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Abstract: The complexation of boric acid (BA) with various α-hydroxycarboxylic acids (HCAs) was
examined by analyzing the change in the optical rotation after the addition of BA to aqueous HCA
solutions, and the catalytic properties of the complexes were examined by catalyzing the esterification
of the HCAs. The absolute values of the optical rotation of the HCAs increased with increasing
BA-to-HCA molar ratio, and the rate of change of the optical rotation gradually decreased as the
BA-to-HCA molar ratio increased, reaching a minimum value at a molar ratio of approximately three.
As a catalyst, BA could catalyze the acetylation of hydroxyl groups in addition to the esterification of
HCAs. Compared to the conventional synthesis routes of ATBC and ATOC, a synthesis route with BA
as the catalyst allowed for a lower frequency of catalyst separation and replacement while providing
light-colored products. BA could catalyze the formation of triethyl citrate, and the yield of triethyl
citrate reached 93.8%. BA could also catalyze the reaction between malic acid and pinene to produce
borneol malate. After saponification of borneol malate, borneol was obtained with a yield of 39%.

Keywords: boronic acid; α-hydroxycarboxylic acid; complex configuration; optical rotation;
esterification of α-hydroxycarboxylic acid

1. Introduction

α-Hydroxycarboxylic acids (HCAs) are renewable starting materials with important
industrial applications. Studies have reported on the use of tributyl citrate (TBC), acetyl
tributyl citrate (ATBC), trioctyl citrate (TOC), and acetyl trioctyl citrate (ATOC) as environ-
mentally friendly plasticizers [1]. Elemental boron is widely distributed on Earth and serves
as an indispensable trace element for plants and animals [2,3]. Due to the electrophilicity
of boron atoms, boric acid (BA) can form various complexes with hydroxyl-containing
compounds, such as single-ligand (i.e., 1:1) and double-ligand (i.e., 1:2) complexes with
HCAs [4]. The electrical conductivity and optical rotation increase when tartaric acid
forms complexes with boric acid (BA) [5,6]. Larsson et al. [7] analyzed the infrared spectral
characteristics of complexes formed by lactic acid and BA in aqueous solution and reported
a single-ligand complex formed when pH = 2. Two types of complexes were found to form
at a pH of 6, namely single-ligand and double-ligand complexes. Pizer et al. [8] studied
the reaction mechanism and chemical equilibrium of the complexes formed by BA and
lactic acid, following the temperature increase and the stop flow methods. The researchers
reported the ligand in the single-ligand complex inhibited the coordination of the second
ligand. Maseda et al. [9] studied the reaction thermodynamics of complexation reactions of
BA or borate with hydroxy acid or diols and found the reactions involving hydroxy acid
and glycol for the formation of single-ligand complexes were driven by enthalpy. During
the formation of a double-ligand complex, the process involving hydroxy acid was driven
by an increase in entropy, while the process involving the diol was driven by enthalpy.
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Marziyeh et al. [10] transformed cloisite 30B (CL) into tosylated cloisite (TCL) as a new
hetero-functional support. Lipase from Candida rugosa was covalently immobilized on TCL
(TCLL) and used to produce biodiesel from waste frying oil (WFO). Hamidreza et al. [11]
prepared epoxy-activated cloisite (ECL) as a new hetero-functional carrier through the
reaction between cloisite 30B (CL) and epichlorohydrin and utilized it for the covalent
immobilization of lipase from C. rugosa. Marin et al. [12] synthesized free radical, cationic
salts in trichloroethane containing 18-crown ether using malic acid and potassium borate as
the raw materials, where the electrocrystallization process was followed for the reactions.
Boron presents two configurations, R and S, as shown in Figure 1, when malic acid forms a
double-ligand complex with BA [12].
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Various applications have been developed for BA–HCA complexes. Complexes
formed by chiral carbon-containing α-hydroxycarboxylic esters and BA have been em-
ployed for the isolation of racemic chiral compounds with hydroxyl groups on the chiral
carbon [13–20]. Because HCAs can form complexes with BA, loading HCAs on ion ex-
change resins, activated carbon, or carbon nanotubes can improve their adsorption capacity
for BA in wastewater [21–23]. The esterification of curcumin with HCAs and BA com-
plexes can also improve the thermal stability of curcumin [24]. As a result, citric acid-BA
complexes have been used to improve the dimensional and thermal stability of bamboo
materials [25]. Composite catalysts composed of BA and HCA were found to exert a good
synergistic catalytic effect during the catalysis of the esterification reaction of camphene
and the hydration reaction of pinene [26,27]. In a previous study [28], we analyzed and
measured the effects of complexation reactions between BA and HCAs on the ionization
equilibrium of the HCAs. Eight HCAs were selected to measure the pH changes in aqueous
HCA solutions after BA addition [28]. We found the composition of the HCA and BA
solution had a significant impact on the performance of the catalyst.

Therefore, it was important to study the types of complexes formed with different
ratios of HCA to BA; however, due to the complexity of their complexation reactions,
measuring the changes in pH alone was not sufficient. Considering the complexity of the
reaction between BA and HCA, we hypothesized single-ligand complexes and double-
ligand complexes would have different effects on the changes in optical rotation. L-(+)-
tartaric acid (L-TA), D-(−)-tartaric acid ester (D-TA), (R)-(−)-mandelic acid (R-MA), L-(−)-
malic acid (L-H2Mi), D-gluconic acid (D-GlcA), and D-(−)-lactic acid (D-LA) were used to
conduct the experiments in this study. The changes in the optical rotation of the compounds
after the addition of BA to the system were analyzed, and the catalytic performance of
BA-HCA complexes for esterification with HCAs was studied, to obtain scientific data on
the effect of the complexes on the changes in rotation and catalytic performance.

