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Synthesis of 4-Hydroxycinnamic Acid from Malonic Acid and 4-
Hydroxybenzaldehyde as Starting Materials with the Variation of the
Reflux Time

Iin Narwanti * Abstract

Fahmi Humaidi Abdillah Cinnamic acid derivatives, naturally occurring compounds
found in plants and also synthetically produced, exhibit diverse
biological activities, including antioxidant, antiplasmodial,
tyrosinase-inhibitory, antibacterial, anti-inflammatory,
antitumor, and anticancer properties, with 4-hydroxycinnamic
acid representing a particularly valuable derivative for
pharmaceutical development. However, the successful
synthesis of these compounds requires careful optimization of
reaction conditions, particularly the reflux time, which must
balance complete reactant conversion against product
degradation that may occur with excessive heating to achieve
maximum yield and purity. This study aimed to optimize the
reaction yield in the synthesis of 4-hydroxycinnamic acid by
varying the reflux time. 4-Hydroxycinnamic acid was
synthesized via a reaction between malonic acid and 4-
hydroxybenzaldehyde using pyridine-piperidine as a catalyst.
The reflux time was varied at 3, 5, and 7 hours. The mixture was
refluxed at 70-80°C with constant stirring at 900 rpm. After the
reaction, the crude product was recrystallized and dried, and
the yield was calculated. TLC was employed to compare the
product's Ry value with that of the starting material using
various eluents. Furthermore, the synthesized product was
characterized by Fourier-Transform Infrared and Nuclear
Magnetic Resonance spectroscopy to elucidate its structure. The
results revealed that the average yields at reflux times of 3, 5,
and 7 hours were 58.6, 66.78, and 63.87 %, respectively, with the
optimal yield achieved at 5 hours. Physicochemical and spectral
data confirmed that the obtained product was 4-
hydroxycinnamic acid. Purity analysis showed that the
Keywords: synthesized compound had a purity level of 95%.

4-hydroxycinnamic acid .

Condensation Recezvgd: February 9t, 2025

Knoevenagel-Doebner 1st Revised: October 28th, 2025

Reflux time variation Acce;?ted: December 11th, 2025
Published: March 30th, 2026

© 2026 Iin Narwanti, Fahmi Humaidi Abdillah. Published by Institute for Research and Community Services
T Universitas Muhammadiyah Palangkaraya. This is an Open Access article under the CC-BY-SA License

(http:/ / creativecommons.org/licenses/by-sa/4.0/). DOI: https:/ /doi.org/10.33084 / bjop.v9i1.9356

Department  of  Pharmacy, Universitas
Ahmad Dahlan, Yogyakarta, Special Region
of Yogyakarta, Indonesia

“email: iin.narwanti@pharm.uad.ac.id; phone:
+6274563515

INTRODUCTION

Cinnamic acid and its structural derivatives constitute a vital class of phenylacrylic acid organic compounds that occur
naturally and are distributed abundantly throughout the plant kingdom?. Characterized by an a,3-unsaturated carboxylic
acid core framework, cinnamic acid serves as a fundamental biosynthetic precursor for flavonoids, coumarins, and an array
of other downstream biologically active macromolecules. Owing to their versatile structural architecture and remarkable
pharmacological profiles, cinnamoyl-bearing compounds are widely recognized as privileged scaffolds in medicinal
chemistry, sparking intense research interest into their therapeutic potential. Beyond their extensive biomedical applications,
these molecules are commercially indispensable across the cosmetic sector? the food and nutraceutical industries?, and
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fragrance or perfume manufacturing* due to their diverse biological properties, which include documented antioxidant5,
antiplasmodial’, tyrosinase-inhibiting®, antibacterial®, anti-inflammatory?1, antitumor*'2, and anticancer™ activities.

