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ABSTRACT

Synthesis and SAR of thiazolidinedione as a novel class of algicides

against harmful algal species

Duong Thi Uyen
Advisor: Prof. Hoon Cho, Ph.D.
Department of Advanced Parts and Materials Engineering

Graduate School of Chosun University

Thiazolidinedione (TD) was introduced in the late 1990s as an adjunctive therapy for
diabetes mellitus (type 2) and related diseases. TD have been known to lower an insulin
resistance in cells, improving the way that the body responds to insulin. In addition to a healthy
diet and exercise, they are another way to control blood sugar levels. Therefore, a design of
environmentally safe and selective algicides has been an ongoing research topic to manage a
growth of harmful algal species. In this thesis, I describe the synthesis of 41 TD derivatives and
tested their algicidal activity against microalgae causing a harmful algal blooming. Among the
41 compounds tested, most of them showed effective for algicidal activity against Heterosigma
akashiwo, Chattonella marina and Cochlodinium polykrikoides, while non-harmful algae were
relatively tolerant to these TD derivatives. In particular, compounds 2¢, 9¢, 13¢, 21¢, 26¢, 35¢
and 37c¢ were the most potent against C. polykrikoides with low ICs, values than 0.5 uM.
Among the TD derivatives tested, compounds 3¢, 9¢, 22¢ and 41¢ were extremely competent
and selective to Cochlodinium polykrikoides with 1Csy values ranging from 0.1 to 2 uM, while
Chattonella marina and Heterosigma akashiwo showed an ICsy value ranging from 30 to 130
uM. These results show that some TD derivatives can potentially used as algicides against

harmful algal blooms.

-Vi-



I. INTRODUCTION

Algae are microscopic plants that are usually aquatic, unicellular, and lack true stems,
roots, and leaves. When environmental conditions such as high nutrient or light levels are
favorable for their development, these algae can developed rapidly and form high numbers of
cells; this is called an algal bloom. Some of these blooms are harmless, but when the blooming
organisms contain toxins, other noxious chemicals, or pathogens, it is known as a harmful algal
blooms (HABs). From time some time, a bloom often results in a color change in the water.
Algal blooms can be any color, but the red or brown colored blooms are most common,

referred to red or brown tides.

Fig. 1. Algal blooms can present problems for ecosystems and human society

Algal blooms occur in both saltwater and freshwater environments during spring, winter,
and summer [1,2], and thus cause harmful through two primary mechanisms. The first category
of impacts is the production of toxins: Toxins may kill fish or shellfish directly, or may cause
one of several human illnesses following ingestion of contaminated seafood. The second
category of impacts is high biomass accumulation, which, in turn, leads to environmental

damage or degradation. These effects can include light attenuation, clogging of fish gills, and
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depletion of dissolved oxygen upon decay of the algal cells [1,3,4]. Some HABs can even kill
fish because of their physical shape, lodging in gill tissues and causing a physiological
response leading to death. Moreover, the effect can also be extended to human illness and
mortality following consumption of or indirect exposure to HABs toxins, substantial economic
losses to coastal communities and commercial fisheries, hindering boat traffic, blocking
approaches, obstructing wash processes and catching cavities, creating unattractive foul-
smelling loads [1,3,5]. The impact of HABs on aquatic ecosystems, water resources and human

health are a major problem throughout the world.
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Fig. 2. Trophic linkages between HABs and their ecosystems
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Until now, a number of scientists have carried out physiological and ecological studies in

the hope of reducing the extent of damage to fisheries caused by HABs [6]. The application of
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clay can treat the environmental problems but the toxins released from flocculated cells and the
adverse effects on other organisms need to be considered [7]. Clay flocculants are effective in
the treatment of Cochlodinium which causes fish deaths in a finfish cage culture in coastal
Japan [8] and in Chinese mariculture ponds [9]. Yellow loess is effective in edimenting
dinoflagellates [10]. However, ruptured or damaged cells may release intracellular toxins into
the urrounding water, which require the use of expensive removal processes, such as activated
carbon and/or oxidative ozone and chlorine [11]. Mechanical and physico-chemical methods
have been devised in an attempt to manage HABs with a limited success [12].

The application of chemicals is one of the most common methods of controlling the
development of noxious phytoplankton, but their use has limitations, such as toxicity towards
non-target species [13]. Moreover, some algicides introduce heavy metals to the environment,
which, in the long run, can accumulate in sediments. Therefore, considerable effort has been
made to identify new compounds that are selectively effective against red tide algae.

Poovey and Getsinger, 2005 evaluated a number of processes of developing selective
control techniques for aquatic herbicides. Some chemicals have been used to mitigate HABs,
but a search for safer and selective algicidal agents are needed to better control of harmful algal
blooms. Copper sulfate, chelated copper compounds, and diuron (3-[3,4-dichlorophenyl]-1,1-
dimethylurea), etc. are currently approved by the U.S. Environmental Protection Agency [14].
However, in practice the herbicides diuron and copper sulfate have several drawbacks
including broad-spectrum toxicity towards the entire phytoplankton community that can lead to
water quality deterioration and subsequent fish death. By use of microtiter plate bioassays, a
novel group of compounds (Fig. 3.) derived from the natural 9,10-Anthraquinone have been

found to be much more selective toxicity towards cyanobacteria than other phytoplankton.
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Fig. 3. Structures of 2-[methylamino-N-(1°—methyl-4’-N,N-dimethylaminobutyl)]
anthraquinone diphosphate [A] and 2-[methylamino-N-(1°—methylethyl)]-9,10-
anthraquinone diphosphate [B]



Also, 2-[methylamino-N-(1’—methylethyl)]-9,10-anthraquinone diphosphate [B] has much
lower persistence in pond water (half- life of 19h) than diuron, which can persis for weeks in
the water column after application to fish aquaculture ponds (half- life of 2 weeks in pond
water. Evironment safety issues also persist on the use of copper sulfate in fish ponds, since the
copper accumulates in the pond sediments and long-term applications may adversely affect
microbial activity in the pond sediments[15].

Judith F. Blom, 2005 demonstrated that nostocarboline (4) and seven derivatives (Fig. 4)
display potent cyanobacteriocidal and algicidal activity against photosynthetic aquatic
organisms. The benefits of nostocarboline (4) were known to include potent and fast reduction
of phytoplankton growth, cheap and simple preparation, natural algicide, and structure which is

amenable to easy modification, resulting in more potent derivatives [35].
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Fig. 4. Preparation of Nostocarboline (4) and derivatives

Phthalocyamines (Pcs) belong to the group of photosensitizers. In recent years, the
phthalocyamine therapy has also been used against bacterial, yeasts and fungal infections
[16,17]. Several studies showed that phthalocyamines appeared to be effective inhibitors of
various gram-negative and gram-positive Dbacteria. Especially, positively charged
phthalocyamines were studied regarding their bactericidal effect on gram-negative bacteria
[18,19]. It was also favorable when Jancula, D, 2008 synthesized 31 phthalocyamines

derivatives that could be new algicidal compounds potentially available for water management,
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also investigated toxicity of these compounds to non-target organisms ( Daphnia magna) and

aimed to find possible negative effect of these compounds.

Re

Fig. 5. Common chemical structure of phthalocyamines

The most direct control method involves the use of chemical treatments, such as algicides,
including copper, reglone a (diquat, 1,1-ethylene-2,2-dipyridilium dibromide), potassium
permanganate, chlorine and simazine (2-chloro-4,6-bis(ethylamino)-s-triazine, clotrimazole
[20,21]. Unfortunately, these compounds have undesirable characteristics, including broad-
spectrum toxicity towards phytoplankton that can result in the death of the entire
phytoplankton community, subsequent water quality deterioration that can result in the death of
the entire phytoplankton community, and lengthy persistence that creates environmental safety
concerns [14,22]. Natural antialgal compounds extracted from a range of bioresources have
also been reported. These include furano-diterpenes [23] at low biosurfactant concentrations
[24], alleo-chemical [25], and barley straw. Other studies [25,26, 27] have also attempted to
manage red tide growth using controlling agents.

Thiazolidinedione (TD) was introduced in the late 1990s as an adjunctive therapy for
diabetes mellitus (type 2) and related diseases. TD act by binding to PPARs (peroxisome
proliferator-activated receptors), a group of receptor molecules inside the cell nucleus [28]. The
design of environmentally safe, selective algicides to manage the growth of harmful algal
species has also been an ongoing research topic. In this preliminary SAR study, various
substituents were introduced to the hydroxyl group of 5-(4-hydroxybenzylidene)thiazolidine-
2,4-dione and the effects of these derivatives on the growth of a number of harmful algal

species were tested. This thesis describes the results of laboratory tests on the efficacy of the
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synthetic TD derivatives to control harmful algal species. The TD derivatives were very

competent and selective against the HABs studied and exhibited ICs, in the nanomolar range.



II. MATERIALS AND METHODS

1. Materials

The chemicals and reagents used in this work were commercially avaible from Sigma-
Aldrich or Merck. All the moisture- sensitive reations were performed in an inert atmosphere
with either N, using distilled dry solvents.

'H NMR spectra in each compound were acquired with spectrometer at 296 K, in 300
MHz. Each sample was dissolved in CDCl; or DMSO using TMS (tetramethylsilane) as
internal standard. Chemical shifts (& scale) are quoted in parts per million (ppm) and the
following abbreviations are used: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet)
some combinations of these were made by DEPT editing of the spetra. J coupling constants
were measured in Hz (Hertz) unit.

Column chromatography was performed by using silica gel after preparing a slurry with
the eluent mixtureand packing it into the chromatography column. A fraction of the collected

samples were analyzed by thin layer chromatography (TLC).

2. Algal cultures, mediums and culture conditions

Heterosigma akashiwo (CCMP 452) (H. akashiwo) was obtained from the Provasoli-
guillard center for the culture of marine phytoplankton (CCMP). The microalga, Chattonella
marina (C. marina) and Amphidinium sp. Were kindly provided by Professor. M-S. Han at Life
Science Department of Hanyang University in Korea.

The red tide causing marine strain Cocholodium polykrikoides (C. polykrikoides) was
obtained from the algal culture collection of National Fisheries Research & Development
Institute (NFRDI). Nannochlopsis sp. and Phaeodactylum EPV were kindly provided by
Professor M.-K. Kim from Young Nam University in Korea.

Cultures of H. akashiwo, C. marina and C. polykrikoides, and non-harmful algae were
grown in a culture flask (Becton Dickinson Labware, Franklin Lakes, New Jersey, USA) at
20°C under constant light in Guillard’s 2 medium with filtered seawater as reported
previously. The /2 medium was prepared by a sterile-filtering sea water with 0.22 um filtration
units (Nalgene, Rochester, New York, USA) and enriched aseptically by using nutrients and
vitamins purchased from Sigma (St. Louis, MO, USA).