2. Results and Discussion
2.1. Effect of BA on the Optical Rotation of Aqueous HCA Solutions

In our previous work, we measured the pH changes of boric acid after adding HCA
solution and analyzed the influence of the boric acid and HCA complex reaction on
the ionization equilibrium of HCAs. We found the more complex species that formed,
the greater the influence on HCA ionization. Thus, the greater the number of hydroxyl
and carboxyl groups, the greater the rate of pH change. However, we also found when
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mandelic acid, lactic acid, and glycolic acid contained the same number of hydroxyl and
carboxylic groups, their pH change rates successively decreased [28]. However, lactic
acid only contains one more methyl group than glycolic acid, which cannot explain why
the changes in pH are at different rates. We hypothesize, in addition to being single- or
double-ligand complexes, the three-dimensional configuration of the complex also affects
the pH change rate. When a chiral HCA is complexed with boric acid, the polarized
light can change due to the formation of a new three-dimensional structure. To test this
hypothesis and gain insights into the effects of the molecular structures of HCAs on the
BA–HCA complexes, we measured the optical rotations of aqueous solutions of HCAs
with BA added at various molar ratios. In this study, BA was added at various BA-to-HCA
molar ratios while maintaining the HCA concentration fixed at 0.2 mol/kg. The changes
in optical rotation were measured (Figure 2). At 25 ◦C, the solubility of BA in water was
5.74 g, i.e., S = 5.74 g/100 g water or 0.928 mol/kg. For the aqueous HCA solution with
a concentration of 0.2 mol/kg, the BA-to-HCA molar ratio was chosen to be less than
4.6. However, when the BA-to-HCA molar ratio was 4.5, the measured optical rotation
fluctuated significantly due to the near-saturation of BA. Therefore, the BA-to-HCA molar
ratio was varied from 0 to 4 in the experiment.
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Figure 2. Effect of BA on the optical rotations of various chiral α-hydroxycarboxylic acids (HCAs) at
0.2 mol/kg.

As shown in Figure 2, the absolute values of the optical rotation of L(+)-tartaric acid,
D(-)-tartaric acid, R-MA, L-H2Mi, and D-GlcA increase with increasing BA-to-HCA molar
ratio, while the absolute values of the optical rotation of D-LA initially decrease and then
increase. Because the groups connected to the chiral carbon of lactic acid consisted of H
and CH3, the configuration of a small amount of lactic acid was possibly reversed when
the complex formed. When the molecule of lactic acid was small, it could easily form
1:2 complexes, resulting in reduced optical rotation. However, with an increase in the
molar ratio of boric acid to lactic acid, the amount of rotation of single-ligand complexes
gradually increased; thus, the rotation increased after a certain decrease. Lactic acid and
boric acid possibly had more influence on the ionization equilibrium than glycolic acid
due to an increase in three-dimensional configuration. The catalytic effect of lactic acid is
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also better than glycolic acid when catalyzing the pinene hydration reaction, as shown in
reference [29].

The optical rotations of the HCAs at a fixed molar concentration of 0.2 mol/kg with
varying molar concentrations of added BA are fitted, as shown in Figure 2, yielding the
following equations:

y (D − LA) = −0.0069x3 + 0.0577x2 − 0.1404x + 0.5729
R2 = 0.9799

(1)

y (R − MA) = −0.0209x3 + 0.1662x2 − 0.4841x − 4.8158
R2 = 0.9978

(2)

y (D − GlcA) = −0.0003x3 − 0.0097x2 + 0.1898x + 0.8887
R2 = 0.9977

(3)

y(L − H 2 Mi) = −0.0011x3 + 0.0128x2 − 0.0475x − 0.0666
R2 = 0.9892

(4)

y (L − TA) = 0.0339x3 − 0.2874x2 + 0.8986x + 0.4504
R2 = 0.9971

(5)

y (D − TA) = −0.0362x3 + 0.3001x2 − 0.9028x − 0.4744
R2 = 0.9896

(6)

where y is the optical rotation, x is the BA-to-HCA molar ratio, and R is the correlation
coefficient.

By differentiating Equations (1)–(6), the equations relating the optical rotation rate of
change of the 0.2 mol/kg HCAs to the molar concentration of added BA were obtained
as follows:

dy(D − LA)

dx
= −0.0207x2 + 0.1154x − 0.1404 (7)

dy(R − MA)

dx
= −0.0627x2 + 0.3324x − 0.4841 (8)

dy(D − GlcA)

dx
= −0.0009x2 − 0.0194x + 0.1898 (9)

dy(H2Mi)
dx

= −0.0033x2 + 0.0256x − 0.0475 (10)

dy(L − TA)

dx
= 0.1017x2 − 0.5748x + 0.8986 (11)

dy(D − TA)

dx
= −0.1086x2 + 0.6002x + 0.9028 (12)

where y is the optical rotation for a specified amount of HCA, x is the BA-to-HCA mo-
lar ratio, and dy

dx is the rate of change of the optical rotation with respect to the molar
concentration of added BA.

