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Synthesis of Novel Artemisinin Derivatives and Their
Electrochemical Properties
Meryem Esen,[a] Emrah Kavak,[a] Omruye Ozok-Arici,[b] Berdan Ulas,[c] Hilal Kivrak,*[b, d] and
Arif Kivrak*[e]

In present, new artemisinin-based organic compounds (1–6)
are designed and synthesized in excellent yields (up to 97%)
via Steglich Esterification reactions. All new artemisinin deriva-
tives are tested as anode catalysts for hydrazine electro-
oxidation reactions with electrochemical methods in 1 M KOH/
0.5 M N2H4 solution. Hybrid molecule 1 exhibits the best
catalytic activity in hydrazine electrooxidation reaction with

2.28 mAcm� 2 value. Moreover, response surface methodology
(RSM) is applied to investigate of optimum electrode con-
ditions. By using optimum conditions, hydrazine electrooxida-
tion is obtained as 3.55324 mAcm� 2. As a result, artemisinin-
based hybrid compounds may be alternative, and next-
generation anode catalyst for direct hydrazine fuel cells.

Introduction

Nowadays, renewable energy sources are the most important
challenge all over the world due to the environmental impact
associated with conventional sources and the energy crisis.[1]

Fossil fuels are expensive and cause climatic effects like
greenhouse gases. Nowadays, nuclear energy will be alternative
for producing clean energy, but there are many question marks
about the safety of nuclear facilities. The primary energy source
is liquid fuels, petroleum and its by-products after the industrial
revolution in the early nineteenth century. Although, natural
gas has become main source of the producing of electricity
and heat for industrial and domestic uses, 35.6% for petroleum,
28.6% for coal and 23.8% for natural gas were to be primary
energy consumed worldwide at the end of 2007. The global

perspective improved that sources of primary energy will not
enough for next generations.[2]

Renewable energies and energy technologies have been
gained very important for generation of clean energy.[3] New
technologies are eco-friendly, needing renewable energy
sources like sun, wind, water etc., and slightly cheaper than
fossil sources.[4] Recently, a variety of batteries,[5] organic solar
cells,[6] and fuel cells[7–9] have been investigated. Fuel cells may
be the best way to formation of electrical energy by using
chemical energy in cells. Fuel cells have a variety of potential
applications such as using in power plants for industrial
applications, vehicles and small devices.[10] Fuel cells have high
efficiency of the chemical energy in the fuel to electrical
energy, and they help to preserve the climate change due to
lower carbon dioxide emissions. Moreover, they produce the
only water as side product; they help to decrease the air
pollutants.[11,12]

Hydrazine,[13] glucose,[14] formic acid,[15] ethanol,[8,16] and
methanol[17–19] are the main fuel sources to producing electrical
energy in fuel cells. Hydrazine, N2H4, is widely used in industry,
explosives, rocket propellants, metal film manufactures, fuel
cells, and photographic chemicals.[20] Hydrazine has superior
properties such as; low cost, high energy density, higher
performance and easy storage.[21]

Various catalysts have been developed for direct hydrazine
fuel cells as an anode catalyst. For example, Cu� Ni,[22] PtCu/C,[23]

NPGL,[24,25] AuPdDANCs,[26,27] Pd/CNT[28] were applied in fuel cells.
In addition, Abdolmaleki et al. was used a simple direct
hydrazine-hydrogen peroxide fuel cell based on the Au/C
catalyzed for cathode and the Co@Au/C core-shell for anode.[29]

Ojha et al. also reported that Fe2MoC catalyst exhibits high
catalytic activity with high stability (at least 2000 cycles).[30] As
seen Table 1, the maximum peak values of metal-based
catalysts for the hydrazine electrooxidation reaction are
summarized in the literature.

