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Abstract: Parkinson’s disease (PD) has emerged as the second most common form of human neurode-
generative disorders. However, due to the severe side effects of the current antiparkinsonian drugs,
the design of novel and safe compounds is a hot topic amongst the medicinal chemistry community.
Herein, a convenient peptide method, TBTU (O-(benzotriazole-1-yl)-N,N,N′,N′-tetramethyluronium
tetrafluoroborate), was used for the synthesis of the amide (E)-N-(2-methylcinnamoyl)-amantadine
(CA(2-Me)-Am; 3)) derived from amantadine and 2-methylcinnamic acid. The obtained hybrid was
studied for its antiparkinsonian activity in an experimental model of PD induced by MPTP. Mice
(C57BL/6,male, 8 weeks old) were divided into four groups as follows: (1) the control, treated with
normal saline (i.p.) for 12 consecutive days; (2) MPTP (30 mg/kg/day, i.p.), applied daily for 5 consec-
utive days; (3) MPTP + CA(2-Me)-Am, applied for 12 consecutive days, 5 days simultaneously with
MPTP and 7 days after MPTP; (4) CA(2-Me)-Am +oleanoic acid (OA), applied daily for 12 consecutive
days. Neurobehavioral parameters in all experimental groups of mice were evaluated by rotarod
test and passive avoidance test. Our experimental data showed that CA(2-Me)-Am in parkinsonian
mice significantly restored memory performance, while neuromuscular coordination approached the
control level, indicating the ameliorating effects of the new compound. In conclusion, the newly syn-
thesized hybrid might be a promising agent for treating motor disturbances and cognitive impairment
in experimental PD.

Keywords: amantadine; 2-methylcinnamic acid; single crystal X-ray diffraction; Parkinson’s disease

1. Introduction

Globally, the growth of the older population, comprising 7 % or more of the total
population, is projected to reach about 2 billion people by 2050 [1]. Thereafter, this can
be associated with increasing prevalence of age-related diseases as neurodegenerative
diseases, such as Parkinson’s disease and Alzheimer’s disease, among others. According
to the WHO (World Health Organization), amongst the neurological disorders, there is a
growing concern around the disability and death caused by PD [2]. Parkinsonism is the
second most common neurodegenerative disaster after Alzheimer’s disease [3,4]. Currently,
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there are no strategies that can stop the brain cell injury afflicted by PD. The multifactorial
nature of this incurable pathology requires an effective multi-target concept that can hit
diverse targets. However, the almost all of the central nervous system drug candidates do
not efficiently penetrate the blood–brain barrier. Therefore, to solve this problem, it is wildly
accepted that the addition of a lipophilic rest to main structure can modify absorption,
distribution, metabolism, or excretion (ADME) properties of an entire molecule.

Accordingly, adamantane core has been known as a precise building block that can
alter the lipophilicity on a lead compound, without increasing its toxicity. Indeed, there are
many adamantane-based compounds that are currently used in clinical practice and also as
potential therapeutics [5,6]. However, the end of the era of aminoadamantanes, including
rimantadine and amantadine as antiviral, is delineated, since they have faced increasing
resistance against influenza A strains [7–9]. Surprisingly, a random finding resurrected the
role of amantadine in the efficacy for symptomatic alleviation in PD [10], as well as for other
movement disorders [11]. Additionally, the dual effects of amantadine on parkinsonian
signs and symptoms and levodopa-induced dyskinesias are due to its dopaminergic and
glutamatergic properties [11]. Amantadine is the only glutamate antagonist drug that
is prescribed against PD, often used to treat dyskinesia. However, the clinical use of
amantadine is limited because of concerns regarding its safety and tolerability issues, as
well as the duration of its antidyskinetic efficacy. Hence, the search for new agents with
powerful antiparkinsonian action and good biological tolerance is an important task for
chemists and biologists.

In this regard, cinnamic acid (CA) has been known as a plant 3-phenylpropenoic acid
and represents one of the constituents in the common spice cinnamon. This unsaturated
carboxylic acid has been obtained through phenylpropanoid pathway as a deaminated
plant product of its amino acid precursor phenylalanine. Besides having a plethora of
activities such as antidiabetic [12] and anti-cancer [13] effects, cinnamic acid emerges with
a new function in protecting dopaminergic neurons via PPARα [14]. Moreover, an earlier
result [15] reveals that cinnamic acid improves memory by suppressing the oxidative stress
and cholinergic dysfunction in the brain of diabetic mice.