By plotting the data obtained from Equations (7)–(12), the rate of change of the optical
rotation of the HCAs with respect to the molar concentration of added BA is obtained,
as shown in Figure 3. Figure 3 also shows D-GlcA exhibited a continuous decrease in
absolute value of the rate of change of the optical rotation, while the other five chiral HCAs
gradually decreased in absolute value before slightly increasing. The BA-to-HCA molar
ratios corresponding to the vertices of the curves in Figure 3 were 2.8 for D-LA, 2.7 for
R-MA, 10.8 for D-GlcA, 3.9 for L-H2Mi, 2.8 for L-TA, and 2.8 for D-(−)-TA. Because the
BA-to-HCA molar ratios are positive, the rates of change of the optical rotation of gluconic
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acid with respect to the molar concentration of added BA are continuously decreasing, as
shown in the plot. The rate of change values for the optical rotations of lactic acid and
L-H2Mi were zero at certain BA-to-HCA ratios, which were 1.8 and 3.8 for lactic acid and
3.1 and 4.7 for L-H2Mi.
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2.2. Comparison of the Effects of Protonic Acid and BA on the Optical Rotation of Chiral HCAs

The addition of protonic acids such as sulfuric acid and phosphoric acid also affected
the optical rotation of the aqueous solution of a given HCA (Figure 4). As shown in Figure 4,
the addition of sulfuric acid to the D-(−)-TA solution decreases the optical rotation, while
the addition of phosphoric acid increases and then decreases the optical rotation. This
phenomenon was possibly attributed to the attack of hydrogen ions on the hydroxyl groups
under strongly acidic conditions, leading to partial inversion of the configuration of the
chiral carbon. The increase in optical rotation with the addition of phosphoric acid was
possibly due to the formation of a complex between the phosphoric acid and D-(−)-TA.
With an increase in phosphoric acid concentration, the optical rotation decreased again due
to the partial inversion of the configuration of the chiral carbon.

Unlike strong protonic acids such as sulfuric acid, the absolute value of the optical
rotation of a chiral HCA solution gradually increased as BA formed complexes with chiral
HCA, with increasing BA-to-HCA molar ratio. The effect of BA on the optical rotation
of the aqueous solution of chiral HCA, as measured in terms of the maximum rate of
change, decreases in the following order: L-TA (267%) ≈ D-(−)-TA (261%) > L-H2Mi (88%)
> D-GlcA (66%) > R-MA (13%) > D-LA (−13%), as shown in Figure 2. The two enantiomers,
L(+)-TA and D(−)-TA, demonstrated an increase in the absolute value of the optical rotation
with increasing molar ratio of BA to tartaric acid, forming two curves symmetric to each
other with respect to line y = 0. This indicated the two enantiomers of a given HCA reacted
with BA in a similar stoichiometric manner. As shown above, the more hydroxyl and
carboxyl groups are attached to the alkyl chain connected to the chiral carbon, the greater
the rate of change of the optical rotation.

As shown in Figure 3, the rate of change of the optical rotation gradually decreases
for the aqueous solution of gluconic acid as the BA-to-HCA molar ratio increases, whereas
it initially increases and then decreases for the aqueous solution of lactic acid, and then
gradually decreases and approaches zero for the aqueous solutions of tartaric acid, malic
acid, and mandelic acid (Figure 3). Gluconic acid contained multiple hydroxyl groups,
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of which four (in addition to the carboxyl group) could complex with BA to increase the
optical rotation. The optical rotation of the aqueous solution of gluconic acid continuously
increased over the examined range of the molar ratio of BA to gluconic acid, while the rate
of change of the optical ratio continued to drop without showing a minimum value.
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Our previous work showed as catalysts for the hydration reaction of α-pinene, the
synergistic catalytic abilities of BA, phosphoric acid, and sulfuric acid with HCA decreased
sequentially [27,29]. This was possibly related to the fact that BA was more likely to form
a complex with HCA, which could better promote the forward shift of the ionization
equilibrium of HCA.

2.3. Complexes between BA and Several Common HCAs

Glycolic acid, lactic acid, mandelic acid, gluconic acid, malic acid, tartaric acid, and cit-
ric acid are selected as the seven common α-HCAs, whose possible complexes with BA are
shown in the Supplementary Information (Figures S1–S11). As shown in Figures S1–S11,
glycolic acid, lactic acid, and mandelic acid can only form five-membered ring complexes
with BA. When a monoligand complex formed, no new chiral center was generated in the
complex. However, when a double-ligand complex formed, a new chiral center was gener-
ated at the connecting atom of the two rings, i.e., the boron atom served as the new chiral
center. Although a new chiral center was generated when glycolic acid formed a diligand
complex with BA, equal amounts of levorotatory and dextrorotatory enantiomers were
produced due to the random nature of the complexation, resulting in a racemic mixture.

As shown in Figures S4–S9, gluconic acid, malic acid, and tartaric acid can form
both five-membered ring and six-membered ring complexes with BA. Similarly, when BA
complexed with HCA at a 1:1 ratio, no new chiral center was generated in the complex.
When forming a double-ligand complex, a new chiral center was generated, which served as
the connecting atom of the two rings, i.e., the boron atom became the new chiral center. Both
gluconic acid and tartaric acid contained more than four hydroxyl groups and contained
more types of complexes with BA than malic acid. For simplicity, only the types involving
a carboxylic acid group as the complexing group were discussed in this work.

As shown in Figure S10, when BA is bound with citric acid at a 1:1 ratio or 1:2 ratio
to form five-membered ring complexes, only the double-ligand complexes have a chiral
center, i.e., a new chiral center is generated at the boron atom. However, when citric acid
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formed six-membered ring complexes with BA, a new chiral center was generated in both
the single-ligand and double-ligand complexes (Figure S11). We observed 1:1 complexation
generated a chiral center at the α-carbon of citric acid, while 1:2 complexation generated
two new chiral centers, namely, one at the boron atom and the other at the α-carbon of
citric acid. When citric acid formed six-membered ring complexes with BA, a total of eight
enantiomers were generated, two of which were single-ligand complexes and four were
double-ligand complexes. When citric acid complexed with BA, complexation occurred in
a random manner, leading to equal amounts of left and right enantiomers, i.e., a stalemate.
This was also confirmed through optical rotation measurements, i.e., the addition of BA
to aqueous citric acid solution with various molar ratios of BA to citric acid led to zero
optical rotation.

