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In order to improve the bioavailability of curcumin, studies have been undertaken to prepare the
so-called monocarbonyl analogs of curcumin (MACs) and assess their biological activity. These analogs
contain an electrophilic o,f-unsaturated carbonyl moiety (Michael acceptor). Several key biological pro-
cesses are connected/controlled with thiol alkylation (glutathione, cysteine, cysteine peptide residues).
The most likely reaction is the Michael addition between the o,f-unsaturated acceptor and a correspond-
ing thiol. 2,6-Bisarylidenecyclohexanone and 3,5-bisarylidenepiperidin-4-one scaffolds offer convenient
tunability of electrophilicity and redox properties of the Michael acceptor by the introduction of various
substituents. In this study, several MACs were prepared by Claisen-Schmidt condensation reaction, and
their reactivity with 2-(dimethylamino)ethanethiol was evaluated. For this purpose, based on the UV-Vis
spectra of the analogs and thiol(s), a proper method for spectrophotometric evaluation of their reactivity
with 2-(dimethylamino)ethanethiol was optimized. The relative reactivity of the analogs was
7>2>5>4>1=6. The developed method is simple, and it can be extended to assess the reactivity of
other MACs.

Keywords: synthesis; monocarbonyl analogs of curcumin; thiols; 2-(dimethylamino)ethanethiol;
Michael addition

PABPABOTKA HA CHEKTPO®OTOMETPUCKHU METO/ 3A TPOLIEHA
HA PEJJATUBHATA PEAKTUBHOCT HA MOHOKAPBOHMNJIHU AHAJIO3U
HA KYPKYMMUH CO 2-(AUMETUJIAMHWHO)ETAHTHNOJI

Co 1en 1a ce moao0pu OMOPACIIONIOKIMBOCTA HA KypKYMUHOT, HATIPAaBEHU CE€ CTYJIMW 3a CHHTE3a
Ha TaKaHApEYEeHUTE MOHOKApOOHIIHH aHayo3u Ha KypkymuH (MAC) u mporieHa Ha HUBHaTa OHMOJIOIIKA
aktuBHOCT. OBHE aHalo3W coApKar enekrpoduiHa o,p-He3acuTeHa kapOoHwiHa rpymna (MajkioB
akuenTop). Hekonky Kiay4HH OMOJIOIIKM TPOLECH CE MOBP3aHHW/KOHTPOJHMPAHU NPEKYy aJKWIalMja Ha
THONHN (TJIyTaTHOH, IIMCTEWH, MENTHIN CO LMUCTEMHCKU Ipynu). HajeepojaTHO e neka mMa peakiyja Ha
MajknoBa  amunuja  1nomery  o,f-HE3aCHTEHHOT  aKIEeNTop W COOJBETHHOT  THON.  2,6-
BucapunuaeHIMKIOXeKCaHOHCKHUTE U 3,5-0ncapuiinieH-4-IIMIIepUIOHCKUTE CUCTEMH Hy/aT MOXKHOCT 32
npucrnocoOyBame Ha €JIeKTpOQHIHOCTA W PEIOKC-CBOjCTBaTa Ha MajKIOBHOT akIENToOp MpeKy
BOBE/IYBamkE PA3IMYHM CYNCTHUTyeHTH. Bo oBaa crymmja Oea cuHTeTH3WpaHn Hekoinky MAC mpeky
Knajzen-1lIMuT-0Ba KOHICH3aIMOHA pEaKl{ja M MOToa Oelle MpoIleHeTa HWBHATa PEaKTHBHOCT CO 2-
(TMMeTHIaMHUHO ))eTaHTHOJI. 3a Taa 1el, Bp3 ocHoBa Ha UV-Vis crekTpuTe Ha aHaJO3UTe U THOJI(UTE),
ONTHUMHU3UPAH € COOJBETEH METO]] 32 CHEKTPO(HOTOMETPHCKA eBalyallija Ha HUBHATA PEAKTUBHOCT CO 2-
(IMMeTHIaMUHO)eTaHTHON.  PemaTMBHAaTa pPEakTUBHOCT Ha  aHAJO3WTE Oeme Cco  pexocien
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7>2>5>4>1~6. Pa3BueHHOT METOJ € CIHOCTABCH M MOXE Ja C¢ NPUMCHH 3a MpOICHA Ha
PEaKTHBHOCTA Ha JPYTd MOHOKapOOHMIHH aHAJIO3H HA KYPKYMUH.

