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ABSTRACT

Spiroborate ester of curcumin with salicylic acid (CBS) has been synthesized and characterized
by different spectral techniques.The non-isothermal thermogravimetric method was used to study the
thermal decomposition of CBS at the heating rate of 10 °C min-' in nitrogen atmosphere. Hydrolytic
stability was studied in aqueous acetone system with different percentages of water and temperature.
The activation energies associated with the hydrolysis were evaluated using Arrhenius equation and
the corresponding values of thermodynamic parameters were determined using Eyring equation.
The possible mechanistic route for the hydrolysis of the complex was proposed.
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INTRODUCTION

Curcuma longa commonly called as
turmeric is a widely used spice, food coloring agent
and preservative agent in Asian countries.' Curcumin
is the bioactive component present in turmeric and
has many biological applications.? The biological
applications include anticarcinogenic,® antioxidant,*®
anti-inflammatory,” anti-HIV,® antimicrobial,®°
anti-viral activity,” etc. Various analogues and
derivatives of curcumin have been developed to
increase the bioavailability and pharmacological
activities of curcumin.”'* Among the prepared

derivatives of curcumin, spiroborate ester of
curcumin is an important class of compounds
widely used for detecting boron in various matrices
in different fields like nuclear energy, metallurgy,
pharmacy and agriculture.’>'® spiroborate ester of
curcumin also finds application in diverse fields
including material and medicinal sciences.'”'®

Salicylic acid is a phenolic compound
present in fruits, vegetables and spices known for
its anti-inflammatory and antioxidant activity. It is
the main ingredient in many skin care products.
% Curcumin is also used in skin care products
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because of its capability of preventing skin tumors
and insults such as spots and wrinkles.?° Boron is a
non-toxic, non-active and pollution free element and
has many applications in the field of anticorrosion,
sterilization, anti-wear and flame retardant. Commonly
boric acid is used as a chemical food preservative in
meat and dairy product because of its ability to inhibit
the growth of microorganism. However some reports
indicated that boric acid is harmful to human health
if consumed in higher amount.?!

Curcumin forms boron complex with
salicylic acid (Scheme 1). The combination of these
three biologically important compounds might be
result in the formation of a compound having better
biological activities. The hydrolysis and thermal
stability data of this compound is necessary for the
proper interpretation of its application in various fields
like material and medicinal sciences. In the present
study, synthesis and characterization of spiroborate
ester of curcumin with salicylic acid (CBS) were
discussed along with its thermal and hydrolytic
stability.

MATERIALS AND METHODS

Chemicals

All chemicals and solvents were of
analytical grade quality and commercially available.
The commercial sample of curcumin purchased from
Merck Chemie Pvt. Ltd. Mumbai was further purified
by column chromatography to get pure curcumin free
from its derivatives.?
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Measurements

UV spectra were recorded on Elico 198
Biospectrophotometer fitted with a quartz cuvette of
1 cm path length within the range of 400-700 nm. IR
spectra were obtained in KBr pellet on Perkin Elmer
IR spectrophotometer (4000-400 cm™'). 'H NMR
and "®C NMR was recorded in DMSO-d, solvent
on Bruker Avance NMR spectrometer operating at
400 MHz. Chemical shifts was quoted in & and were
related to that of solvents. "B NMR was recorded in
50% acetone-water system on Bruker Avance NMR
spectrometer operating at 400 MHz using borax
glass as reference. Thermogravimetric analyses
were recorded on Perkin-Elmer Thermogravimetric
Analyzer in nitrogen atmosphere at a heating rate of
10 °C / min from room temperature to 700 °C.

Preparation of CBS

A mixture of curcumin (0.01 M), boric acid
(0.01 M) and salicylic acid (0.01 M) in 10 mL toluene
were heated under reflux using a dean stark trap for
16 hrs. The reaction was monitored through TLC and
after the completion of the reaction the solvent was
removed through filtration to get the solid product. It
was further washed with toluene to remove unreacted
curcumin (Scheme 1). The structure of the compound
was confirmed by different spectral techniques. The
"H NMR and '*C NMR spectrum of CBS are given
in Figure 1.