Changes in the optical rotation could be better explained through the configuration
analysis of the BA-HCA complexes. (1) When complexes formed, the optical rotation of the
aqueous solution of a given HCA increased due to the formation of a ring structure and the
increase in electron polarizability. (2) New chiral centers were generated as double-ligand
complexes formed; however, levorotatory and dextrorotatory enantiomers were produced
in equal amounts, leading to a zero net contribution of newly formed chiral centers with an
increase in optical rotation. Specifically, the aqueous solution of an HCA with a zero optical
rotation continued to show zero optical rotation, even after the addition of BA, while the
optical rotation of the aqueous chiral HCA solution increased after the addition of BA,
which was attributed to the formation of single-ligand complexes.

According to complex configuration analysis and the formation equations of the BA-
HCA complexes, it was evident the more types of complexes formed after the addition
of BA into the aqueous solution of an ionizable HCA, the more anions were consumed,
and the easier it became to shift the ionization equilibrium in the forward direction [28].
From a thermodynamic perspective, the more types of complexes formed, the greater the
increase in entropy, and the easier it was for complexation to occur. Gluconic acid, for
example, was a monocarboxylic acid containing multiple hydroxyl groups. Its solution
pH decreased after the addition of BA, and it decreased significantly more than after the
addition of glycolic acid, lactic acid, and mandelic acid as the molar ratio of BA to gluconic
acid increased.

2.4. Boric Acid Catalyzed the Esterification of HCA

In previous studies, we found the composite catalyst of BA and tartaric acid could
effectively catalyze the reaction of palmitic acid with methanol, with a yield of 98% for
methyl palmitate [28]. Due to the difficulty of dissolving tartaric acid in palmitic acid,
we speculated under the catalysis of BA, tartaric acid first reacted with methanol to form
methyl tartrate, which then underwent an ester exchange reaction with palmitic acid to form
fatty acid methyl esters. Nigiz et al. [30] used carboxymethyl cellulose membranes coated
with BA to catalyze the esterification of lactic acid with ethanol at a reaction temperature of
75 ◦C. BA heated to 100–105 ◦C would lose one molecule of water and form metaboric acid,
while BA subjected to prolonged heating in the temperature range of 104–160 ◦C could
produce pyroboric acid. However, the stability of boronic acid complexes formed with
HCAs at high temperatures (>100 ◦C) has been seldom reported in the literature.

In this study, the stability of the BA–HCA complexes at high temperatures (>100 ◦C)
was examined through the catalytic synthesis of high-molecular-weight α-hydroxycarboxylic
esters (TBC, TOC). BA was an efficient catalyst, showing catalytic ability at a molar ratio as
low as 1‰ relative to the HCAs. For example, the 8 h yield of TBC was 87.8% when the
molar ratio of BA to citric acid was 0.5‰, while the molar ratio of butanol to citric acid was
5:1, and the reaction temperature was 100–110 ◦C. The yield of TBC, however, was zero in
the absence of the catalyst, while the experimental conditions remained unchanged. As the
molecular weight of the alcohol increased, the temperature required for esterification also
increased. For example, the yield of TOC after 8 h was 93.8% when the molar ratio of citric
acid to octanol was 1:5, the dosage of BA was 0.5% as a mass ratio relative to citric acid,
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and the reaction temperature was 110–170 ◦C. Moreover, B2O3 could be used as a catalyst
instead of BA, which indicated the complexes were still active at 100–170 ◦C.

At the end of the esterification reaction, there was no need to separate the catalyst if
acetylation of the hydroxyl groups of the HCAs was required. For the acetylation process
to occur, the unreacted alcohol only had to be removed by distillation, followed by the
addition of acetic anhydride at 80–100 ◦C. After the BA-catalyzed synthesis of TBC and TOC,
the acetylation of ATBC and ATOC could be carried out without separating and replacing
the catalyst, which was very beneficial for industrial production. After acetylation, the
products could be neutralized with a sodium carbonate solution and the washing solution
was yellow in color.

The refractive indices of products TBC, ATBC, TOC, and ATOC at room temperature
were measured as 1.4433◦ (25.7 ◦C), 1.4420◦ (26.1 ◦C), 1.4533◦ (26.1 ◦C), and 1.4528◦ (26.1 ◦C),
respectively, which was in agreement with the values reported in the literature [31,32].
The IR, 1H-NMR, and 13C-NMR spectra of the TBC, ATBC, TOC, and ATOC products are
shown in the Supplementary Information (Figures S12–S14), where spectral interpretation
is performed according to references [31–33].