Knyuynu 300poBu: cuHTe3a; MOHOKapOOHWIHH aHAJI03U HA KYPKYMHH; THOJIH;

2-(IMMETHIIaMIHO )€TaHTHO; MajKiioBa aauIija

1. INTRODUCTION

Curcumin (diferuloylmethane) is a natural
conjugated S-diketone isolated from the rhizome of
Curcuma longa (turmeric), which has been used
for a long time in traditional medicine as a cure for
diseases of the liver, digestive tract, and urinary
tract, and infections, rheumatoid arthritis, and in-
sect bites.! Curcumin is a useful phytochemical
that has been extensively studied for the last two
decades, especially for its anti-cancer, anti-oxidant,
anti-inflammatory and anti-microbial properties.>

In vivo, curcumin inhibits malignant cell
growth. It induces apoptosis in malignant cells by
modulating the activity of transcription factors,
growth factors, adhesion molecules, and cell sig-
nals.>* Although curcumin is non-toxic and shows
promising pharmacological properties, numerous
studies indicate that it has poor bioavailability, low
chemical stability, and rapid metabolism under
physiological conditions. According to the litera-
ture, its instability is due to the g-diketone compo-
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nent, which is strongly reactive at a pH higher than
6.5, resulting in a shortened half-life in the body.>®

Despite the fact that curcumin is recurrently
used in research studies for biological activity, one
must take into consideration the fact that it has been
classified as PAINS (pan-assay interference com-
pounds), as well as IMPS (invalid metabolic pana-
ceas).” Curcumin has diverse chemistry, and the role
of the auto-oxidation products in its overall activity
has been elucidated.®° All in all, curcumin is pho-
tolabile and decomposes mainly by solvolysis and
oxidative degradation. Most importantly, it does not
satisfy the primary criterion for pharmaceutical ap-
plications because it is unstable under physiological
conditions (pH 7.4 and 37 °C).’

Modification of the structure of curcumin
implies  synthesis of monocarbonyl analogs
(MACs) by a crossed aldol condensation between a
cycloalkanone and monosubstituted benzaldehyde
and removal of the S-diketone component as one of
the ways to overcome the downsides of curcumin
(Fig. 1).1412
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Fig. 1. Transformation of curcumin to monocarbonyl analogs (MACs) in order to improve stability

Many MACs have been synthesized (n =0,
n=2 cyclopentanone, n=3 cyclohexanone, 4-
piperidone, etc.) and characterized, and their bio-

logical properties evaluated. They all contain the
1,5-diaryl-3-oxo0-penta-1,4-diene  pharmacophore,
which is the key to the biological activity (Fig. 2).
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Fig. 2. The general structure of different types of MACSs that contain the 1,5-diaryl-3-oxo-penta-1,4-diene pharmacophore
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A number of key biological processes are
linked/controlled by the thiol alkylation process
(glutathione, cysteine, cysteamine, etc.), and
MACs and many other natural products with an
electrophilic nature are excellent thia-Michael ac-
ceptors.’® Moreover, the properties of MACs can
be modified by introducing different central cores,
aromatic systems, and the introduction of different
substituents. These analogs are involved in highly
selective thiol-trapping, which is critical for bioac-
tivity. It is important to stress that these Michael
reactions are reversible, but not all thiol-containing
systems (R-SH) have the same reactivity. There are
other functional groups that can be involved in 1,4-
additions, which will result in oxa, carba, and aza-
Michael reactions. However, if one considers the
respective bond strengths, the new bond formed,
the C-S bond (ca. 60 kcal/mol) is the weakest of all
the above. This, to the first approximation, makes
these thia-Michael reactions reversible.** The in-
teresting feature of these cross-conjugated dien-
ones is that they possess two reactive electrophilic
centers that can react with 2 equivalents of the re-
spective thiol.

