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Abstract: This study investigates the palladium-catalyzed one-pot synthesis of functionalized furans
from 1,3-Dicarbonyl compounds and alkenyl bromides, focusing on various catalysts and reaction
parameters. Different catalysts, including PdCl2(CH3CN)2, Pd(OAc)2, and Pd(acac)2 as well as
solvents, bases, and oxidants, were systematically evaluated. PdCl2(CH3CN)2 emerged as the most
effective catalyst, achieving a remarkable yield of 94%. Optimal reaction conditions were identified
as PdCl2(CH3CN)2 in dioxane at 80 ◦C with K2CO3 as the base and CuCl2 as the oxidant. This study
also explored various 1,3-diketones including Cyclohexane-1,3-dione, 5,5-Dimethylcyclohexane-1,3-
dione, 2H-Pyran-3,5(4H,6H)-dione, Cyclopentane-1,3-dione, Pentane-2,4-dione, Ethyl 3-oxobutanoate,
1,3-Diphenylpropane-1,3-dione, 1,3-Dip-tolylpropane-1,3-dione, 1,3-Bis(4-chlorophenyl)propane-1,3-
dione, and 1,3-Bis(4-bromo- phenyl)propane-1,3-dione, alongside different alkenyl bromides such as
allyl bromide, (E)-1-Bromo-3,4-dimethylpent-2-ene, 1-Bromo-3-methylbut-2-ene, 3-Bromocyclohex-
1-ene, and (E)-1-Bromohex-2-ene. These variations demonstrated the method’s versatility and the
significant impact of substituents on reactivity and reaction yield. These findings highlight the
importance of optimizing reaction conditions to maximize efficiency and provide insights into
improving catalytic processes for enhanced product yields.

Keywords: palladium; catalysis; one-pot reaction; functionalized furans; alkylation–cyclization;
1,3-dicarbonyl compounds

1. Introduction

Synthesis of functionalized furans is of great interest in organic chemistry due to their
applications in pharmaceuticals, agrochemicals, and materials science [1–3]. These com-
pounds are key structural elements in many biologically active molecules and are used in
plastics, flavorings, fragrances, and pharmaceuticals [4]. Their unique electronic properties
and reactivity make furans valuable intermediates in constructing complex molecules [5,6].
Challenges in furan synthesis include managing harsh reaction conditions to achieve se-
lectivity and yield, as well as dealing with functional group sensitivity and reagent costs.
Common methods include the Paal–Knorr synthesis [7], where 1,4-dicarbonyl compounds,
such as 2-ene-1,4-diones and 2-yne-1,4-diones, are cyclized to furan derivatives under acidic
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conditions [8]. The Feist–Benary synthesis, involving the reaction between 1,3-dicarbonyl
compounds and ethyl bromopyruvate, 3-chloroacetylacetone, or ethyl 2-chloroacetoacetate
in the presence of ammonium acetate in aqueous ethanol, is also reported to produce furan
derivatives [9]. Another approach is the tandem Diels–Alder cycloaddition/retro-Diels–
Alder reaction between oxazoles and acetylenes to yield furans [10]. While potentially
efficient, this method is limited by reaction conditions and possible by-product formation.

Several methodologies have been developed for the catalytic synthesis of functional-
ized furans from 1,3-dicarbonyl compounds, using different catalysts and conditions to
achieve the desired furan structures with precise alkyl substitutions [11,12]. Transition-
metal catalysis, employing palladium [13], copper [14], and iron [15] catalysts, is a common
approach that facilitates carbon–carbon and carbon–heteroatom bond formation. For
instance, palladium-catalyzed cross-coupling reactions like Suzuki [16] and Heck reac-
tions [17] are particularly effective for introducing functional groups into the furan core. A
notable example is the palladium-catalyzed coupling of 1,3-dicarbonyl compounds with
aryl and alkyl halides [18]. This method allows specific alkyl substitutions on the furan
ring using alkyl iodides or bromides, leading to complex furan derivatives applicable in
pharmaceuticals and agrochemicals [19]. Alternatively, copper-catalyzed Ullmann-type
couplings use copper iodide to effectively catalyze the cyclization process, incorporating
alkyl groups at various furan ring positions [20]. Organocatalysis, offering a metal-free
synthesis route, employs chiral organocatalysts like proline derivatives to achieve enantios-
elective transformations, yielding furans with high stereocontrol [21]. Photocatalysis has
been also reported for synthesis of furans [22] under visible light irradiation [23].

Recent advancements in palladium-catalyzed synthesis of functionalized furans have
shown significant progress in reaction conditions, yields, and substrate scope (Scheme 1).
Han et al. [24] reported that the treatment of 4-allyl-2,6-dimethyl-3,5-heptanedione with
a catalytic amount of PdCl2(CH3CN)2 (5 mol %) and a stoichiometric amount of CuCl2
(2.2 equiv) in dioxane at 60 ◦C for 12 hours formed 3-isobutyryl-2-isopropyl-5-methylfuran
in 77% isolated yield. Additionally, several α-alkenyl β-diketones underwent oxidative
alkoxylation under these conditions to afford 2,3,5-trisubstituted furans in moderate to
good yields. However, the complex preparation of α-alkenyl β-diketones limited its practi-
cality. Zhang et al. [25] introduced a palladium-catalyzed method for synthesizing furans
and spirocyclopropanes via C–H activation and alkene insertion. Using palladium acetate
(Pd(OAc)2) as the catalyst, copper acetate (Cu(OAc)2) as the oxidant, and trifluoroacetic
acid (TFA) as an additive in toluene at 120 ◦C, they achieved yields of 49% to 87% for
furan derivatives, such as 2-benzylfuran, and 60% to 81% for spirocyclopropanes, such as
spiro[cyclopropane-1,3′-furan], with good regioselectivity and a broad substrate scope, in-
cluding various cyclic 1,3-diketones. Arcadi et al. [26] developed an eco-friendly approach
to synthesize 2,3,5-trisubstituted furans, such as 2-benzoyl-3-methylfuran, through sequen-
tial alkylation and copper(I) iodide (CuI)-catalyzed annulation in toluene at 110–120 ◦C
with 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU) as the base, achieving high yields up to
91%. However, this method encountered limitations in substrate scope and yield when
alternative catalysts or solvent-free conditions were employed.

This study introduces a novel approach to the palladium-catalyzed synthesis of func-
tionalized furans via a strategic alkylation–cyclization method. The research addresses a
notable gap by focusing on palladium-catalyzed reactions involving alkenyl bromide com-
pounds, a less explored area compared to the extensively studied propargylic compounds.
Despite their lower reactivity in palladium catalysis, alkenyl bromides offer significant
practical advantages due to their accessibility and ease of handling (Scheme 1). This study
explores how various factors influence the efficiency of the one-pot reaction, including the
choice of catalyst, solvent, base, and oxidant. Specifically, the study examines different cata-
lysts such as palladium (II) dichloride acetonitrile (PdCl2(CH3CN)2), palladium (II) acetate
(Pd(OAc)2), and palladium (II) acetylacetonate (Pd(acac)2). It also investigates solvents
like 1,4-dioxane and dimethylformamide (DMF), as well as bases including potassium car-
bonate (K2CO3), potassium phosphate (K3PO4), cesium carbonate (Cs2CO3), and sodium
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acetate (NaOAc). Additionally, the impact of oxidants such as copper(II) chloride (CuCl2),
1,4-benzoquinone (BQ), and 2-iodoxybenzoic acid (IBX) is considered. The reactions were
conducted at different temperatures and times to determine optimal conditions for synthe-
sizing functionalized furans. By refining these parameters, this study significantly enhances
the efficiency of furan synthesis and broadens the range of applicable starting materials,
offering new insights and practical applications in synthetic chemistry.
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2. Results and Discussion

The novelty of this study lies in its evaluation of key parameters influencing the
palladium-catalyzed one-pot synthesis of functionalized furans from 1,3-dicarbonyl com-
pounds and alkenyl bromides. This study offers a novel evaluation of critical parameters
affecting the palladium-catalyzed one-pot synthesis of functionalized furans from 1,3-
dicarbonyl compounds and alkenyl bromides. The results, summarized in Table 1, indicate
that PdCl2(CH3CN)2 consistently outperforms other palladium sources and transition-
metal catalysts, delivering exceptional catalytic efficiency and yield. This is particularly
evident when PdCl2(CH3CN)2 is used with dioxane as the solvent, K2CO3 as the base,
and CuCl2 as the oxidant, achieving a peak yield of 94% at 80 ◦C; other combinations
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yielded lower results. The following sections will discuss the entries in Table 1 in detail,
highlighting the impact of each parameter on reaction efficiency and product yield.