Spectral data of CBS
Yield 83%; UV Amax= 508 nm (acetonitrile);
IR (KBr) : 3449(0OH), 1686 (C=0 in lactone ring),

0 180 170 1é0 150 140 130 120 110 100 %0 &0 70 &0 S0
ppm

Fig. 1:'H NMR and *C NMR spectrum of CBS
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1524 (C=0 in curcumin), 1287 (C-O in phenol), 1066
cm™(C-0O in OCH,); '"H NMR (400 MHz, DMSO-d,);
53.83 (s, 6H, OCH,), 6.58 (s, 1H, CH), 6.85 (d, J =
8.4Hz, 2H, Ar-H), 7.33 (d, J = 10Hz, 2H, Ar-H), 7.88
(d, J=15.6Hz, 2H, =CH), 7.03 (d, J = 15.6Hz, 2H,
=CH), 6.96 - 7.85 (m, 4H, Ar), 7.46 (s, 2H, Ar-H),
10.09 (s, 2H, OH); *C NMR: § 55.73, 100.60, 112.64,
114.39, 115.94, 117.76, 117.98, 120.04, 125.23,
125.99, 132.24, 135.48, 147.31, 148.13, 151.47,
157.87,162.12, 177.76.

Hydrolytic stability studies of CBS in aqueous
acetone

The kinetics of hydrolysis of CBS
was studied spectrophotometrically in acetone
water systems using a thermostated Elico 198
Biospectrophotometer. The kinetic runs were carried
out at different percentages of acetone — water
system ranging from 20% to 60% (v/v) at 510 nm. All
reactions were carried out under pseudo first order
condition at 50 °C. At room temperature the reaction
is slow thus 50 °C is selected for the hydrolysis
studies. The observed first order rate constants were
obtained from the slope of logarithmic concentrations
of complex versus time graph.

Temperature effect on rate of hydrolysis
was investigated by carrying out the hydrolysis
reaction at five different temperatures ranging
from 40 to 60 °C. Arrhenius equation was used
to calculate the activation energy and frequency
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factor for hydrolysis.2® To calculate thermodynamic
activation parameters such as enthalpy of activation
and entropy of activation, Eyring equation (Eqgn. 1)
was used, 2

(k. 7)= F“ (i—j) J% ‘?(1/ 7)

Eyring plot were drawn using In(k/T) vs.
1/T and from slope and intercept of this straight line
plot, AH* and AS* was calculated. Free energy of
activation were calculated using the equation AG*
= AH*- TAS* 2

(1)

Data analysis

Data analysis was performed using
Microsoft Office Excel worksheet. The goodness of
the fit was tested using the correlation coefficient
and standard deviation.

RESULTS AND DISCUSSIONS

Thermal decomposition of CBS
Thermogravimetric analysis for CBS was
carried out from room temperature to 700 °C and
the obtained TG-DTG curve is presented in Figure
2. The thermal decomposition of CBS proceeded
with two distinct stages of decomposition. The
first stage observed within the temperature range
125-180 °C corresponds to the elimination of
two molecules of crystal water attached to CBS
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Scheme 1: Synthesis of CBS

Table 1: Thermogravimetric data of CBS

Stages Temperature Ts  Weight (%) Decomposed
Range (°C) (°C) loss Found fragment
Calculated
1 125-180 151 7.05 7.00 2H,0
2 180-330 256  23.54 23.43 C,H,-CO-O
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with a mass loss of 7.05/7.00 % (calcd. /found).
The second stage is observed at the temperature
range 180-330 °C, analogues to the loss of C.H,-
CO-0O group with a mass loss of 23.54/23.43 %
(calcd. /found). These steps follow a continuous
weight loss from 310-700°C due to the degradation
of curcumin moiety. The pattern of decomposition
is similar to that reported for bis-salicylatoborate
of magnesium.?® The thermal degradation data is
summarized in Table 1.