As mentioned above, the sulfides obtained
under certain conditions can be "returned" to the
initial reactants (conjugated enone and thiol).
Knowing the factors that affect the reversibility of
this process is the key to controlling biological ac-
tivity. The rate of the reverse/backward reaction
depends on the electronic effects and steric consid-
erations. The reactivity of the —SH functional
group in these thia-Michael reactions depends on
the pH of the medium, the substrate, and the pres-
ence of oxidizing and reducing agents.>*® There is
not much data in the literature for these types of
reactions (MAC as Michael acceptors with thiols).

A key study was performed by Sun et al.,*°
where formation of the adducts of (3E,5E)-3,5-bis(2-
fluoraobenzylidene)piperidin-4-one (7) (EF 24, 7) and
(3E,5E)-3,5-bis(2-pyridin-2-ylmethylydene) piperi-

(0] SR O

—_—

din-4-one (EF 31, 8) and glutathione were studied
(Figure 3). Namely, these analogs in acetonitrile
(CH3CN) reacted with 2.1 equivalents of glutathione
(GSH) in an aqueous solution at ambient tempera-
ture. The yellow color of the unsaturated ketone
disappeared as a result of chromophore elimination
and the rapid formation of bis adducts with glutathi-
one and the corresponding MAC. According to the
authors, it was considered that the formation of the
mono-glutathione adduct is an intermediary to the
bis-glutathione adduct.’® Spectroscopic and chro-
matographic (HPLC-MS) analyses showed that 8
reacted instantly with GSH, while the reaction of 7
and GSH took several hours. The EF 24 analog has
been fully characterized. It has diverse biological
activity and has been the subject of many detailed
studies.?>?° Related to EF 24 and EF 31 is the ana-
log EF 25 for which the HR-ESI-MS and 'H NMR
spectra of the synthesized bis glutathione adduct,
EF 25-(GSH)., have been reported.®

In another study, the reactivity of 1,5-bis(3,5-
bis(methoxymethoxy)phenyl)-1,4-pentadiene-3-one
(GO-Y030), a very potent cytotoxic agent, with
cysteamine was assessed by NMR in de-DMSO
and UV-Vis spectroscopy.®! In both experiments
using the cysteamine assay (*H NMR method)* a
reversible Michael reaction was observed. Fur-
thermore, various GO-Y030 bis-thiol adducts were
synthesized, and the retro-thia-Michael reaction
was monitored spectrophotometrically in DMSO at
different pH values (3.0, 7.3, and 8.5). In neutral
pH, only two adducts with hydrophilic R groups
gave back the starting dienone GO-Y030. In slight-
ly basic pH, only the bis thiol adducts with lipo-
philic groups did not react completely. It was con-
cluded that the MAC, GO-Y030, is a reversible
thia-Michael acceptor and that this system may be
operable in cells, as indicated by the comparable
cytotoxicity of MAC and bis-thiol adducts. All of
these adducts can be used as prodrugs.

SR O SR

Ar

- PW
Ar/\%}/AAr + R-SH Ar)\%yAr R-SH Ar %;)\
n n n

Fig. 3. The thia-Michael reaction of MACs with thiols results in the formation of a mono-adduct and/or bis-adduct.
This process is expected to be reversible.

Maced. J. Chem. Chem. Eng. 42 (1), 13-24 (2023)
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EF 25

GO-Y030

Fig. 4. MACs that had a detectable formation of adducts with relevant thiols
(EF 24, EF 31, and EF 25 with glutathione, GO-Y030 with cysteamine)

In the literature, several methods have been
reported for the assessment of Michael thiol accep-
tors. In most cases, they use cysteamine (NMR32,
UV-Vis®:3) which is suitable for spectrophotomet-
ric assays. However, cysteamine has a reactive nu-

I
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n
H

cleophilic primary amine that can react in a 1,2-
fashion with the ketone to give 1,4-thiazepines
(Fig. 5).%* This can be somewhat problematic for
the MACs because this thiazepine intermediate
will influence the second addition of thiol.

L
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n

Fig. 5. Reaction of cysteamine with MAC to give a thiazepine derivative

In order to examine the properties of MACs
with diverse electrophilicity and redox characteris-
tics, the main purpose of the work presented herein
is the synthesis and purification of symmetric ana-
logs with different electron donor/acceptor groups
and optimization/improvement of the procedure for
monitoring their reaction with the most appropriate
thiol (2-(dimethylamino)ethanethiol) by UV-Vis
spectroscopy.