-7-



3. Screening of algicidal activities of TD compounds

The algicidal activity of the different TD compounds against H. akashiwo, M. aeruginosa
and C. polykrikoides were examined at various concentrations. Each experiment was carried
out in 24 well tissue culture test plates (SPL) with approximately one ml total volume per well.
Various concentrations of the test compounds were introduced to the cultures during the
exponential growth phase. All the microalgae were exposed to the compounds at final
concentrations of 100, 50, 20, 10, 5, 2, 1 uM, 0.1 uM and 0.05 uM. As the non-harmful algal
control, the TD were applied at concentrations > 500 uM. The control cultures were performed
without the TD compounds. The algal cell density was counted 3 days after inoculation them
with the compounds. The algal cells were counted using a Burker Turk hemacytometer with
Sedgwick—Rafter counting chamber under an Olympus light microscope with x40 and x100
magnification (Olympus Co., Tokyo, Japan). Algicidal activity profiling of the TD compounds
growth rates were then calculated and are expressed as the reduction ratio (%) from the number
of cell divisions per day. The reduction ratio (%) was determined using the following
equation: % Algicidal activity = [(1-T7)/Cf] x 100, where T (treatment) and C (control) are the
cell densities with and without each TD compound at different concentrations and ¢ is the

inoculation time (day).

4. Statistical data analysis

The experiments were carried out at least three times. The data is reported as mean value
+ standard deviation (SD). All statistical analyses were performed using the SPSS 17.0
software (SPSS, USA). The statistical significance between the differences of the mean values
was determined by one-way variance analysis (ANOVA) followed by a Tukey’s HSD post hoc

test. A p value < 0.05 was considered as a significant range.



5. Methods
o] o] o]
R1 Step I R Step II Ri A
H — = R s NH
HO Ry—OH  R,—O ? RO \<
o]
a b S&(NH ¢
o]
Fig. 6. Summarizes the general synthetic routes for the TD derivatives, R,= H, CHj3, CI,;

R, = various substituents to afford substituted benzaldehyde.

5.1. Procedure for the synthesis of compounds b (step 1)

5.1.1. General procedure for the synthesis of compound 1b-33b

0

0
/@)‘\H R,—OH /@)‘\H
_
HO R,—0

1b: 4-(2-(Thiophen-2-yl)ethoxy)benzaldehyde

CHO
(j\/\ p-hydroxybenzaldehyde (j\/\ /@/
S OH o S O

1b

To a stirring solution of 2-Thiophene ethanol (1 g, 7.8 mmol), p-hydroxybenzaldehyde
(953 mg, 7.8 mmol) and PPh; (2.25 g, 8.6 mmol) in THF (20 mL) was added DEAD (40% in
toluene, 3.74 g, 8.6 mmol) at 0°C over 10 min. The mixture was then stirred at room
temperature until disappearing the starting materials (TLC analysis). The resulting solution was
concentrated under reduced pressure and purified by column chromatography over silica gel
elution with hexane/ethyl acetate, 20 : 1 to afford (1.57 g, 86%) of the intermediate products 1b
4-(2-(Thiophen-2-yl)ethoxy)benzaldehyde as yellow oil; 'H NMR (300 MHz, CDCl;) §9.89 (s,
1H), 7.85 (d, J = 10.2 Hz, 2H), 7.20 (d, J = 6.3 Hz, 1H), 7.03 (d, J = 10.2 Hz, 2H), 6.92-6.98
(m, 2H), 4.30 (t, J = 13.2 Hz, 2H), 3.37 (t,J = 13.2 Hz, 2H).



2b: 4-(2-(Thiophen-3-yl)ethoxy)benzaldehyde

~ p-hydroxybenzaldehyde ~ CHO
Z - T
_—
OH 0

2b
To afford intermediate as yellow oil (1.57 g, 86%); 'H NMR (300 MHz, CDCls) §9.89 (s,
1H), 7.876 (d, J = 13.8 Hz, 2H), 7.03 (d, J = 13.8 Hz, 2H), 7.383 (d, J = 6.0 Hz, 1H), 7.357 (s,
1H), 7.164 (d, J= 6.0 Hz, 1H), 4.28 (t,J=13.5 Hz, 2H), 3.18 (t, J = 13.5 Hz, 2H).

3b: 4-(2-Isopropoxyethoxy)benzaldehyde

CHO
p-hydroxybenzaldehyde

3b
To afford intermediate as yellow oil (0.98 g, 82%); 'H NMR (300 MHz, CDCl5) §9.88 (s,
1H), 7.82 (d, J = 10.8 Hz, 2H), 6.97 (d, J = 10.8 Hz, 2H), 4.19 (t,J = 10.2 Hz, 2H), 3.81 (t,J =
10.2 Hz, 2H), 3.63-3.75 (m, 1H), 1.20 (d, J = 6.0 Hz, 6H).

4b: 4-(Piridin-2-ylmethoxy)benzaldehyde

CHO
N [ J
| = 0 p-hydroxybenzaldehyde N\ O

-

F | F

4b
To afford intermediate as yellow oil (1.54 g, 83%); "H NMR (300 MHz, CDCl;) §9.932 (s,
1H), 8.630 (d, /=4.8 Hz, 1H), 7.870 (d, J = 14.4 Hz, 2H), 7.767 (t,J = 17.1 Hz, 1H), 7.513 (d,
J=7.8Hz, 1H), 7.284 (t, J= 12.6 Hz, 1H), 7.129 (d, J = 14.4 Hz, 2H), 5.295 (s, 2H).

5b: 4-(2-(Piridin-2-yl)ethoxy)benzaldehyde

| X p-hydroxybenzaldehyde | X /@/CHO
P o -
N OH N O

5b

To afford intermediate as yellow oil (1.55 g, 84%); '"H NMR (300 MHz, DMSO-d) §9.86
(s, 1H), 8.572 (d, J = 4.5 Hz, 1H), 7.834 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 1.8 Hz, 1H), 7.199-
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7.288 (m, 1H), 7.183-7.196 (m, 1H), 7.015 (d, J = 8.4 Hz, 2H), 4.489 (t, J = 13.5 Hz, 2H), 3.32
(t,J = 13.5 Hz, 2H).

6b: 4-(2-(Piperidin-1-yl)ethoxy)benzaldehyde

O p-hydroxybenzaldehyde O /@/C HO
N _—

6b

To afford intermediate as yellow oil (1.58 g, 85%); 'H NMR (300 MHz, CDCl;) 59.88 (s,
1H), 7.839 (d, J = 8.7 Hz, 2H), 7.013 (d, J = 8.7 Hz, 2H), 4.223 (t,J = 11.7 Hz, 2H), 2.828(t, J
=11.7 Hz, 2H), 2.544 (t, /= 10.5 Hz, 4H), 1.583-1.657 (m, 4H), 1.418-1.494 (m, 2H).

7b: 4-(2-(4-Methylthiazol-5-yl)ethoxy)benzaldehyde

CH
CH 3 N 3 CHO
N p-hydroxybenzaldehyde < \
< \ o S (o)
7b

To afford intermediate as yellow oil (1.55 g, 86%); 'H NMR (300 MHz, CDCl;) 69.89 (s,
1H), 8.612 (s, 1H), 7.854 (d, J = 10.2 Hz, 2H), 7.014 (d, J = 10.2 Hz, 2H), 4.247 (t, J = 11.7
Hz, 2H), 3.309 (t,J = 11.7 Hz, 2H), 2.463 (s, 3H).

8b: 4-(2-Thiomorpholine 1,1-dioxideethoxy)benzaldehyde

(0]
I | CHO
N = ol

8b

To afford intermediate as yellow oil (1.37 g, 87%); 'H NMR (300 MHz, CDCls) 69.90 (s,
1H), 7.87 (d, J = 8.7 Hz, 2H), 7.03 (d, J = 8.7 Hz, 2H), 4.20 (t, J = 10.5 Hz, 2H), 3.20 (t, J =
10.2 Hz, 4H), 3.105 (t, /= 10.2 Hz, 4H), 3.04 (t, J = 10.5 Hz, 2H).

9b: 4-(3-Thiomorpholine 1,1-dioxidepropoxy)benzaldehyde

a l/\ N/\‘/\O H p—hydroxybenzaldehyde‘ 5 //\ N NN o
h \/l o N \/l

] i

o 0

9b
-11-



To afford intermediate as yellow oil (1.38 g, 87%); "H NMR (300 MHz, CDCl;) §9.891 (s,
1H), 7.865 (d, J=11.4 Hz, 2H), 7.014 (d, J=11.4 Hz, 2H), 4.158 (t, J= 12 Hz, 2H), 3.077 (m,
8H), 2.749 (t,J = 14.4 Hz, 2H), 1.953-2.047 (m, 2H).

10b: 4-(Thiophen-3-ylmethoxy)benzaldehyde

{j/\OH p.hydroxybenzaldehyde> {j/\

S S

: .CHO
@)

10b

To afford intermediate as yellow oil (1.55 g, 86%); "H NMR (300 MHz, CDCl) §9.926 (s,
1H), 7.865 (d, J = 13.8 Hz, 2H), 7.382 (d, J = 10.2 Hz, 1H), 7.367 (s, 1H), 7.164 (d, J = 10.2
Hz, 1H), 7.092 (d, J= 13.8 Hz, 2H), 5.160 (s, 2H).

11b: 4-(Thiophen-2-ylmethoxy)benzaldehyde

®/\OH p-hydroxybenzaldehyde BN

To afford intermediate as yellow oil (1.56 g, 86%); "H NMR (300 MHz, CDCls) §9.893 (s,
1H), 7.862 (d, J = 8.4 Hz, 2H), 7.368 (d, /= 5.1 Hz, 1H), 7.153 (d, J = 3.3 Hz, 1H), 7.103 (d, J
= 8.4 Hz, 2H), 7.042 (m, 1H), 5.309 (s, 2H).

\

12b: 4-(Furan-2-ylmethoxy)benzaldehyde

®/\OH p-hydroxybenzaldehyde BN

To afford intermediate as yellow oil (1.49 g, 86%); 'H NMR (300 MHz, CDCls) §9.895
(s, 1H) 7.872 (d, J = 11.4 Hz, 2H), 7.473 (q, 1H), 7.118 (d, J = 11.4 Hz, 2H), 6.483 (d, /= 3.3
Hz, 1H), 6.413(d, J = 5.4 Hz, 1H), 5.093 (s, 2H).