To meet industrial and research needs, various classical synthetic methodologies have been established for preparing
cinnamic acid and its analogs, most notably the Perkin reaction®, the Claisen-Schmidt condensation’, the Knoevenagel
condensation’®'’, and specialized enzymatic pathways®. The traditional Perkin reaction, for instance, drives the
condensation of an aromatic aldehyde and an acid anhydride using an alkali salt catalyst'%; however, this pathway often
requires harsh reaction conditions and sustained high temperatures, which can trigger unwanted side reactions or
decompose sensitive reactants. Alternatively, the Claisen-Schmidt condensation involves the reaction of aldehydes with
acetates followed by alkaline hydrolysis to yield the desired cinnamic esters. While Hatsuda et al.'5 successfully optimized
an (E)-cinnamic acid derivative protocol via a sodium metal-mediated Claisen-Schmidt condensation using a methanol-
toluene solvent system, multi-step ester hydrolyses remain vulnerable to competitive pathways, such as the Cannizzaro
side reaction, which can compromise overall product purity. Conversely, the Knoevenagel condensation is often preferred
in modern laboratories because it operates under significantly milder conditions and provides superior product yields.
Other strategies, such as the protocol developed by Chiriac and colleagues employing a 4-dimethylaminopyridine (DMAP)-
pyridine base and boron tribromide (BBr3) chemical agent, successfully generate cinnamic acid analogs in moderate yields;
nonetheless, this methodology is constrained by high temperature requirements and prolonged reaction durations
spanning 8 to 12 hours?.

While these established frameworks offer diverse synthetic entry points, meticulous optimization of reaction conditions
remains paramount to maximize overall synthesis efficiency and economic viability. Achieving a successful synthesis
requires balancing the conversion rate of the starting materials against the thermal degradation of the product, a dynamic
heavily governed by the precise regulation of the reflux duration. Consequently, the design of highly efficient,
environmentally benign, and cost-effective synthetic pathways for functionalized cinnamoyl architectures remains a driving
focus in organic synthesis. To address these parameters, the present study aims to synthesize 4-hydroxycinnamic acid by
systematically investigating the effects of reaction time. Our approach focuses on identifying the optimal reflux duration to
achieve maximum product yield under moderate, energy-efficient operating conditions. Furthermore, particular emphasis
is placed on advancing greener synthetic methodologies by minimizing the consumption of hazardous organic solvents,
directly aligning the workflow with sustainable chemistry practices. The structural identity of the synthesized 4-
hydroxycinnamic acid was comprehensively validated by thin-layer chromatography (TLC), Fourier-transform infrared
spectroscopy (FIIR), and nuclear magnetic resonance (NMR) spectroscopy, and its final purity profile was rigorously
evaluated by High-Performance Liquid Chromatography (HPLC).

MATERIALS AND METHODS

Materials

The chemical reagents utilized in this study were of analytical grade and procured from standard commercial sources
without further purification. The inventory comprised malonic acid, 4-hydroxybenzaldehyde, pyridine, piperidine,
chloroform, n-hexane, glacial acetic acid, concentrated hydrochloric acid (HCI), ethanol, ethyl acetate, acetone, petroleum
ether, dimethyl sulfoxide (DMSO), and distilled water. Experimental reaction monitoring and initial purity evaluations were
conducted using TLC. The melting point profile of the isolated synthesis product was determined using an SMP3 melting
point apparatus. Functional group characterization was performed via FTIR spectroscopy. Structural elucidation was
achieved using NMR spectroscopy, including proton (tH-NMR) and carbon (BC-NMR) configurations, recorded on an
Agilent DD2 spectrometer operating at 300 MHz and 500 MHz, respectively. For the NMR data, chemical shifts (0) are
reported in ppm relative to the residual solvent signals, while coupling constants (J values) are expressed in Hertz (Hz). The
final product purity and specific retention times were evaluated using an Agilent 1260 Infinity I HPLC system (Agilent
Technologies, Germany) equipped with a Dikma Diamonsil C-18 stationary phase column (5 pm, 150 x 4.6 mm). The
chromatographic separation was carried out with an injection volume of 20 pL, a constant mobile-phase flow rate of 0.5
mL/minute, and an eluent system consisting of acetonitrile and water containing 10 mM ammonium chloride and 1.0%
formic acid. All analytical samples evaluated by HPLC were prepared in DMSO as the dissolution medium.
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Methods

Condensation and reflux optimization sequernce

The synthesis of 4-hydroxycinnamic acid was initiated by introducing 520.3 mg (5.0 mmol) of malonic acid into a round-
bottom flask, followed immediately by the addition of 2.0 mL of pyridine as the initial reaction solvent. This primary mixture
was heated gently and continuously with agitation until the solid malonic acid was completely dissolved in the solvent.
Subsequently, 305 mg (2.5 mmol) of 4-hydroxybenzaldehyde and 1 mL of piperidine were introduced to the solution to
serve as the catalyst mixture. The combined reaction matrix was then brought to a stable, continuous reflux maintained at
an operational temperature range of 70-80°C. To systematically evaluate the direct effect of reaction duration on total
product conversion efficiency, the reflux processing time was varied at fixed experimental intervals of 3, 5, and 7 hours.