Recent studies improved that organic materials were used
as metal-free anode catalysts to electrooxidation in fuel cells. Er
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at al. were investigated that benzothiophene based organic
catalyst exhibited the highest performance for hydrazine
electrooxidation with 3.22 mAcm� 2 value with the lowest
charge transfer resistance.[31]

Heterocyclic molecules have played very critical roles for
the design for new materials not only material science, but also
biological applications. Carbazoles, thiophenes, indoles and
pyridines are well known examples.[37–40] Moreover, heterocyclic
compounds are core motifs for renewable energy sources due

to their low molecular weight, flexibility, wide absorption
bands, stable electrochemical stability, environmentally
friendly, and reusability.[41,42]

Artemisinin a natural endoperoxide isolated from the plant
Artemisia annua L, is widely used as an anti-malaria drug and
their derivatives have anti-bacterial, anti-inflammatory, and
anti-tumor activities.[27–30] Artemisinin exhibited greater activ-
ities than other antivirals, so it is known as the most effective
drug in the treatment of malaria.[43,44] Semisynthetic derivatives

Table 1. Some examples for hydrazine electrooxidation in the literature.

Catalyst Preparation Maximum Peak (mA*cm� 2 ) Reference

poly(P-phenylenediamine/ZnO) (PpPD/ZnO) dope 0.172 [32]

AuPd DANCs co-reduction 9.57 [27]

VGNH-45 PECVD hydrothermal method 13 [33]

Benzothiophene organic synthesis 4.95 [31]

MnO/N-C dope 6.3 [34]

NiFe2O4-rGO hydrothermal method 18.9 [35]

Flower-shaped CuO dope 5.23 [36]

Figure 1. Artemisinin and known semi-synthetic derivatives

Figure 2. Synthesis of artemisinin-piperazine, artemisinin-piperidine and artemisinin-morpholine derivatives.
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Figure 3. Possible reaction mechanism for the artemisinin hybrid molecules.

Table 2. Hydrazine electrooxidation properties of artemisinin-based catalysts.

Catalyst Total Current of KOH (mAcm� 2 ) Total Current of Hydrazine (mAcm� 2 ) Normal Current, (mAcm� 2 ) Onset Potential (V)

DHA 0.10 0.98 0.88 � 0.55
ART 1.43 1.45 0.02 � 0.56
ARTS 0.10 1.64 1.54 � 0.53
1 0.07 2.35 2.28 � 0.51
2 0.21 1.11 0.90 � 0.48
3 0.08 1.55 1.47 � 0.47
4 0.09 1.48 1.39 � 0.44
5 0.09 0.96 0.87 � 0.45
6 0.09 1.05 0.96 � 0.42

Table 3. Analysis of variance for hydrazine electrooxidation on hybrid 1.

Source Sum of Squares df Mean Square F Value p-value
Prob>F

Model 13.11 9 1.46 3.45 0.0333 significant
X1 0.015 1 0.015 0.035 0.8546
X2 1.10 1 1.10 2.61 0.1374
X3 1.37 1 1.37 3.26 0.1013
X1X2 5.41 1 5.41 12.83 0.0050
X1X3 0.11 1 0.11 0.26 0.6208
X2X3 0.61 1 0.61 1.44 0.2578
X1

2 0.75 1 0.75 1.77 0.2127
X2

2 0.17 1 0.17 0.40 0.5397
X3

2 0.29 1 0.29 0.70 0.4230
Residual 4.22 10 0.42
Lack of Fit 3.15 5 0.63 2.95 0.1299 not significant
Pure Error 1.07 5 0.21
Cor Total 17.33 19

Table 4. Optimum conditions by the CCD.

Solution Number MKOH (mg/L) MHyd (mg/L) Vc (μL) Specific Activity (mA/cm2) Desirability

1 4.00 3.00 6.00 3.55324 0.833
2 4.00 2.99 6.00 3.53335 0.825
3 3.96 3.00 5.97 3.5024 0.814
4 3.91 3.00 6.00 3.46048 0.798
5 4.00 2.83 6.00 3.31695 0.744
6 3.66 3.00 6.00 3.22131 0.708
7 4.00 2.38 6.00 2.74377 0.530
8 0.20 0.22 0.50 2.20493 0.328
9 0.23 0.20 0.50 2.18912 0.322
10 0.20 0.20 6.00 2.18063 0.319
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of artemisinin, dihydroartemisinin, artesunate, and artemether
have been developed with the aim of increasing the pharmaco-
logical activity and the pharmacokinetic profile of the main
drug (Figure 1).[45,46] Dihydroartemisinin is also found as anti-
cancer agents against osteosarcoma, pancreatic, leukemic and
lung cancer cells.[47]