Table 1. Reaction conditions and yields for the catalyzed reaction of 1,3-cyclohexanedione (1a,
1 mmol) with alkenyl bromide (2a, 1 mmol), using 0.01 mmol catalyst, 2 mmol base, and 0.05 mmol
oxidant in 4 mL solvent.

Catalysts 2024, 14, x FOR PEER REVIEW 4 of 18 
 

 

2. Results and Discussion 
The novelty of this study lies in its evaluation of key parameters influencing the 

palladium-catalyzed one-pot synthesis of functionalized furans from 1,3-dicarbonyl 
compounds and alkenyl bromides. This study offers a novel evaluation of critical 
parameters affecting the palladium-catalyzed one-pot synthesis of functionalized furans 
from 1,3-dicarbonyl compounds and alkenyl bromides. The results, summarized in Table 
1, indicate that PdCl₂(CH₃CN)₂ consistently outperforms other palladium sources and 
transition-metal catalysts, delivering exceptional catalytic efficiency and yield. This is 
particularly evident when PdCl₂(CH₃CN)₂ is used with dioxane as the solvent, K₂CO₃ as 
the base, and CuCl₂ as the oxidant, achieving a peak yield of 94% at 80 °C; other 
combinations yielded lower results. The following sections will discuss the entries in Table 
1 in detail, highlighting the impact of each parameter on reaction efficiency and product 
yield. 

Table 1. Reaction conditions and yields for the catalyzed reaction of 1,3-cyclohexanedione (1a, 1 
mmol) with alkenyl bromide (2a, 1 mmol), using 0.01 mmol catalyst, 2 mmol base, and 0.05 mmol 
oxidant in 4 mL solvent. 

 
                 1a                2a                     3a 

Entry Catalyst Solvent Base Oxidant Temp (°C) Time (h) Yield 
(%) 

1 PdCl2(CH3CN)2 Dioxane K2CO3 CuCl2 80 2 94 
2 Pd(OAc)2 Dioxane K2CO3 CuCl2 80 6 80 
3 Pd(acac)2 Dioxane K2CO3 CuCl2 80 6 63 
4 PdCl2(CH3CN)2 Dioxane K3PO4 CuCl2 80 6 25 
5 PdCl2(CH3CN)2 Dioxane Cs2CO3 CuCl2 80 6 51 
6 PdCl2(CH3CN)2 Dioxane KOtBu CuCl2 80 6 35 
7 PdCl2(CH3CN)2 Dioxane NaOAc CuCl2 80 6 32 
8 PdCl2(CH3CN)2 Dioxane Et3N CuCl2 80 6 0 
9 PdCl2(CH3CN)2 DMF K2CO3 CuCl2 80 12 51 

10 PdCl2(CH3CN)2 Dioxane K2CO3 BQ 80 6 62 
11 PdCl2(CH3CN)2 Dioxane K2CO3 IBX 80 6 55 

2.1. Effect of Catalyst Type 
The choice of catalyst is crucial for optimizing the efficiency of the catalyzed synthesis 

of functionalized furans [27]. Among palladium catalysts, PdCl₂(CH₃CN)₂ (Entry 1) 
demonstrated significantly higher yields compared to Pd(OAc)₂ (Entry 2) and Pd(acac)₂ 
(Entry 3) at 80 °C with longer reaction times of 6 h. PdCl₂(CH₃CN)₂ (Entry 1) is the most 
efficient catalyst for the synthesis of functionalized furans, achieving the highest yield of 
94% in just 2 h, compared to Pd(OAc)₂ (80% yield in 6 h) and Pd(acac)₂ (63% yield in 6 h). 

The superior performance of PdCl₂(CH₃CN)₂ is attributed to its unique electronic and 
structural properties. PdCl₂(CH₃CN)₂ demonstrates superior catalytic performance due to 
the unique properties of its acetonitrile ligands. These ligands are weakly coordinating 
and good π-acceptors, which stabilize the palladium center without obstructing its active 
sites. This allows the palladium to undergo key catalytic steps like oxidative addition and 
reductive elimination more efficiently, which are critical for carbon–carbon bond 
formation in furan synthesis. In contrast, Pd(OAc)₂ and Pd(acac)₂ contain bidentate acetate 
and acetylacetonate ligands, which create a more crowded coordination environment 
around palladium, potentially hindering substrate access and slowing down the reaction. 

O O
Br+

O

O

Entry Catalyst Solvent Base Oxidant Temp (◦C) Time (h) Yield (%)
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3 Pd(acac)2 Dioxane K2CO3 CuCl2 80 6 63

4 PdCl2(CH3CN)2 Dioxane K3PO4 CuCl2 80 6 25

5 PdCl2(CH3CN)2 Dioxane Cs2CO3 CuCl2 80 6 51

6 PdCl2(CH3CN)2 Dioxane KOtBu CuCl2 80 6 35
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11 PdCl2(CH3CN)2 Dioxane K2CO3 IBX 80 6 55

2.1. Effect of Catalyst Type

The choice of catalyst is crucial for optimizing the efficiency of the catalyzed synthe-
sis of functionalized furans [27]. Among palladium catalysts, PdCl2(CH3CN)2 (Entry 1)
demonstrated significantly higher yields compared to Pd(OAc)2 (Entry 2) and Pd(acac)2
(Entry 3) at 80 ◦C with longer reaction times of 6 h. PdCl2(CH3CN)2 (Entry 1) is the most
efficient catalyst for the synthesis of functionalized furans, achieving the highest yield of
94% in just 2 h, compared to Pd(OAc)2 (80% yield in 6 h) and Pd(acac)2 (63% yield in 6 h).

The superior performance of PdCl2(CH3CN)2 is attributed to its unique electronic and
structural properties. PdCl2(CH3CN)2 demonstrates superior catalytic performance due
to the unique properties of its acetonitrile ligands. These ligands are weakly coordinating
and good π-acceptors, which stabilize the palladium center without obstructing its active
sites. This allows the palladium to undergo key catalytic steps like oxidative addition and
reductive elimination more efficiently, which are critical for carbon–carbon bond formation
in furan synthesis. In contrast, Pd(OAc)2 and Pd(acac)2 contain bidentate acetate and
acetylacetonate ligands, which create a more crowded coordination environment around
palladium, potentially hindering substrate access and slowing down the reaction. Acetoni-
trile’s weaker electron-donating nature allows palladium to retain a higher electrophilic
character, which enhances its reactivity toward substrates, such as alkenyl bromides. This
is particularly important for oxidative addition, a crucial step in cross-coupling reactions.
Pd(OAc)2 and Pd(acac)2, with their stronger coordinating ligands, can reduce palladium’s
electrophilicity, making it less reactive and leading to slower ligand exchange. Structurally,
acetonitrile is monodentate, binding through a single coordination site, which gives the
palladium center more flexibility and better access to substrates. This simpler coordination
environment facilitates faster substrate interaction and promotes higher catalytic turnover
rates. The more crowded, bidentate ligands in Pd(OAc)2 and Pd(acac)2 can impede sub-
strate access, slowing the catalytic cycle and reducing overall yields. Thus, the combination
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of favorable electronic effects, less steric hindrance, and efficient ligand exchange makes
PdCl2(CH3CN)2 the most effective catalyst in the reaction, resulting in faster reaction rates
and higher yields compared to Pd(OAc)2 and Pd(acac)2 [25,28].