2. EXPERIMENTAL SECTION

2.1. Reagents

Cyclohexanone, 2-bromobenzaldehyde, 2-
(trifluoromethyl)benzaldehyde, benzaldehyde,
methanol, ethanol, acetonitrile (HPLC gradient
grade), ammonium chloride, and sodium hydroxide
were obtained from Sigma-Aldrich. Cysteine, glu-
tathione (GSH), cysteamine, 2-mercaptoethanol, 2-
(dimethylamino)ethanethiol hydrochloride, and 4-

tert-butylcyclohexanone were obtained from
Merck. Methanol and ethanol were purchased from
Alkaloid AD Skopje. All chemicals were used
without further purification.

2.2. Instrumentation

Melting temperatures were determined on a
Mel-Temp apparatus and were not corrected. Infra-
red spectra were recorded on a Varian Excalibur
3100 FT-IR spectrometer using a KBr pellet. UV-
Vis spectra were recorded on a Cary 50 spectro-
photometer in a quartz cuvette. The samples were
dissolved in acetonitrile or a suitable mixture of
acetonitrile and water or acetonitrile/aqueous buff-
er. The mass spectral measurements were carried
out on an Agilent 1100 HPLC system equipped
with an ESI interface, and an ion-trap mass analyz-
er (G2445A Spectrometer) controlled by Chemsta-
tion LCMSD software (Agilent, v.4.1) was used to
carry out the MS analysis. The measurements were
done in APCI positive ion mode.

Maced. J. Chem. Chem. Eng. 42 (1), 13-24 (2023)
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2.3. Synthesis method
for 2,6-bisarylidencyclohexanones

The corresponding cyclohexanone (7.5
mmol), the corresponding arylaldehyde (15 mmol),
and methanol (10 ml) were added to a round bot-
tom flask. The reaction mixture was stirred for 5
minutes at room temperature, and 20% (w/v) of an
aqueous solution of sodium hydroxide (2 ml) was
added dropwise over a period of 5 minutes. The
reaction mixture was mixed with a magnetic stirrer
at room temperature for 60 minutes to give a yel-
low precipitate. The reaction mixture was then
cooled for 10 minutes in an ice bath and filtered
through a Buchner funnel. The resulting precipitate
was washed with a saturated aqueous solution of
ammonium chloride (1 x 10 ml), distilled water (3
x 10 ml), and cold methanol (2 x 5 ml). The result-
ing product was recrystallized from the appropriate
solvent, making sure that the solution was kept in
the dark.

(2E,6E)-2,6-bis[(2-trifluoromethyl)benzylidene]

cyclohexanone (1, C66): recrystallized from
methanol, yellow crystals, yield (79 %) mp 107-
110 °C (lit.%* 108-110 °C); FT-IR (KBr): 1666
cm? (C = 0); FT-IR-ATR (sapphire): 1665 cm
(C=0); FT-IR (CCl4 ): 1682 cm™ (C = O); UV-
Vis: Amax (80:20 CH3CN/H20) = 302 nm (¢ =
23675 I-molt-cm?); HPLC-DAD-MS, tr = 5.5
min; MS-APCI+ (m/z) = 411 (MH").

(2E,6E)-2,6-bis(2-bromobenzylidene)cyclohexa-
none (2, B2BrBC): recrystallized from 5:2 metha-
nol/ dichloromethane, yellow crystals, yield (52 %),
mp 131-133 °C (lit.*® 120 °C); FT-IR (KBr): 1661
cm? (C=0); FT-IR-ATR (sapphire): 1661 cm
(C=0); UV-Vis: Amax (80:20 CH3CN/H.0) = 315
nm (¢ = 43424 I-mol*-cm™); HPLC-DAD-MS, tr
= 7.1 min; MS-APCI (m/z) = 433 (MH").

(2E,6E)-2,6-dibenzylidenecyclohexanone (3):
recrystallized from ethyl acetate, yellow crystals,
yield (62 %); mp 115-117 °C (lit.*® 116-118 °C);
FT-IR (KBr): 1662 cm™ (C=0); FT-IR-ATR
(sapphire): 1661 cm™ (C=0); UV-Vis: Amax (80:20
CH3CN:H:0) = 328 nm (e = 43290 I-mol*t-cm™);
HPLC-DAD-MS, tr = 4.9 min; MS-APCI (m/z) =
275 (MH").

