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Rubrocurcumin, the spiroborate complex of curcumin and oxalic acid, is classically used in the microscale estimation of boron in soil
and plant samples. However, alternate methods are suggested due to its low hydrolytic stability in water-mediated conditions. For
hydrolysis, the precursors for the preparation of the complex-curcumin, oxalic acid and boric acid, are generated and thus can be used for
the release of curcumin, the super antioxidant. The decomposition kinetics of rubrocurcumin and its analogues were studied in the aqueous-
organic medium at different temperatures and pH values by monitoring the absorption peaks of the complex at its wavelength maxima. The
decomposition products were identified using UV-Vis and ''B NMR spectroscopy. The hydrolysis reaction was catalyzed by OH- ions and
our results showed that these complexes were more stable at lower pH. A plausible mechanism for the hydrolysis of rubrocurcumin is

proposed.
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Rubrocurcumin,  chemically known as 1,3,2- o 3 e 0,/\0 )
dioxaborines, [2-{[1,7-biS(4-hydr0xy_3_methoxyphenyl)_ H0+ OH Stirred for 3-4 hours &t 90 °C ) O =X = O )

5-oxohepta-1,3,6-trien-3-ylJoxy}-1,3 2-dioxaborolane-4,5- N i N o
dione] is the spiroborate ester formed from the condensation RR3

reaction of curcumin, boric acid, and oxalic acid [1-2] . e ) )
(Fig. 1). They have been found to be more thermally stable Fig. 1. Synthes.ls of rubrocurcumin analogues from different

curcumin analogues.

(a-CC: R=R,=0OCHj;, R;=R;=OH; b-DMC: R;=H,
R,=0CHj;, R;=R4,=0OH; ¢-BDMC: R;=R,=H, R;=R,=OH; d-
DHCC: R;=R,=R;=R,=H; e-Boric acid; f-Oxalic acid; g-
CBO 1: R=R,=0OCH;, R;=R;s=0OH; h-CBO 2: R= H,
R,=0OCHj3;, R;=R4=0OH; i-CBO 3: R;=R,=H, R;=R,=0H; j-
CBO 4: R =R;=R;=R,=H)

than curcumin [3-4]. Resembling transition metal complexes
of curcumin [5], rubrocurcumin and its analogues retain
their antioxidant properties; however, this retention is
slightly less than that of curcumin [6]. Rubrocurcumin is a
biologically active compound and is highly active against
HIV proteases [2]. Rubrocurcumin is more biostable than
natural curcumin in physiological medium and possess more
efficacies for anti-cancer activity compared with curcumin
and is a suggested candidate for site targeted drug delivery

[7]. A recent study showed that Beta Tri Calcium Phosphate (B-TCP) and Hydroxyapatite/Beta Tri Calcium Phosphate

(HA-BTCP) incorporated with nanoparticles of spiroborate

" . . . . ester of curcumin with maleic acid can serve as biostable
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curcumin incorporated scaffold for sustained drug release
and is a promising candidate for bone regeneration and
repair owing to its inherent osseous properties [8]. Along
with the antiproliferative property of rubrocurcumin, the
boron present in rubrocurcumin helps in neutron capture
[9].

rubrocurcumin is known as the reddish complex soluble in

therapy of tumor cells However, classically
alcoholic solution and used in the microscale determination
of boron in various fields [10-11].

The precursor of rubrocurcumin, curcumin, is well
known for its biological activity and is effective against
various diseases like inflammation, infection, cancer,
cataract, arthritis, diabetes, cardiovascular, neurological
disorders, etc. [12-15]. The main crisis that restricts the use
of curcumin as a therapeutic drug is its low bioavailability
due to less aqueous solubility, rapid degradation in alkaline
medium, poor absorption, rapid metabolism and elimination
which results in the low curcumin concentration in tissues
and blood [16-17]. A possible method to increase its
bioavailability is to incorporate curcumin with some other
carriers like liposomes, phospholipids, microparticles or
nanoparticles which can be converted back to curcumin
when required [18-21]. Curcumin metal complexes are
better carriers [22-23] and curcumin boron complexes are
principally suitable because of their low hydrolytic stability
[24].