2.2. Effect of Solvent Type

The choice of solvent plays a crucial role in the palladium-catalyzed synthesis of
functionalized furans [29], as shown by the varied yields across different solvent conditions
in Entries 1, 2, 3, 4, and 12. Among these, dioxane stands out as the most effective solvent,
achieving a remarkable 94% yield using PdCl2(CH3CN)2 as the catalyst with CuCl2 as the
oxidant at 80 ◦C over 2 h (Entry 1). The polar aprotic nature of dioxane with a dielectric
constant of 2.21 and a boiling point of 101 ◦C promotes strong interactions between the
catalyst and substrate by reducing hydrogen bonding. This enhances the reaction efficiency
and contributes to the high yield observed.

Acetone is a solvent used in this study but shows significantly lower performance,
with 0% yield observed in Entries 1, 2, and 3. Despite being a polar aprotic solvent with
a high dielectric constant of 20.7 and a low boiling point of 56 ◦C, acetone failed to fa-
cilitate the reaction effectively under the given conditions. Experiments conducted with
PdCl2(CH3CN)2 in acetone at 25 ◦C for 2 h resulted in no product formation, indicating that
acetone’s characteristics do not promote the necessary interactions between the catalyst and
reactants. Despite acetone’s polarity, its lower boiling point may lead to volatility issues
that hinder catalyst activation and substrate transformation.

DMF, another commonly used solvent, achieves a yield of 51% under the same catalytic
conditions with PdCl2(CH3CN)2 and CuCl2 at 80 ◦C over 12 h (Entry 9). DMF possesses
a high dielectric constant of 36.7 and a boiling point of 153 ◦C, suggesting its ability to
dissolve a wide range of polar substances. However, the lower yield indicates that DMF
may not stabilize the reaction intermediates as effectively as dioxane. Despite its favorable
dielectric properties, DMF may lead to side reactions or less optimal interactions between
the catalyst and reactants.

These findings highlight the critical role of solvent properties and reaction conditions
in optimizing catalytic performance. Dioxane emerges as the preferred solvent due to
its optimal balance of dielectric constant, boiling point, and ability to enhance catalyst–
substrate interactions, leading to the highest yields in this study.

2.3. Effect of Base Type

The choice of base plays a crucial role in the palladium-catalyzed synthesis of func-
tionalized furans [26], as illustrated by the varying yields reported in Entries 4 and 7–11
(Table 1). K2CO3 (Entry 1) emerges as the most effective base, achieving a 94% yield
with PdCl2(CH3CN)2 in dioxane at 80 ◦C over 2 h using CuCl2 as the oxidant. Its mod-
erate basicity (pKa of 10.33) and buffering capacity enable efficient deprotonation and
reaction facilitation.

K3PO4 (Entry 4) yields a significantly lower 25% due to its higher basicity (pKa of
12.4) and insolubility, which impede interactions with reactants. Cs2CO3 (Entry 5) achieves
a moderate yield of 51%, attributed to its moderate basicity (pKa of 10.46) and solubility.
However, its larger ionic radius and lower lattice energy lead to slower dissolution and
suboptimal reactant interactions. The bulkiness of KOtBu (Entry 6) may result in a reduced
yield of 35%, despite its high basicity (pKa of 19.2).

NaOAc (Entry 7), with a pKa of 4.76, yields 32% due to its mild basicity, affecting
deprotonation efficiency and slowing reaction rates. Et3N (Entry 8), a weak base (pKa of
10.75), produces no yield due to its volatility and reduced deprotonation ability, highlighting
the importance of base choice in achieving optimal yields.

2.4. Effect of Oxidant Type

The choice of oxidant is critical in the palladium-catalyzed synthesis of functionalized
furans [30–33], as it significantly influences yield. This is evident in when comparing the
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performance of CuCl2 (Entry 1, Table 1) and other oxidants (Entries 14 and 15, Table 1).
CuCl2 consistently delivers the highest yields. For instance, in Entry 1, CuCl2 achieves a
94% yield with PdCl2(CH3CN)2, dioxane, K2CO3 at 80 ◦C over 2 h. This success is attributed
to its suitable oxidation potential and ability to facilitate oxidative addition. The oxidant’s
potential (E0) of +0.159 V enables efficient reoxidation of palladium (0) to palladium(II), thus
enhancing catalyst turnover. In contrast, BQ (Benzoquinone), although achieving a yield of
62% in Entry 10, suffers from lower oxidation potential (E0 = +0.699 V) and may participate
in unwanted side reactions, compromising efficiency. Similarly, IBX (2-Iodoxybenzoic
acid) in Entry 11 yields 55%, demonstrating limited interaction with the catalyst due to its
relatively high potential (E0 = +0.70 V), which may hinder the regeneration of the active
catalytic species. These comparisons emphasize the role of oxidant type and properties in
determining reaction outcomes.

2.5. Synthesis of Functionalized Furans from Different 1,3-Diketones and Alkenyl Bromides

Studying the 14 experiments in this synthesis of functionalized furans is important
for understanding how different substituents affect the reaction’s reactivity and selectivity.
Each experiment shows how changing substituents on 1,3-diketones and alkenyl bromides
can impact the reaction’s efficiency, yield, and the properties of the final furan products.
For example, different substituents on the 1,3-diketone can change how these molecules
interact with the palladium catalyst and each other, which affects the outcome of the
reaction [34,35]. Similarly, variations in the alkenyl bromides, such as changes in chain
length or branching, influence the reaction process and the types of products formed. This
knowledge is crucial for improving reaction conditions, increasing yields, and creating new
methods to make functionalized furans, which are useful in pharmaceuticals, agrochemicals,
and materials science. Table 2 shows different experiments using various 1,3-diketones
and alkenyl bromides, highlighting a range of yields and product features. For instance,
using Cyclohexane-1,3-dione (1a) with Allyl bromide (2a) gives a high yield of 2-Methyl-
6,7-dihydrobenzofuran-4(5H)-one (3a), showing the effectiveness of this combination. In
contrast, other combinations, like 2H-Pyran-3,5(4H,6H)-dione (1c) with Allyl bromide (2b),
produce lower yields, showing that different reactants affect the reaction in various ways. In
the synthesis of functionalized furans from 1,3-diketones and alkenyl bromides, unreacted
materials and by-products were occasionally observed due to incomplete reactions or
side reactions.

Throughout the experiments, unreacted materials were occasionally noted due to
incomplete reactions, often caused by steric or ring strain in the reactants, as well as traces
of side-chain substituents. Yields varied between 21% and 94%, with steric hindrance in
bulkier 1,3-diketones or branched alkenyl bromides contributing to the lower outcomes.
Adjusting reaction parameters, such as temperature, reaction time, and catalyst concen-
tration, could help minimize by-products and enhance the overall efficiency and yield of
the furan synthesis. Despite these challenges, the reaction exhibited notable selectivity
for the desired products, resulting in minimal formation of by-products. This selectivity
is attributed to the optimized reaction conditions, including the careful selection of tem-
perature, catalyst, and reaction duration, which were designed to favor the formation of
targeted furan derivatives.

Experiment 1 successfully synthesized 2-Methyl-6,7-dihydrobenzofuran-4(5H)-one
(3a) from Cyclohexane-1,3-dione (1a) and allyl bromide (2a), achieving a high yield of 94%.
This experiment demonstrates the effectiveness of the synthetic route, highlighting precise
control over reaction conditions to yield the desired product with high purity and yield.

Experiment 2 achieved the synthesis of 2,6,6-Trimethyl-6,7-dihydro- benzofuran-4(5H)-
one (3b) from 5,5-Dimethylcyclohexane-1,3-dione and allyl bromide (2a), reaching an 88%
yield. Although this yield is slightly lower than the 94% achieved in Experiment 1, it is
still significant. The reduction in yield may be due to increased steric hindrance from the
additional methyl groups on the cyclohexane ring, which could complicate the cyclization
process. The increased bulk of the substituents in 5,5-Dimethylcyclohexane-1,3-dione may
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result in reduced cyclization efficiency compared to the less hindered Cyclohexane-1,3-
dione used in Experiment 1.