Inspired by the above-mentioned results for CA, in our study, we report the synthesis
of a hybrid molecule consisting of methylated cinnamic acid and amantadine. Furthermore,
the newly obtained derivative was examined as a potential neuroprotective agent in the
MPTP experimental mouse model of PD.

2. Materials and Methods
2.1. General Methods

2-Methyl-cinnamic acid, amantadine, and other reagents were purchased from Angene
Chemical, Sigma Aldrich (FOT, Bulgaria), whereas all solvents were obtained from Thermo
Fisher Scientific (Bulgaria) and applied with no further purification. Thin-layer chromatog-
raphy (TLC) was carried out on precoated Kieselgel 60F254 plates (Merck, Germany) with
detection by UV absorbance at 254 nm. A TLC plate was visualized by Ce-PMo reagent
solution followed by heating. Flash chromatography of the target amide was performed on
prepackaged BÜCHI FlashPure EcoFlex silica columns.

The newly amide 3 was synthesized according to the modified literature method [16].
The NMR spectra were recorded in deuterated solvents with (CH3)4Si as the internal
standard on a Bruker Ascend neo NMR 600 instrument (Bruker, Billerica, MA, USA) at
600 MHz for 1H nuclei and at 151 MHz for 13C nuclei. A Bruker Compact QTOF-MS
(Bruker Daltonics, Bremen, Germany) controlled by the Compass 1.9 Control software was
used to measure the mass spectrum. The monoisotopic mass values were calculated using
Data analysis software v 4.4 (Bruker Daltonics, Germany). The analysis was conducted
in the positive ion mode at a scan range from m/z 50 to 1000, and nitrogen was used as
nebulizer gas at a pressure of 4 psi and flow of 3 L/min for the dry gas. The capillary
voltage and temperature were set at 4500 V and 220 ◦C, respectively.
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2.2. Synthesis of (E)- N-(2-Methylcinnamoyl)-Amantadine (3)

2-Methylcinnamic acid (1.8 g, 11.4 mmol) was suspended in 30 mL of CH2Cl2, and
then, after adding Et3N (1.6 mL, 11.4 mmol), the obtained colorless liquid was treated by
solid TBTU (3.7 g, 11.4 mmol). After being stirred for ≈10 min, to the mixture, we added
amantadine (2.4 g, 12.6 mmol) and Et3N (1.8 mL, 12.6 mmol), dissolved (under sonication)
in 40 mL CH2Cl2. Thus, the reaction mixture was stirred at room temperature for 3 h,
and then was diluted with an additional 30 mL CH2Cl2. The organic phase was washed
with 5% aqueous NaHCO3 (5 × 50 mL) and brine (3 × 50 mL), dried over Na2SO4, and
concentrated in vacuo. Furthermore, after purification, the amide was obtained (3.3 g, 89%)
as white crystals.

Compound (3): white crystals (CH3CN); mp 188–189 0C; 1H NMR (DMSO-d6, 600
MHz) δ 7.59 (s, 1H), 7.56 (d, J = 15.6 Hz, 1H), 7.48 (d, J = 7.3 Hz, 1H), 7.27–7.20 (m, 3H),
6.58 (d, J = 15.6 Hz, 1H), 2.35 (s, 3H), 2.03 (bs, 3H), 2.00 (bs, 6H), 1.64 (bs, 6H); 13C NMR
(DMSO-d6, 151 MHz) δ 164.5, 137.0, 135.7, 134.4, 131.1, 129.4, 126.8, 126.3, 125.3, 51.4, 41.5,
36.5, 29.3, 19.9; HRMS m/z 318.1830 (calcd for C20H25NNaO, 318.1828).

2.3. Single Crystal X-ray Diffraction (SCXRD) of (E)-N-(2-methylcinnamoyl)-amantadine (3)

Single crystals of compound 3 were grown from 1:1 v/v benzene methanol solution. A
crystal with suitable size and quality was selected and was mounted on a glass capillary.
The diffraction peak intensities and coordinates were collected on Bruker D8 Venture diffrac-
tometer (Bruker AXS GmbH, Karlsruhe, Germany) equipped with a PhotonII CMOS detec-
tor using micro-focus MoKα radiation (λ = 0.71073 Å). Data were processed with CrysAl-
isPro software [17]. The structure was solved with intrinsic methods using ShelxT [18] and
refined by the full-matrix least-squares method on the F2 with ShelxL program [19]. All
non-hydrogen atoms were located successfully from the Fourier map and were refined
anisotropically. Hydrogen atoms were placed on calculated positions (C–Haromatic = 0.93,
C–Hmethyl = 0.96 Å, and C–Hmethylenic = 0.97 Å, riding on the parent atom (Ueq = 1.2). The H
atom near the nitrogen was located from a different Fourier map. Complete crystallographic
data for the structure of the title compound reported in this paper were deposited in the
CIF format at the Cambridge Crystallographic Data Center as 2205297. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, deposited
on 5 September 2022 (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax:
+441223336033; e-mail: deposit@ccdc.cam.ac.uk).