Y
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13b: 4-(Cyclopentylmethoxy)benzaldehyde

CHO
G/\O H p-hydroxybenzaldehyde‘ G/\ 0 /©/

13b

To afford intermediate as yellow oil (1.54 g, 86%); 'H NMR (300 MHz, CDCl;) §9.878
(s, 1H), 7.848 (d, J = 11.4 Hz, 2H), 7.018 (d, J = 11.4 Hz, 2H), 3.928 (d, J = 7.2 Hz, 2H),
2.340-2.439 (m, 1H), 1.822-1.911 (m, 2H), 1.581-1.808 (m, 4H), 1.312-1.424 (m, 2H)

14b: 4-(2-Cyclopentylethoxy)benzaldehyde

CHO
O\/\ p-hydroxybenzaldehyde O\/\ O/
? s
OH 0

14b

To afford intermediate as yellow oil (1.6 g, 89%); 'H NMR (300 MHz, CDCl5) §9.878 (s,
1H), 7.850 (d, J = 11.4 Hz, 2H), 7.014 (d, J = 11.4 Hz, 2H), 4.085 (t, J = 13.5 Hz, 2H), 1.878-
2.031 (m, 1H), 1.698-1.870 (m, 4H), 1.494-1.675 (m, 4H), 1.109-1.228 (m, 2H).
15b: 4-(4-Methoxybenzyloxy)benzaldehyde

: CHO
/@/\o H p-hydroxybenzaldehyde /@/\O
HaCO " HacO

15b

To afford intermediate as yellow oil (1.55 g, 86%); "H NMR (300 MHz, CDCls) 89.889 (s,
1H), 7.854 (d, J= 8.7 Hz, 2H), 7.378 (d, J = 8.4 Hz, 2H), 7.087 (d, J = 8.7 Hz, 2H), 7.095 (d, J
= 8.4 Hz, 2H), 5.077 (s, 2H), 3.826 (s, 3H).
16b: 4-(4-Methylbenzyloxy)benzaldehyde

/@/\OH p-hydroxybenzaldehyde /@/\O
HaC T He

16b
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To afford intermediate as yellow oil (1.54 g, 85%); "H NMR (300 MHz, CDCls) 89.885 (s,
1H) 7.891 (d, J = 11.7 Hz, 2H), 7.335 (d, /= 7.5 Hz, 2H), 7.261 (d, /= 7.5 Hz, 2H) 7.095 (d, J
=11.7 Hz, 2H), 5.11 (s, 2H), 2.371 (s, 3H).

17b: 5-(4-Benzo[d][1,3]dioxol-5-ylmethoxy)benzaldehyde

CHO
O
< j@/\OH p-hydroxybenzaldehyde O O/©/
o] L < j@/\

O

17b

To afford intermediate as yellow oil (1.57 g, 85%); "H NMR (300 MHz, CDCls) 89.887 (s,
1H), 7.861 (d, J=13.2 Hz, 2H), 7.084 (d, J = 13.2 Hz, 2H), 6.923 (d, J = 1.8 Hz, 2H), 6.884 (d,
J=1.8 Hz, 1H), 6.771 (s, 1H), 5.98 (s, 2H), 5.042 (s, 2H).

18b: 4-(4-(Chloromethylbenzyloxy)benzaldehyde

CHO
OH p-hydroxybenzaldehyde O/©/
Cl »
Cl

18b

To afford intermediate as yellow oil (1.58 g, 87%); '"H NMR (300 MHz, CDCl;) §9.932
(s, 1H), 7.87 (d, J = 14.4 Hz, 2H), 7.433 (d, J = 5.1 Hz, 4H), 7.096 (d, J = 14.4 Hz, 2H), 5.157
(s, 2H), 4.605 (s, 2H).

19b: 4-(4-Methylcyclohexylmethoxy)benzaldehyde

CHO
/O/\ OH p-hydroxybenzaldehyde O/©/
HsC >
HsC

19b

To afford intermediate as yellow oil (1.68g, 89%); '"H NMR (300 MHz, CDCl;) §9.371 (s,
1H), 7.378 (d, J = 8.7 Hz, 2H), 6.66 (d, J = 8.7 Hz, 2H), 3.531 (d, /= 7.2 Hz, 1H), 3.419 (d, J =
6.6 Hz, 1H), 1.19-1.499 (m, 3H), 0.943-1.047 (m, 4H), 0.64-0.821 (m, 2H), 0.375-0.596 (m,
4H).
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20b: 4-(2-(Cyclohexyloxy)ethoxy)benzaldehyde

O\/\ p-hydroxybenzaldehyde
O/ OH _

To afford intermediate as yellow oil (1.60g, 85%);'H NMR (300 MHz, CDCl3) § 9.923 (s,
1H), 7.852 (d, J = 14.1 Hz, 2H), 7.052 (d, J = 14.1 Hz, 2H), 4.212 (t, /= 9.9 Hz, 2H), 3.862 (t,
J=9.9 Hz, 2H), 3.300-3.373 (m, 1H), 1.964-2.175 (m, 2H), 1.731-1.822 (m, 2H), 1.523-1.567
(m, 1H), 1.167-1.426 (m, 5H).

CHO
O\/\O/Q/

20b

21b: 4-((2,3-Dihydrobenzo[b][1,4]dioxin-2-yl)methoxy)benzaldehyde

CHO
O
@[ j/\oH p-hydroxybenzaldehyde )
- [ [ O
O j/\
O

21b
To afford intermediate as yellow oil (1.56g, 83%); 'H NMR (300 MHz, CDCl) & 9.904 (s,
1H), 7.880 (d, J = 8.4 Hz, 2H), 7.15 (d, J = 8.4 Hz, 2H), 6.843-6.941 (m, 4H), 4.556-4.643 (m,
1H), 4.386-4.433 (m, 1H), 4.311-4.361 (m, 1H), 4.061-4.279 (m, 2H).

22b: 4-(Biphenyl-4-ylmethoxy)benzaldehyde

: .CHO
OH p-hydroxybenzaldehyde O
22b

To afford intermediate as yellow oil (1.50g, 83%); 'H NMR (300 MHz, CDCl;) & 9.897 (s,
1H), 7.881 (d, J = 13.8 Hz, 2H), 7.584-7.788 (m, 4H), 7.428-7.555 (m, 4H), 7.334-7.391 (m,
1H), 7.130 (d, J = 13.8 Hz, 2H), 5.194 (s, 2H).

23b: 4-(Phenoxy)benzaldehyde

©\ p-hydroxybenzaldehyde ©\ /@/ CHO
y
OH O
23b
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To afford intermediate as yellow oil (1.50 g,78%); '"H NMR (300 MHz, CDCl;), §10.065
(s, 1H), 7.432-7.569(m, 5H), 7.214 (d, J = 8.4 Hz, 2H), 6.763(d, J = 8.4 Hz, 2H).

24b: 4-(Penzyloxy)benzaldehyde

CHO
©/\ OH p-hydroxybenzaldehyde ©/\O/ i :

24b

To afford intermediate as yellow oil (1.51 g, 79%); '"H NMR (300 MHz, CDCl;) §10.088
(s, 1H), 7.395 (d, J = 8.7 Hz, 2H), 7.190-7.268 (m, 5H), 6.945 (d, J = 8.7 Hz, 2H), 5.008 (s,
2H).

25b: 4-(2-Phenylethoxy)benzaldehyde

p-hydroxybenzaldehyde CHO
OH O

25b

To afford intermediate as yellow oil (1.50 g, 78%); '"H NMR (300 MHz, CDCl;) §10.006
(s, 1H), 7.325 (d, J = 8.7 Hz, 2H), 7.123-7.241 (m, 5H), 6.954 (d, J = 8.7Hz, 2H), 4.045 (t, J =
14.1 Hz, 2H), 3.009 (t, J= 14.1 Hz, 2H).

26b: 4-(2-Phenylpropoxy)benzaldehyde

CHO
O/\/\OH p_hydroxybenzaldehydi ©/\/\O/©/

26b
To afford intermediate as yellow oil (1.62 g, 84%);'H NMR (300 MHz, CDCl;) §10.02 (s,
1H), 7.327 (d, J = 8.7 Hz, 2H), 7.008-7.215 (m, 5H), 6.894 (d, J = 8.7 Hz, 2H), 3.998 (t, J =
12.3 Hz, 2H), 2.687 (t, J= 15.0 Hz, 2H), 1.995-2.067 (m, 2H).

27b: 4-(4-Phenylbutoxy)benzaldehyde

@\/\/\ p-hydroxybenzaldehyde @\/\/\ /O/CHO
OH O

27b
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To afford intermediate as yellow oil (1.66 g, 84%); 'H NMR (300 MHz, DMSO-ds)
010.012 (s, 1H), 7.239 (d, J = 8.7 Hz, 2H), 7.062-7.187 (m, 5H), 6.887 (d, J = 8.7 Hz, 2H),
3.910 (t,J = 11.7 Hz, 2H), 2.647 (t, J= 13.8 Hz, 2H), 1.589-1.721 (m, 4H).

28b: 4-(Cyclohexyloxy)benzaldehyde

O\ p-hydroxybenzaldehyde O\ /@/CH o)
OH O

28b

To afford intermediate as yellow oil (1.76 g, 89%);'H NMR (300 MHz, CDCls) 10.013
(s, 1H), 7.398 (d, J = 8.7 Hz, 2H), 6.946 (d, J = 8.7 Hz, 2H), 4.387 (q, 1H), 1.724-1.976 (m,
2H), 1.498-1.697 (m, 2H), 1.323-1.498 (m, 3H), 1.123-1.297 (m, 3H), 1.056-1.186 (m, 1H).

29b: 4-(Cyclohexylmethoxy)benzaldehyde

O/\ OH p-hydroxybenzaldehyde -~ O/\ 0

29b

To afford intermediate as yellow oil (1.29 g,72%); '"H NMR (300 MHz, CDCls) §10.00 (s,
1H), 7.245 (d, J = 11.7 Hz, 2H), 6.786 (d, J = 11.7 Hz, 2H), 3.534 (d, J = 6.0 Hz, 2H), 1.587-
1.768 (m, 6H), 1.098-1.265 (m, 3H), 0.897-1.045 (m, 2H).

30b: 4-(2-Cyclohexylethoxy)benzaldehyde

O\/\ p hydroxybenzaldehyde O\/\

To afford intermediate as yellow oil (1.6 g, 89%); 'H NMR (300 MHz, CDCl;) 59.857 (s,
1H), 7.849 (d, J = 13.5 Hz, 2H), 7.087 (d, J = 13.5 Hz, 2H), 4.178 (t, J = 13.5 Hz, 2H), 1.697-
1.798 (m, 6H), 1.217-1.290 (m, SH), 0.969-1.007 (m, 2H).
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31b: 4-(3-Cyclohexylpropoxy)benzaldehyde

CHO
-hydroxybenzaldehyde /©/
O/\/\O p Y O/\/\ 0

31b

To afford intermediate as yellow oil (1.45 g, 81%); 'H NMR (300 MHz, CDCls)
810.001(s, 1H) 7.398 (d, J = 9.0 Hz, 2H), 7.120 (d, J = 9.0 Hz, 2H), 3.947(t, J = 12.9 Hz, 2H),
1.423-1.612 (m, 7H), 1.011-1.278 (m, 6H), 0.786-0.899 (m, 2H).

32b: 4-(4-Cyclohexylbutoxy)benzaldehyde

O\/\/\ p-hydroxybenzaldehyde O\/\/\ Q/C HO
OH O

32b

To afford intermediate as yellow oil (1.25 g, 76%); "H NMR (300 MHz, CDCl;) §10.189
(s, IH), 7.243 (d, J = 8.7 Hz, 2H), 6.878 (d, J = 8.7 Hz, 2H), 3.895 (t,J = 12.3 Hz, 2H), 1.497-
1.601 (m, 6H), 1.219-1.290 (m, 3H), 1.012-1.197 (m, 4H), 0.809-0.977 (m, 4H).