Interestingly, BA could also catalyze the esterification reaction between malic acid
and pinene. After the reaction was complete, a saponification reaction was carried out to
obtain borneol with optical activity. The mass ratio of (−)-α-pinene, malic acid, and BA
was 13.6:(6–13.4):(0.15–0.6), the reaction temperature was 50 ◦C, and the reaction time was
20 h. The product was saponified with a 30% sodium hydroxide solution and then distilled
with steam to produce borneol. After saponification, the product yield was 92–95% (pinene
mass), and the GC content of borneol was 40–45%. The product was subjected to vacuum
fractionation, and the GC content of the borneol was 96.5%, where the mass yield of crud
borneol was 39–42% (pinene mass). The reaction process of synthetic borneol is shown
in Figure 5. Figure 6 presents the gas chromatography (GC) plot of crude borneol, with a
content of 34.6% for isoborneol and 61.9% for borneol. After dissolving the synthesized
borneol in ethanol, the specific rotation was measured as −25.1◦ at 20 ◦C. The optical
rotation direction of the product borneol was consistent with that of raw material pinene,
where left-handed pinene could yield left-handed borneol, while right-handed pinene
could yield right-handed borneol. If boron oxide was used instead of BA in this reaction, it
would lead to an increase in the formation of polymerization products and a blackening of
the color.
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Boric acid was used to catalyze the esterification of α-pinene with malic acid. At the
same temperature and reaction time, when malic acid was used as a catalyst alone, the
conversion rate of pinene was approximately 1%, and the product was camphene. When
boric acid was used as a catalyst alone, the conversion rate of pinene was almost zero.
Therefore, we inferred the catalyst was a complex composed of boric acid and malic acid,
which was also supported by pH and optical rotation measurements [28]. The complexation
reaction between HCAS such as malic acid and boric acid was dynamic and reversible.
Therefore, the acidity of malic acid increased; however, a C-O-B bond formed between the
carboxyl and hydroxyl groups of malic acid and the hydroxyl group of boric acid when the
complex formed. Therefore, the reduction in polarity made it more soluble in non-polar
pinene, which was more conducive to the esterification reaction.

The synthesized borneol was recrystallized in anhydrous ethanol to obtain a borneol
sample with a GC content of 99%. The hydrogen and carbon nuclear magnetic resonance
spectra of synthetic borneol are shown in Figures S15 and S16 in the Supplementary
Information, respectively. The NMR results were as follows: 1H NMR (300 MHz, CDCl3) δ
5.38 (d, J = 3.0 Hz, 1H), 2.09–1.97 (m, 4H), 1.65 (s, 3H), 1.57–1.45 (m, 3H), 1.18 (d, J = 3.0 Hz,
6H); 1C NMR (75 MHz, CDCl3) δ 134.05, 120.54, 44.99, 31.01, 27.44, 26.89, 26.25, 23.97, 23.37,
and 23.12.

From these results, we inferred the complex composed of BA and HCA played a
catalytic role, rather than BA. The catalyst composed of BA and HCA was likely the first
form the intermediates of hydroxycarboxylic acid esters in the reaction, such as methyl
tartrate and terpinyl tartrate. Then, methyl tartrate underwent ester exchange with palmitic
acid to generate methyl palmitate, and turpentyl tartrate was hydrolyzed to obtain terpineol.
Because the intermediate hydroxycarboxylic acid methyl ester was more easily generated
than hydroxy acid terpinyl ester and borneol ester, when BA and HCA were used as
catalysts, the yield of palmitic acid methyl ester could reach 98%, the yield of terpineol was
about 55%, and the yield of borneol was less than 40% [27,28].

3. Experimental Section
3.1. Materials and Apparatus

The following starting materials and reagents were used in this study: glycolic acid
(98%), citric acid (99.5%), L-TA (99.5%), D-(−)-tartaric acid (99.5%), D-LA (90%), R-MA
(99%), L-H2Mi, D-GlcA (49–53wt.% in H2O), boron oxide (98%), and (−)-α-pinene (98%).
These compounds were purchased from Shanghai McLin Biochemical Technology (Shang-
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hai, China). Sulphuric acid (98%), phosphoric acid (85%), methanol (99.5%), n-butanol
(99.5%), sec-butanol (99%), 1-octanol (99%), 2-ethylhexanol (99%), sodium hydroxide (98%),
and sodium carbonate anhydrous (98%) were purchased from Chengdu Kelong Chemical
(Chengdu, Sichuan Province, China). All reagents were analytically pure. Distilled water
was produced in the laboratory.

The reaction apparatus consisted of an organic synthesis unit PPV-3000 (EYELA, Tokyo
Rikakikai, Tokyo, Japan). The following analytical instruments were used in this work: an
SGW-2 automatic polarimeter (Shanghai Jingke, Shanghai, Chinese) with a test tube length
of 100 mm, and a light source wavelength of 589 nm. In addition, we used a WAY-2W Abbe
refractometer (Shanghai Optical Instrument Factory, Shanghai, China), a near infrared
quality analyzer, SY-3650-II, Foss NIRSystems Inc., an AVANCE III 300M or 600M nuclear
magnetic resonance spectrometer (Bruker, Switzerland), a 7890A gas chromatograph (Ag-
ilent, Santa Clara, CA, USA) equipped with quartz capillary chromatography columns
(60 m × 0.25 mm × 0.25 µm) with AT-35 as the immobile phase, and a TQ456 GC-MS in-
strument (Bruker, Billerica, MA, USA) equipped with BR-5 elastic quartz capillary columns
(30 m × 0.25 mm × 0.25 m) as the chromatography columns.

3.2. Experimental Methods
3.2.1. Determination of the Optical Rotation of the BA and HCA Mixture

The HCAs were prepared with a concentration of 0.2 mol/kg using distilled water.
Then, BA was added at different proportions into three replicates of the HCA solutions,
and the optical rotations of the three replicate solutions were measured. The ratio of change
in the optical rotation of the HCAs was calculated by

(α0 − α1)/α0,

where α0 is the optical rotation of the HCAs at the given concentration (i.e., 0.2 mol/kg)
and α1 is the optical rotation after BA addition.