2.4. Neurobehavioral Studies

Mice (C57BL/6, male, 8 weeks old) were obtained from Erboj (Animal Breeding
Center, Slivniza, Sofia). The animals were housed two per cage under constant laboratory
conditions (25 ± 3◦C, 12/12 h light/dark cycle) with food and water available ad libitum.
The habituation period was 5 days before the start of the experiment. The protocol of
all experiments was in accordance with the requirements of the European Communities
Council Directive 86/609/EEC and rules of the Bioethics Committee 30/03/2021, Institute
of Neurobiology, Bulgarian Academy of Sciences.

CA(2-Me)-Am (3) was dissolved in oleanolic acid (OA). We tested five doses of amide
3 applied per os on 25 male mice C57BL/6 and found the dose of 20 mg/kg to be the
most effective.

Mice were divided into four experimental groups (n = 8 in each group) as follows:
(1) control, treated with normal saline (i.p.) for 12 consecutive days; (2) MPTP (30 mg/kg/day,
i.p.) applied daily for 5 consecutive days in accordance with the work of Shin et al. [20];
(3) MPTP (30 mg/kg, i.p.) + CA(2-Me)-Am (20 mg/kg, per os) applied for 12 consecutive
days, 5 days simultaneously with MPTP and 7 days after MPTP; (4) MPTP (30 mg/kg, i.p.)
+ OA (per os) applied daily for 12 consecutive days.

All mice training was conducted before MPTP administration.

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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2.4.1. Rotarod Test

Mice from all experimental groups were placed on a gyratory with a fixed speed of
7 rpm/min, and the time on rotarod was determined. The observation period was 5 min.
All animals were pre-trained on the rotarod apparatus before treatment in order to reach
stable performance. The training consisted of one session per day over 3 consecutive days.
The test was made on the 13th day, and the average time per group was calculated after the
experiment and repeated four times [21].

2.4.2. Passive Avoidance Test

Learning and memory performance in mice was evaluated using passive avoidance
learning test [22]. Acquisition phase: during this phase, each animal was placed in the
illuminated compartment. When the rodents innately entered into the dark compart-
ment, they received a mild electrical foot shock (0.5 mA, 3 s). In this trial, the initial
latency (IL) of entrance into the dark chamber of each animal was recorded, and mice with
ILs > 60 s were excluded from the study. Test phase: on the 13th and 14th days, each mouse
was placed in the illuminated chamber, and the entry into the dark chamber was measured
as step through latency (STL). The behavioral observations were carried out between 9 a.m.
and 12 a.m.

2.4.3. Statistical Analysis

The results were expressed as means ± the standard error of the mean (SEM) or as
percentage changes over the mean compared to the control. Statistical analyses of the data
were performed by one-way analysis of variance (ANOVA) followed by Dunnett post hoc
comparison test. Differences were considered significant at p < 0.05.

3. Results and Discussion
3.1. Chemistry

Herein, the 2-methylcinnamic acid amide (CA(2-Me)-Am; 3) was synthesized as
outlined in Scheme 1. Generally, the amidation of 2-methylcinnamic acid (CA(2-Me)-OH; 1)
with amantadine (Am; 2) was carried out in the presence of tertiary amine (triethylamine,
Et3N) and by one of the preferred coupling reagents for in situ activation, such as TBTU [16]
to amide 3.
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The structure of the newly obtained compound (3) was confirmed by the 1H NMR,
13C NMR, HRMS, and single crystal analysis powder diffraction. The title compound
(CA(2-Me)-Am; 3) crystallized in the monoclinic P21/c space group, with one molecule
in the asymmetric unit (Figure 1). The bond distances and angles (Table 1) within the
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adamantane and 2-methylcinnamic acid were comparable with those observed in other
structures [23–27].

Table 1. The most important data collection and crystallographic refinement parameters for (E)=N-(2-
methylcinnamoyl)-amantadine.