5.1.2. General procedure for the synthesis of compound 33b-36b

HaC
HO Ry—0

33b: 4-(Cyclohexylmethoxy)-3-methylbenzaldehyde

HsC CHO
4-hydroxy-3-methylbenzaldehyde J\ij/
O/\O H .~ O/\O

33b

To a stirring solution of Cyclohexylmethanol (1 g, 8.8 mmol), 4-hydroxy-3-
methylbenzaldehyde (1.19 g, 8.8 mmol) and PPh; (2.79 g, 9.68 mmol) in THF (20 mL) was
added DEAD (40% in toluene, 4.21 g, 9.68 mmol) at 0°C over 10 min. The mixture was then

stirred at room temperature until the starting materials had disappeared (TLC analysis). The
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resulting solution was concentrated under reduced pressure and purified by column
chromatography over silica gel (elution with hexane/ethyl acetate, 20 : 1 to afford (1.62 g,
87%) of the intermediate products 33b 4-(cyclohexylmethoxy)-3-methylbenzaldehyde as
yellow oil; "H NMR (300 MHz, DMSO-d) 67.784 (s, 1H), 7.345 (d, J = 8.4 Hz, 2H), 7.289
(s, 1H), 6.912(d, J = 8.4 Hz, 2H), 4.074 (d, J= 5.7 Hz, 2H), 2.302 (s, 3H), 1.706-1.894 (m,
6H), 1.257-1.380 (m, 3H), 1.070-1.225 (m, 2H)

34b: 4-(2-Cyclohexyleyhoxy-3-methyl)benzaldehyde

O\/\ 4-hydroxy-3-methylbenzaldehyde O\/fC/I\ij/CH O
OH 0

34b

To afford intermediate as yellow oil (1.6 g, 89%); 'H NMR (300 MHz, CDCls) §9.845 (s,
1H), 7.707 (d, J = 8.7 Hz, 2H), 7.678 (s, 1H), 6.89 (d, J = 8.7 Hz, 2H), 4.111 (t, J = 13.2 Hz,
2H), 2.259 (s, 3H), 1.749 (t, J = 13.2 Hz, 2H), 1.493-1.585 (m, SH), 1.217-1.325 (m, 5H),
1.009-1.048 (m, 1H),

35b: 5-(4-(2-Cyclohexylpropoxy)-3-methylbenzylidene)thiazolidine-2,4-dione

HsC CHO
4-hydroxy-3-methylbenzaldehyde Ij/

35b
To afford intermediate as yellow oil (1.23 g, 89.1% yield); '"H NMR (300 MHz, DMSO-
dg) 67.793 (s, 1H), 7.349 (d, J = 8.4 Hz, 2H), 7.312 (s, 1H), 6.898(d, J = 8.4 Hz, 2H), 4.029 (t,
J=13.2 Hz, 2H), 1.650-2.041 (m, 8H), 1.089-1.397 (m, 4H), 0.860-0.968 (m, 3H).

36b: 5-(4-(2-Cyclohexylbutoxy)-3-methylbenzylidene)thiazolidine-2,4-dione

O\/\/\ 4-hydroxy-3-methylbenzaldehyde O\/\jC jij/CH O
OH @)

36b

To afford intermediate as yellow oil (1.19 g, 87.5% yield); '"H NMR (300 MHz, DMSO-
de) 67.787 (s, 1H), 7.349 (d, J = 8.7 Hz, 2H), 7.291 (s, 1H), 6.903(d, J = 8.7Hz, 2H), 4.045 (t,J

-19-



= 12.9 Hz, 2H), 1.806-1.852 (m, 2H), 1.694-1.779 (m, 5H), 1.438-1.510 (m, 2H), 1.174-1.266
(m, 6H), 0.857-0.890 (m, 2H).

5.1.3. General procedure for the synthesis of compound 37b-41b
O o}

CID)‘\H R;~OH - CID)‘\H
HO R,—0

37b: 3-Chloro-4-(cyclohexyloxy)benzaldehyde

O\ 3-chloro-4-hydroxybenzaldehyde O\QUC HO
OH 0]
37b

To a stirring solution of cyclohexanol (1 g, 10 mmol), 3-chloro-4-hydroxybenzaldehyde
(1.22 g, 10 mmol), and PPh; (2.89 g, 11 mmol) in THF (20 mL) was added DEAD (40% in

toluene, 4.79 g, 11 mmol) at 0°C over 10 min. The mixture was then stirred at room
temperature until the starting materials had disappeared (TLC analysis). The resulting solution
was concentrated under reduced pressure and purified by column chromatography over silica
gel (elution with hexane/ethyl acetate, 20 : 1 to afford intermediate as yellow oil (1.74 g,
86%); '"H NMR (300 MHz, CDCls) §9.834 (s, 1H), 7.906 (s, 1H), 7.745 (d, J = 8.4 Hz, 1H),
7.046 (d, J = 8.4 Hz, 1H), 4.443-4.521(m, 1H), 1.943-1.972 (m, 2H), 1.825-1.889 (m, 2H),
1.684-1.803 (m, 2H), 1.511-1.673 (m, 1H), 1.351-1.489 (m, 3H).

38b: 3-Chloro-4-(cyclohexylmethoxy)benzaldehyde

Cl CHO
O/\o H 3-chloro-4-hydroxybenzaldehyde O/\ Oﬁj/

38b

To afford intermediate as yellow oil (1.67 g, 85%); "H NMR (300 MHz, CDCls) 89.840 (s,
1H), 7.900 (s, 1H), 7.759 (d, J = 8.4 Hz, 1H), 7.018 (d, J = 8.4 Hz, 1H), 3.914 (d, J = 5.7 Hz,
2H), 1.889-2.046 (m, 3H), 1.748-1.862 (m, 3H), 1.240-1.424 (m, 3H), 1.042-1.231 (m, 2H).
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39b: 3-Chloro-4-(2-cyclohexylethoxy)benzaldehyde

O\/\ 3-chloro-4-hydroxybenzaldehyde O\/\Q@/C HO
OH 0

39b

To afford intermediate as yellow oil (1.6 g, 89%); 'H NMR (300 MHz, CDCls) §9.859 (s,
1H), 7.906 (s, 1H), 7.759 (d, J = 8.4 Hz, 2H), 7.034 (d, J = 8.4 Hz, 2H), 4.158(t, J = 13.5 Hz,
2H), 1.815(t, J = 13.5 Hz, 2H), 1.698-1.892 (m, 2H), 1.483-1.659 (m, 1H), 1.184-1.350 (m,
4H), 0.896-1.152 (m, 4H).

40b: 3-Chloro-4-(3-cyclohexylpropoxy)benzaldehyde

Cl CHO
O/\/\O H 3-chloro-4-hydroxybenzaldehyde O/\/\OKJ/

40b
To afford intermediate as yellow oil (1.6 g, 89%); 'H NMR (300 MHz, CDCl5) §9.843(s,
1H), 7.908 (s, 1H), 7.766 (d, J = 10.5 Hz, 1H), 7.026 (d, /= 10.5 Hz, 1H), 4.123 (t,J = 13.2 Hz,
2H), 1.864-1.938 (m, 2H), 1.69-1.842 (m, SH), 1.344-1.679 (m, 2H), 1.078-1.306 (m, 4H),
0.854-0.974 (m, 2H).

41b: 3-Chloro-4-(4-cyclohexylbutoxy)benzaldehyde

O\/\/\ 3-chloro-4-hydroxybenzaldehyde O\/\/\Q i©/0 HO
OH o

41b
To afford intermediate as yellow oil (1.41 g, 86%); "H NMR (300 MHz, CDCls) 89.842 (s,
1H), 7.905 (s, 1H), 7.764 (d, J=11.7 Hz, 1H), 7.029 (d, J = 11.7 Hz, 1H), 4.136(t, J = 12.6 Hz,
2H), 1.830-1.903 (m, 2H), 1.679-1.809 (m, 6H), 1.461-1.675 (m, 2H), 1.112-1.294 (m, 7H),
0.859-0.93 (m, 2H).

5.2. General procedure for the synthesis of compounds c (step II)
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1c: 5-(4-(2-Thiophen-2-yl)ethoxy)benzylidene)thiazolidine-2,4-dione

O
CHO . .- .
2,4-thiazolidinedione AN
</j\/\ /O/ > (1/\ /©/\r< NH
S
s o s o \<
1b 1c e}

A mixture of product (1b) 4-(2-(thiophen-2-yl)ethoxy)benzaldehyde (1 g, 4.3 mmol)
and 2,4-thiazolidinedione (504 mg, 4.3 mmol), piperidine (0.21 ml, 2.15 mmol), acetic acid
(0.12 ml, 2.15 mmol) in toluene (20 mL) was then placed into a round bottom flask fitted with
a Dean-Stark water trap and stirred overnight under reflux. After cooling to room temperature,
the precipitate was washed with hexane and dried to afford compound (1¢). Obtained by
recrystallization as a yellow solid (1.25 g, 87%); 'H NMR (300 MHz, DMSO-dj) 88.12 (s, 1H),
7.73 (s, 1H), 7.558 (d, J = 8.7 Hz, 2H), 7.354 (d, J = 6.0 Hz, 1H), 7.12 (d, J = 8.7 Hz, 2H),
6.942- 6.973 (m, 2H), 4.28 (t, J = 12.6 Hz, 2H), 3.285 (t,J= 12.6 Hz, 2H).

2¢: 5-(4-(2-(Thiophen-3-yl)ethoxy)benzylidene)thiazolidine-2,4-dione

S CHO 2,4-thiazolidinedione S X
§ » S NH
o o \<
2b 2c o]

Obtained by recrystallization as a yellow solid (1.24 g, 86% yield); '"H NMR (300 MHz,
DMSO-ds) 6 8.12 (s, 1H), 7.69 (s, 1H), 7.556 (d, J = 11.7 Hz, 2H), 7.45 (d, J = 7.8 Hz, 1H),
7.305 (d, J="7.8Hz, 1H), 7.11 (d, /= 11.7 Hz, 2H), 7.088(s, 1H), 4.28(t, J= 13.8 Hz, 2H), 3.07
(t, J=13.8 Hz, 2H).

3c: 5-(4-(2-Isopropoxyethoxy)benzylidene)thiazolidine-2,4-dione
o)

CHO N
2,4-thiazolidinedione o & NH
\ro\/\o » \r ~ o \<
o)
3b 3¢

Obtained by recrystallization as a yellow solid (1.26 g, 85.7% yield); 'H NMR (300 MHz,
CDCly) 6 8.04 (s, 1H), 7.805 (s, 1H), 7.432 (d, J = 9.0 Hz, 2H), 7.022(d, J = 9.0 Hz, 2H), 4.19
(t,J=9.6 Hz, 2H), 3.84 (t,J = 9.6 Hz, 2H), 3.65-3.76 (m, 1H), 1.24 (d, J = 6.0 Hz, 6H).
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4c: 5-(4-(Piridin-2-ylmethoxy)benzylidene)thiazolidine-2,4-dione

CHO AN
N s NH
| N\ 0O 2,4-thiazolidinedione o | X o) \<
- ~ ©
4b e

Obtained by recrystallization as a yellow solid (1.24 g, 87%); 'H NMR (300 MHz,
DMSO-dg) 612.525 (s, 1H), 8.585 (d, J=4.2 Hz, 1H), 7.865 (t, J = 16.8 Hz, 1H), 7.735 (s,
1H), 7.575 (d, J=9.0 Hz, 2H), 7.527 (d, J = 7.8 Hz, 1H), 7.372 (m, 1H), 7.197 (d, /= 9.0
Hz, 2H), 5.251 (s, 2H).