Precipitation and isolation protocol

Upon the completion of each respective heating period, the reaction flask was removed from the heat source and allowed
to cool naturally to room temperature. The cooled mixture was then neutralized via the systematic, dropwise addition of
25.0mL of 2.0 M HC, which altered the solution properties and initiated the formation of a distinct, dense white precipitate.
To optimize crystal growth dynamics and maximize the total recovery of the solid product, the round-bottom flask housing
the suspension was transferred to an ice bath for localized thermal stabilization. The resulting crude solid was collected by
vacuum filtration using a Biichner funnel, washed thoroughly with 50 mL of chilled water to remove residual salts, then
washed a second time with 20 mL of petroleum ether to strip away organic impurities, and dried under vacuum to isolate
the desired 4-hydroxycinnamic acid product.

Data analysis

Following the final drying stage, the total mass of the isolated crystalline solid was recorded on an analytical balance to
determine the dry mass value required to calculate the final percentage yield of the synthesis. The obtained 4-
hydroxycinnamic acid was then subjected to multi-instrumental data tracking to establish its chemical profile and verify
final purity levels. Structural confirmation data were acquired by evaluating specific retention times on an Agilent 1260
Infinity II HPLC system, while functional group profiles were mapped by analyzing FTIR spectra. Final molecular
confirmation was achieved by analyzing 6 and ] values from TH-NMR and 3C-NMR spectra, which were evaluated
alongside mobile-phase verification metrics and TLC migration maps to confirm overall product homogeneity.

RESULTS AND DISCUSSION

Piperidine serves as an effective organic base catalyst in the Knoevenagel-Doebner reaction, driving the strategic
transformation of diverse aromatic aldehydes. A defining structural modification characterizing the Knoevenagel-Doebner
pathway relative to the standard Knoevenagel condensation involves substituting diethyl malonate with an organic diacid
framework?. Although classic historical designs by Doebner evaluated a broad range of aliphatic diacids, malonic acid
remains the most widely deployed diacid component within contemporary synthetic schemes?. Mechanistically, the
reaction initiates via a piperidine-facilitated chain elongation step, which is followed by a pyridine-mediated
decarboxylation sequence that strips carboxyl functions from the intermediate diacid. The principal objective of this study
was to optimize the reflux duration governing the condensation of 4-hydroxybenzaldehyde with malonic acid, as illustrated
in Figure 1. Within this chemical environment, pyridine served as both a solvent matrix and a weak base, and the conversion
was accelerated by using a small catalytic amount of piperidine.

Pyridine/Piperidine 9]

9 0 HO Reflux time variation (3, 5, 7 h) A
)I\/U\ + - OH
HO OH 0O -
HO
Malonic acid 4-Hydroxybenzaldehyde 4-Hydroxycinnamic acid

Figure 1. Synthesis of 4-hydroxycinnamic acid from malonic acid and 4-hydroxybenzaldehyde using pyridine-piperidine catalyst under
varying reflux times.
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The condensation reaction linking 4-hydroxybenzaldehyde and malonic acid successfully produced 4-hydroxycinnamic
acid. The corresponding mass yields of the isolated 4-hydroxycinnamic acid compiled across the varied reflux intervals (3,
5, and 7 hours) are presented in Table I. The calculated percentage yields across the 3-, 5-, and 7-hour intervals were 58.6%
289, 66.78% + 3.52, and 63.87% * 1.29, respectively. These quantitative trends demonstrate that maintaining the reaction
matrix under reflux for 5 hours establishes the optimal kinetic ceiling necessary to achieve the maximum yield of the target
molecule. In comparison, a previously reported alternative synthesis of 4-hydroxycinnamic acid using a standalone
diethylamine catalyst exhibited poor catalytic efficacy, yielding yields below 10%2. Similarly, separate historical methods
utilizing microwave-assisted Knoevenagel-Doebner protocols with piperidine in dimethylformamide (DMF) at 90°C
achieved moderate-to-good yields of phenolic acids within a compressed 30-minute reaction window?. In the present
study, the binary pyridine-piperidine catalytic system, under standard 5-hour thermal reflux, successfully generated 4-
hydroxycinnamic acid with an isolation yield exceeding 65%.