Empirical formula C20H25NO
Formula weight 295.41
Temperature/K 290.00
Crystal system monoclinic

Space group P21/c
a/Å 14.692(2)
b/Å 11.900(2)
c/Å 9.9904(18)
α/◦ 90
β/◦ 104.943(5)
γ/◦ 90

Volume/Å3 1687.6(5)
Z 4

ρcalcg/cm3 1.163
µ/mm-1 0.071
F(000) 640.0

Crystal size/mm3 0.3 × 0.25 × 0.2
Radiation MoKα (λ = 0.71073)

2Θ range for data collection/◦ 4.466 to 52.842
Index ranges -18 ≤ h ≤ 17, -14 ≤ k ≤ 12, -12 ≤ l ≤ 12

Reflections collected 10,910
Independent reflections 3443 (Rint = 0.0595, Rsigma = 0.0654)

Data/restraints/parameters 3443/0/205
Goodness-of-fit on F2 1.018

Final R indexes (I > =2σ (I)) R1 = 0.0605, wR2 = 0.1171
Final R indexes (all data) R1 = 0.1142, wR2 = 0.1405

Largest diff. peak/hole/e Å−3 0.17/−0.13

The angle between the phenyl and acrylamide moieties was 29.8 ◦, disclosing that the
conjugation was not stringent, e.g., the conjugation could be disrupted. In the molecule
of (E)–N-(2-methylcinnamoyl)-amantadine, one hydrogen donor (N–H) and one acceptor
(carbonyl oxygen) were present. In the crystal structure, the molecules produced one-
dimensional chains with a graph set C1

1(4) [28,29] (Figure 2a). The three-dimensional
packing of the molecules (Figure 2b) did not reveal additional weak interactions, and thus
the stabilization of the crystal structure was achieved by the N1-H1 . . . O1 hydrogen bond
(N1 . . . O1 of 3.065(5) Å).
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Figure 1. (a) ORTEP [30] view and numbering scheme of the molecule present in the asymmetric unit
of (E)–N-(2-methylcinnamoyl)-amantadine; the thermal ellipsoids were drawn with 50% probability,
and hydrogen atoms are shown as small spheres with arbitrary radii. (b) Observed angle between
the mean plane of the phenyl (C1/C15/C16/C17/C18/C19) and acrylamide (C13/C12/C11/O1/N1)
moieties (C13/C12/C11/O1/N1).
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Figure 2. The observed (a) hydrogen bonding interaction stabilizing the crystal structure of (E)–N-(2-
methylcinnamoyl)-amantadine and (b) a view along the b axis of the three-dimensional packing of
the molecules and formation of C1

1(4) chains propagating along the [10] plane.

3.2. In Vivo Evaluation of Amide 3 in an Experimental Mouse Model of PD
3.2.1. Effect of CA(2-Me)-Am (3) on the Weight of Experimental Animals

There was no significant change in the weight of the control mice over the 12-day
period. In those treated with MPTP, we observed a 6.92% weight gain within the group. In
the MPTP + CA(2-Me)-Am and MPTP + OA mice, weight reduction was recorded at the
end of the observed period at 17.41% and 15.51%, respectively (Figure 3).
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Figure 3. Effect of CA(2-Me)-Am on the weight of the experimental animals. Data are presented as
means with their respective standard errors (m ± S.E.M; n = 8; * p < 0.05).

3.2.2. Rotarod Test

The studies performed demonstrated that the group of mice treated either with the
MPTP toxin or with MPTP + OA spent less time on the rotating lever of the rotarod
apparatus as compared to the controls, which is an indication of a motor-impairing effect.
The reduction was by 21.13 % (p < 0.05) for the MPTP group, and by 20.99 % (p < 0.05)
for the MPTP + OA group (Figure 4). In the MPTP + CA(2-Me)-Am group, the time that
experimental animals spent on the rotary lever was comparable to that of the control group
(Figure 4).
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Figure 4. Effect of CA(2-Me)-Am on neuromuscular coordination. The asterisks above bars indicate
significant differences in number of falls per minute for each experimental group versus the control
at * p < 0.05. Statistical analysis was performed by one-way analysis of variance (ANOVA) followed
by Dunnett’s post hoc comparison test.