5c: 5-(4-(2-(Piperidin-1-yl)ethoxy)benzylidene)thiazolidine-2,4-dione

CHO
Z
Ej\/\ /@/ 2 4-thiazolidinedione [j\/\ /@/\r(
X
N (0]

Obtained by recrystallization as a yellow solid (1.13 g, 79.6% yield); 'H NMR (300 MHz,
DMSO-dq) 6 7.522 (s, 1H), 7.411 (d, /= 10.2 Hz, 2H), 6.967 (d, J = 10.2 Hz, 2H), 4.096 (t, J =
11.1 Hz, 2H), 2.814 (t, J = 11.1 Hz, 2H), 2.379 (m, 4H), 1.410-1.513 (m, 4H), 1.291-1.307 (m,
2H).

6c: 5-[4-(2-(Piperidin-1-yl)ethoxy)benzylidene]thiazolidine-2,4-dione
(0]

@ /©/C HO 2,4-thiazolidinedione O /Q/\((N ’
6b 6¢ 0

Obtained by recrystallization as a yellow solid (1.26 g, 87%); 'H NMR (300 MHz,
DMSO-dg) 67.522 (s, 1H), 7.411 (d, J = 10.2 Hz, 2H), 6.967 (d, J = 10.2 Hz, 2H), 4.096 (t, J =
11.1 Hz, 2H), 2.814 (t,J = 11.1 Hz, 2H), 2.379 (m, 4H), 1.410-1.513 (m, 4H), 1.291-1.307 (m,
2H).
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7c: 5-(4-(2-(4-Methylthiazol-5-yl)ethoxy)benzylidene)thiazolidine-2,4-dion

(0]
CHs
N CHs CHO 2,4-thiazolidinedione N \
¢ ] > (| L H
S o S 0 \\<
Tc ]

7b
Obtained by recrystallization as a yellow solid (1.27 g, 88% yield); '"H NMR (300 MHz,
DMSO-dg) 6 12.487 (s, 1H), 8.824 (s, 1H), 7.721 (s, 1H), 7.556 (d, J = 8.7 Hz, 2H), 7.102 (d, J
=8.7 Hz, 1H), 4.238 (t,J = 12.3 Hz, 2H), 3.250 (t, J = 12.3 Hz, 2H), 2.284 (s, 3H).

8c: 5-(4-(2-Thiomorpholine 1,1-Dioxideethoxy)benzylidene)-2,4-thiazolidinedione

? CHO (||) 7
& @ /@/ 2,4-thiazolidinedi0ne‘ o 4® /@/\KKN H
- N S
8b 8c o)

Obtained by recrystallization as a yellow solid(1.21 g, 88%) ; 'H NMR (300 MHz,
DMSO-dg) 88.19 (s, 1H), 7.73 (s, 1H), 7.56 (d, J= 8.7 Hz, 2H), 7.11 (d, J = 8.7 Hz, 2H), 4.169
(t, J=10.8 Hz, 2H), 3.086 (t, J = 10.2 Hz, 4H), 3.033 (t, J = 10.2 Hz, 4H), 2.945 (t, J = 10.8
Hz, 2H).

9¢c: 5-[4-(3-Thiomorpholine-1,1-dioxidepropoxy)benzylidene|-thiazolidine-2,4-dione

/@/CHO /@/\r(
NH
2,4-thiazolidinedione S
5 //\N/\/\O - K\N/\/\o \<
N \/l \?\// ©
i I .
(0] 9h C
Obtained by recrystallization as a yellow solid (1.07 g, 81.1%yield); 'H NMR (300 MHz,

DMSO-dg) & 8.19 (s, 1H), 7.705 (s, 1H), 7.540 (d, J = 8.1 Hz, 2H), 7.088 (d, J = 8.1 Hz, 2H),
4.09 (t,J = 14.1 Hz, 2H), 3.06-3.89 (m, 8H), 2.616 (t, /= 14.1 Hz, 2H), 1.819-1.911 (m, 2H).

=24 -



10c¢: 5-(4-(Thiophen-3-ylmethoxy)benzylidene)thiazolidine-2,4-dione

CHO
/©/ 2,4-thiazolidinedione
o >
@/\ @/\ 3
S

10b 10c

Obtained by recrystallization as a yellow solid (1.24 g, 85.5% yield); 'H NMR (300 MHz,
DMSO-dg) & 12.504 (s, 1H), 8.590 (s, 1H), 7.864 (d, J = 7.8 Hz, 1H), 7.733 (s, 1H), 7.573 (d, J
=8.7 Hz, 2H), 7.521 (d, J=7.8 Hz, 1H), 7.197 (d, J= 8.7 Hz, 2H), 5.252 (s, 2H).

11c: 5-(4-(Thiophen-2-ylmethoxy)benzylidene)thiazolidine-2,4-dione

(0]
CHO X
. e NH
2,4-thiazolidinedione S
®/\O > CK\ o \(
(0]
\ S S

11b 11c
Obtained by recrystallization as a yellow solid (1.17 g, 80.7% yield); 'H NMR (300 MHz,
DMSO-dg) & 12.513 (s, 1H), 7.745 (s, 1H), 7.569 (d, J = 8.4 Hz, 2H), 7.559 (t, J = 3.3 Hz, 1H),
7.248 (t,J = 3.3 Hz, 1H), 7.194 (d, J= 8.4 Hz, 2H), 7.052 (m, 1H), 5.37 (s, 2H).

12¢: 5-(4-(Furan-2-ylmethoxy)benzylidene)thiazolidine-2,4-dione

CHO AN
/©/ 2,4-thiazolidinedione S NH
@/\ o > @/\ o \(
\ 'e) \ o) 0

Obtained by recrystallization as a yellow solid (1.26 g, 84.6% yield); 'H NMR (300 MHz,
DMSO-dg) & 12.518 (s, 1H), 7.747 (s, 1H), 7.705 (t, J = 1.8 Hz, 1H), 7.572 (d, J = 8.4 Hz, 1H),
7.200 (d, J = 8.4 Hz, 2H), 6.630 (d, J = 3.0 Hz, 1H), 6.481 (d, /= 1.8 Hz, 1H), 5.142 (s, 2H).

13c: 5-(4-(Cyclopentylmethoxy)benzylidene)thiazolidine-2,4-dione

CHO
o /©/ 2,4-thiazolidinedione
on - J b

13b 13c
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Obtained by recrystallization as a yellow solid (1.16 g, 78.0% yield); 'H NMR (300 MHz,
DMSO-dq) 6 12.503 (s, 1H), 7.732 (s, 1H), 7.547 (d, J= 9.0 Hz, 2H), 7.094 (d, /= 9.0 Hz, 2H),
3.922 (d, J = 7.2 Hz, 2H), 2.253-2.351 (m, 1H), 1.750-1.770 (m, 2H), 1.525-1.603 (m, 4H),
1.283-1.344 (m, 2H).

14c: 5-(4-(2-Cyclopentylethoxy)benzylidene)thiazolidine-2,4-dione

(0]
CHO
2,4-thiazolidinedione o~
» S
o) 0 \\<
14b 14c ©

Obtained by recrystallization as a yellow solid (1.16 g, 81% yield); 'H NMR (300 MHz,
DMSO-dg) 6 12.502 (s, 1H), 7.737 (s, 1H), 7.550 (d, J = 8.7 Hz, 2H), 7.093 (d, J = 8.7 Hz, 2H),
4.136 (t, J = 13.2 Hz, 2H), 1.807-1.976 (m, 1H), 1.700-1.769 (m, 4H), 1.455-1.611 (m, 4H),
1.102-1.185 (m, 2H).

15¢: 5-(4-(4-Methoxybenzyloxy)benzylidene)thiazolidine-2,4-dione

CHO AN
NH
2,4-thiazolidinedione S
o - o
(0]
H;CO

15b 15¢

HsCO

Obtained by recrystallization as a yellow solid (1.19 g, 85.9% yield); 'H NMR (300 MHz,
DMSO-dq) 6 12.523 (s, 1H), 7.897 (s, 1H) 7.470 (d, J = 8.7 Hz, 2H), 7.249 (d, J = 8.7 Hz, 2H),
7.307 (d, J = 8.4 Hz, 2H), 7.165 (d, J = 8.4 Hz, 2H), 5.055 (s, 2H), 3,785 (s, 3H).

16c¢: 5-(4-(4-Methylbenzyloxy)benzylidene)thiazolidine-2,4-dione

CHO
/©/ 2,4-thiazolidinedione
O >
(0]
HaC HsC

16b 16¢

Obtained by recrystallization as a yellow solid (1.15 g, 80.4% yield); 'H NMR (300 MHz,
DMSO-dq) 6 12.514 (s, 1H), 7.800 (s, 1H), 7.560 (d, J= 8.7 Hz, 2H), 7.346 (d, /= 7.8 Hz, 2H),
7.206 (d, J = 7.8 Hz, 2H), 7.165 (d, J = 8.7 Hz, 2H), 5.125 (s, 2H), 2.295 (s, 3H).
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17¢: 5-(4-(Benzo|d][1,3]dioxol-5-ylmethoxy)benzylidene)thiazolidine-2,4-dione

(0]
CHO AN
2,4-thiazolidinedi S NH
LAt
O O 1azoldine: 10ne> <O O \(
< 3
(0] (0]
17¢

17b

Obtained by recrystallization as a yellow solid (1.22 g, 88.4% yield); 'H NMR (300 MHz,
DMSO-dg) 6 12.498 (s, 1H), 7.722 (s, 1H), 7.558 (d, /= 9.0 Hz, 2H), 7.157 (d, /= 9.0 Hz, 2H),
7.014 (s, 1H), 6.962 (d, J= 8.1 Hz, 2H), 6.919 (d, /= 8.1 Hz, 1H), 6.011 (s, 2H), 5.059 (s, 2H).

18c: 5-(4-(4-(Chloromethyl)benzyloxy)benzylidene)thiazolidine-2,4-dione

CHO AN
NH
2,4-thiazolidinedione S\<
O - 0
CI\/©/\ CI\/©/\ 0

18b 18c

Obtained by recrystallization as a yellow solid (1.12 g, 81.2% yield); 'H NMR (300 MHz,
DMSO-dg) 6 12.549 (s, 1H), 7.748 (s, 1H), 7.58 (d, J = 12.3 Hz, 2H), 7.454 (m, 4H), 7.190 (d,
J=12.3 Hz, 2H), 5.219 (s, 2H), 4.760 (s, 2H).