(2E,6E)-2,6-bis(4-methoxybenzylidene)cyclohex-
anone (4): recrystallized from ethyl acetate;
yellow needle crystals, yield (54 %); mp 156-158
°C (lit.*" 160-162 °C, rec. EtOH); FT-IR (KBr):
1658 cm™ (C=0); FT-IR-ATR (sapphire): 1656
cm (C=0); UV-Vis: Amax (80/20 CH3CN:H.0) =

Maced. J. Chem. Chem. Eng. 42 (1), 13-24 (2023)

360 nm (e = 41034 I-mol*-cm™); HPLC-DAD-
MS, tr = 4.3 min; MS-APCI (m/z) = 335 (MH").

(2E,6E)-2,6-bis(2-furan-ylmethylidene)cyclohex-
an-1-one (5): recrystallized from 96 % ethanol,
yellow-orange crystals, yield (68 %), mp 142-144
°C (lit.*® 140-141 °C); FT-IR (KBr): 1645 cm™
(C=0); UV-Vis: hmax (80/20 CH3sCN:H:0) = 370
nm (e = 34395 I-mol*-cm™); HPLC-DAD-MS, tr
= 3.3 min; MS-ESI (m/z) = 255 (MH").

(2E,6E)-4-tert-butyl-2,6-bis(2-furan-2-ylmethyl-
idene)cyclohexan-1-one (6): recrystallized from
96 % ethanol, orange crystals, yield (48 %), mp
136-138 °C (lit.* 136-138 °C); FT-IR (KBr):
1654 cm™® (C = O); FT-IR-ATR (sapphire): 1653
cm? (C = 0); UV-Vis: hmax (80/20 CH3CN:H-0) =
370 nm (¢ = 31460 I-mol*-cm™); HPLC-DAD-
MS, tr = 5.8 min; MS-APCI (m/z) = 311 (MH").

(3E,5E)-3,5-bis(2-fluorobenzylidene)piperidin-
4-one (7, EF24): recrystallized from 96 % ethanol,
yellow crystals, yield 47 %, mp 134-136 °C (lit.*
138-142 °C); FT-IR (KBr): 3304 cm* (N-H),
1661 (C = O); FT-IR-ATR (sapphire): 3303 cm™
(N-H), 1660 (C = 0); UV-Vis: Ama (80/20
CH3CN:H20) = 327 nm (e = 26688 I-mol*-cm™);
HPLC-DAD-MS, tr = 2.8 min; MS-APCI (m/z) =
312 (MH").

2.4. Spectrophotometric assay

Stock solutions of compounds (1-7) with con-
centrations of 0.2-0.4 mg/ml in acetonitrile were pre-
pared in amber volumetric flasks. Also, a solution of
2-(dimethylamino)ethanethiol with a concentration of
1.2 mg/ml was prepared prior to the UV-Vis studies
to avoid oxidation to the disulfide. The blank was
recorded in 80/20 acetonitrile/ distilled water solvent.
UV-Vis spectra of the compounds of interest were
recorded in 80/20 acetonitrile/distilled water. A 2.9
ml sample of 2-(dimethylamino)ethanethiol solution
was placed in a quartz cuvette, and the UV-Vis spec-
trum was recorded. This solution has significant ab-
sorbance up to 280 nm. Directly into the quartz cu-
vette containing the 2-(dimethylamino)ethanethiol
solution, 50-100 pl of the stock solution of com-
pounds (1-7) were added, rapidly mixed, and the UV
spectrum recorded at 25 °C. Afterward, a UV spec-
trum was recorded every 5 minutes, depending on the
rate of change, while maintaining the temperature at
25 °C. For example, the final concentrations in the
quartz cuvette for 2-(dimethylamino)ethanethiol and
2 were 0.008 mmol/ml and 2-10° mol/ml, respec-
tively.
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3. RESULTS AND DISCUSSION

Several curcumin monocarbonyl analogs
(2,6-diarylidenecyclohexanones and  3,5-bis(2-
fluorobenzylidene)piperidin-4-one) were prepared
by Claisen-Schmidt condensation between cyclo-
hexanone and two equivalents of the corresponding
benzaldehyde or furfural®* (Figure 6). All synthe-
sized compounds are known, and their characteri-
zation was performed based on melting points, IR
spectroscopy, mass spectrometry, and a compari-
son of available data in the literature (Table 1). The
compounds were carefully purified by recrystalli-
zation in the dark and kept in amber vials through-
out the study.