Considering the applications of spiroborate esters of
curcumin, detailed knowledge on the hydrolytic stability of
rubrocurcumin and their analogues is essential. Curcumin
extracted from the rhizome of the plant turmeric contains
three closely related species: Curcumin (CC), Demethoxy
Curcumin (DMC), and Bisdemethoxy Curcumin (BDMC),
which differ only in the number of methoxy groups
presented in the compound [25]. All these yellow-colored
pigments are known for various biological properties with
different grading. In its classical application, estimation
of boron, the formation of rubrocurcumin and its
decomposition at different rates create issues regarding
standardization, especially when curcumin from different
varieties of turmeric is wused containing different
of these The of

rubrocurcumin to release curcumin in various physiological

compositions pigments. ability
and aqueous conditions makes it an interesting candidate
for selective curcumin delivery. An understanding of the
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hydrolytic stability of rubrocurcumin analogue is important
to evaluate its efficiency as a curcumin release drug.

The hydrolysis of curcumin in different reaction
conditions was well studied along with various factors that
affect its hydrolytic stability such as pH, temperature, light,
and antioxidants [26-32].
Stability studies on curcumin are important because its

metal ions, oxygen levels,

stability affects the physiological properties of curcumin.
The effect of pH is prominent among these factors and
curcumin easily undergoes degradation under neutral-basic
conditions. In acidic conditions, only 20% of curcumin
degrades within 1 hour and in basic pH, more than 90% of
curcumin degrades within 30 min [29]. The degradation of
curcumin follows second-order kinetics in the methanol-
water system to form ferulic acid and feruloylmethane as
initial hydrolysis product followed by the hydrolysis of
feruloylmethane to produce vanillin and acetone as final
products [26].

In the present study, rubrocurcumin and its three
analogues were synthesized using CC, DMC, BDMC, and
DHCC (curcumin analogue with no substituent in the
benzene ring, Figure 1d) and were named CBO 1, CBO 2,
CBO 3, and CBO 4, respectively (Fig. 1). The hydrolytic
stabilities of these four analogues were carried out and the
influence of factors such as solvent, temperature, and pH on
the rate of hydrolysis was studied and a reasonable
mechanism was suggested.

EXPERIMENTAL

Materials

Acetone, acetonitrile, acetic acid, methanolandl, 4-
dioxane purchased from Spectra Chem., Mumbai served as
solvents and was further purified by the methods reported
in the literature [33]. CC and DMC were separated
chromatographically from commercial curcumin [5] and
used for the preparation of CBO 1 and CBO 2. BDMC [due
to low percentage in commercial sample] and DHCC were
synthetically prepared by the method reported in the
literature and used for the preparation of CBO 3 and CBO 4
[34].

Methods
UV-Vis absorption spectra of compounds were recorded
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198
Biospectrophotometer fitted with a quartz cuvette of 1 cm

in acetonitrile solution (10° M) using Elico

path length within the range of 200-700 nm. IR spectra were
recorded using PerkinElmer IR spectrophotometer using
KBr disc. '"H NMR spectra were recorded on Bruker Avance
NMR spectrometer using DMSO as solvent. Chemical shifts
are reported in ppm using tetramethylsilane as the internal
standard. °C NMR spectra were recorded on Bruker
Avance NMR spectrometer using DMSO-d¢ as solvent.
Chemical shifts are reported in ppm using the solvent
resonance as the internal standard (DMSO-39.5 ppm).

The stock solution of CBO analogues (<10~ M) was
prepared in acetone, acetonitrile, acetic acid, methanol, and
1,4-dioxane solvents. Except for methanol solution, all other
stock solutions were found to be stable at ambient
temperature. In methanol solvent, slow degradation was
observed and thus kept at a subzero temperature, and fresh
stocks were prepared for each batch of studies. The aqueous
organic solvent mixtures were prepared in double distilled
water prepared in a glass water distiller. For Kkinetic
measurements, the concentration of the CBO analogue was
kept at 10° M. The aqueous organic solvent mixtures were
prepared 100 ml standard flask by adding
corresponding volumes of organic solvents and double

in a

distilled water using a burette.

the product UV-Vis
spectrophotometer and ''B NMR spectrometer were used.
"B NMR spectra were recorded on 160 MHz Bruker
Avance NMR spectrometer using DMSO as solvent and

For hydrolysis analysis,

pyrex glass as the standard (d=0), and the chemical shifts
were recorded in ppm.

Hydrolytic Stability of CBO Analogues in Aqueous
Acetone

The stability of CBO analogues in an aqueous organic
medium was monitored by measuring the decrease in
the absorbance at their wavelength maxima using
thermostated UV-Vis spectrophotometer (Elico 198
Biospectrophotometer with Peltier assembly). The reducing
peak at 540 nm was selected for the kinetic studies since the
product peak undergoes variation due to the further
decomposition of curcumin.