Herein, we aimed to develop artemisinin based organic
catalysts for hydrazine electrooxidation reaction as an anode
catalyst.[31,48] By using optimized reaction conditions, a variety
of artemisinin derivatives were synthesized. Then, electro-
oxidation performance was found via CV and the EIS. Moreover,
optimum conditions for electrode preparation were found with
Response Surface Methodology (RSM).

Results and Discussion

Synthesis

In order to synthesis of desired compounds, Steglich reaction
was used. The reaction between artesunate and heterocyclic
compounds including piperazine derivatives, piperidine deriva-
tives and morpholine produced the artemisinin hybrid com-
pounds with highest yields (Figure 2). Initially, (3R,5aS,6-
R,8aS,9R,12R,12aR)-3,6,9-trimethyl decahydro-12 H-3,12-
epoxy[1,2]dioxepino [4,3-i]isochroman-10-yl 4-morpholino-4-
oxobutanoate 1 were synthesized in 54% yields by starting
from the artesunate in the presence EDCI as a catalyst. When
same reaction condition was used with piperidine, piperidine-

artemisinin (2) was isolated in 46% yields. If artesunate was
allowed to react with 1-(4-methoxybenzyl)piperazine in the
presence EDCI/DMAP, desired corresponding compound (3)
formed (47% yields). When ethyl piperazine-1-carboxylate was
underwent to reaction, compound (4) was obtained in 93%
yileds. 1-(4-chlorobenzyl)piperazine and 1-(4-
fluorobenzyl)piperazine were reacted with artesunate for the
formation of compounds 5 and 6, 97% yields of 5 and 96%
yields of 6 were isolated, respectively (Figure 2). The 1H-NMR
and 13C-NMR spectrums of artemisinin hybrid molecules have
characteristics peaks when compared with literature [46]. The
characteristic peaks of artemisinin can be seen around 5.3 ppm
as a doublet and around 5.7 ppm as a singlet. The 13C-NMR
spectra are very important for the identification of the carbonyl
(C=O) peaks of our hybrid molecules. There are one ester’s
carbonyl peak and one amide’s carbonyl peaks. These carbonyl
peaks are shifted around 172 ppm and 169 ppm in the 13C-NMR
spectrum. The possible reaction mechanism was given in
Figure 3.

Electrochemical evaluation

Hydrazine electrooxidation performances of DHA, Artemisinin-
ART, Artesunate- ARTS, Hybrid 1, Hybrid 2, Hybrid 3, Hybrid
4, Hybrid 5 and Hybrid 6 catalysts were examined with CV
analysis. CV measurements in 1 M KOH solution and 1 M KOH
+ 0.5 M N2H4 solution are given. The specific activity of DHA,
ART, ARTS, 1 2, 3, 4, 5 and 6 artemisinin-based catalysts toward

Figure 4. CV results of artemisinin-based catalysts in a) 1 M KOH and b) 1 M KOH+0.5 M N2H4, c) (1) in comparison of 1 M KOH and 1 M KOH+0.5 M Hydrazine
at 50 mVs� 1 scan rate of catalysts.
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hydrazine electrooxidation obtained from CV results (Figure 4)
were shown in Table 2. The parameters given in Table 2 are the
current value at the total potential taken in 1 M KOH solution;
indicates the total current value taken in a total of 0.5 M N2H4,
while the normal current value indicates the difference
between the current received in 1 M KOH and 0.5 M N2H4. The
onset potential is found by using potential. The lower the onset
potential means the faster the oxidation. When all molecules
were compared, the highest performance artemisinin-based
catalyst was shown as hybrid 1 catalysts in hydrazine electro-
oxidation with 2.28 mA/cm2, while the lowest performance was
obtained from ART (Table 2). These results displayed that
hybrid 1 is a promising artemisinin-based catalyst for hydrazine
electrooxidation.