TableI.  Isolated 4-hydroxycinnamic acid with various reflux times (3, 5, and 7 hours).
Group Replication Isolated product Average Yield (%)

I 1 136.7 58.6+2.89
155.1
163.4
177.1 66.78+3.52
189.3
145.3
154.3 63.87+1.29
121.6
197.0

II

I

LG NNRFRP WONRFR W

As collated in Table II and visualized in TLC migration maps in Figure 2, the observed retention factors (Rj) fluctuated in
accordance with individual molecular polarities and the specific mobile phase compositions used. Adjustments in eluent
polarity, along with competitive affinities between the mobile phase and the silica gel stationary phase, directly govern total
compound migration. For instance, the Rrindicators tracking the starting precursors and the resulting 4-hydroxycinnamic
acid decreased markedly when developed inside a lower-polarity eluent system consisting of #-hexane and ethyl acetate
(2:1). Conversely, compound migration accelerated, yielding higher Rroutputs, when the structural polarity of the mobile
phase was enhanced by introducing a multi-component system of chloroform, acetone, and acetic acid (10:5:0.5).

Table II.  Ryvalues of malonic acid, 4-hydroxybenzaldehyde, and 4-hydroxycinnamic acid when developing with different eluents.

C d R¢ values
ompounds Eluent I Eluent IT Eluent ITI
Malonic acid 0.025 0.075 0.125
4-Hydroxybenzaldehyde 0.300 0.475 0.750
4-Hydroxycinnamic acid (C) 0.075 0.163 0.625
4-Hydroxycinnamic acid (D) 0.075 0.163 0.625
4-Hydroxycinnamic acid (E) 0.075 0.163 0.625

Figure 2. TLC analysis of 4-hydroxycinnamic acid compared to 4-hydroxybenzaldehyde, and malonic acid using various eluent; (A)
malonic acid, (B) 4-hydroxybenzaldehyde, and (C, D, E) 4-hydroxycinnamic acid obtained from different reflux time 3, 5, and 7 hours,
respectively; eluent I = n-hexane: ethyl acetate (2:1); eluent II = chloroform: ether (3:1); eluent III = chloroform: acetone: acetic acid = (10:
5:0.5). TLC plate was detected under UVass.
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The infrared spectrum of the isolated condensation product (Figure 3) provides crucial diagnostic evidence for the presence
of target functional groups, based on characteristic vibrational wavelengths. Parsing the infrared data enables the
identification of specific absorption coordinates, with each unique peak position reflecting the structural environment of the
synthesized molecule. The recording displays a sharp, intense band centered at 1674.21 cm?, confirming the presence of a
C=0 stretching vibration arising from the carboxylic acid (-COOH) terminus, which constitutes a primary diagnostic
marker for cinnamic acid backbones. Two distinct absorption bands centered at 3387.00 cm™ are assigned to the stretching
vibrations of the phenolic -OH functional groups. The spectrum also exhibits a distinct peak at 3024.38 cm, which
corresponds to the sp2 hybrid C-H stretching vibrations of the aromatic ring core. Furthermore, the sharp, medium-intensity
band appearing at 1627.21 cm confirms the presence of the alkenic C=C bond within the conjugated a,-unsaturated
framework. These spectral assignments correlate with data published by Fang et al., who mapped the characteristic -OH
and alkenic C=C networks of functionalized 4-hydroxycinnamic acid at 3381 cm and 1672 cm?, respectively.
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Figure 3. Infrared spectrum of 4-hydroxycinnamic acid (featuring O-H stretching vibration, C=O stretching vibration, and C=C
stretching vibration markers).