The first-order rate constant for degradation was
obtained from linear regression analysis of the logarithm of
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the concentration of CBO analogue against time, and also
using the integrated equation for first order reaction
(Eq. (1)), where “a” is the initial concentration and “a-x” is
the concentration at any time, t [35]. All studies were carried
out in duplicate.

(1)

k=—"lo
P g

a—Xx

The influence of solvent on the rate of hydrolysis of
CBO analogues was determined in different organic solvent
systems prepared by mixing desired volumes of organic
solvents and distilled water. The solvent influence was
analyzed using the linear free energy relationship;
Grunwald-Winstein (GW) equation (Eq. (2)), which is
widely used to study the influence of solvent on the rate of
solvolysis reaction [36-37].

log[kJ =mY,
k, ’

Where k and k, are the rate constants in the solvent
concerned and 80% ethanol-water system, and m is the

@)

sensitivity to changes in solvent ionizing power Y,
originally obtained by taking tert-butyl chloride as the
standard (m = 1).

The effect of temperature on the rate of hydrolysis was
investigated by carrying out the reaction at five different
temperatures (40 to 60 °C). Activation energy and
Arrhenius frequency factor for the hydrolysis reaction were
calculated using the Arrhenius equation (Eq. (3))[38-39],
G3)

a

2.303 RT

Where k is the rate constant, 4 is the Arrhenius

logk =log A -

frequency factor, E, is the activation energy, R is the
universal gas constant, and 7 is the reaction temperature.
From the slope and intercept of the straight-line plot logk vs.
1/T, the magnitude of E, and 4 was determined. The Eyring
equation (Eq. (4)) was used to calculate the values of
enthalpy and entropy of activation [38,40-41].

AH™ k
= +In
RT

L7 4
h

T

k AS”
1 +
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In above formulation, kg and h are the Boltzmann and
Planks constant, respectively. From the slope and intercept
of Eyring plot In(k/T) vs. 1/T, AH" and AS" were calculated.
The equation AG" = AH” - TAS” was used for the calculation
of free energy of activation [41].

The hydrolysis of CBO analogues under various pH
conditions ranging from 4-9 was investigated in a 50%
acetone water system using different buffer solutions.
Acetate buffer was used for acidic pH (4-6), and phosphate
buffer was used for basic pH (7-8). Sodium carbonate-
sodium bicarbonate buffer was used for the preparation of
pH 9 [42].

Data Analysis
Microsoft Office Excel
performing data analysis. The correlation coefficient and

worksheet was used for

standard deviation were used for checking the validity of
experimental results.

RESULTS AND DISCUSSION

Stability of CBO Analogues in Aqueous Organic
Medium

The UV-Vis spectrum of CBO analogues in an aqueous
organic medium (Fig. S1, supplementary information)
showed a continuous decrease in absorbance at itS Amax
region with time, and dropped to almost zero absorbance at
infinite time, which indicates complete hydrolysis. For all
CBO analogues, along with the decrease in peak at A
region, an increase of peak at 420 nm with time was
obtained. The absorbance at the wavelength of about
475 nm was constant through the reaction; that absorbance
value is called isobestic point. This occurs because the two

substances absorb light of that specific wavelength to the
same extent, and the analytical concentration remains
constant. At 475, a clear isosbestic point was observed,
which shows that the two principal species presented in the
system are the reactant, CBO 1 with A, value at 540 nm,
and the product, curcumin with A, value at 420 nm in
acetone.

However, the rate of increase in peak at 420 nm
diminished with time and finally, resulted in a decrease in
peak due to the decomposition of formed curcumin [26,29].

Effect of Substituents on the Hydrolytic Stability of
CBO Analogues

The hydrolytic rate data of CBO analogues in different
percentages of the acetone-water system is presented in
Table 1. The rate of hydrolysis increased with an increase in
CBO
concentration of organic solvent increased, CBO analogues

water percentage for all analogues. As the
which were soluble in organic solvents were surrounded by
numerous solvent molecules and the availability of aqueous
reagents decreased, which resulted in enhanced hydrophobic
interaction of substrate and organic solvents [43]. The trend
for hydrolysis rate constant of CBO analogues in 50%
acetone water system is CBO 4> CBO 1> CBO 2 > CBO 3
and thus the hydrolytic stability order is CBO 3 > CBO 2 >
CBO 1 > CBO 4. CBO 4, with no substituent in the benzene
ring, had the highest rate constant and showed the least
stability in water-mediated conditions. The highest stability
i.e. lowest rate constant was observed for the CBO 3 formed
from BDMC which have a p-OH substituent in both
benzene rings. If a carbocation or a partially positive
charged center is formed during the reaction, as suggested
in the reaction of dioxaborine dyes [44], the presence of a