Table 2. Synthesis of functionalized furans using various 1,3-diketones and alkenyl bromides under
optimized conditions using 1 mmol of 1,3-diketones, reacted with 1 mmol of alkenyl bromides in the
presence of PdCl2(CH3CN)2 (0.01 mmol) as a catalyst, using 4 mL of dioxane as the solvent, K2CO3

(2 mmol) as the base, and CuCl2 (0.05 mmol) as the oxidant. The mixture was heated to 80 ◦C for 2 h
to facilitate the reaction.

Exp.
Reactants

Product Yield
1,3-diketone Allyl Halid

1
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Table 2. Cont.
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Experiment 1 successfully synthesized 2-Methyl-6,7-dihydrobenzofuran-4(5H)-one 
(3a) from Cyclohexane-1,3-dione (1a) and allyl bromide (2a), achieving a high yield of 
94%. This experiment demonstrates the effectiveness of the synthetic route, highlighting 
precise control over reaction conditions to yield the desired product with high purity and 
yield. 

Experiment 2 achieved the synthesis of 2,6,6-Trimethyl-6,7-dihydro- benzofuran-
4(5H)-one (3b) from 5,5-Dimethylcyclohexane-1,3-dione and allyl bromide (2a), reaching 
an 88% yield. Although this yield is slightly lower than the 94% achieved in Experiment 
1, it is still significant. The reduction in yield may be due to increased steric hindrance 
from the additional methyl groups on the cyclohexane ring, which could complicate the 
cyclization process. The increased bulk of the substituents in 5,5-Dimethylcyclohexane-
1,3-dione may result in reduced cyclization efficiency compared to the less hindered 
Cyclohexane-1,3-dione used in Experiment 1. 

Experiment 3 successfully synthesized 2-Methyl-5H-furo [2,3-c]pyran-4(7H)-one (3c) 
from 2H-Pyran-3,5(4H,6H)-dione (1c) and allyl bromide (2a), although the yield was only 
25%. This notably low yield may be due to the significant ring strain inherent in the 2H-
Pyran dione structure. This strain may introduce steric or electronic hindrances during 
the cyclization process, making the formation of the furan ring less favorable and 
potentially compromising the reaction efficiency. Consequently, this may explain the 
reduced yield compared to the 94% achieved in Experiment 1. 

Experiment 4 involved the reaction of Cyclopentane-1,3-dione (1d) with allyl 
bromide (2a) to produce 2-Methyl-5,6-dihydrocyclopenta[b]furan-4-one (3d). The reaction 
achieved a yield of only 21%, highlighting the inefficiency of the process, compared to 
Experiment 1. The reduced yield may be attributed to the substantial ring strain present 
in the smaller cyclopentane ring, which could introduce significant steric hindrance. This 
steric strain may make cyclization and furan ring formation less favorable, thereby 
reducing the overall reaction efficiency. 

Experiment 5 involved the reaction of Pentane-2,4-dione (1e) with allyl bromide (2a) 
to produce 1-(2,5-Dimethylfuran-3-yl) ethanone (3e), achieving a commendable 71% yield. 
The reaction yielded a colorless oil, demonstrating that the Pentane-2,4-dione structure is 
more conducive to furan ring formation compared to the diketones used in Experiments 
3 and 4. This improved yield is attributed to the relatively lower steric hindrance and ring 
strain of Pentane-2,4-dione, which facilitates a more efficient cyclization process. In 
contrast, Experiment 3 and Experiment 4, which involved 2H-Pyran-3,5(4H,6H)-dione and 
Cyclopentane-1,3-dione, respectively, suffered from increased ring strain, leading to 
diminished yields. This experiment underscores the critical role of diketone choice in 
optimizing furan synthesis, with reduced steric strain and ring strain leading to better 
reaction outcomes. 

Experiment 6 involved the reaction of Ethyl 3-oxobutanoate with allyl bromide (2a) 
to synthesize Ethyl 2,5-dimethylfuran-3-carboxylate (3f), achieving an impressive yield of 

Catalysts 2024, 14, x FOR PEER REVIEW 7 of 18 
 

 

selectivity is attributed to the optimized reaction conditions, including the careful 
selection of temperature, catalyst, and reaction duration, which were designed to favor 
the formation of targeted furan derivatives. 

Table 2. Synthesis of functionalized furans using various 1,3-diketones and alkenyl bromides under 
optimized conditions using 1 mmol of 1,3-diketones, reacted with 1 mmol of alkenyl bromides in 
the presence of PdCl₂(CH₃CN)₂ (0.01 mmol) as a catalyst, using 4 mL of dioxane as the solvent, 
K₂CO₃ (2 mmol) as the base, and CuCl₂ (0.05 mmol) as the oxidant. The mixture was heated to 80 °C 
for 2 h to facilitate the reaction. 

Exp. 
Reactants 

Product Yield 
1,3-diketone Allyl Halid 

1 

 
2 

 
3  

4 

94% 

2 

 

5 

 

3  

6 

88% 

3 

 

7 

 

 

8 

25% 

4 
 

9 

 

 

10 

21% 

Catalysts 2024, 14, x FOR PEER REVIEW 10 of 18 
 

 

14 

 

33 

 

 

34 

86% 

Experiment 1 successfully synthesized 2-Methyl-6,7-dihydrobenzofuran-4(5H)-one 
(3a) from Cyclohexane-1,3-dione (1a) and allyl bromide (2a), achieving a high yield of 
94%. This experiment demonstrates the effectiveness of the synthetic route, highlighting 
precise control over reaction conditions to yield the desired product with high purity and 
yield. 

Experiment 2 achieved the synthesis of 2,6,6-Trimethyl-6,7-dihydro- benzofuran-
4(5H)-one (3b) from 5,5-Dimethylcyclohexane-1,3-dione and allyl bromide (2a), reaching 
an 88% yield. Although this yield is slightly lower than the 94% achieved in Experiment 
1, it is still significant. The reduction in yield may be due to increased steric hindrance 
from the additional methyl groups on the cyclohexane ring, which could complicate the 
cyclization process. The increased bulk of the substituents in 5,5-Dimethylcyclohexane-
1,3-dione may result in reduced cyclization efficiency compared to the less hindered 
Cyclohexane-1,3-dione used in Experiment 1. 

Experiment 3 successfully synthesized 2-Methyl-5H-furo [2,3-c]pyran-4(7H)-one (3c) 
from 2H-Pyran-3,5(4H,6H)-dione (1c) and allyl bromide (2a), although the yield was only 
25%. This notably low yield may be due to the significant ring strain inherent in the 2H-
Pyran dione structure. This strain may introduce steric or electronic hindrances during 
the cyclization process, making the formation of the furan ring less favorable and 
potentially compromising the reaction efficiency. Consequently, this may explain the 
reduced yield compared to the 94% achieved in Experiment 1. 

Experiment 4 involved the reaction of Cyclopentane-1,3-dione (1d) with allyl 
bromide (2a) to produce 2-Methyl-5,6-dihydrocyclopenta[b]furan-4-one (3d). The reaction 
achieved a yield of only 21%, highlighting the inefficiency of the process, compared to 
Experiment 1. The reduced yield may be attributed to the substantial ring strain present 
in the smaller cyclopentane ring, which could introduce significant steric hindrance. This 
steric strain may make cyclization and furan ring formation less favorable, thereby 
reducing the overall reaction efficiency. 

Experiment 5 involved the reaction of Pentane-2,4-dione (1e) with allyl bromide (2a) 
to produce 1-(2,5-Dimethylfuran-3-yl) ethanone (3e), achieving a commendable 71% yield. 
The reaction yielded a colorless oil, demonstrating that the Pentane-2,4-dione structure is 
more conducive to furan ring formation compared to the diketones used in Experiments 
3 and 4. This improved yield is attributed to the relatively lower steric hindrance and ring 
strain of Pentane-2,4-dione, which facilitates a more efficient cyclization process. In 
contrast, Experiment 3 and Experiment 4, which involved 2H-Pyran-3,5(4H,6H)-dione and 
Cyclopentane-1,3-dione, respectively, suffered from increased ring strain, leading to 
diminished yields. This experiment underscores the critical role of diketone choice in 
optimizing furan synthesis, with reduced steric strain and ring strain leading to better 
reaction outcomes. 