3.2.3. Passive Avoidance Test

The administration of the MPTP toxin caused a decrease in the step-through latency
time by 31.56% (p < 0.01) at 1st h and by 33.45% (p < 0.01) at 24th h after the training of mice
as compared to controls, which is evidence of memory and learning deficits. Administration
of CA(2-Me)-Am increased the latent reaction time by 33.49% (p < 0.05) at the 1st h and
by 33.84% (p < 0.05) at 24th h as compared to the MPTP-treated group, an indication of a
memory-protective effect of the newly synthesized amantadine derivative (Figure 5).
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Figure 5. The effect of CA(2-Me)-Am on initial latency (IL) and step-through latency (STL) in
a single-trial passive avoidance test in a mouse model of PD. Significance vs. control group:
**p < 0.01; significance vs. MPTP-treated group: # p < 0.05. Statistical analysis was performed
by one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc comparison test.

3.3. Molecular Docking

The docking of (E)-N-(2-methylcinnamoyl)-amantadine (3) was performed against
four different targets associated with PD: A2aAR (3EML) [31], COMT (1H1D) [32], MAO-B
(2C65) [33], and NMDA (7SAD) [34] (Table 2).
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Table 2. Molecular docking score (kcal/mol) of (E)–N-(2-methylcinnamoyl)-amantadine against
selected targets associated with PD.

Molegro Virtual
Docker Score

Detected Hydrogen
Bonding Interaction

(E)–N-(2-methylcinnamoyl)-
amantadine

NMAD (7SAD) [34] -80.240 No

COMT (1H1D) [32] -111.957 No

A2aAR (3EML) [31] -83.578 C=O . . . O-H Tyr271
D . . . A 3.38 Å

MAO-B (2C65) [33] -119.889 C=O . . . N-H Gly58
D . . . A 3.09 Å

NMAD, N-methyl-D-aspartate receptor; COMT, catechol-O-methyltransferase; A2aAR, A2A adenosine receptor;
MAO-B, monoamine oxidase B.

The docking approach involved predicting the conformation and orientation of ligands
within a targeted binding site. Initially, the reference drug memantine present in 7SAD [34]
was employed to adjust the docking parameters. The structures of the target enzymes
were obtained from the Protein Data Bank (PDB), the coordinates of the small molecules
were generated from the crystal structure of the (E)–N-(2-methylcinnamoyl)-amantadine,
and positioning in the active site and docking were conducted using Molegro Virtual
Docker (MVD2019.7.0.0-2019-03-18-1B win32). Details regarding the docking validation are
provided in Figures S4 and S5. The UCSF Chimera [35] and Ligplot+ 2.2.5 [36] were used
for visualization and interactions detection. On the basis of the scores obtained from the
docking results, the interaction of (E)–N-(2-methylcinnamoyl)-amantadine with MAO-B
was most favorable (score of –119.889, Figure 6). The second possibility not to be excluded
is the interaction with COMT (–111.957). However, while for MAO-B, a hydrogen bonding
interaction was detected for COMT, no hydrogen bonding interaction “enzyme . . . ligand”
was identified (Figure 7). Interestingly, the active sites of COMT and MAO-B shared a large
amount of analogical AA and thus it may be possible to design a ligand that will interact
with both enzymes.

Parkinson’s disease has high social significance, resulting from a progressive loss of
nigrostriatal dopaminergic neurons. The decrease in striatal dopaminergic innervation
due to this loss is responsible for motor disturbances characteristic of the disease, such as
akinesia, muscular rigidity, and tremor, and cognitive function impairment later appears.
Amantadine is an agent that raises the concentration of dopamine in the synaptic cleft in
PD. Currently, levodopa is considered to be the gold standard for symptomatic treatment of
PD. However, long-term treatment with levodopa is complicated by motor fluctuations and
dyskinesia. Everything stated above requires the search for compounds that can replace
levodopa and improve the efficacy of amantadine in the treatment of PD. In this line of
thinking, we performed investigations of a newly obtained amantadine derivative CA(2-
Me)-Am (3) on neuromuscular coordination, learning, and memory in an experimental
mouse model of PD. The obtained data showed that amide 3 restored neuromuscular
coordination and memory performance of parkinsonian animals to the control level, giving
an indication of its beneficial protective effects.
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Moreover, the molecular docking study investigations showed that from the con-
sidered four targets, (E)–N-(2-methylcinnamoyl)-amantadine interacted preferably with
MAO-B, followed by COMT. The detected hydrogen bonding interaction could be used for
development of modified potential antiviral drug candidates.

In conclusion, our results demonstrated ameliorating effects of the newly synthesized
compound CA(2-Me)-Am in an experimental model of Parkinson’s disease, which deserves
further investigations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12111518/s1, NMR and MS spectra of compound 3
are provided.
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