The next step was to investigate the solubili-
ty of the synthesized compounds in solvents suita-

g
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2

+ 2
R
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o2 CH30H
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1: R1=CF3; R, =H (C66)
2:R;=Br; R,=H (B2BrBC)
3:Ri1=H; Ry=H
4:Ry=H; Ry,=0CH;3
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S

R, (|3
H
o}
O I 20% NaOH
H 5
M CH30OH
R, O
|
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ble for UV-Vis spectroscopy (acetonitrile, di-
chloromethane, dimethylsulfoxide, ethanol, metha-
nol, ethylene glycol, etc.). We also had in mind a
solvent that may be compatible for subsequent
HPLC analysis. Even though several studies of the
assessments were done in DMSO%*-*! we found that
it may interfere with the compounds with lower
values for Amax Such as 1 and 2 (302 nm and 315
nm, respectively). Another criterium was for the
solvent to be miscible with water so that a buffer or
other water-soluble reagent could be added. The UV
spectra of all compounds (1-7) in acetonitrile/H;O
exhibit two maxima, one at a long wavelength
(302—370 nm) that corresponds to n—7* transition
and another at lower wavelengths, ranging from
226-250 nm, that originates from a 7—7* transition
(Table 1).

R, R2
R1 (|) Rq
\ /
Rz ITI RZ
H
5:R3=H (2-furfurylidene)

6 : Ry =tert-Bu (2-furfurylidene)
7: Ry=F; Ry, =H (EF 24) (4-piperidone)

Fig. 6. Synthesis of monocarbonyl curcumin analogues (MACs): (1) (2E,6E)-2,6-bis[(2-trifluoromethyl)benzylidene]cyclohexanone,
(2) (2E,6E)-2,6-bis(2-bromobenzylidene)cyclohexanone, (3) 2,6-bisbenzylidencyclohexanone, (4) (2E,6E)-2,6-bis(4-methoxy-
benzylidene)cyclohexanone, (5) (2E,6E)-2,6-bis(2-furan-2-ylmethylidene)cyclohexan-1-one, (6) (2E,6E)-4-tert-butyl-2,6-bis(2-

furan-2-ylmethylidene)cyclohexan-1-one, (7) (3E,5E)-3,5-bis(2-fluorobenzylidene)piperidin-4-one

Maced. J. Chem. Chem. Eng. 42 (1), 13-24 (2023)
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Table 1

Melting points and key spectroscopic/chromatographic data of the synthesized monocarbonyl
analogs of curcumin

- FT-IR  FT-IRATR Y 'Vl's oY 'Vz's HPLC- o ocy
H max max. =
Comp. °C) (KBD) ~ (sapphire) (80/20 (80/20 Dtﬁl(ar%s' (mi2)
CH3CN:H.0)  CH3CN:H.0)
107-110 1666 1665 . .
1 lit%108-110  (C=O0) (C=0) 302 nm 226 nm 5.5 min 411 (MHY)
131-133 1661 1661 . .
2 1it.3 120 (C=0) (C=0) 315nm 237 nm 7.1 min 433 (MHY)
115-117 1662 1661 - +
3 lit 3 116-118 (C=0) (C=0) 328 nm 232 nm 4.9 min 275 (MH")
156-158 1658 1656 . .
4 lit 37160162 (C=0) (C=0) 361 nm 243 nm 4.3 min 335 (MH"*)
142-144 1645 ; +
5 lit 3 140141 (C=0) / 370 nm 250 nm 3.3 min 255 (MH*)
136-138 1654 1653 - +
6 lit 39136138 (C=0) (C=0) 370 nm 250 nm 5.8 min 311 (MH")
134-136 1661 1660 : +
7 lit.40 138142 (C=0) (C=0) 327 nm 233 nm 2.9 min 312 (MH*)
HS
‘|3| 0 Ho0
I N
NH NH, H O
Cys GSH
H3C SH
SH SN
SH Ve N
HO™ " H2N C|: y
3
2ME CA 2DMAET