Table 1. Hydrolysis Rate Data for CBO Analogues in Different % of the Acetone-water System at 50 °C

10°k

% Ofacetone  Mole fraction of acetone (s
CBO 1 CBO2 CBO 3 CBO 4

20 0.057 1223+0.04 1229+0.04 11.95+£0.03 24.17+0.06
30 0.095 6.32+0.03 6.62 +0.02 633+0.02 16.09+0.03
40 0.140 3.32+0.03 2.64+0.02 2.34+£0.02 8.50+0.03
50 0.196 1.76 £ 0.01 1.32+0.01 0.94 £0.01 4.68 £ 0.02
60 0.268 1.05+0.01 0.61+£0.01 043 £0.01 2.88 +£0.02




Kinetic Analysis of Hydrolytic Decomposition/Phys. Chem. Res., Vol. 10, No. 2, 251-265, June 2022.

strong electron donating hydroxyl group will increase the
rate of reaction by stabilizing the carbocation center in the
transition state, and the m-methoxy group presented in
CBO 2 and CBO 1 enhances the influence of the hydroxyl
group to a lesser extent. CBO 4, devoid of —OH and —OCHj
showed the highest rate constant k; which ruled out the
possibility of a carbocation intermediate formation during
hydrolysis. The decrease rate constant with the hydroxyl
substitution supports the formation of a negatively charged
transition state. However, an increase in k; value with
-OCHj; substitution discards this possibility. As seen from
the order of hydrolysis rate, the number of methoxy groups
led to a decrease in the hydrolysis rate. CBO 2, formed from
demethoxycurcumin, can form a strong intramolecular
hydrogen bond with the corresponding p-OH group [45].
CBO 1 formed from curcumin can form two intramolecular
hydrogen bonds with both p-OH substituents. Except
CBO 2, all other CBO analogues are symmetric in nature
and differ only in the extent of the hydrogen bond formed.
The intramolecular hydrogen bonding of the methoxy group
was changed with the concentration of water in the solvent
system and formed intermolecular hydrogen bonding
interaction with the solvent. These interactions explain the
reason for variation in antioxidant properties of curcumin
and the curcuminoids [46]. The present authors also
reported that the wvariation of this hydrogen bonding
interaction played a major role in the thermal stability of
rubrocurcumin analogues [47].

Effect of Solvent on the Rate of Hydrolysis
The first-order rate constant k; in the

hydrolysis of CBO analogues in aqueous organic solvents

observed

namely acetonitrile, acetic acid, 1,4-dioxane, and methanol
were similar to that of acetone and are presented in
Tables S1-4, and the corresponding plots are given in
Figs. S2-6 (supplementary information). It can be observed
that the effect of the percentage of water is slightly different
for different CBO analogues. The hydrolysis rate decreased
in the order methanol > acetic acid > acetonitrile > acetone
> dioxane in 40% aqueous organic media. Faster hydrolysis
took place in protic solvents, however, a lower rate constant
was observed for acetic acid due to its acidic pH. Among
the non-protic solvent, the hydrolysis rate decreased
with the decrease in solvent polarity. Similar to the case of
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curcumin, the rubrocurcumin analogues were stable in
organic medium and extend of hydrolysis increased with an
increase in the percentage of water. The influence of the
percentage of water in solvents of different polarities was
different for each analogue as shown in Figs. S2-5. At mole
fraction 0.10 in acetone water mixture, CBO 1-3 showed the
same rate and reversed rate profile was observed above and
below this percentage. However, such a coinciding point
was not observed for acetonitrile solution, even at 0.35 mol
fraction. Yet, CBO 4 converges with other analogues at
lower mole fractions. In dioxane, the convergence points
were different for different analogues CBO 1-2 at 0.9, CBO
2-3 at 0.5, and CBO 1-3 at 0.11; CBO 4 converged with
other analogues at lower mole fraction less than 0.6 as in the
case of acetonitrile. In the acetic acid medium, the rate
constants showed the same behavior for all the analogues.
In methanol, instantaneous hydrolysis took place for CBO 4
and convergence points were not distinguishable within the
studied mole fractions.