3.2.2. α-Hydroxycarboxylic Esters

In a three-necked flask, 0.2 mol of citric acid, 1.0 mol of butanol/octanol, and 0.001 mol
of BA were added and combined with toluene as the water-carrying agent. The reaction
mixture was mechanically stirred at 400 rpm, and the reaction temperature was controlled
at 95–160 ◦C. The reaction-generated water was separated through an oil-water separator,
and the reaction was stopped when no more water emerged from the oil-water separator.
The toluene and unreacted alcohol were evaporated under reduced pressure, and the
product was poured into a separatory funnel, where it was neutralized with a sodium
carbonate solution, washed with water, and dried before sampling and analysis.

To synthesize chiral borneol, 13.6 g of (−)-α-pinene, 4–13.4 g of malic acid, and
0.06–0.6 g of BA were added to a reaction flask at a temperature of 50–60 ◦C and a reaction
time of 3–5 h. After the reaction was complete, 60 g of 30% sodium hydroxide solution was
added for a saponification reaction, and borneol was evaporated with water vapor.

3.3. Analytical Methods

Infrared spectral data acquisition and mass spectrometry were conducted according
to the methods described in reference [28]. For H NMR data acquisition, GC analysis, and
GC-MS analysis were conducted according to the methods described in reference [34].

4. Conclusions

The mathematical expressions for optical rotation as functions of the BA-to-HCA
molar ratio were obtained through polynomial fitting. Functions linking the rate of change
of the optical rotation and BA-to-HCA molar ratio were obtained by differentiating the
mathematical expressions. The results showed the rate of change of the optical rotation
gradually decreased as the BA-to-HCA molar ratio increased, reaching a minimum value
at a molar ratio of approximately three.
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Due to the promoting effect of BA on the deprotonation of HCAs, BA also served
as an excellent catalyst for the esterification of HCAs, demonstrating excellent catalytic
performance at a mass ratio of as low as 1‰ relative to the HCAs. As a catalyst, BA could
catalyze the acetylation of the hydroxyl groups in addition to the esterification of HCAs.
Compared to the conventional synthesis routes of ATBC and ATOC, a synthesis route with
BA as the catalyst allowed for a lower frequency of catalyst separation and replacement
while providing light-colored products.

Borneol was synthesized by catalyzing the reaction of malic acid and α-pinene with
BA and then performing a saponification reaction. The reaction conditions of this method
were relatively mild, and the obtained borneol product exhibited optical activity. This
solved the disadvantages of the traditional oxalic acid method, which has shown difficulty
controlling the reaction condition, rapid explosion, low yield, and high content of isobornol
in the product [35,36]. The amount of boric acid catalyst used in this reaction was small,
and the catalyst used in the reaction consisted of a strong acidic complex formed by boric
acid and malic acid, that was, the catalyst consisted of the formed complex.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29010043/s1.

Author Contributions: Z.M.: conceptualization, methodology, validation, formal analysis, investiga-
tion, data curation, writing—original draft preparation, writing—review and editing, supervision,
project administration, and funding acquisition; R.Q.: validation, formal analysis, investigation, data
curation, writing—original draft preparation, writing—review and editing, and supervision; R.W.:
investigation and resources; J.X.: conceptualization, data curation, formal analysis; H.C.: conceptual-
ization, methodology, supervision; G.L.: methodology, formal analysis, investigation, data curation,
writing—review and editing, project administration, and funding acquisition. All authors contributed
equally to this work. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Guangxi Key Laboratory of Superior Timber Tree Resource
Cultivation (2023-A-04-01), the National Natural Science Foundation of China (31860239), and the
Guangxi Zhuang Autonomous Region Forestry Science and Technology Extension Demonstration
Project (gl2020kt11).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: We thank researcher Jian-Chun Jiang for his guidance and assistance with
this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wilbur, J. Final Report on the Safety Assessment of Acetyl Triethyl Citrate, Acetyl Tributyl Citrate, Acetyl Trihexyl Citrate, and

Acetyl Trioctyl Citrate. Int. J. Toxicol. 2002, 21 (Suppl. S2), 1–17. [CrossRef]
2. Blevins, D.G.; Lukaszewski, K.M. Boron in plant structure and function. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1998, 49,

481–500. [CrossRef] [PubMed]
3. Abdelnour, S.A.; Abd El-Hack, M.E.; Swelum, A.A.; Perillo, A.; Losacco, C. The vitalroles of boron in animal health and

production: A comprehensive review. J. Trace Elem. Med. Biol. 2018, 50, 296–304. [CrossRef] [PubMed]
4. Rebstöcková, M.; Bartušek, M. Reactions of boric acid with oxalic, glycolic and tartaric acids. Collect. Czechoslov. Chem. Commun.

1977, 42, 627–636. [CrossRef]
5. Britton, H.T.S.; Jackson, P. 209. Physicochemical studies of complex formation involving weak acids. Part IX. Complex formation

between boric and tartaric acids. J. Chem. Soc. (Resumed) 1934, 1002. [CrossRef]
6. Tsuzuki, Y. The Nature of the Complex Formation between Boric Acid and Organic Polyoxy Compounds. Bull. Chem. Soc. Jpn.

1941, 16, 23–31. [CrossRef]
7. Larsson, R.; Nunziata, G.; Pedersen, S.B. An Infrared Spectroscopic Investigation on the Complexes formed between Boric Acid

and Lactic Acid in Aqueous Solution. Acta Chem. Scand. 1970, 24, 2156–2168. [CrossRef]
8. Pizer, R.; Selzer, R. The boric acid/lactic acid system. Equilibria and reaction mechanism. Inorg. Chem. 2002, 23, 3023–3026.