CCD for hydrazine electrooxidation on (1) catalyst

A total of 20 sets of experiments were performed for obtaining
optimum values of MKOH, MHyd, and Vc for hydrazine electro-
oxidation on hybrid (1). 5 of the 20 sets of experiments were
conducted at the same points to determine the experimental
errors, while the remaining 15 sets were performed at different
points. The specific activity values for hydrazine electrooxida-
tion on hybrid (1) at the points determined by the Design
Expert 7.0 software were obtained by cyclic voltammetry. The
quadratic equations proposed by the software for electro-
oxidation of hydrazine with hybrid (1) were given in Eq. 1 and
Eq. 2 in terms of coded and real values.

Figure 5. The actual-predicted and internally studentized residuals graphs were used to test the fit of the model
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Specific Activity for Hydrazine Electrooxidation ¼

þ0:58 � 0:039*X1 þ 0:33*X2 þ 0:37*X3 þ

0:82* X1*X2 þ 0:12* X1* X3þ

0:28* X2* X3 þ 0:52* X2
1

þ0:25* X2
2 þ 0:33*X2

3

(1)

Spesific Activity for Hydrazine Electrooxidation ¼

þ 2:78565 � 1:19445*MKOH � 1:05108*MHyd

� 0:30810*Vc þ 0:30919*MKOH*MHydþ

0:022435*MKOH*Vc

þ0:071578*MHyd* Vc þ 0:14441*M2
KOHþ

0:12689*M2
Hyd þ 0:043267*V2

C

(2)

The statistical significance of the model proposed by
Design Expert 7.0 was revealed by analysis of variance (ANOVA)

Figure 6. a) MKOH, b) Mhyd, and c) Vc versus specific activity for hydrazine electrooxidation on hybrid (1)

Figure 7. Nyquist plots derived from EIS measurements of hybrid 1 catalyst at different potentials
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and was given in Table 3. The regression coefficient of the
proposed model was found to be 0.76, indicating that 24% of
all variations could not be predicted by the proposed model.
The p-value of the model proposed from the analysis of
variance was determined as 0.0333, and since it is less than
0.05, the quadratic model is statistically significant at the 95%
confidence interval [31]. Since the p values of model terms X2

and X3 are greater than 0.05, they are statistically insignificant
but close to 0.1 indicates that these terms make a positive
contribution to the predictive ability of the model. The p-value
of the X1X2 term between binary interactions is less than 0.05
and is statistically significant. Although the other model terms
are statistically insignificant, they were not excluded from the
model because of their positive contribution to estimation. The
p-value of the model‘s lack of fit test is 0.1299, showing that
the model values and experimental data are in good agree-
ment. In addition, the fact that the model has 3.45 F value
supports this proposition. Model suitability was also verified
with adequate precision. The adequate precision of the
proposed quadratic model was determined as 7.151, and
adequate precision values greater than 4 indicate that the
proposed model could make accurate predictions within the
design limits.[49]

The actual-predicted and internally studentized residuals
graphs were used to test the fit of the model and are given in
Figure 5. In Figure 5a, model values and actual values are
compared. Most of the experimental points are scattered
around the diagonal, except for some outliers (Runs 6, 9, and
19). The closeness of model values and actual values confirms
the suitability of the proposed model for hydrazine electro-
oxidation on hybrid 1. The normal probability distributions of
the residues for hydrazine electrooxidation were shown in
Figure 5b. The residues showed a random distribution around
the diagonal, indicating that the data set is normally
distributed. Figure 5c demonstrates the internally studentized
residual versus predicted values for hydrazine electrooxidation
on hybrid 1. The studentized data were distributed between
the theoretical +3 and � 3 limits, indicating that the obtained
data are not outliers. In addition, it was concluded from
Figures 5b and 5c that the data are suitable and that a
mathematical transformation of specific activity values is not
required. Figure 5d shows the distribution of the residues
against the experimental numbers. As can be seen from
Figure 5d, the residuals were randomly scattered and no
recurring trend was detected in the distribution of the experi-
ment points, indicating that the effects of Vc, MKOH, and MHyd on
the specific activity are time-independent.