At a higher percentage of water, the intramolecular
hydrogen bond between methoxy and hydroxyl groups
diminished due to the strong intermolecular hydrogen bond
formation with solvent water, and an increase in the rate of
hydrolysis was observed. The effect was lower for CBO 2
than CBO 1, where the intramolecular hydrogen bond
formation was only half, and for CBO 3 there is no
intramolecular hydrogen bonding. The highest rate of CBO
3 below the mole fraction of acetone 0.116 explains the
importance of solvent-substrate hydrogen bond interaction
on the hydrolysis of CBO analogues and also on the
antioxidant property of curcumin [48]. At the mole fraction
of 0.116 of acetone, all CBO analogues had similar stability,
and above this mole fraction, the rate increase was reversed.
CBO 4, devoid of intramolecular hydrogen bonding, did not
show any reversal in the rate at different percentages of
water as in other CBO analogues. The stability variation of
formed CBO analogues in different water percentages may
be the cause of changes observed in the boron estimation
when samples of different curcumin were used for
estimation.

In polar protic solvents, methanol and acetic acid, water-
solvent hydrogen bonding was more prominent than the
water-substrate or methanol-substrate hydrogen bonding.
Therefore, the influence of hydrogen bonding due to the



Nair et al/Phys. Chem. Res., Vol. 10, No. 2, 251-265, June 2022.

—OH and -OCHj; groups on the reaction rate is negligible. In
acetic acid, CBO 1-3 showed a similar rate and CBO 4,
having no substituent in the benzene ring, showed better
stability than the others. In the methanol-water system,
CBO 1 and CBO 3 showed similar trends in hydrolysis rate
with the variation of water percentage and were more stable
than CBO 2. In the acetonitrile-water system, the influence
of hydrogen bond was similar to acetone case; however,
higher polarity made more significant influence among the
CBO's. In the dioxane-water medium, the influence was
comparatively smaller.

The rate data given in Table S1 (supplementary
information) shows that for CBO 1, hydrolysis in protic
polar methanol medium is only ten times faster than that in
aprotic nonpolar acetone or dioxane with the same
percentage of water content. A similar trend was observed
for CBO 2-4 in the rate of hydrolysis according to solvent
polarity (Tables S2-S4, supplementary information). The
very small solvent effect in the hydrolysis of CBO
analogues suggests
intermediate where the initial and transition state have

the possibility of a chargeless

similar charge distribution i.e. possibility of an isopolar
transition state during the hydrolysis. The GW plots with Y
values based on tert-butyl chloride [49,50] for aqueous
acetone for all CBO analogues are given in Fig. 2, and
different solvents for each CBO are given in Fig. 3. The
statistical data obtained from these GW plots are given in
Table S5 (supplementary information) and summarized for
CBO 1-4 in Tables S6-S9 (supplementary information).

5+ log (k/k )

4.0

Fig. 2. GW plots for the hydrolysis of CBO analogues in
aqueous acetone medium at 50 °C.
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Fig. 3. GW plots for the hydrolysis of CBO analogues in
different solvents at 50 °C (a) CBO 1 (b) CBO 2

(¢) CBO 3 (d) CBO 4.

3.0 4.0



Kinetic Analysis of Hydrolytic Decomposition/Phys. Chem. Res., Vol. 10, No. 2, 251-265, June 2022.

The GW plots exhibit a dispersion effect instead of a
single correlation curve, with different linear plots for each
solvent. The variation of intermolecular hydrogen bonding
of substrate with water and co-solvent along with water co-
solvent hydrogen bonding influenced the intramolecular
hydrogen bonding [51-53]. A similar effect was reported in
the antioxidant property of curcumin in different solvents by
sequential proton loss electron transfer (SPLET) mechanism
[54-55].

For a substitution reaction, the magnitude of m values is
used as a criterion for the prediction of the mechanism. If
the m value is > 0.7, it indicates a unimolecular elimination-
addition pathway, and if m value is < 0.5, it indicates on
bimolecular pathway [56]. The slope values obtained for all
CBO analogues in different aqueous organic reaction
mediums are summarized in Table 2. The slope values are
quite different for each solvent and it follows the order
acetonitrile > dioxane > methanol > acetic acid > acetone,
for all CBO analogues.

For CBO 4, the m value for all the four solvents was
about 0.33, with a slightly lower value of 0.21 in dioxane.

The m values of protic solvents methanol and acetic acid
had comparable values for all CBO analogues, which were
in the range of 0.34-0.44 for methanol and in the range of
0.33-0.41 for acetic acid. However, the aprotic solvents
behaved differently, especially, for dioxane and acetonitrile
in which a large reduction in m value was observed for
CBO 1 to CBO 4. In a polar protic medium, water and co-
organic solvent can have hydrogen bond interaction with the
substrate as well as one another. Due to strong co-solvent-
water hydrogen bond interaction, substrate solvent hydrogen
bond interactions are not prominent. But in a polar aprotic
solvent that has weak hydrogen bond interaction with co-
solvent and water, the substrate solvent interaction becomes
important and the solvent effect has more influence on the
nature of the reaction.