Experiment 6 involved the reaction of Ethyl 3-oxobutanoate with allyl bromide (2a) 
to synthesize Ethyl 2,5-dimethylfuran-3-carboxylate (3f), achieving an impressive yield of 

86%

Experiment 3 successfully synthesized 2-Methyl-5H-furo [2,3-c]pyran-4(7H)-one (3c)
from 2H-Pyran-3,5(4H,6H)-dione (1c) and allyl bromide (2a), although the yield was only
25%. This notably low yield may be due to the significant ring strain inherent in the 2H-
Pyran dione structure. This strain may introduce steric or electronic hindrances during the
cyclization process, making the formation of the furan ring less favorable and potentially
compromising the reaction efficiency. Consequently, this may explain the reduced yield
compared to the 94% achieved in Experiment 1.

Experiment 4 involved the reaction of Cyclopentane-1,3-dione (1d) with allyl bromide
(2a) to produce 2-Methyl-5,6-dihydrocyclopenta[b]furan-4-one (3d). The reaction achieved
a yield of only 21%, highlighting the inefficiency of the process, compared to Experiment 1.
The reduced yield may be attributed to the substantial ring strain present in the smaller
cyclopentane ring, which could introduce significant steric hindrance. This steric strain
may make cyclization and furan ring formation less favorable, thereby reducing the overall
reaction efficiency.

Experiment 5 involved the reaction of Pentane-2,4-dione (1e) with allyl bromide (2a)
to produce 1-(2,5-Dimethylfuran-3-yl) ethanone (3e), achieving a commendable 71% yield.
The reaction yielded a colorless oil, demonstrating that the Pentane-2,4-dione structure is
more conducive to furan ring formation compared to the diketones used in Experiments
3 and 4. This improved yield is attributed to the relatively lower steric hindrance and
ring strain of Pentane-2,4-dione, which facilitates a more efficient cyclization process. In
contrast, Experiment 3 and Experiment 4, which involved 2H-Pyran-3,5(4H,6H)-dione
and Cyclopentane-1,3-dione, respectively, suffered from increased ring strain, leading to
diminished yields. This experiment underscores the critical role of diketone choice in
optimizing furan synthesis, with reduced steric strain and ring strain leading to better
reaction outcomes.

Experiment 6 involved the reaction of Ethyl 3-oxobutanoate with allyl bromide (2a) to
synthesize Ethyl 2,5-dimethylfuran-3-carboxylate (3f), achieving an impressive yield of 89%.
This high yield indicates the importance of the ester functionality in ethyl 3-oxobutanoate,
which appears to stabilize the reaction intermediate and facilitate a more efficient furan ring
formation. The presence of the ester group likely enhances the stability of the intermediate,



Catalysts 2024, 14, 712 10 of 17

leading to a more favorable reaction pathway and resulting in a superior yield compared
to other experiments.

Experiment 7 demonstrated the reaction of 1,3-Diphenylpropane-1,3-dione (1h) with
allyl bromide (2a) to produce (5-Methyl-2-phenylfuran-3-yl)(phenyl)methanone (3g) with
an 80% yield. This yield may be attributed to the stabilizing effects of the phenyl groups in
the 1,3-diketone, which may facilitate the cyclization process. In contrast, Experiment 1
achieved a higher yield of 94% with a simpler alkenyl bromide. This comparison highlights
that a less bulky alkenyl bromide, as used in Experiment 1, enhances cyclization efficiency
more effectively.

Experiment 8 demonstrated the impact of alkenyl bromide substitution on furan synthesis
efficiency. Reacting 1,3-Diphenylpropane-1,3-dione (1h) with (E)-1-Bromo-3,4-dimethylpent-2-
ene (2b) yielded (5-(3-Methyl- butan-2-yl)-2-phenylfuran-3-yl)(phenyl)methanone (3h) with
an impressive 85% yield. This result may highlight a significant improvement compared to
Experiment 1, where a similar reaction achieved a 94% yield with a less complex alkenyl
bromide. The enhanced yield in Experiment 8 is possibly due to the stabilizing effects of
the branched alkenyl bromide, which may facilitate the cyclization process.

Experiment 9 involved reacting 1,3-Diphenylpropane-1,3-dione (1h) with 1-Bromo-
3-methylbut-2-ene (2c) to produce (5-Isopropyl-2-phenylfuran-3-yl)(phenyl)methanone
(3i), achieving an 81% yield. In comparison, Experiment 1 achieved a 94% yield with
a simpler alkenyl bromide, suggesting that while branched alkyl groups may enhance
stabilization, they could also introduce steric challenges that affect the overall efficiency of
furan synthesis.

Experiment 10 involved reacting 1,3-Diphenylpropane-1,3-dione (1h) with 3-Bromocyclohex-
1-ene (2d) to synthesize 3-Benzoyl-2-phenyl-6,7-dihydrobenzofuran-4(5H)-one (3j), achiev-
ing a 55% yield. This yield may be significantly lower compared to other reactions involving
1,3-Diphenylpropane-1,3-dione, possibly due to the substantial steric hindrance from the
Cyclohex-1-ene substituent. In contrast to Experiment 1 (yield, 94%), the bulky cyclohexene
ring may introduce considerable steric strain, complicating the cyclization process and
possibly leading to reduced efficiency.

Experiment 11 involved reacting 1,3-Diphenylpropane-1,3-dione (1h) with (E)-1-
Bromohex-2-ene (2e) to produce (5-Butyl-2-phenylfuran-3-yl)(phenyl)methanone (3k), re-
sulting in a moderate yield of 72%. This yield is low compared to Experiment 1 (yield,
94%), potentially due to the steric hindrance introduced by the bulkier hex-2-ene. The
size and branching of the alkenyl bromide may adversely impact the cyclization efficiency,
highlighting the significance of substituent size and steric effects in furan synthesis.

In Experiments 12, 13, and 14, 1,3-Dip-tolylpropane-1,3-dione (1i), 1,3-Bis(4-chlorophenyl)
propane-1,3-dione (1g), and 1,3-Bis(4-bromophenyl)propane-1,3-dione (1k) were reacted
with allyl bromide (2a) to produce (5-Methyl-2-p-tolylfuran-3-yl)(p-tolyl)methanone (3l,
82%), (4-Chlorophenyl)(2-(4-chlorophenyl)-5-methylfuran-3-yl)methanone (3m, 84%), and
(4-Bromophenyl)(2-(4-bromophenyl)-5-methylfuran-3-yl)methanone (3n, 86%), respectively.
These yields are higher compared to Experiment 7 (80% yield), where 1,3-Diphenylpropane-
1,3-dione (1h) was reacted with allyl bromide (2a). The increased yields can be attributed
to the enhanced reactivity of the 1,3-dicarbonyl compounds with electron-donating sub-
stituents such as methyl, chloro, or bromo groups on the benzene ring.

2.6. Hypothetical Mechanism

The proposed mechanism for the synthesis of substituted furans follows a plausible
catalytic cycle based on known principles of palladium-catalyzed reactions (Scheme 2).
The reaction is hypothesized to begin with a nucleophilic attack of the 1,3-diketone on
the alkyl halide, leading to the formation of a 2-alkenyl-1,3-diketone intermediate. This
intermediate coordinates with the palladium catalyst, forming a π-olefin–palladium (II)
halide complex. In this complex, the olefin becomes susceptible to nucleophilic attack
by the enolic oxygen atom, resulting in the formation of a palladium–carbon bond and
the elimination of HCl. The resulting intermediate is believed to undergo β-hydride
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elimination, forming a 2-methylene-2,3-dihydrofuran–palladium complex. This complex
decomposes to give the substituted furan product, along with palladium (0) and HCl. The
palladium (0) is subsequently reoxidized to palladium (II) by reoxidants, such as CuCl2,
allowing the catalyst to be regenerated and participate in additional catalytic cycles. This
hypothetical mechanism accounts for the efficient production of various substituted furans
under different reaction conditions and with a range of substrates. It highlights the critical
role of the solvent, base, and reoxidant in optimizing the reaction’s yield and minimizing
by-products. While the proposed steps align with known palladium-catalyzed pathways,
further experimental studies are required to confirm the precise intermediates and validate
the mechanism.
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Scheme 2. Proposed catalytic mechanism for the synthesis of substituted furans via palladium-
catalyzed reactions.