19¢: 5-(4-((4-Methylcyclohexyl)methoxy)benzylidene)thiazolidine-2,4-dione

CHO
O/ 2,4-thiazolidinedione
O :
(0]
H5C

HsC 19b

Obtained by recrystallization as a yellow solid (1.17 g, 85.6% yield); 'H NMR (300 MHz,
DMSO-dg) 6 12.493 (s, 1H), 7.693 (s, 1H), 7.536 (d, J = 9.0 Hz, 2H), 7.101 (d, J = 9.0 Hz, 2H),
3.963 (d, J = 6.9 Hz, 1H), 3.851 (d, J = 6.9 Hz, 1H), 1.662-1.976 (m, 4H), 1.185-1.516 (m,
4H), 0.975-1.161 (m, 2H), 0.852-0.935 (m, 3H).
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20c: 5-(4-(2-(Cyclohexyloxy)ethoxy)benzylidene)thiazolidine-2,4-dione

CHO N
. . . O S N H
: ,O\/\O 2,4-th1azohd1ned10ne‘ O/ \/\O W

o}
Obtained by recrystallization as a yellow solid (1.14 g, 82.0% yield); 'H NMR (300 MHz,
DMSO-dg) & 8.645 (s, 1H), 7.733 (s, 1H), 7.437 (d, J = 14.7 Hz, 2H), 7.020 (d, J = 14.7 Hz,
2H), 4.197 (t, J = 9.9 Hz, 2H), 3.302 (t, /= 9.9 Hz, 2H), 3.321-3.397 (m, 1H), 1.956-2.179 (m,
2H), 1.754-1.770 (m, 2H), 1.549-1.592 (m, 1H), 1.218-1.389 (m, 5H).

20b 20c¢

21c: 5-(4-((2,3-Dihydrobenzo[b][1,4]dioxin-2-yl)methoxy)benzylidene)thiazolidine-2,4-

dione
0]

CHO N
NH
0. 0. S
O 2,4-thiazolidinedione O
(0]
O

O
21b 21c

. Obtained by recrystallization as a yellow solid (1.12 g, 82.4% yield); 'H NMR (300
MHz, DMSO-dg) 8 12.513 (s, 1H), 7.733 (s, 1H), 7.576 (d, J = 8.7 Hz, 2H), 7.167 (d, J = 8.7
Hz, 2H), 6.817-6.922 (m, 4H), 4.458-4.578 (m, 1H), 4.409-4.455 (m, 1H), 4.263-4.409 (m,
2H), 4.111-4.173 (m, 1H).

22c¢: 5-(4-(Biphenyl-4-ylmethoxy)benzylidene)thiazolidine-2,4-dione

CHO S
NH
S
O 2,4-thiazolidinedione O \<
(0]
D 22b ‘ 22¢

Obtained by recrystallization as a yellow solid (1.12 g, 83.6% yield); 'H NMR (300 MHz,
DMSO-dg) 8 12.513 (s, 1H), 7.735 (s, 1H), 7.703 (t, J = 15.9 Hz, 4H), 7.580 (t, J = 15.9 Hz,
4H), 7.486 (t,J = 14.7 Hz, 2H), 7.384 (m, 1H), 7.206 (d, J= 8.7 Hz, 2H), 5.235 (s, 2H).
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23c: 5-(4-Phenoxybenzylidene)-1, 3-thiazolidine-2, 4-dione

(0]
CHO
2,4-thiazolidinedione AN
> NH
o 5 S~(
23b 23¢ ©

Obtained by recrystallization as a yellow solid (1.02 g, 72.0% yield); 'H NMR (300 MHz,
DMSO-dg) 68.302 (s, 1H), 7.536-7.639(m, 5H), 7.349 (d, J = 8.4 Hz, 2H), 6.903(d, J = 8.4 Hz,
2H).

24c: 5-(4-(Benzyloxy)benzylidene)thiazolidine-2,4-dione

CHO
X
NH
©/\o 2,4-thiazolidinedione O/\ o S\<

- o)

24b 24c

Obtained by recrystallization as a yellow solid (1.2 g, 83%); 'H NMR (300 MHz, DMSO-
dg) 812.498 (s, 1H), 7.736 (s, 1H) 7.566 (d, J = 8.7 Hz, 2H), 7.306-7.468 (m, 5H), 7.18 (d, J =
8.7 Hz, 2H), 5.176 (s, 2H).

25c: 5-[4-(2-Phenylethoxy)benzylidene|-1,3-thiazolidine-2,4-dione

0]
CHO
2,4-thiazolidinedione IS
- 4 NH
O o) \'\<
25b 25¢ ©

Obtained by recrystallization as a yellow solid (0.94 g, 62.7% yield); 'H NMR (300 MHz,
DMSO-ds) §7.806 (s, 1H), 7.466 (d, J = 8.7 Hz, 2H), 7.262-7.369 (m, 5H), 7.196 (d, J = 8.7Hz,
2H), 4.261 (t,J = 14.1 Hz, 2H), 3.153 (t,J = 14.1 Hz, 2H).

26¢: 5-[4-(2-Phenylpropoxy)benzylidene|-1,3-thiazolidine-2,4-dione

CHO
/Q/ 2,4-thiazolidinedione
0 >
0

26b 26¢
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Obtained by recrystallization as a yellow solid (1.12 g, 80.1% yield); 'H NMR (300 MHz,
DMSO-d;) 67.820 (s, 1H), 7.465 (d, J = 8.7 Hz, 2H), 7.201-7.329 (m, 5H), 6.993 (d, /= 8.7 Hz,
2H), 4.020 (t,J = 12.3 Hz, 2H), 2.851 (t, J = 15.0 Hz, 2H), 2.094-2.187 (m, 2H).

27c: 5-|4-(2-Phenylbutoxy)benzylidene]-1,3-thiazolidine-2,4-dione

0]
CHO 2,4-thiazolidinedione X
S = NH
S
0 0 \“<
27¢ o

27b

Obtained by recrystallization as a yellow solid (1.15 g, 85.0% yield); 'H NMR (300 MHz,
DMSO-d;) 67.816 (s, 1H), 7.468 (d, J = 8.7 Hz, 2H), 7.174-7.323(m, 5H), 6.903 (d, /= 8.7 Hz,
2H), 4.048 (t,J = 11.7 Hz, 2H), 2.724 (t, J = 13.8 Hz, 2H), 1.786-1.876 (m, 4H).

28c: 5-(4-(Cyclohexyloxy)benzylidene)thiazolidine-2,4-dione

(0]
CHO
2,4-thiazolidinedione A
> s NH
0 o \w(
28b 28¢ (0]

Obtained by recrystallization as a yellow solid(1.3 g, 88%); 'H NMR (300 MHz, DMSO-
dg) 812.496 (s, 1H), 7.724 (s, 1H) 7.532 (d, J = 8.7 Hz, 2H), 7.091 (d, J = 8.7 Hz, 2H), 4.455
(g, 1H), 1.865-2.073 (m, 2H), 1.675-1.865 (m, 2H), 1.446-1.547 (m, 3H), 1.257-1.415 (m, 3H),
1.160-1.257 (m, 1H).

29c: 5-(4-(Cyclohexylmethoxy)benzylidene)thiazolidine-2,4-dione

CHO X
NH
2,4-thiazolidinedione O/\O S\<
o

» 0
29b 29¢

Obtained by recrystallization as a yellow solid (1.2 g, 83%); '"H NMR (300 MHz, DMSO-
ds) 08.345 (s, 1H), 7.748 (s, 1H), 7.390 (d, J = 11.7 Hz, 2H), 6.895 (d, J = 11.7 Hz, 2H), 3.752
(d, J=6.0 Hz, 2H), 1.629-1.819 (m, 6H), 1.152-1.301 (m, 3H), 0.926-1.072 (m, 2H).

30c: 5-(4-(2-Cyclohexylethoxy)benzylidene)thiazolidine-2,4-dione
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CHO
2,4-thiazolidinedione x
- NH
S
0 o)

30b 30c
Obtained by recrystallization as a yellow solid (1.28 g, 90.01% yield); '"H NMR (300
MHz, DMSO-dg) 6 8.195 (s, 1H), 7.675 (s, 1H), 7.473 (d, J = 14.7 Hz, 2H), 6.895 (d, J = 14.7
Hz, 2H), 4.036 (t, J = 11.7 Hz, 2H), 1.565-1.727 (m, 5H), 1.437-1.469 (m, 1H), 1.041-1.223
(m, 3H), 0.807-1.034 (m, 2H).

31c: 5-(4-(3-Cyclohexylpropoxy)benzylidene)thiazolidine-2,4-dione

CHO N
NH
2.4-thiazolidinedione S %
O - O
O/\/\ O/\/\ s

31b 31c

Obtained by recrystallization as a yellow solid (1.2 g, 86%); '"H NMR (300 MHz, DMSO-
dg) 612.505 (s, 1H) 7.730 (s, 1H), 7.547 (d, J = 9.0 Hz, 2H), 7.084 (d, J = 9.0 Hz, 2H), 4.028(t,
J=12.9 Hz, 2H), 1.628-1.711 (m, 7H), 1.143-1.300 (m, 6H), 0.839-0.911 (m, 2H).

32c: 5-(4-(4-Cyclohexylbutoxy)benzylidene)thiazolidine-2,4-dione

(0]
CHO 2,4-thiazolidinedione X
S NH
S
0 0 \<
(@]
32¢

32b

Obtained by recrystallization as a yellow solid (1.13 g, 84%); 'H NMR (300 MHz,
DMSO-dg) 512.453 (s, 1H), 7.407 (s, 1H), 7.357 (d, J = 8.7 Hz, 2H), 6.933 (d, J = 8.7 Hz, 2H),
4.003 (t, J = 12.3 Hz, 2H), 1.625-1.692 (m, 6H), 1.37-1.398 (m, 3H), 1.133-1.215 (m, 4H),
0.815-0.956 (m, 4H).
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33c: 5-(4-(2-Cyclohexylmethoxy)-3-methylbenzylidene)thiazolidine-2,4-dione

HaC CHO HaC §
NH
2.4-thiazolidinedione SW
0 > O
S 9 5

33b 33¢

Obtained by recrystallization as a yellow solid (1.10 g, 77.5% yield); 'H NMR (300 MHz,
DMSO-dg) 67.784 (s, 1H), 7.345 (d, J = 8.4 Hz, 2H), 7.289 (s, 1H), 6.912(d, J = 8.4 Hz, 2H),
4.074 (d, J = 5.7 Hz, 2H), 2.302 (s, 3H), 1.706-1.894 (m, 6H), 1.257-1.380 (m, 3H), 1.070-
1.225 (m, 2H).

34c: 5-(4-(2-Cyclohexylethoxy)-3-methylbenzylidene)thiazolidine-2,4-dione

HsC CHO HsC
3 2,4-thiazolidinedione 3 X
> NH
- S
0 0 \<
(0]

34b 34c

Obtained by recrystallization as a yellow solid (1.25 g, 86%); 'H NMR (300 MHz,
DMSO-ds) 68.20 (s, 1H), 7.783 (s, 1H), 7.087 (d, J = 8.7 Hz, 2H), 7.058 (s, 1H), 6.788 (d, J =
8.7 Hz, 2H), 4.023 (t, J = 14.7 Hz, 2H), 2.196 (s, 3H), 1.739 (t, J = 14.7 Hz, 2H), 1.577 (m,
1H), 1.213-1.284 (m, 2H), 0.965-1.044 (m, 4H), 0.826-0.880 (m, 4H).

