways, as evidenced by recent de-
velopments in photoelectrochemical transformations, photocatalytic systems [34], and
electrochemical oxidation protocols [18] providing enhanced selectivity and energy effi-
ciency. Moreover, enzymatic Friedel–Crafts alkylation (e.g., by aromatic prenyltransferases)
demonstrate that biocatalysts enable the selective formation of C-C, C-O, and C-N bonds
under mild reaction conditions [13,17]. These findings provide a blueprint for the future
design of more selective and sustainable synthetic methodologies. Equally important is
the continued incorporation of green chemistry principles, which will shape the practical
feasibility of these transformations in industrial pharmaceutical contexts.

The comprehensive synthesis of existing knowledge enhances accessibility to scattered
information and helps researchers quickly navigate the breadth of the Friedel–Crafts

https://doi.org/10.3390/chemengineering10030036

https://doi.org/10.3390/chemengineering10030036


ChemEngineering 2026, 10, 36 21 of 25

reaction, from classical electrophilic aromatic substitutions to modern catalytic variants.
This study highlights the enduring utility and versatility of these transformations, while
simultaneously showcasing the extent of their application in pharmaceutical chemistry.
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API Active Pharmaceutical Ingredient
AE Atom Economy
COX Cyclooxygenase
CSA Camphorsulfonic acid
DAPG 2,4 Diacetylphloroglucinol
DCE Dichloroethane
DCM Dichloromethane
DMATS Dimethylallyl tryptophan synthase
DMC Dimethyl Carbonate
DME Dimethoxyethane
DMF N,N-dimethylformamide
DSD 1,4 Dithienyl-1,4diketone
DseD 1,4 Diselenophene-1,4-diketone
HIV Human Immunodeficiency Virus
mpg-CN Mesoporous graphitic carbon nitride
PMI Process Mass Intensity
RT Room Temperature
t-BuPBr Tert-Butylphosphine bromide
TMSOTf Trimethylsilyl trifluoromethanesulfonate
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