Kinetic aspects of thermal degradation
The kinetics of the thermal decomposition
of CBS was studied by non-isoconversional method.
The activation energy (Ea) and pre-exponential factor
(A) were calculated using six methods given in Table
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Fig. 2: TG and DTG curves of CBS in nitrogen
atmosphere at a heating rate of 10 °C min™.

T T

GOS 610 0E B30 035 03
Mole fraction (Xs)

Fig. 3: Variation of first order rate constant for
the hydrolysis of CBS with mole fraction of
the reaction medium. (Slope: -2.5097 s, SD:

0.0136, R?: 0.9984)
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2 2732 The kinetic parameters were determined from
the slope and intercept of the straight line plot of each
method mentioned in Table 2.

Linear plots with high correlation coefficient
(0.9803-0.9982) were obtained for all methods
which indicate that the decomposition is first order
in two stages and there is a reasonable agreement
between the experimental data and obtained kinetic
parameters.®® Thethermo gravimetric parameters
evaluated graphically using six different non-
isothermal methods are listed in Table 3. The
parameters calculated using all six methods are
comparable and are in agreement with each other.
For both decomposition steps, very close positive
Ea values were observed, the second stage has
higher Ea value than first decomposition step. The
high Ea values indicate high thermal stability of CBS.
The endothermic nature of thermal degradation
was indicated by the positive value of enthalpy of
activation energy. The positive values of entropy
indicate the less ordered activated state and positive
AG* values indicate the non-spontaneity of thermal
degradation.

Hydrolytic stability studies of CBS

CBS stored in dry organic solvents like
acetone, acetonitrile, DMSO, dioxane, etc. showed
no change in its 1 _ value during the storage for
three months in room temperature indicating its high
solution state stability. Reduction in & value was
observed during the addition of water. A systematic
study was done in order to find the effect of water

and temperature on the hydrolytic stability of CBS.

log (kk,)

Fig. 4: Grunwald-Winstein plot for the
hydrolysis of CBS (Slope: 0.3871, SD: 0.0363,
R?=0.9973)
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Fig. 5: (a) Arrhenius plot and (b) Eyring
plot for the hydrolysis of CBS at different

temperatures.

Effect of water

The hydrolytic decomposition of CBS follows
first order kinetics with complete decomposition as
shown by zero absorbance for infinity absorbance
measurement for every kinetic run. Hydrolysis of
CBS was carried out at 50 °C in different percentages
of acetone-water mixtures. The first order rate
constants obtained are summarized in Table 4. The
results show that the rate constant k, increases with
increase in the water percentage of reaction medium.
The mole fraction versus rate constant plot is shown
in Figure 3. Alinear plot with a correlation coefficient
(R?) 0.9984 with a negative slop indicate the rate of
reaction is directly proportional to the concentration
of water in the reaction medium and the reaction
proceed by a simple mechanistic path.

The Grunwald-Winstein plot were drawn
using log(k/ko) against solvent ionizing power scale,
Y as shown in Figure 43+%, The m value obtained
from the slope of the GW plot for the hydrolysis of
CBSis 0.3871, which indicates that the intermediate
formed during the hydrolysis is chargeless®.

Effect of temperature
The influence of the temperature on the
hydrolysis rate constant of CBS was determined

Table 2: Different methods used for the kinetic analysis of thermal degradation of CBS.

Method

Equation

Plot details

Coats-Redfern (CR)
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over the temperature range 40 to 60 °C in 50% (v/v)
acetone water system and the kinetic parameters at
standard temperature 298 K are presented in Table
5 along with the measured first order rate constants.
Arrhenius plot showed a linear relationship between
In k and reciprocal of absolute temperature with
correlation coefficient 0.9972 and standard deviation
(SD) 0.0653 as shown in Figure 5a. The Eyring plot
(Figure 5b) also showed a linear relationship with
standard deviation 0.0420 and correlation 0.9988.