3. Experimental Procedure
3.1. Reagents and Materials

All chemicals used in this study were supplied by Sigma-Aldrich (Saint Louis, MO, USA).
The catalysts employed included palladium (II) dichloride (acetonitrile) [PdCl2(CH3CN)2], pal-
ladium (II) dichloride (phenylacetonitrile) [PdCl2(PhCN)2], palladium (II) acetate [Pd(OAc)2],
and palladium (II) acetylacetonate [Pd(acac)2]. The solvents used were acetone, dioxane,
tetrahydrofuran (THF), and dimethylformamide (DMF). Bases included potassium carbon-
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ate [K2CO3], potassium phosphate [K3PO4], cesium carbonate [Cs2CO3], potassium tert-
butoxide [KOtBu], sodium acetate [NaOAc], and triethylamine [Et3N]. The oxidants used
were copper (II) chloride [CuCl2], 1,4-benzoquinone (BQ) [C6H4O2], and 2-iodoxybenzoic
acid (IBX) [C11H7IO5]. The reactants used in the experiments included 1,3-diketones such
as cyclohexane-1,3-dione, 5,5-dimethylcyclohexane-1,3-dione, 2H-pyran-3,5(4H,6H)-dione,
cyclopentane-1,3-dione, pentane-2,4-dione, ethyl 3-oxobutanoate, 1,3-diphenylpropane-
1,3-dione, 1,3-dip-tolylpropane-1,3-dione, 1,3-bis(4-chlorophenyl)propane-1,3-dione, and
1,3-bis(4-bromo- phenyl)propane-1,3-dione. The alkenyl bromides used in the experiments
included allyl bromide, (E)-1-bromo-3,4-dimethylpent-2-ene, 1-bromo-3-methylbut-2-ene,
3-bromocyclohex-1-ene, and (E)-1-bromohex-2-ene.

3.2. One-Pot Synthesis of Functionalized Furans via Pd-Catalysis

The optimization of one-pot synthesis of functionalized furans was carried out by
reacting 1 mmol of 1,3-Cyclohexanedione (1a) with 1 mmol of allyl bromide (2a) in a 50 mL
round-bottom flask with a reflux condenser and vigorous stirring, under various reaction
conditions. The sequence of addition was as follows: A total of 4 mL of solvent (e.g.,
dioxane or DMF) was added first, followed by 2 mmol of base (K2CO3, K3PO4, Cs2CO3,
KOtBu, NaOAc, or Et3N). Next, 0.01 mmol of catalyst (PdCl2(CH3CN)2, Pd(OAc)2, or
Pd(acac)2) was introduced, followed by 0.05 mmol of oxidant (CuCl2, BQ, or IBX). Finally,
1 mmol of 1,3-Cyclohexanedione (1a) and 1 mmol of allyl bromide (2a) were added. The
reactions were performed at 80 ◦C for durations of 2 to 12 h under reflux. After the reaction,
the mixture was quenched with a saturated aqueous solution of ammonium chloride
(NH4Cl) and then extracted with diethyl ether (Et2O). The combined organic extracts were
washed with water and saturated brine, dried over anhydrous sodium sulfate (Na2SO4),
and concentrated under vacuum. The resulting crude products were purified by column
chromatography on silica gel using petroleum ether/ethyl acetate (15:1) as the eluent to
afford the corresponding furans, with yields and conditions detailed in Table 1.

In the synthesis of functionalized furans, various 1,3-diketones were reacted with dif-
ferent alkenyl bromides under optimized conditions (Entry 1, Table 1). The reactions were
conducted using 1 mmol of 1,3-diketones with 1 mmol of alkenyl bromide, PdCl2(CH3CN)2
(0.01 mmol, 2.6 mg) as the catalyst, 4 mL of dioxane as the solvent, K2CO3 (2 mmol,
276.4 mg) as the base, and CuCl2 (0.05 mmol, 2.5 mg) as the oxidant, with the mixture
heated to 80 ◦C for 2 h. Table 2 summarizes the outcomes of these reactions, showcasing
the synthesis of various functionalized furans.

3.3. Characteristics of the Reaction Product

The chemical structures of the products were confirmed using melting points, ¹H
NMR, ¹³C NMR, IR, and MS spectroscopy. The ¹H NMR and ¹³C NMR spectra are provided
in the supplementary information. The yield of the reaction was calculated using the
following equation:

Yield (%) =
Actual Yield

Theoretical Yiled
× 100

where actual yield is the amount of product obtained from the reaction (usually measured
in grams or milligrams). Theoretical yield is the maximum amount of product that could
be formed from the given quantities of reactants, calculated based on stoichiometry.

2-Methyl-6,7-dihydrobenzofuran-4(5H)-one (3a). Colorless solid; yield: 141.17 mg (94%);
mp = 37–38 ◦C. 1H NMR (400 MHz, CDCl3.,δ, ppm): 6.25 (d, J = 1.1 Hz, 1H, furyl-H), 2.84
(t, J = 6.3 Hz, 2H, CH2), 2.54–2.43 (m, 2H, CH2), 2.31 (d, J = 1.1 Hz, 3H, CH3), 2.24–2.12
(m, 2H, CH2). 13C NMR (101 MHz, CDCl3): δ/ppm = 194.6, 166.0, 152.6, 122.0, 101.9,
37.6, 23.3, 22.7, 13.4. IR (νmax, cm−1) 2964, 1664, 1639, 1581, 1427, 1379, 1305, 1217, 1049.
C9H11O2 m/z: 151.0780 [M + H]+; found 151.0782 [36].

2,6,6-Trimethyl-6,7-dihydrobenzofuran-4(5H)-one (3b). White solid; yield: 156.84 mg (88%);
mp = 121–122 ◦C; 1H NMR (400 MHz, CDCl3, δ, ppm,): δ 6.13 (d, J = 1.1 Hz, 1H, furyl-
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H), 2.78 (s, 2H, CH2), 2.37 (s, 3H, CH3), 2.32 (s, 2H, CH2), 1.16 (s, 6H, 2CH3). 13C NMR
(101 MHz, CDCl3): δ/ppm= 192.0, 190.0, 164.8, 156.6, 140.4, 135.9, 132.3, 130.0, 127.9,
122.7, 119.6, 117.8, 52.4, 37.4, 35.5, 28.7, 13.1; IR (νmax, cm−1) 2962, 2368, 2341, 1664, 1639,
1581, 1562, 1427, 1379, 1305, 1218, 1147, 1049, 927, 904, 750, 727. C11H15O2 m/z: 179.1023
[M + H]+; found 179.1025 [37].

2-Methyl-5H-furo[2,3-c]pyran-4(7H)-one (3c). Light yellow solid; yield: 38.04 mg (25%);
mp = 105–106 ◦C. 1H NMR (400 MHz, CDCl3, δ, ppm): 6.25 (d, J = 1.1 Hz, 1H, furyl-H),
4.85 (s, 2H, CH2), 4.44 (s, 2H, CH2), 2.20 (s, 3H, CH3).13C NMR (101 MHz): δ 194.6, 166.0,
152.6, 122.0, 101.9, 82.1,65.1 13.1; IR (νmax, cm−1) 2964, 2368, 2343, 1664, 1639, 1581, 1562,
1427, 1379, 1305, 1217, 1147, 1049, 927, 904, 750, 729. HRMS (ESI) calcd for C8H9O3 m/z:
153.1235 [M + H]+; found 153.1238.