35c: 5-(4-(2-Cyclohexylpropoxy)-3-methylbenzylidene)thiazolidine-2,4-dione

HsC CHO HsC AN

NH
2,4-thiazolidinedione S

O/\/\O L O/\/\ o

(0]

35b 35¢

Obtained by recrystallization as a yellow solid (1.23 g, 89.1% yield); 'H NMR (300 MHz,
DMSO-dg) 67.793 (s, 1H), 7.349 (d, J = 8.4 Hz, 2H), 7.312 (s, 1H), 6.898 (d, J = 8.4 Hz, 2H),
4.029 (t,J = 13.2 Hz, 2H), 1.650-2.041 (m, 8H), 1.089-1.397 (m, 4H), 0.860-0.968 (m, 3H).
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36c¢: 5-(4-(2-Cyclohexylbutoxy)-3-methylbenzylidene)thiazolidine-2,4-dione

O
HsC CHO 2,4-thiazolidinedione FieC N
- NH
S
. O
O

36b 36¢

Obtained by recrystallization as a yellow solid (1.19 g, 87.5% yield); 'H NMR (300 MHz,
DMSO-dg) 87.787 (s, 1H), 7.421(d, J = 8.7 Hz, 2H), 7.291 (s, 1H), 6.903(d, J = 8.7Hz, 2H),
4.045 (t, J = 12.9 Hz, 2H), 1.806-1.852 (m, 2H), 1.694-1.779 (m, 5H), 1.438-1.510 (m, 2H),
1.174-1.266 (m, 6H), 0.857-0.890 (m, 2H).

37c: 5-(3-Chloro-4-(cyclohexyloxy)benzylidene)thiazolidine-2,4-dione

cl CHO 2,4-thiazolidinedione cl A
> s NH
O O \<

37b 37¢

Obtained by recrystallization as a yellow solid (1.3 g, 88%); '"H NMR (300 MHz, DMSO-
d6) 612.587 (s, 1H), 7.724 (s, 1H), 7.699 (s, 1H), 7.516 (d, /= 13.2 Hz, 1H), 7.371 (d, /= 13.2
Hz, 1H), 4.564-4.615 (m, 1H), 2.029-2.496 (m, 2H), 1.693-1.861 (m, 2H), 1.509-1.537 (m,
2H), 1.350-1.450 (m, 4H).

38c: 5-(3-Chloro-4-(cyclohexylmethoxy)benzylidene)thiazolidine-2,4-dione

Cl CHO Cl N
NH
O/\O 2,4-thiazolidinedi0ne; O/\ o S\<

o o)

38b 38¢

Obtained by recrystallization as a yellow solid (1.3 g, 88%); '"H NMR (300 MHz, DMSO-
dg) 812.586 (s, 1H), 7.721 (s, 1H), 7.697 (s, 1H), 7.527 (d, J = 8.7 Hz, 1H), 7.305 (d, J = 8.7
Hz, 1H), 3.949 (d, /= 6.0 Hz, 2H), 1.626-1.826 (m, 6H), 1.034-1.269 (m, SH).
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39c¢: 5-(3-Chloro-4-(2-cyclohexylethoxy)benzylidene)thiazolidine-2,4-dione

Cl CHO Cl
2,4-thiazolidinedione X
> NH
S
O O

39b 39¢

Obtained by recrystallization as a yellow solid (1.22 g, 84%); 'H NMR (300 MHz,
DMSO-d6) 88.19 (s, 1H), 7.738 (s, 1H), 7.522 (s, 1H), 7.386 (d, /= 10.5 Hz, 1H), 7.012 (d, J =
10.5 Hz, 1H)), 4.155 (t, J = 13.2 Hz, 2H), 1.800 (t, J = 13.2 Hz, 2H), 1.657-1.800 (m, 4H),
1.500-1.606 (m, 1H), 1.151-1.335 (m, 4H), 0.854-1.052 (m, 2H).

40c: 5-(3-Chloro-4-(cyclohexylpropoxy)benzylidene)thiazolidine-2,4-dione

Cl CHO Cl N
NH
2,4-thiazolidinedione S W
0 - 0
O/\/\ O/\/\ |

40b 40c¢

Obtained by recrystallization as a yellow solid (1.29 g, 88%); 'H NMR (300 MHz,
DMSO-dg) 612.587 (s, 1H), 7.717 (s, 1H), 7.695 (s, 1H), 7.531 (d, J = 8.4Hz, 1H), 7.302 (d, J
= 8.4Hz, 1H), 4.125 (t, J = 12.6 Hz, 2H), 1.625-1.772 (m, 7H), 1.079-1.348 (m, 6H), 0.837-
0.911 (m, 2H).

41c: 5-(3-Chloro-4-(cyclohexylbutoxy)benzylidene)thiazolidine-2,4-dione

(0]
cl CHO 2,4-thiazolidinedione cl X
- NH
S
0 0 ~
(0]

41b 41c

Obtained by recrystallization as a yellow solid (1.28 g, 87%); 'H NMR (300 MHz,
DMSO-dg) 612.582 (s, 1H), 7.730 (s, 1H), 7.695 (s, 1H), 7.532 (d, J = 9.0 Hz, 1H), 7.309 (d, J
= 9.0 Hz, 1H), 4.141 (t, J = 12.3 Hz, 2H), 1.652-1.761 (m, 7H), 1.227-1.615 (m, 2H), 1.067-
1.205 (m, 6H), 0.818-0.889 (m, 2H).
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III. RESULTS AND DISCUSSION

Fig. 6. shows the general synthetic routes for the TD derivatives. As a starting material p-
hydroxybenzaldehyde, 4-hydroxy-3-methylbenzaldehyde or 3-chloro-4-hydroxybenzaldehyde,
were reacted with various substituents to afford the substituted benzaldehyde, an intermediate,
in good yield. The intermediate was then used in the coupling reaction with thiazolidine-2,4-
dione to afford the appropriated TD derivatives.

The different TD derivatives were screened for their algicidal activity against harmful
algae. The specificity and potency of all 41 TD compounds against Heterosigma akashiwo (H.
akashiwo), Chattonella marina (C. marina) and Cochlodinium polykrikoides (C. polykrikoides)
were determined. The synthesized compounds were tested under the assay conditions at various
micro molar concentrations, and the results and statistical significance were verified. Their
inhibitory activity (ICs) values are listed in Table 1. When algicidal activity of the TD to H.
akashiwo, C. marina and C. polykrikoides were compared, some of the TD required high
concentrations to inhibit growth, whereas a number of TD showed moderate algicidal activity
at the lowest concentrations against the red tide causing alga selected for this study.

TD compounds, such as compounds 1¢, 2¢, 10¢, 11c, 14¢, 16¢, 17¢, 24¢, 25¢, 27¢, 33c,
37c¢ and 39c¢ exhibited I1Csy values < 4 uM for all HABs studied, which makes them possible
candidates for algicidal application. In contrast, compounds 8c, 23¢ and 32¢ exhibited
relatively high ICsy values ranging from 30 to 120 pM, which suggests that the HABs are
tolerant to these TD. These compounds were potent for both HABs and non-harmful
dianoflagellates indicating that these compounds are unsuitable as algicidal compounds (Table
1).

The growth inhibition patterns of the HABs, including non-harmful algae, were examined
upon exposure to compounds 2¢ and 14c¢ at different concentrations (Fig. 7). The growth
patterns showed an exponential decrease with increasing concentration of the selective TD in
the medium (Fig. 7). On the other hand, the non-harmful algae were relatively tolerant to these

selective TD.
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Fig. 7. Growth inhibition ratio against harmful and non-harmful algal species. (A) Compound
2¢, (B) Compound 14c¢ at different concentrations of TD compounds selected, the letters in
graphs (A) and (B) represent the means that are significantly different (P < 0.05) using a
Tukey’s post hoc test

C. polykrikoides blooms have caused heavy damage to fish farms in the Republic of
Korea, Japan and other countries [29,30,31]. The use of non-specific chemical algicides have
been reported to have a number of drawbacks, including broad-spectrum toxicity towards
phytoplankton [14,20,21,22].

Of the compounds examined, compounds 1c¢, 2¢, 3¢, 4¢, 7¢, 9¢, 10c, 11c, 12¢, 13¢, 14c,
15¢, 16¢, 17c, 21c, 24c, 25¢, 35¢c, 37¢ and 41¢ were most potent against C. polykrikoides
exhibiting ICsy values < 1 puM. In particular, compounds 3¢, 9¢, 22¢ and 41c were extremely
competent and selective against C. polykrikoides and exhibited an ICs, value ranging from 0.1
to 2 uM, while C. marina and H. akashiwo showed an ICs, value ranging from 30 to 130 uM.
Therefore, these compounds may have structural competence to C. polykrikoides but the
mechanisms of this selectivity need to be examined further.

Red tide inhibitors made with Chinese herbs, such as golden thread and areca seed, had
the merits of a low concentration and short reaction time [13]. Some natural materials were
found to be selective against blue-green algae [32,33,34]. However, their large scale use in the
environment is still problematic. Biological control has many logistical problems and is far

from the application stage [1]. The chemical structure of the TD may be the reason for their
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selective and wide range of algicidal activity. The effective concentrations, potency, growth
inhibition ratio and their selective pattern to their corresponding functional groups of
derivatives were studied (Table 1). The high activities of particular compounds, which are
specific against only harmful algal species, might take advance of specific functional groups
and their position. Their structural relation and importance in algicidal actions are discussed
based on these results.

Microscopic observation of C. marina, H. akashiwo, C. polykrikoides without treating TD
37¢ (a) and after treating 1 pM of TD 37¢ with difference time are show in Fig. 8, Fig. 9, Fig.
10.

10.0 ym 10.0 ym . 10.0 ym

Fig. 8. Microscopic observation of C. marina without treating TD 37¢ (a); C. marina after

treating 1 pM of TD 37¢ (b)~(f) (b: 6hr; c: 9hr; d: 12hr; e: 15hr; f: more than 15hr ).
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Fig. 9. Microscopic observation of H. akashiwo without treating TD 37c¢ (a); H. akashiwo
after treating 1uM of TD 37¢ (b) ~ (f) (b: 1hr; c: 2hr; d:4hr; e: 6hr; f: 8hr; g:10hr; h: more
than 10hr ).