Effect of Temperature on the Rate of Hydrolysis
The first-order rate constants for the hydrolysis of CBO
analogues in 50% acetone water solvent system at five
different temperatures are recorded in Table 3, the
corresponding Arrhenius plots show good linearity having a

Table 2. Slope Values of all CBO Analogues in Different Solvents

Slope value obtained from GW plot

CBO analogues . .. .

Acetone Acetonitrile Aceticacid  Dioxane Methanol
CBO 1 0.3815 0.9919 04136 0.7345 0.4491
CBO2 0.4704 0.8300 0.3880 0.5929 0.3931
CBO 3 0.5296 0.8039 0.3940 0.6812 0.4474
CBO 4 0.3389 0.3365 0.3320 0.2087 0.3389

Table 3. Hydrolysis Rate Data for CBO Analogues in 50% Acetone Water System at Different

Temperatures Ranging from 40-60 °C

10°k;
Temperature o
) 68

CBO 1 CBO 2 CBO 3 CBO 4

40 0.48 £ 0.01 0.44 +0.00 0.38+0.01 2.04 +£0.02
45 1.03+0.01 0.73 £0.02 0.67 +£0.02 3.16+0.01
50 1.76 £ 0.01 1.32+0.01 0.94 +0.00 4.68 +0.01
55 2.95+0.02 1.86 +0.01 1.72+0.01 6.83 +£0.02
60 445+ 0.01 3.82+0.01 2.87+.02 10.69 +0.01
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Fig. 4. (a) Arrhenius plots and (b) Eyring plots for the

hydrolysis of CBO analogues.

negative slope with correlation coefficient 0.9944 to 0.9994,
and standard deviation (SD) 0.1053 to 0.0258 (Fig. 4a).
The AH" and AS” values were calculated from the slope and
intercept of the linear Eyring plots (Fig. 4b), and are
presented in Table 4.

The rate of hydrolysis at 25 °C is in the same order of
magnitude despite the presence of different substituents in
the benzene ring. The negligible substituent effect suggests
that the site of the attack is not at the curcumin part and
the slight variation in rate may be due to the difference in

hydrogen bonding with substituent presented in different
curcuminoids. There was a regular decrease of AH” and an
increase of AS” from CBO 1-4. However, AG" was constant
for CBO 1-3 with a slight decrease for CBO 4. The large
positive AH” and negative AS” indicates the possibility of a
bulky transition state [57]. AS” varied significantly among
the CBO analogues. For ion-dipolar type reaction, AS”
should nearly be the same which ruled out the possibility of
an ion-dipolar type reaction. The free energy of activation
AG" and activation energy E, was in comparable order of
which suggests that the mechanism of
hydrolysis of all these compounds should be similar. The
large frequency factor of the order of 10°° to 10** suggests

magnitude,

that the reacting species are rather larger in size [58,59].

The isokinetic plot AH” vs. AS” given in Fig. 5a, is a
linear plot with a correlation coefficient of 0.9982 showing
that there is enthalpy entropy compensation [60]. The
calculated isokinetic temperature f obtained from the slope
of this plot is 369 K. The isokinetic temperature obtained
from the slope of the Exner plot (Fig. 5b) was 357 K, where
a log-log plot at two different temperatures was utilized
(SD = 0.0295; R* = 0.9992; slope = 0.8489) [61]. The linear
Exner plot suggests all CBO analogues undergo the same
mechanistic path for the hydrolysis reaction. For an
isoentropic reaction, B is infinity, and for an isoenthalpic
reaction, it is zero [62]. The obtained isokinetic temperature
implies that the hydrolysis reaction is neither isoenthalpic
nor isoentropic, but obeys the compensation law.

Effect of pH on the Rate of Hydrolysis

CBO analogues can be hydrolyzed by H,0, H;O" or
OH’ ions depending on the pH of the medium. A regular
increase in the rate constant k; was observed with an

Table 4. Kinetic Parameters Calculated for the Hydrolysis of CBO Analogues at Different Temperatures

K, at 25 Ea A AH? -AS* AG*
Compound ooy qamol)  (8)  (Jmoll) (K'mol) (Imolh) oD K
CBO 1 842x107 9550  136x10%  93.02 4923 107.69  0.0955 0.9955
CBO2  750x107 9077 397x10% 8829 66.04 10798  0.0990 0.9947
CBO 3 704x107 8655  971x10% 8407 80.73 108.14  0.0811 0.9961
CBO4  517x10° 7085 821x10° 6838 116.77 103.19  0.0260 0.9994

258



Kinetic Analysis of Hydrolytic Decomposition/Phys. Chem. Res., Vol. 10, No. 2, 251-265, June 2022.