2-Methyl-5,6-dihydrocyclopenta[b]furan-4-one (3d). Light yellow solid; yield: 28.59 mg (21%);
mp = 101–102 ◦C. 1HNMR (400 MHz, CDCl3, δ, ppm): δ 6.63 (d, J = 1.1 Hz, 1H, furyl-H),
2.86 (ddd, J = 15.17, 8.06, 4.17 Hz, 2H, CH2), 2.50 (ddd, J = 15.14, 8.06, 4.17 Hz, 2H, 2CH2),
δ 2.31 (3H, s). 13C NMR (101 MHz): δ 13.4, 28.8, 37.6, 101.9, 122.0, 152.6, 166.0, 194.6. IR
(νmax, cm-1) 2952, 2368, 2343, 1664, 1615, 1581, 1562, 1427, 1379, 1305, 1220, 1141, 1049, 927,
904, 750, 739. HRMS (ESI) calcd for C8H9O2 m/z: 138.5037 [M + H]+; found 138.5039.

1-(2,5-Dimethylfuran-3-yl)ethanone (3e). Colorless oil; yield: 98.10 mg (71%); 1H NMR
(400 MHz, CDCl3, δ, ppm): 6.09 (s, 1H, furyl-H). 2.42 (s, 3H, COCH3), 2.25 (s, 3H, CH3),
2.21 (s, 3H, CH3). 13C NMR (101 MHz): δ 189.42, 159.14, 152.70, 124.40, 106.24, 34.65, 14.64,
13.42. IR (νmax, cm-1) 2962, 2368, 2341, 1664, 1639, 1581, 1305, 1218, 927, 904, 750, 727.
HRMS (ESI) calcd for C8H11O2 m/z: 139.1745 [M + H]+; found 139.1747.

Ethyl 2,5-dimethylfuran-3-carboxylate (3f). Colorless oil; yield: 149.50 mg (89%); 1H NMR
(400 MHz, CDCl3, δ, ppm): 6.13 (s, 1H), 4.18 (q, J = 7.1 Hz, 2H), 2.44 (s, 3H), 2.15 (s, 3H),
1.25 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz): δ 163.3, 156.5, 148.8, 113.0, 105.2, 58.9, 13.3,
12.6, 12.1. IR (νmax, cm−1) 2962, 2368, 2341, 1664, 1650, 1581, 1305, 1218, 927, 904, 743, 730.
HRMS (ESI) calcd for C9H13O3 m/z: 169.0812 [M + H]+; found 169.0815 [38].

(5-Methyl-2-phenylfuran-3-yl)(phenyl)methanone (3g). Colorless oil; yield: 209.85 mg (80%);
1H NMR (400 MHz, CDCl3, δ, ppm): 7.72 (d, J = 8.4 Hz, 2H), 7.67 (d, J = 8.1 Hz, 2H),
7.41–7.37 (m, 1H), 7.28–7.24 (m, 1H), 7.23–7.13 (m, 3H), 6.20 (d, J = 1.0 Hz, 1H), 2.29 (d,
J = 1.0 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ/ppm = 190.9, 153.5, 150.1, 137.2, 131.6,
129.0, 128.6, 127.5, 127.18, 127.16, 126.2, 120.7, 108.7, 12.4. IR (νmax, cm−1) 2930, 2360, 1675,
1649, 1579, 1495, 1450, 1434, 1407, 1378, 1320, 1304, 1232, 1211, 1043, 906, 761, 731, 690, 668.
HRMS (ESI) calcd for C18H15O2 m/z: 263.3133 [M + H]+; found 263.3135.

(5-(3-Methylbutan-2-yl)-2-phenylfuran-3-yl)(phenyl)methanone (3h). Light yellow solid; yield:
270.66 mg (85%); mp = 110–111 ◦C. 1H NMR (400 MHz, CDCl3, δ, ppm): 7.73 (d, J = 8.4 Hz,
2H), 7.57 (d, J = 8.1 Hz, 2H, ArH), 7.40–7.36 (m, 1H, ArH), 7.28–7.24 (m, 1H, ArH), 7.23–7.13
(m, 3H, ArH), 6.20 (d, J = 1.0 Hz, 1H, furyl-H), 3.18 (qd, J = 6.61, 2.77 Hz, 1H, CH), 2.29
(qqd, J = 6.94, 6.94, 2.77 Hz, 1H, CH), 1.47 (d, J = 6.61 Hz, 3H, CH3), 1.23 (d, J = 6.61 Hz, 3H,
CH3), 1.06 (d, J = 6.61 Hz, 3H, CH3). 13C NMR (101 MHz): δ 13.4, 20.3, 20.4, 31.2, 35.2, 98.8,
106.9, 126.7, 128.1, 128.3, 128.5, 130.5, 134.0, 137.7, 158.0, 159.2, 196.0. IR (νmax, cm−1) 2922,
2360, 1675, 1649, 1579, 1495, 1450, 1434, 1407, 1378, 1320, 1304, 1232, 1211, 1043, 906, 762,
731, 691, 668. HRMS (ESI) calcd for C22H23O2 m/z: 319.2017 [M + H]+; found 319.2020.

(5-Isopropyl-2-phenylfuran-3-yl)(phenyl)methanone (3i). Colorless solid; yield: 235.19 mg (81%);
mp = 109–110 ◦C. 1H NMR (400 MHz, CDCl3, δ, ppm): 7.40–7.39 (m, 2H, ArH), 7.14–7.06
(m, 3H, ArH), 7.04–6.85 (m, 5H, ArH), 6.13 (1H, s, CH), 3.35 (m, 1H, CH), δ 1.56 (6H, d,
J = 6.70 Hz, 2CH3). 13C NMR (101 MHz): δ 20.6, 25.6, 32.0, 98.3, 126.7, 126.7, 128.1, 128.3,
128.5, 130.5, 134.0, 137.7, 158.0, 159.2, 196.0. IR (νmax, cm−1) 2912, 2360, 1675, 1649, 1580,
1495, 1450, 1435, 1410, 1378, 1320, 1304, 1232, 1211, 1043, 906, 762, 731, 692, 661. HRMS (ESI)
calcd for C20H19O2 m/z: 291.4561 [M + H]+; found 291.4563.
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3-Benzoyl-2-phenyl-6,7-dihydrobenzofuran-4(5H)-one (3j). White solid; yield: 166.30 mg (55%);
mp 101−102 ◦C; 1H NMR (400 MHz, CDCl3, δ, ppm): 7.91 (m, 2H), 7.54 (m, 3H), 7.40 (t, 5.0
Hz, 2H), 7.30 (m, 3H), 3.03 (t, J = 4.0 Hz, 2H), 2.48 (t, J = 3.0 Hz, 2H), 2.26 (m, 2H).). 13C
NMR (101 MHz): δ 207.3, 192.8, 192.7, 165.9, 151.5, 137.3, 133.8, 129.6, 129.0, 128.9, 128.7,
125.9, 122.6, 117.5, 37.8, 31.1, 23.6, 22.5. IR (νmax, cm−1) 2921, 2360, 1675, 1650, 1579, 1495,
1450, 1434, 1407, 1378, 1320, 1304, 1232, 1211, 1043, 907, 762, 730, 691, 668. HRMS (ESI) calcd
for C21H19O2 m/z: 303.3740 [M + H]+; found 303.3742.

(5-Butyl-2-phenylfuran-3-yl)(phenyl)methanone (3k). White solid; yield: 219.16 mg (72%); mp
107−108 ◦C; 1H NMR (400 MHz, CDCl3, δ, ppm): 7.40–7.39 (m, 2H, ArH), 7.14–7.06 (m,
3H, ArH), 7.04–6.85 (m, 5H, ArH), 6.13 (1H, s, CH), 2.50 (t, J = 7.67 Hz, 2H, CH2), 1.75 (tt,
J = 7.67, 7.00 Hz, 2H, CH2), 1.49 (tq, J = 7.00, 6.50 Hz, 2H, CH2), δ 0.87 (t, J = 6.50 Hz, 3H,
CH3). 13C NMR (101 MHz): δ 13.9, 20.9, 31.5, 35.1, 98.9, 126.7, 126.1, 128.1, 128.3, 128.5,
130.5, 134.0, 137.7, 152.2, 158.0, 196.0. IR (νmax, cm−1) 2922, 2360, 1675, 1649, 1579, 1495,
1450, 1434, 1407, 1378, 1320, 1304, 1232, 1211, 1043, 906, 762, 731, 691, 668. HRMS (ESI) calcd
for C21H21O2 m/z: 305.3912 [M + H]+; found 305.3915.