[CrossRef]

https://www.mdpi.com/article/10.3390/molecules29010043/s1
https://www.mdpi.com/article/10.3390/molecules29010043/s1
https://doi.org/10.1080/10915810290096504
https://doi.org/10.1146/annurev.arplant.49.1.481
https://www.ncbi.nlm.nih.gov/pubmed/15012243
https://doi.org/10.1016/j.jtemb.2018.07.018
https://www.ncbi.nlm.nih.gov/pubmed/30262295
https://doi.org/10.1135/cccc19770627
https://doi.org/10.1039/jr9340001002
https://doi.org/10.1246/bcsj.16.23
https://doi.org/10.3891/acta.chem.scand.24-2156
https://doi.org/10.1021/ic00187a024


Molecules 2024, 29, 43 12 of 13

9. Maseda, M.; Miyazaki, Y.; Takamuku, T. Thermodynamics for complex formation of boric acid and borate with hydroxy acids
and diols. J. Mol. Liq. 2021, 341, 117343. [CrossRef]

10. Marziyeh, K.N.; Hamidreza, A. Tosylated cloisite as a new heterofunctional carrier for covalent immobilization of lipase and its
utilization for production of biodiesel from waste frying oil. Renew. Energy 2021, 164, 876–888.

11. Hamidreza, A.; Atefeh, Y.; Ameneh, T. Covalent immobilization of lipase from Candida rugosa on epoxy-activated cloisite 30B
as a new heterofunctional carrier and its application in the synthesis of banana flavor and production of biodiesel. Int. J. Biol.
Macromol. 2021, 178, 569–579.

12. Martin, L.; Lopez, J.R.; Wallis, J.D.; Akutsu, H.; Wilson, C. Enantiopure and racemic radical-cation salts of B(malate)2
− anions

with BEDT-TTF. Dalton Trans. 2016, 45, 9285–9293. [CrossRef]
13. Hu, S.Q.; Chen, Y.L.; Zhu, H.D.; Zhu, J.H.; Yan, N.; Chen, X.G. In situ synthesis of di-n-butyl l-tartrate–boric acid complex

chiral selector and its application in chiral microemulsion electrokinetic chromatography. J. Chromatogr. A 2009, 1216, 7932–7940.
[CrossRef]

14. Wang, L.J.; Hu, S.Q.; Guo, Q.L.; Yang, G.L.; Chen, X.G. Di-n-amyl I-tartrate–boric acid complex chiral selector in situ synthesis
and its application in chiral nonaqueous capillary electrophoresis. J. Chromatogr. A 2011, 1218, 1300–1309. [CrossRef] [PubMed]

15. Hu, S.Q.; Chen, Y.L.; Zhu, H.D.; Shi, H.J.; Yan, N.; Chen, X.G. Effect of molecular structure of tartrates on chiral recognition of
tartrate–boric acid complex chiral selectors in chiral microemulsion electrokinetic chromatography. J. Chromatogr. A 2010, 1217,
5529–5535. [CrossRef] [PubMed]

16. Wang, L.J.; Liu, X.F.; Lu, Q.N.; Yang, G.L.; Chen, X.G. An ion-pair principle for enantioseparations of basic analytes by nonaqueous
capillary electrophoresis using the di-n-butyl l-tartrate–boric acid complex as chiral selector. J. Chromatogr. A 2013, 1284, 188–193.
[CrossRef] [PubMed]

17. Jiao, F.P.; Chen, X.Q.; Wang, Z.; Hu, Y.H. Enantioselective transport of L-propranolol through a bulk liquid membrane containing
complex of(S, S)-di-n-dodecyltartrate and boric acid. Lat. Am. Appl. Res. 2008, 38, 267–271.

18. Zou, Y.; Wang, L.; Liu, Q.; Liu, H.; Li, F. Enantioseparations of three amino alcohols using a di-n-butyl-L-tartrate–boric acid
complex as the mobile phase additive by reversed-phase high performance liquid chromatography. Anal. Methods 2014, 6,
4107–4114. [CrossRef]

19. An, N.; Wang, L.; Zhao, J.; Lv, L.; Wang, N.; Guo, H. Enantioseparation of fourteen amino alcohols by nonaqueous capillary
electrophoresis using lactobionic acid/D-(+)-xylose-boric acid complexes as chiral selectors. Anal. Methods 2016, 8, 1127–1134.
[CrossRef]

20. Zhang, P.; Wang, S.; Xu, W.; Tang, K. Modeling Multiple Chemical Equilibrium in Single-Stage Extraction of Atenolol Enantiomers
with Tartrate and Boric Acid as Chiral Selector. J. Chem. Eng. Data 2017, 62, 4344–4355. [CrossRef]

21. Ristic, M.D.; Rajakovic, L.V. Boron Removal by Anion Exchangers Impregnated with Citric and Tartaric Acids. Sep. Sci. Technol.
1996, 31, 2805–2814. [CrossRef]

22. Rajakovic, L.V.; Ristic, M.D. Sorption of boric acid and borax by activated carbon impregnated with various compounds. Carbon
1996, 34, 769–774. [CrossRef]

23. Zohdi, N.; Mahdavi, F.; Abdullah, L.C.; Choong, T.S. Removal of boron from aqueous solution using magnetic carbon nanotube
improved with tartaric acid. J. Environ. Health 2014, 12, 3. [CrossRef] [PubMed]

24. John, J.; Rugmini, S.; Nair, B.S. Effect of the substituent on the thermal stability of spiroborate esters of curcumin. J. Therm. Anal.
Calorim Int. Forum Therm. Stud. 2020, 139, 3537–3547. [CrossRef]

25. Gauss, C.; Kadivar, M.; Harries, K.A.; Savastano, H., Jr. Chemical modification of Dendrocalamus asper bamboo with citric acid
and boron compounds: Effects on the physical-chemical, mechanical and thermal properties. J. Clean. Prod. 2021, 279, 123871.
[CrossRef]