Response surface plots of independent variables namely
MKOH, Mhyd, and Vc versus specific activity for hydrazine electro-
oxidation on hybrid 1 was given in Figure 6. As can be seen in
Figure 6a, when the MKOH value increased from 0.2 mg/L to
2.1 mg/L, the specific activity decreased from 1.137 mA/cm2 to
0.521 mA/cm2, and with the increase of MKOH up to 4 mg/L, the
specific activity increased to 1.4339 mA/cm2. KOH was used as
supporting electrolyte and it was concluded from the design
results that the supporting electrolyte could not provide
enough ions up to 0.2 mg/L of MKOH. In addition, at 2.1 mg/L

MKOH and 3.25 μL Vc, the specific activity for hydrazine electro-
oxidation increased from 0.494 to 1.158 mg/L with the increase
of MHyd from 0.2 mg/L to 3 mg/L (Figure 6b). The increase in the
specific activity was attributed to the increase in the number of
hydrazine molecules adsorbed on the hybrid 1 surface. As can
be seen in Figure 6c, the specific activity sharply increased from
0.534 to 1.275 mA/cm2 as the Vc value was increased from
0.5 μl to 6 μL in the solution consisting of 2.1 mg/L KOH and
1.6 mg/L hydrazine. This was attributed to an increase in the
number of hydrazine molecules bound to the surface, with the
increase in the amount of hybrid 1 transferred to the GCE
surface.

Optimum MKOH, MHyd, and Vc values for maximum specific
activity toward hydrazine electrooxidation on hybrid 1 were
determined by using the numerical optimization method in
Design Expert 7.0. MKOH, MHyd, and Vc parameters were
optimized between their maximum and minimum values in
Table S1 and the solutions suggested as a result of numerical
optimization with Design Expert 7.0 software are summarized
in Table 4. Among these solutions, the numerical solution
proposal number 1 with the highest desirability value of 0.833
was determined as the optimum points for hydrazine electro-
oxidation on hybrid 1. While optimum values for MKOH, Mhyd,

and Vc were determined as 4 mg/L, 3 Mg/L, and 6 μL,
respectively, the specific activity for hydrazine electrooxidation
was estimated as 3.55324 mA/cm2 under these conditions.

According to the RSM optimization, experimental parame-
ters were obtained as 4 M KOH+3 M N2H4. At these optimum
conditions EIS measurements were obtained. To determine the
best resistance to hydrazine electrooxidation, EIS measure-
ments were taken at different potentials in the range of � 0.6 V-
0.8 V, and Nyquist plots were used. These graphs are generally
known as semicircles, where the load transfer resistance
increases as the diameter of the circle decreases. The charge
transfer resistance (Rct) is associated with the diameter of the
semicircle because as the diameter decreases, Rct decreases,
and so the catalytic activity increases.[50] As seen in Figure 7, the
Nyquist plot taken at the potential of 0.4 V displayed the best
electrochemical resistance. This result indicates that hybrid 1
catalyst has the highest activity in hydrazine electrooxidation
reaction.

Conclusions

In the present study, novel artemisinin hybrid molecules (1-6)
were synthesized via Steglich esterification reaction, and
characterized. The yields of the isolated products ranged from
46% to 96% yields. After the characterization, hydrazine
electrooxidation measurements of new (1–6) artemisinin-based
catalysts and artemisinin, dihydroartemisinin, artesunate were
performed in 1 M KOH+0.5 M N2H4 solution by using CV and
EIS. In addition, optimum conditions for electrode preparation
were investigated with Response Surface Methodology (RSM).
The highest performance was obtained by hybrid 1 catalysts as
2.28 mA/cm2 to hydrazine electrooxidation. As a result, artemi-
sinin-based hybrid molecules could be an alternative anode
catalyst for a direct hydrazine fuel cell.
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Supporting Information Summary

Supporting information (PDF) includes the detailed experimen-
tal section and NMR spectra.
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