5-Methyl-2-p-tolylfuran-3-yl)(p-tolyl)methanone (3l). Colorless oil; yield: 238.9 mg (82%); 1H
NMR (400 MHz, CDCl3): δ/ppm= 7.66 (d, J = 8.2 Hz, 2H, ArH), 7.50 (d, J = 8.2 Hz, 2H,
ArH), 7.10 (d, J = 8.0 Hz, 2H, ArH), 7.01 (d, J = 8.0 Hz, 2H, ArH), 6.17 (s, 1H, CH), 2.30 (s,
6H, 2CH3), 2.24 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3): δ/ppm = 190.8, 154.3, 149.7,
142.4, 137.7, 134.7, 128.8, 127.8, 126.4, 126.2, 120.2, 108.6, 20.6, 20.3, 12.3. IR (νmax, cm−1)
2930, 2360, 1678, 1649, 1579, 1495, 1450, 1424, 1407, 1378, 1320, 1304, 1231, 1211, 1043,
906, 761, 730, 690, 668. HRMS (ESI) calcd for C20H18O2 m/z = 291.1380 [M + H]+; found:
291.1382 [36].

4-Chlorophenyl)(2-(4-chlorophenyl)-5-methylfuran-3-yl)methanone (3m). White solid; yield:
278.2 mg (84%); mp 108−109 ◦C. 1H NMR (400 MHz, CDCl3): δ/ppm= 7.81 (d, J = 8.5 Hz,
2H), 7.70 (d, J = 8.6 Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H), 6.27 (s, 1H), 2.41
(s, 3H). 13C NMR (101 MHz, CDCl3): δ/ppm = 190.5, 153.6, 151.7, 140.1, 136.5, 134.7, 131.2,
128.8, 128.7, 128.5, 128.4, 121.8, 109.9, 13.3. IR (νmax, cm−1) 2930, 2360, 1678, 1649, 1579,
1495, 1450, 1424, 1407, 1378, 1320, 1304, 1231, 1211, 1043, 906, 761, 742, 730, 704, 690, 668,
550. HRMS (ESI) calcd for C18H12Cl2O2 m/z = 331.0292 [M + H]+; found: 331.0295 [36].

4-Bromophenyl)(2-(4-bromophenyl)-5-methylfuran-3-yl)methanone (3n). Colorless solid; yield:
361.3 mg (86%); mp 114−115 ◦C. 1H NMR (400 MHz, CDCl3): δ/ppm = 7.70 (d, J = 8.5 Hz,
2H), 7.61 (d, J = 8.6 Hz, 2H), 7.58 (d, J = 8.5 Hz, 2H), 7.46 (d, J = 8.6 Hz, 2H), 6.27 (s, 1H),
2.40 (s, 3H). 13C NMR (101 MHz, CDCl3): δ/ppm= 190.7, 153.6, 151.6, 136.8, 131.8, 131.6,
131.3, 128.8, 128.7, 128.1, 123.2, 121.8, 109.8, 13.4. IR (νmax, cm−1) 2930, 2360, 1675, 1649,
1579, 1495, 1450, 1434, 1407, 1378, 1320, 1304, 1232, 1211, 1129, 1043, 906, 761, 731, 690, 668.
HRMS (ESI) calcd for C18H12Br2O2 m/z = 418.9285 [M + H]+; found: 418.9288 [36].

3.4. Characterization Techniques
1H and 13C NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer.

Samples were dissolved in deuterated chloroform (CDCl3), and tetramethylsilane (TMS)
was used as an internal standard for chemical shift calibration. Chemical shifts are reported
in ppm (δ) and coupling constants (J) are given in Hz. Data were processed and analyzed
using Mnova NMR Software; Mestrelab Research S.L.: Santiago de Compostela, Spain, 2020;
Available online: https://mestrelab.com/software/mnova/ (accessed on 2 May 2020).

Infrared spectroscopy (FTIR) was performed using a Nicolet (Mountain, WI, USA)
AVATAR 330 FTIR spectrometer. Samples were prepared as KBr pellets or thin films,
depending on the sample’s physical state, and spectra were recorded over a range of
4000 to 400 cm−1. The resolution of the spectra was set to 4 cm−1, and the data were
analyzed to identify characteristic functional groups and bonding environments.

High-resolution mass spectra (MS) were acquired using an LC/MSD TOF (Time-of-
Flight) mass spectrometer. For accurate mass determination, samples were introduced via

https://mestrelab.com/software/mnova/
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electrospray ionization (ESI) and analyzed in the positive ion mode. The mass range was
set to cover potential molecular weights of the compounds of interest, and calibration was
performed using standard solutions. Data were processed using Agilent MassHunter software.

Thin layer chromatography (TLC) was performed on pre-coated silica gel plates
(YT257-85, 10–40 µm). The plates were developed using a solvent system appropriate for
the separation of the target compounds, and spots were visualized under UV light (254 nm).
Rf values were calculated for each compound, and a comparison with authentic samples
was used to identify and confirm compounds.

Column chromatography was carried out using silica gel (ZCX II, 200–300 mesh) as the
stationary phase. The elution was performed with a gradient of petroleum ether and ethyl
acetate (15:1) to achieve separation of the target compounds. Fractions were monitored by
TLC, and those containing the desired products were combined, concentrated, and further
purified if necessary. The effectiveness of the separation was evaluated by the purity of the
final compounds.

4. Conclusions

This study offers an in-depth evaluation of factors affecting the palladium-catalyzed
one-pot synthesis of functionalized furans from 1,3-dicarbonyl compounds and alkenyl
bromides. By systematically exploring parameters such as catalyst type, solvent, base, and
oxidant, we identified PdCl2(CH3CN)2 as the most effective catalyst, achieving a superior
yield of 94%. This catalyst’s high efficiency may be due to its favorable chemical structure,
coordination environment, and stability, which contribute to enhanced reaction perfor-
mance and yield. Palladium-based catalysts consistently outperformed other transition
metals, with PdCl2(CH3CN)2 showing exceptional catalytic activity. Optimal conditions
were found to be PdCl2(CH3CN)2 in dioxane at 80 ◦C with K2CO3 as the base and CuCl2 as
the oxidant. This setup highlights the critical impact of solvent choice and reaction tempera-
ture on reaction efficiency. This study demonstrated the method’s versatility across a diverse
array of 1,3-diketones and alkenyl bromides. It utilized various 1,3-diketones, including
cyclohexane-1,3-dione, 5,5-Dimethylcyclohexane-1,3-dione, 2H-pyran-3,5(4H,6H)-dione,
cyclopentane-1,3-dione, pentane-2,4-dione, ethyl 3-oxobutanoate, 1,3-diphenylpropane-
1,3-dione, 1,3-dip-tolylpropane-1,3-dione, 1,3-bis(4-chlorophenyl)propane-1,3-dione, and
1,3-bis(4-bromo- phenyl)propane-1,3-dione. Each of these compounds influenced the reac-
tion’s outcome based on their chemical structure, showcasing the method’s adaptability
and effectiveness in varying chemical environments. Similarly, different alkenyl bromides
such as allyl bromide, (E)-1-bromo-3,4-dimethylpent-2-ene, 1-Bromo-3-methylbut-2-ene,
3-bromocyclohex-1-ene, and (E)-1-bromohex-2-ene were tested, showcasing their ability
to introduce diverse functional groups onto the furan scaffold. The nature of these sub-
stituents significantly impacted reactivity and selectivity, allowing for tailored synthetic
applications and expanding the utility of this synthetic method.

Supplementary Materials: The following supporting information can be downloaded at https:
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