Fig. 7. Structural formulae and appropriate abbreviations for the relevant thiols. (Cys—Cysteine, GSH—glutathione (reduced),
2ME-2-mercaptoethanol, CA—cysteamine, 2DMAET-2-(dimethylamino)ethanethiol)

Secondly, we selected the most appropriate
thiol (cysteine (Cys), glutathione (GSH), cysteam-
ine  (CA), 2-(dimethylamino) ethanethiol
(2DMAET), 2-mercaptoethanol (2ME), etc.). This
was followed by reaction optimization using the
appropriate thiol, pH optimization, solvent(s),
mixing procedure, and avoidance of thiol oxida-
tion, as well as determination of concentrations, as
key to the reaction with the curcumin monocar-
bonyl analogs.

Driven by the study of Sun et al.'® and the
simplicity of the spectrophotometric procedure for
monitoring the reaction between ,f-unsaturated
chalcone acceptors and thiols described in the
study by Amslinger et al.,*® we decided to adapt it
and apply it to the previously synthesized MACs

Maced. J. Chem. Chem. Eng. 42 (1), 13-24 (2023)

(1-7). For that purpose, it was necessary to opti-
mize the UV-Vis method for monitoring the pro-
cess. We used a buffer with a pH of 7.4 and eval-
uated the combinations with a number of solvents
such as acetone, acetonitrile, ethanol, methanol,
and dimethylsulfoxide.

We found differences in the solubility and
stability of MACs with the appropriate solvents.
The best solvent combination proved to be ace-
tonitrile with 100 mM TRIS-HCI at pH 7.4. It was
necessary to avoid thiol oxidation. So, according
to the literature, we added a 2 mM EDTA to the
buffer.** Representative UV-Vis spectra of certain
synthesized MACs (40 pM) in 100 mM TRIS-
HCI (pH 7.4) with 2 mM EDTA/acetonitrile in a
ratio of 20:80 are shown in Figure 8.
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Fig. 8. Representative UV-Vis spectra of MACs (40 pM) in 100 mM TRIS-HCI (pH 7.4)
and 2 mM EDTA/acetonitrile at a ratio of 20 : 80

It was crucial to determine the appropriate

thiol concentration to obtain appropriate MACs
according to the literature. Thiol was added in an
excess of 20 to 500 times,* usually in the range of
a 200 fold excess. We used the following thiols: 2-
(dimethylamino)ethanol hydrochloride, cysteine,
glutathione (GSH), cysteamine, and 2-mercapto-
ethanol. We noticed that cysteine gave a yellow
product that was not suitable for analysis by UV-
Vis spectroscopy, and we eliminated it from fur-
ther analysis. From the study by Amslinger et al.*®
we found that cysteamine reacts rapidly with the
Michael acceptor and makes small or no interfer-
ence in UV-Vis assays, but cyclization reactions
are possible after the first addition. As a logical

choice,

2-(dimethylamino)ethanol  (2DMAET),

which is commercially available in high purity as
the hydrochloride salt, was introduced as a nucleo-
phile (with reactivity similar to cysteamine) which
would not react in cyclization reactions with the
keto group of MACs (see Figure 5). In principle,
this is possible after the first addition of the thiol.

Solutions of 2DMAET

in 80:20 v/v acetoni-

trile/water had minimal absorption above 290 nm
and could be used in the assessment studies.
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Fig. 9. Representative UV-Vis spectra of EF 24 (40 uM) added to
2-(dimethylamino)ethanethiol (1.2 mg/ml) in 80 : 20 acetoni-
trile/H20 (0 to 90 minutes: red trace 0 min; the beige trace on the
bottom is just from a solution of 2-(dimethylamino)ethanethiol
(1.2 mg/ml)).The traces below 0 min (red trace) correspond con-
secutively to reaction times of 5 min, 10 min, 15 min, 20 min, 25
min, 30 min, 45 min, 60 min, and 90 min (brown trace).