The higher value of enthalpy of transition
state indicates that the energy requirement for the
formation of intermediate during the hydrolysis of

—22.99
—6.73

DY

150 Slcl 5 —:SD —1I0€l
& ppm
Fig. 6:''B NMR spectrum of CBS recorded
during its hydrolysis in 50% acetone
water system at room temperature.

CBS is high. Negative value of AS*indicates that
activated complex is more ordered than the reactant
and no significant change occurs in the internal
structure of CBS during the formation of activated
complex. The AG* value is positive which indicates
the hydrolysis reaction as a thermodynamically
feasible reaction. Thus the kinetic parameters
indicate the possibility of a bulky transition state
during hydrolysis®.

Mechanism for the hydrolysis of CBS
UV-Visible, "B NMR spectral studies and
HPLC analysis were used to study the product
formed during the hydrolysis of CBS. The UV-visible
spectra of CBS recorded during the hydrolysis shows
a decreasing peak at 510 and an increasing peak at
420 nm. The peak at 420 is due to the formation of
curcumin as one of the hydrolysis product.®” Figure
6 is the "B NMR spectrum of CBS recorded at room
temperature, three hours after the hydrolysis has
begun. The spectrum shows that solution contains
two different boron species. The peak at 6.73
corresponds to tetrahedral boron atom present in
CBS. The trigonal boron atom present in boric acid
gives a signal at 5 ~ 19 ®which is not observed in this
case. An additional signal observed at § 22.99 can
be ascribed to tetrahedral boron [B(OH),], as one
of the hydrolysis product. The product analysis by
HPLC in methanol medium confirms the presence of
curcumin and salicylic acid as hydrolysis product.

The formation of bis-chelate boron salicylic
acid complex was reported to takes place by a

Table 3: Thermodynamic data of the thermal decomposition of CBS.

Stage Method R? Ea A(s™) AH* AS* AG*
(kJ mol™) (kJ mol) (J K'mol') (kJ mol™)

1 CR 0.9951 173.30 5.13x10" 169.77 121.16 118.31
BR 0.9955 178.75 1.52x10? 175.22 168.47 103.67
MKN 0.9951 173.41 2.18x10% 169.00 169.64 97.04
SW 0.9803 174.33 8.25x10" 169.93 84.99 124.88
HM 0.9979 179.57 2.43%x10%° 174.84 131.65 99.93
FC 0.9816 174.33 1.67x10" 169.42 70.83 127.64

2 CR 0.9928 225.44 2.49x10%° 221.04 132.46 150.83
BR 0.9982 224.47 1.78x10?" 220.06 148.83 141.18
MKN 0.9974 215.91 1.53%x10?" 211.50 147.58 133.29
SW 0.9817 214.71 2.29x10% 210.30 189.20 110.02
HM 0.9979 226.27 3.23x10%° 221.54 134.04 145.27

FC

0.9896

214.71

1.35x10?"

210.30

146.54

132.63
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two-step mechanism, where the mono-chelate
complex was formed in the first stage followed by the
condensation reaction with fully protonated salicylic
acid to form bis-chelate complex.®® The condensation
takes place by the transfer of one of the hydrogen

Table 4: First order rate constant for the
hydrolysis of CBS in different % of acetone —
water medium at 50 °C.

JOHN et al., Orient. J. Chem., Vol. 33(2), 849-858 (2017)

from the ligand to hydroxyl group of boric acid to
eliminate as a water molecule.The significance
of proton transfer for the complexation reaction of
boric acid is demonstrated by the early work of
Pizer and co-workers.**! For the reverse process,
the hydrolysis of bis-chelate, the addition of water
molecule to liberate the fully protonated salicylic acid
and mono-chelate boron complex can be suggested
followed by the rapid hydrolysis monochelate.