AH" (kJ mol™)

T T
-100 80

AS* (J K mol™)

S5+Ink at328K

S+Ink at318K

Fig. 5. (a) Isokinetic and (b) Exner plots for the hydrolysis
of CBO analogues.

increase in the pH for all CBO analogues, as shown in
Table 5, similar to the degradation kinetics of curcumin
[26,29]. Recently, the present authors reported a similar
increase in the rate constant with pH for the hydrolysis of
rosocyanin, the 2:1 complex of curcumin with boric acid
[24]. The influence of pH differs in CBO analogues. The
unsubstituted analogue, CBO 4, showed the largest increase
in the rate constant with an increase in pH values,
approximately 7.5 time increase for a pH change from 4 to
6. The tremendous increase in hydrolysis with an increase in
pH makes it impossible to study the hydrolysis rate at still
higher pH. The influence of pH was minimal for CBO 1,
where the hydrogen bond played a major role in rate
constant values. At lower pH, all compounds showed the
lower rate constant values, and these values converged for
CBO 1-3, indicating that the intramolecular hydrogen bonds
were intact. The presence of substituent in benzene ring,

Table 5. pH Dependence of Rate Constant for the
Hydrolysis of CBO Analogues at 50 °C in 50%
Aqueous Acetone

10k,

(C)
pH CBO 1 CBO 2 CBO 3 CBO 4
4 124+002 1.63+001 1274002 5.56+003
5 153£001  7.92+003 295002 273+004
6 552+£003  24.58+0.05 20.14+0.04 4124 +0.05
7 1189002 45.06%0.07 59.19+0.06 -
8 2658004 4626+0.06 64.23+0.08 -
9 32.85+0.06 - - -
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-OH as well as -OCHj, led to a decrease in the hydrolysis
rate with an increase in pH. At neutral and alkaline pH, the
intermolecular hydrogen bonding with solvent water played
a major role in determination of the mechanism of the
reaction.

The Mechanism for the Hydrolysis of CBO
Analogues

"B NMR spectrum of rubrocurcumin (CBO 1) was
studied at different time intervals during the hydrolysis
reaction and the spectrum obtained during the hydrolysis
reaction is given in Fig. 6. The sharp signals of the sample
solution were superimposed by a very broad signal which
originates from the glass of the sample tube, however, the
signals of our interest were not affected by the broad signal.
One high-frequency signal at 22.52 ppm and one low-
frequency signal at 8.46 ppm can be seen in the spectrum.
The resonance signal at 8.46 ppm may be assigned to the
tetrahedral boron atom in the original bis-chelate complex
[63]. The peak at 22.52 ppm is due to trigonal boron atoms
of boric acid resulting from the hydrolysis of the
rubrocurcumin [64]. Usually, the peak corresponding to
boric acid is obtained around 18 ppm. The chemical shift
value is very much influenced by solvents, temperature, pH,
and pressure [65]. So the higher chemical shift obtained
may be due to the reaction conditions employed for doing
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Fig. 6. ''B NMR spectrum of CBO 1 obtained during
hydrolysis.

Fig. 7. "BNMR spectra of CBO 1 recorded during the
hydrolysis in 50% acetone water system at room
temperature. (a) After 1 h (b) after 5 h (¢) after 10 h.

the hydrolysis reaction.

The combined ''B NMR spectra for the hydrolysis of
CBO 1 are presented in Fig. 7. The reduction of the peak at
8.46 ppm (Fig. 7) is due to the solvolysis of the pentagonal
ring of boron in CBO, and the growth of the peak at
22.52 ppm is due to the formation of boric acid as the
hydrolysis product [63]. UV-Vis spectra and "B NMR
spectra confirmed that curcumin and [B(OH);] were the two
hydrolysis products along with oxalic acid.