Fig. 10. Microscopic observation of C. polykrikoides without treating TD 37¢ (a);C.
polykrikoides, after treating 1pM of TD 37¢ (b)~(f) (b: lhr; c: 2hr; d: 3hr; e: 4hr; f: Shr),
Magnification X400.
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For the purpose of preliminary structure activity relationship studies, various substituents
were introduced at the hydroxyl group of 5-(4-hydroxybenzylidene)thiazolidine-2,4-dione. The
introduction of the S5-member ring at the hydroxyl group of 5-(4-
hydroxybenzylidene)thiazolidine-2,4-dione resulted in a significant increase in its inhibitory
potency against C. polykrikoides, as indicated for compounds 1c¢, 2¢, 7¢, 10c, 11¢, 12¢, 13¢ and
14c. Interestingly, the 3-thiomorpholine-1,1-dioxidepropyl group as a substituent also increased
the inhibitory potency against C. polykrikoides significantly as indicated for compound 9c.
However, a deletion of the methylene group of the 3-thiomorpholine-1,1-dioxidepropyl
derivative (compound 8c) decreased the inhibitory potency of compound 9c. In contrast, a
deletion of the methylene group of the 2-(pyridine-2-yl)ethyl derivative (compound 5c)
increased the inhibitory potency against C. polykrikoides significantly of compound 4c.
Replacement of the cyclohexyl ring (compound 19¢) with a benzene ring (compound 16¢)
increased the inhibitory potency. The most potent inhibitors of this series of compounds against
C. marina, H. akashiwo and C. polykrikoides are compounds 5-(3-chloro-4-
(cyclohexyloxy)benzylidene)thiazolidine-2,4-dione (compound 37¢), 5-[4-(2-
phenylethoxy)benzylidene]-1,3-thiazolidine-2,4-dione (compound 25¢) and 5-(3-chloro-4-
(cyclohexyloxy)benzylidene)thiazolidine-2,4-dione (compound 37¢) with an ICsy of 0.160,
0.454 and 0.086, respectively. Table 1 gives a summary of the inhibitory potency of all these

compounds.
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Table 1. Algicidal effects of the various synthetic thiazolidinediones

@)
ICso" (UM)
SNo | R; R, Harmful algal species Non—harmful algal
species
. . o P.EP
C.marina H.akashiwo C.polykrikoides A.sp. v
1c H | 2-(Thiophen-2-yl)ethyl 1.650 £0.578 2.428 +£0.928 0.712 £8.254 100 >
2¢ H | 2-(Thiophen-3-yl)ethyl 2.015+£0.653 2.838 +£0.223 0.457 £9.280 69.306 + 6.224
ND
3c H | 2-Isopropoxyethyl 41.793 +2.030 39.928+18.410 0.980 + 8.604 95.723 £ 1.047
4c H | Pyridin-2-ylmethyl 6.109 £ 0.605 13.100 £6.152 0.741 £ 0.000 7.214 +£7.475
5¢ H | 2-(Pyridin-2-yl)ethyl 37.495 £1.949 17.151 £1.110 27.195 £8.011 100 >
6¢c H | 2-(Piperidin-1-yl)ethyl 2.886 +0.185 6.565 £1.025 16.141 +2.445 82.282+4.078
Tc H | 2-(4-Methylthiazol-5-yl)ethyl 8.503 £ 0.821 10.216 £0.552 0.562 + 6.738 86.910+4.142
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2-Thiomorpholine-1,1-

8c . 122.001+8.647 93.660 + 9.818 118.373+14.27 98.136 £ 2.731
dioxideethy

9¢ 3-Thiomorpholine-1,1- 90.497 +3.386 128.642+6.611 0.133 + 8.764 100 >
dioxidepropyl

10c¢ Thiophen-3-ylmethyl 3.658 £2.385 2.789+£0.016 0.570 £ 8.099 39.148 £ 6.851

11c Thiophen-2-ylmethyl 1.203 £ 1.601 1.927 £0.009 0.616 +0.000 5.904 +3.265

12¢ Furan-2-ylmethyl 5.453+£0.130 7.642 +0.499 0.779 £5.922 5.016 +£1.253

13c Cyclopentylmethyl 4.221+£3.172 2.717 £ 0.002 0.254 + 0.000 100 >

14c 2-Cyclopentylethyl 1.515+1.193 3.282 +0.426 0.846 + 1.886 100 >

15¢ 4-Methoxybenzyl 11.920 +£9.570 15.226 +4.244 0.793 £ 4.831 100 >

16¢ 4-Methylbenzyl 2.141+1.391 2.022 £0.633 0.560 £0.001 52.124 +10.460

17c Benzold][1,3]dioxol-5- 2.582+0.263 3.057+0.311 0.877+0.000 | 98.788 + 1.884
ylmethyl

18¢ 4-(Chloromethyl)benzyl 6.168 £0.415 10.178 £1.357 2.267 +£0.066 100 >

19¢ (4-Methylcyclohexyl)methyl 1.754 £ 1.207 8.026 +0.987 2.799 £ 6.123 100 >

20c 2-(Cyclohexyloxy)ethyl 5.349 £1.293 3.294 +£0.072 4.430 +0.002 13.618 + 3.462

ND
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(2,3-

21c H | Dihydrobenzo[b][1,4]dioxin-2- 1.242 +£0.677 8.806 + 1.667 0.462 + 0.000 100 >
yl)methyl

22¢ H | Biphenyl-4-ylmethyl 29.537 £+ 0.000 115.097 £ 5.390 2.046 + 6.144 100 >

23¢ H | Phenyl 62.007 + 1.836 ND 53.818 £1.205 100 >

24c H | Benzyl 3.716 £ 0.268 1.798 £4.984 0.853 £1.326 100 >

25c¢ H | Phenylethyl 3.764 £ 1.532 0.454 £ 0.870 0.449 + 0.000 100 >

26¢ H | Phenylpropyl 5.040 £ 1.331 2.205+0.151 1.192 £0.015 100 >

27¢ H | Phenylbutyl 3.395+£1.956 2.966 +0.201 2.972+0.130 100 >

28c¢ H | Cyclohexyl 2.843 £1.223 12.950 + 4.355 5.770 £ 0.234 100>

29c¢ H | Cyclohexylmethyl 1.933 £0.025 7.348 £2.709 3.353+0.071 100 >

30c H | Cyclohexylethyl 2.224 +0.035 17.668 £0.113 5.821+1.146 34.308 + 1.005
31c H | Cyclohexylpropyl 11.419+1.314 97.696 = 1.354 41.709 + 6.852 18.5+0.676
32¢ H | Cyclohexylbutyl 102.924 £ 2.929 75.910 £ 1.246 101.421 £3.007 100 >

33¢ | CHj; | Cyclohexylmethyl 2.885 + 0.087 2.050 +£0.630 1.250 £ 0.000 71.888 +4.468
34c | CHj | Cyclohexylethyl 5.938 +2.952 7.029 +£0.182 1.244 + 0.000 100 >

ND
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35¢ | CH; | Cyclohexylpropyl 16.321 £ 7.672 17.949 + 5.642 0.319 + 0.000 100 >
36c | CH;z | Cyclohexylbutyl 32.644 £1.627 5.758 £2.052 1.963 +3.082 100 >
37¢ Cl | Cyclohexyl 0.160 £ 0.315 1.070 + 0.009 0.086 £+ 0.000 100 >
38c Cl | Cyclohexylmethyl 1.672 £ 0.167 19.300 + 3.180 17.590 + 0.143 100 >
39¢ Cl | Cyclohexylethyl 2.347 £2.505 0.568 + 1.020 4.035 +0.000 43430+ 1.011
40c Cl | Cyclohexylpropyl 10.366+0.183 85.950 + 0.045 1.864 +0.000 100 >
41c Cl | Cyclohexylbutyl 119.100 £6.087 ND 0.702 + 0.000 100 >

ND

* Values are the mean = SD of three experiments. ND, no detectable activity.




IV. CONCLUSION

In summary, examined thiazolidinedione derivatives as potential algicidal agents. The
synthesis of TD compounds provide a strong evidence that several TD derivatives can have
effective algicidal activity against HABs, but are safe to non harmful algae. A few of the TD
exhibited remarkable algicidal activity against H. akashiwo, C. marina, and C. polykrikoides
with low ICsy values (0.1 to 2 uM). The most potent inhibitors of this series of compounds
against C. marina, H. akashiwo, and C. polykrikoides are compounds 37¢, 25¢ and 37¢ with
IC5¢ lower than 0.5 uM. Insights regarding the use of TD compounds may not be limited or
restrict by the growth of other organisms due to their selectivity. A precise insight into the
inhibitory action against the red tide algal remains to be determined. In addition, there are
many aspects of potent or competent algal inhibitors in the treatment of harmful algal blooms

that need to be clarified including safety, lifetime, water solubility, and stability.
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3c: 5-(4-(2-Isopropoxyethoxy)benzylidene)thiazolidine-2,4-dione
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5c: 5-(4-(2-(Piperidin-1-yl)ethoxy)benzylidene)thiazolidine-2,4-dione

-50-



N CH: " 2 1
0]

N H =z | iz b
= A e HEL: | i
-
1 i -
j | | |
P St il i : L i
| 1 T T 0 T — ——
f b 4 7 pem|

7c: 5-(4-(2-(4-Methylthiazol-5-yl)ethoxy)benzylidene)thiazolidine-2,4-dion

0/
|\/N\/\O S\<
0]
a8 =8 g ‘l = e
2 = | ~ o
- - = -

5 L 4 E pom

8c: 5-(4-(2-Thiomorpholine 1,1-Dioxideethoxy)benzylidene)-2,4-thiazolidinedione
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11c: 5-(4-(Thiophen-2-ylmethoxy)benzylidene)thiazolidine-2,4-dione
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13c: 5-(4-(Cyclopentylmethoxy)benzylidene)thiazolidine-2,4-dione
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16c: 5-(4-(4-Methylbenzyloxy)benzylidene)thiazolidine-2,4-dione
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17¢: 5-(4-(Benzo[d][1,3]dioxol-5-ylmethoxy)benzylidene)thiazolidine-2,4-dione

H;C

19¢: 5-(4-((4-Methylcyclohexyl)methoxy)benzylidene)thiazolidine-2,4-dione
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22c¢: 5-(4-(Biphenyl-4-ylmethoxy)benzylidene)thiazolidine-2,4-dione
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24c: 5-(4-(benzyloxy)benzylidene)thiazolidine-2,4-dione
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25c¢: 5-[4-(2-phenylethoxy)benzylidene]-1,3-thiazolidine-2,4-dione
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26c¢: 5-[4-(2-Phenylpropoxy)benzylidene]-1,3-thiazolidine-2,4-dione
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27c¢: 5-[4-(2-phenylbutoxy)benzylidene]-1,3-thiazolidine-2,4-dione
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28c¢: 5-(4-(cyclohexyloxy)benzylidene)thiazolidine-2,4-dione
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29¢: 5-(4-(cyclohexylmethoxy)benzylidene)thiazolidine-2,4-dione
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31c: 5-(4-(3-cyclohexylpropoxy)benzylidene)thiazolidine-2,4-dione
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30c: 5-(4-(2-cyclohexylethoxy)benzylidene)thiazolidine-2,4-dione
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33c: 5-(4-(2-Cyclohexylmethoxy)-3-methylbenzylidene)thiazolidine-2,4-dione
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34c: 5-(4-(2-Cyclohexylethoxy)-3-methylbenzylidene)thiazolidine-2,4-dione
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35c: 5-(4-(2-Cyclohexylpropoxy)-3-methylbenzylidene)thiazolidine-2,4-dione
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36c¢: 5-(4-(2-Cyclohexylbutoxy)-3-methylbenzylidene)thiazolidine-2,4-dione
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37c: 5-(3-Chloro-4-(cyclohexyloxy)benzylidene)thiazolidine-2,4-dione
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38c: 5-(3-chloro-4-(cyclohexylmethoxy)benzylidene)thiazolidine-2,4-dione
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39c¢: 5-(3-Chloro-4-(2-cyclohexylethoxy)benzylidene)thiazolidine-2,4-dione
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40c: 5-(3-chloro-4-(cyclohexylpropoxy)benzylidene)thiazolidine-2,4-dione
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41c: 5-(3-chloro-4-(cyclohexylbutoxy)benzylidene)thiazolidine-2,4-dione
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