Nuclear magnetic resonance spectroscopy remains an essential tool for parsing the precise structural architecture of organic
frameworks, providing detailed insights into phase dynamics, conformational states, and configurational shifts?*. Applying
an external magnetic field to the target nuclei induces a characteristic resonance frequency that drives core-level energy-level
transitions. The resulting & values are highly sensitive to the surrounding electronic environment, meaning that atoms in
chemically equivalent spaces within symmetric molecules experience identical shielding and generate overlapping signals?.
In this study, high-resolution NMR experiments were performed to validate the carbon-hydrogen connectivity of the
isolated 4-hydroxycinnamic acid. Proton and carbon spectral arrays were acquired using both acetone-d6 (A) and DMSO-
d6 (B) as dissolving matrices to cross-reference solvent-dependent behaviors, with the extracted values collated in Table IIL
The corresponding TH-NMR traces recorded across both deuterated solvent environments are displayed sequentially in

Figure 4.
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Table III. Summarized NMR spectral data of 4-hydroxycinnamic acid.

Spectral data
Structure Acetone-de DMSO-ds

H H O TH-NMR (300 MHz, Acetone-ds) &1 7.62 (d, ] = 15.9 Hz, H-NMR (300 MHz, DMSO-ds) 611 7.56 - 7.44

Hos & AN AL _H 1H), 7.57 - 7.47 (m, 2H), 6.94 - 6.84 (m, 2H), 6.34 (d, J= (m, 3H), 6.84 - 6.73 (m, 2H), 6.28 (d, ] = 15.9
g " O 16.0 Hz, 1H)® Hz, TH)®
2
H
(? OH BC-NMR (75 MHz, Acetone-de) &c 168.9, 160.5, 145.9, 13C-NMR (75 MHz, DMSO-ds) 8c 168.1,159.7,
H H 130.9, 126.9, 116.6, 115.52 144.3,130.2, 1254, 115.9, 115.5%
Note: 2> Spectral data were collected in acetone-d6 and DMSO-6, respectively.
08-19-74-OH-CIN-Acetone
c b g8323
¢« H B o I
H N
OH
HO H
Y] GRS 1| H
' 78 76 74 72 70 68 66 64 " ppm d
) B oq e
C d
b
(-
""" IR [ | P e S T B
10 o 8 6 s a 3 2 1 PPmM

08-19-74-OH-CIN-DMSO

NN N
2883 2283 g3 c b
RN G Ge ¢ H & O
NV N \ H N
JM u OH

H

r T T T T T T T T U T 1 HO H a
7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 PPmM c

—
303
e

{=

O 202
—_
—_
1.00
———
o

T T T T T
10 ) ! 7 6 5 4 3 2 1 ppm

ER

Figure 4. 'TH-NMR spectra of 4-hydroxycinnamic acid in (top) acetone-d6 and (bottom) DMSO-d6.

Asillustrated in Figure 4, the proton environments of the 4-hydroxycinnamic acid product were successfully resolved using
both deuterated acetone and DMSO. Both spectra exhibit diagnostic splitting patterns in the aromatic region between 6.2
and 7.8 ppm, confirming the presence of the conjugated phenyl proton matrix. Observable variances in precise chemical
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shift positions between the two traces reflect the influence of solvent polarity on local nuclear shielding dynamics.
Specifically, the proton analysis conducted in acetone-d6 resolved the phenyl ring protons as symmetric multiplet signals
spanning 7.57-7.47 ppm and 6.94-6.84 ppm. Crucially, two sharp doublet signals appearing at 7.63 ppm and 6.34 ppm are
explicitly tied to the trans-configured olefinic protons of the a,-unsaturated chain, with the calculated ] values spanning
15.9 t016.0 Hz confirming the expected trans (E) geometry. When the sample was analyzed in DMSO-d6, one of the olefinic
doublet signals shifted downfield and overlapped with the aromatic multiplet block, resolving as a combined multiplet
integrating to three protons (6n = 7.56-7.44 ppm). Additionally, the highly exchangeable acidic carboxylic and phenolic
hydroxyl protons were attenuated due to background trace moisture or active proton exchange with the deuterated solvent
media. These values track historical literature data using acetone-d6, which placed the characteristic trans-olefinic alkene
protons at 7.61 ppm and 6.34 ppm?.