The involvement of the hydrogen-bonded water in the
reaction and the formation of penta coordinated boron have
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Fig. 8. Plausible mechanism for the hydrolysis of CBO 1.

been also predicated [66]. A two-stage decomposition is
suggested for the base catalyzed hydrolysis of boron ester of
chromotropic acid through the formation kinetics studies. In
CBO analogues, boron is attached to two dissimilar rings
and the site of attack resulting in the formation of the
transition state, which is suggested to be away from the
curcumin ring and closer to the lactone ring formed by the
oxalic acid. The TG study results of CBO analogues
reported the presence of hydrogen bonded water molecules
in solid state and its absence in rosocyanin [24]. The
mechanism for the hydrolysis reaction can be similar to that
observed for rosocyanin and the salicylate derivative of
rubrocurcumin, which can effectively explain the solvent
effect and the enthalpy entropy compensation effects [24].
The proposed mechanism for the base catalyzed hydrolysis
is depicted in Fig. 8.

In the basic condition, the hydroxyl group in the
reaction medium attacks the tetrahedral boron atom to form
a pentavalent boron species as a transition state. The boron
atom and one of the oxygen atoms in the oxalate group
presented in this transition state formed a hydrogen bond
with water molecules. The hydrogen bonding is shown as
dashed lines in Fig. 8. The formation of the transition state
is a slow process and hence it determines the rate of the
hydrolysis reaction. The formation of a charged less bulky
transition state can be confirmed by the observed negligible
solvent effect and high negative AS” values. Negligible
substituent effect and enthalpy entropy compensation effect
confirm that the reaction site is not on the curcumin side and
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is on the other side of curcumin boron bonds. Accordingly,
in the second step, the B-O bonds of oxalic acid ring break
along with the OH bond of water molecule resulting in the
formation of tetrahedral curcumin boron complex with two
OH groups. Solvent effect studies and ''B NMR studies
gave clear indication regarding the formation of this
intermediate as a hydrolysis product

If the curcumin part degrades first, then the product is
curcumin and 1:1 boron oxalic acid complex. "B NMR
spectra give a new peak for this compound. But no such
peaks were observed in the ''B NMR spectra (Fig. 7). This
indicates that the oxalic acid part degrades first, which
follows the degradation of the curcumin part. Another
observation that substantiates the lactone ring breaking for
rubrocurcumin is the less hydrolysis rate variation among
the CBO analogues. If the ring ruptures on the curcumin
side first, then the change in rate with the change in
substituents in the curcumin ring may be higher. The third
stage of the reaction is fast in which the second curcumin
similarly undergoes hydrolysis to release curcumin and
boric acid as remaining hydrolysis products. Since AG" and
Ea values obtained for all CBO analogues are in the same
order, all of them similarly undergo hydrolysis. The validity
of isokinetic relation also indicates a similar hydrolysis
mechanism for the CBO analogues.

CONCLUSIONS

Rubrocurcumin is nontoxic and found to have
significant biological activities similar to curcumin. The
oral intake of rubrocurcumin is a suggestive method
especially in presence of oily food materials in which it is
soluble as well as more stable. In the oral tract, the pH
influence may partially hydrolyze rubrocurcumin, but the
formed product was curcumin, the active drug. In the
intestine, the low pH and less water mediated condition
make rubrocurcumin more stable and the release of
curcumin is slow. The constant curcumin concentration in
the stomach may help with longer absorption of curcumin to
bloodstream and this requires more studies to evaluate the
bioavailability of rubrocurcumin and curcumin by the oral
intake of rubrocurcumin. The rate and mechanism of CBO
provide data on the curcumin release in different conditions.

The hydrolysis of four CBO analogues followed first-order
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kinetics in all reaction mediums. As the percentage of water
in the reaction medium increased, the rate of hydrolysis also
increased, thus oily medium is more suggestive for better
stability of rubrocurcumin. The solvent effect studies shed
light upon the concerted reaction through the formation of
an isopolar transition state. The increase in the rate of
hydrolysis in the basic medium indicates the possibility of a
base catalyzed reaction which suggests stable nature and
slow hydrolysis rate of rubrocurcumin at lower pH and
thereby slow release of curcumin. The mechanistic route
suggested that the influence of substituents in the ring had
less influence on the rate of reaction and it is not suggestive
for stabilizing the compounds. The knowledge about the
mechanism for the hydrolysis of CBO helps with increasing
the validity of the curcumin method used for boron
determination and using them as a carrier for curcumin in
the human body.

SUPPLEMENTARY INFORMATION

Hydrolysis rate data and statistical data for the
hydrolysis of CBO analogues in acetone water system
obtained from GW plot are given in Tables S1 to S9. The
UV-Vis spectrum of CBO 1 in 50% acetone water medium
at 50 °C taken at a definite time interval during hydrolysis is
given in Fig. S1.
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