V (%) acetone Mole fraction Rate In the hydrolysis reaction the oxygen atom
of acetone constant of the entering water molecule interact the central
10%k, (s7) boron as nucleophile, simultaneously the hydrogen
form an intermolecular hydrogen bond with the
20 0.057 9.30+0.03 B-O-C oxygen to form a cyclic transition state as
30 0.095 7.25+0.04 shown in Scheme 2. The nucleophilic attack of ~OH
40 0.140 5.45+0.01 group towards boron atom to form a five coordinated
50 0.196 3.95+0.03 transition state in rate determining step has been
60 0.268 3.23+0.02 reported in the hydrolysis of four coordinate boron
=

Q\fo ” = °

0.0 é\ _o-f

o o~*55 74

MO OH
"

o ‘“lo
H3CO OCH
3 G e g O 3
HO OH
+H,0

Fast
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o

HyCO.

-—
H
. @i Ho” ~F oH
COoH

Scheme 2: Plausible mechanism for the hydrolysis of CBS.

Table 5: Kinetic and thermodynamic parameters for the hydrolysis of CBS in 50 %
acetone water system.

T(°C) 10*k(s?) k at Ea A(s™) AH? AS* AG*
25°C (KJ mol) (kJ mol) (J K'mol")  (kJ mol)
(s

40 1.42

45 2.44

50 3.85 2.67x10° 86.33 3.21x109  83.64 -51.88 99.11

55 6.14

60 10.8




JOHN et al., Orient. J. Chem., Vol. 33(2), 849-858 (2017)

complexes.*?>* The interaction of water molecule
to boron was reported in the complexation of boric
acid with catechols and salicylic acid.?®#* Shao and
co-workers have postulated the formation of five co-
ordinated boron intermediate during the hydrolysis
of boric acid complex with chromotropic acid.**

The present data is not sufficient to predict
the exact nature of the complex formed during
hydrolysis. However it can be shown that the B-O-C
bond and the O-H bond of hydrogen bonded water
molecules breaks resulting in the hydrolysis of
complex, the further addition of water resulted in the
removal of salicylate moiety from the complex. The
extended conjugation of curcumin with boron species
suggest the removal of salicylate moiety followed
by curcumin from the complex. Since the complex
possess a highly symmetric structure and the
oxygen atom present in p-oxobridge possess very
low electron density the addition of hydrogen atom
to the complex is a very slow process. Therefore
the rate determining step is the formation of bulky
intermediate through hydrogen bonding.**The values
of thermodynamic parameters also support the
formation of moderately stable complex. The positive
value of AH# favors the formation of complex and the
negative AS* value indicates the formation of a rigid
structure.

CBS has four B-O bonds that are vulnerable
to hydrolytic attack. The hydrolysis of CBS begins
with the cleavage of two B-O bonds between salicylic
acid and boron through the formation hydrogen bond
with water which results in the release of salicylic
acid along with tetrahedral curcumin boron complex
similar to that of boron complex of chromotropic
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acid.*+ "B NMR spectrum confirms the absence of
trigonal boron in hydrolysis process. The absence of
any specific peak in HPLC analysis suggest a very
fast second stage process resulting in the formation
of curcumin and [B(OH),].

CONCLUSION

Spiroborate ester of curcumin with salicylic
acid has been synthesized and characterized.
Thermal degradation behavior was analyzed by TG-
DTG technique and kinetic parameters associated
with thermal degradation were evaluated using
different non-isothermal methods. The values
obtained from these methods are comparable
and are in good agreement with each other.
Hydrolytic stability of the complex was studied
spectrophotometrically in acetone water system at
different percentage of water and temperature. The
reaction followed first order kinetics and hydrolysis
rate increased with increase in temperature and
percentage of water. Kinetic data obtained from the
hydrolysis study indicates the possibility of a bulky
intermediate during hydrolysis. UV-Visible, HPLC
and ""B NMR spectral analysis were conducted
to analyze the hydrolysis product. Based on that
a plausible mechanism for the hydrolysis was
suggested.
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