Regarding the carbon framework, the BC-NMR profiles of the 4-hydroxycinnamic acid were similarly traced in both
DMSO-d6 (A) and acetone-d6 (B), as shown in Figure 5. The carbon trace acquired in acetone-d6 shows a distinctive
downfield carbonyl signal at 168.12 ppm, corresponding to the acid functionality, which shifts to 168.89 ppm when
evaluated in DMSO-d6. Additionally, a cluster of carbon resonances in the 115-160 ppm range maps the positions of the
aromatic and conjugated alkene carbon centers. These carbon position metrics align with historical literature controls?.
Taken together, the 13C spectral datasets provide robust corroboration of the structural preservation of the core aromatic and
carbonyl elements, matching the expected spectral pattern of pure cinnamic acid derivatives.

202408-28-74-OH-CIN-Acetone-C13 1 1 "DATMU\NMR Raw Data\*2024" §
08-28.74-OH-CIN-Acetona-C13
L s
8
- s - @@ cin
e g 3 2 By op o
] 2 B 2 gE =t EH
] 8 2 2 55 BY g
= = S I S w w0 83
s g g 2 g8 g»° 34
] g g 2 g& 22 g8
[ [ ¢ -
] .
3,6
2,6
' e
] | !
-
T T T T T T
250 200 150 100 50 o [ppm]
2024-08-28-74-OH-CIN-DMSO-C13 1 1 "DATMU\NMR Raw Data'*2024" ?
08-28-74-OH-CIN-OMSO-C13 =
L g
s
5 8 2 88 ag o
& B 3 § 3% 3% g
[ I3 - 2 W 0w ©2
2 2 = = 2 == g
; f
\ \ Y
e
ke
3,5
2,6
7 4 L
} { [ I -
250 200 150 100 50 o [ppm]

Figure 5. 3C-NMR spectra of 4-hydroxycinnamic acid in (top) acetone-d6 and (bottom) DMSO-d6.

Following structural validation, the purity profile of the synthesized crystalline compound was quantitatively evaluated
using HPLC under the isocratic conditions detailed in the experimental section. Asillustrated in the chromatogram in Figure
6, the synthesized 4-hydroxycinnamic acid sample exhibits a dominant primary peak at 12.224 minutes, confirming it as the
primary component. This peak exhibits a sharp, highly symmetrical profile, indicating excellent sample homogeneity. The
analytical trace also reveals two minor background peaks resolving at 20.250 and 22.512 minutes, which reflect trace
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secondary impurities within the matrix. The absence of additional unexpected peak clusters supports the high purity of the
isolated target compound.

Due toiits highly polar nature and minimal interaction with the reverse-phase stationary phase, the injection solvent (DMSO)
elutes early in the initial dead volume window (typically around 3-5 minutes) and manifests as a broad, irregular solvent
front peak at high concentrations. In accordance with standard analytical protocols, these solvent front signals were
excluded from the final purity calculations®. Consequently, using integrated peak area analysis, the final purity value of the
synthesized 4-hydroxycinnamic acid was calculated to be approximately 97.99%. This high value confirms the efficiency
and reproducibility of the condensation and downstream purification protocols. These combined analytical findings
confirm that the selected reaction parameters and isolation steps successfully yielded a high-purity product suitable for
subsequent applications.

mAU =
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o
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Figure 6. HPLC analysis of 4-hydroxycinnamic acid.

CONCLUSION

The synthesis of 4-hydroxycinnamic acid was successfully achieved via a Knoevenagel-Doebner condensation of malonic
acid and 4-hydroxybenzaldehyde. Comparative evaluation of 3-, 5-, and 7-hour reflux durations showed that a 5-hour
reaction time yields the optimal 66.78% yield, providing sufficient activation energy while preventing product degradation.
By leveraging a pyridine-piperidine catalytic system under mild reflux conditions, this benchtop method offers high
efficiency without specialized microwave-assisted apparatus. Structural confirmation via TLC, FTIR, and NMR verified the
target molecular configuration, while HPLC analysis confirmed an excellent final product purity of 97.99%. Overall, this
optimized protocol combines high yields, high purity, and operational simplicity, establishing a practical, highly
reproducible method for preparing 4-hydroxycinnamic acid suitable for downstream applications.
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