26. Meng, Z.L.; Qin, R.X.; Wen, R.S.; Li, G.Q.; Liang, Z.Y.; Xie, J.K.; Zhou, Y.H.; Yang, Z.Q. Studyon Synthesizing Isobornyl
Acetate/Isoborneol from Camphene Using α-Hydroxyl Carboxylic Acid Composite Catalyst. Molecules 2023, 28, 1875. [CrossRef]
[PubMed]

27. Meng, Z.L.; Qin, R.X.; Wen, R.S.; Li, G.Q.; Liang, Z.Y.; Xie, J.K.; Yang, Z.Q.; Zhou, Y.H. Study on the Hydration of α-Pinene
Catalyzed by α-Hydroxycarboxylic Acid–Boric Acid Composite Catalysts. Molecules 2023, 28, 3202. [CrossRef]

28. Qin, R.X.; Chen, H.Y.; Wen, R.S.; Li, G.Q.; Meng, Z.L. Effect of Boric Acid on the Ionization Equilibrium of α-Hydroxy Carboxylic
Acids and the Study of Its Applications. Molecules 2023, 28, 4723. [CrossRef]

29. Meng, Z.L.; Wen, R.S.; Huang, X.R.; Qin, R.X.; Hu, Y.M.; Zhou, Y.H. Synthesis of Terpineol from Alpha-Pinene Catalyzed
byα-Hydroxy Acids. Molecules 2022, 27, 1126. [CrossRef]

30. Nigiz, F.U.; Hilmioglu, N.D. Simultaneous separation performance of a catalytic membrane reactor for ethyl lactate production
by using boric acid coated carboxymethyl cellulose membrane. React. Kinet. Mech. Catal. 2016, 118, 557–575. [CrossRef]

31. Liu, J.P.; Wu, L.L.; Zhang, J.J.; Xu, P.F. Synthesis of Tributyl Citrate Catalyzed by Rare Earth Solid Superacid S2O8
2−/ZrO2-La2O3.

J. East China Jiaotong Univ. 2015, 32, 108–113. [CrossRef]
32. Chen, X.Y.; Zhong, X.B. Formation of Trioctyl Citrate (TOC). J. Fuqing Branch Fujian Norm. Univ. 2008, 02, 30–34. [CrossRef]
33. Ma, J.R.; Xu, Z.M.; Xi, Z.H.; Zhao, L. Kinetics of synthesis of trioctyl citrate catalyzed by tetrabutyl titanate. Petrochem. Technol.

2016, 45, 828–833. [CrossRef]
34. Qin, R.X.; Chen, H.Y.; Wen, R.S.; Liang, Z.Y.; Meng, Z.L. Synthesis of C12-C18 Fatty Acid Isobornyl Esters. Molecules 2023, 28, 7510.

[CrossRef]

https://doi.org/10.1016/j.molliq.2021.117343
https://doi.org/10.1039/C6DT01038E
https://doi.org/10.1016/j.chroma.2009.09.036
https://doi.org/10.1016/j.chroma.2011.01.003
https://www.ncbi.nlm.nih.gov/pubmed/21276972
https://doi.org/10.1016/j.chroma.2010.06.063
https://www.ncbi.nlm.nih.gov/pubmed/20638068
https://doi.org/10.1016/j.chroma.2013.02.006
https://www.ncbi.nlm.nih.gov/pubmed/23434083
https://doi.org/10.1039/C3AY42210K
https://doi.org/10.1039/C5AY02686E
https://doi.org/10.1021/acs.jced.7b00698
https://doi.org/10.1080/01496399608000828
https://doi.org/10.1016/0008-6223(96)00009-7
https://doi.org/10.1186/2052-336X-12-3
https://www.ncbi.nlm.nih.gov/pubmed/24393401
https://doi.org/10.1007/s10973-019-08739-y
https://doi.org/10.1016/j.jclepro.2020.123871
https://doi.org/10.3390/molecules28041875
https://www.ncbi.nlm.nih.gov/pubmed/36838861
https://doi.org/10.3390/molecules28073202
https://doi.org/10.3390/molecules28124723
https://doi.org/10.3390/molecules27031126
https://doi.org/10.1007/s11144-016-0988-7
https://doi.org/10.16749/j.cnki.jecjtu.2015.03.003
https://doi.org/10.3969/j.issn.1008-3421.2008.02.006
https://doi.org/10.3969/j.issn.1000-8144.2016.07.010
https://doi.org/10.3390/molecules28227510


Molecules 2024, 29, 43 13 of 13

35. Fan, X.D.; Qiu, T.Q.; Su, J.Y. Progress in Preparation Methods and Pharmacological-pharmacodynamic Effects of Borneol. Chem.
Ind. For. Prod. 2011, 31, 122–136.

36. Chen, S.H.; Jiang, M.Y.; Huang, X. Application of B/Ti-based Composite Catalyst in Synthetic Borneol Production. Biomass Chem.
Eng. 2010, 44, 36–39.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


	Introduction 
	Results and Discussion 
	Effect of BA on the Optical Rotation of Aqueous HCA Solutions 
	Comparison of the Effects of Protonic Acid and BA on the Optical Rotation of Chiral HCAs 
	Complexes between BA and Several Common HCAs 
	Boric Acid Catalyzed the Esterification of HCA 

	Experimental Section 
	Materials and Apparatus 
	Experimental Methods 
	Determination of the Optical Rotation of the BA and HCA Mixture 
	-Hydroxycarboxylic Esters 

	Analytical Methods 

	Conclusions 
	References