The substrate that we used for optimization
was (3E,5E)-3,5-bis(2-fluorobenzylidene)-4-pipe-
ridone (EF 24) because it is known to form mono
and bi-thiol adducts with glutathione.®2®
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We found that 7 (EF 24) had the fastest reac-
tions with 2-(dimethylamino)ethanethiol hydrochlo-
ride. The second fastest reaction (based on the de-
crease of absorbance at Amax) Was with 2 (B2BrBC),
then with 5, and with 4. The reaction was performed
in 100 mM TRIS-HCI at pH 7.4 with 2 mM
EDTA/acetonitrile in a ratio of 20:80 and at a con-
centration of 40 uM B2BrBC and an excess of 2-
(dimethylamino)ethanthiol hydrochloride of 400
times. From the UV spectra, it can be noticed that

there is a decrease of the peak at around 327 nm and
a shift towards lower wavelengths. It is likely that
after the first addition of 2-(dimethylamino)ethan-
ethiol, a mono adduct is obtained which still con-
tains conjugated enone. In principle, if a bis adduct
is obtained, the peak around 320 nm should disap-
pear. The identity of all products should be estab-
lished by alternative methods. The corresponding
expected reactions of certain synthesized derivatives
are given in Figure 10.
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Fig. 10. Reaction of 2,6-bisarylidenecyclohexanones and 2-(dimethylamino)ethanethiol and formation of mono and bis adducts

The reaction between the corresponding
MACs and 2-(dimethylamino)ethanthiol hydro-
chloride was monitored by UV-Vis spectroscopy
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¢) Reaction of 4 with 2-(dimethylamino)ethanethiol

for about 3 hours, where the amine was added in
an excess of 20 to 500 times according to the lit-
erature® (Figure 11).
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Fig. 11. (a—d). Representative UV-Vis spectra of MACs (40 uM) in 1200 mM TRIS-HCI (pH 7.4)
and 2 mM EDTAV/acetonitrile, at a ratio of 20:80, and 2-(dimethylamino)ethanethiol
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Depending on the benzene ring substituents
as well as the aromatic ring, the Amax absorbance
ranges from 299 nm to 370 nm in the examined
analogs. To avoid interference from the buffer,
thiol, and other additives, it is most appropriate to
monitor the reaction by UV-Vis spectroscopy with
compounds having a Amax above 310 nm. With op-
timized conditions of spectrophotometric analysis
(preventing thiol oxidation), slow processes can be
monitored (reaction time over 12 hours). From the
tested compounds (1-7), the fastest changes were
observed in the reaction of 2-(dimethylamino)
ethanethiol with 7 (EF 24) followed by 2
(B2BrBC), then with 5 and with 4. From the spec-
troscopic analysis of 1 (C66) and 6, only minor
changes were observed after 3 hours of reaction
time. As a future direction, the developed method
can be extended to HPLC-DAD monitoring, as
well as the characterization of mono and bis ad-
ducts by HPLC-MS. Furthermore, this method can
be carried out without buffers and additives in
CDsCN and use NMR spectroscopy to identify and
classify thiol-trapping agents.

4. CONCLUSION

Several monocarbonyl curcumin analogs
(2,6-diarylidenecyclohexanones and  3,5-diryli-
denepiperidin-4-one) were synthesized in medium
to high yields via a Claisen-Schmidt condensation
reaction between cyclohexanone, 4-tert-butyl-
cyclohexanon, or 4-piperidone and the correspond-
ing arylaldehyde. The obtained solid MACs were
carefully purified by recrystallization and charac-
terized. An optimized method suitable for spectro-
photometric analysis of the reaction between
MACs and the most suitable thiol (2-
(dimethylamino)ethanethiol)  was  established.
Analysis conditions prevented thiol oxidation and
provided the possibility to observe slow processes
(reaction time over 12 hours). From the tested
compounds (1-7), the fastest changes were ob-
served in the reaction of 2-(dimethylamino)
ethanthiol with 7 (EF 24), followed by 2
(B2BrBC), then with 5 and with 4. From the spec-
troscopic analysis of 1 (C66) and 6, only minor
changes were observed after 3 hours of reaction
time. Acetonitrile and water are suitable solvents,
and they are also suitable for subsequent HPLC-
DAD-MS assays. The reactivity is most likely
governed by the electrophilicity of the Michael
acceptor. The developed method is simple and in-
expensive, and it can be extended to assess the re-
activity of other MACs.
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