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Abstract : We report the application of 2,4,6-trichlorobenzoyl chloride (often referred to as Yamaguchi esterification reagent)
for the selective derivatization of the carboxylic group for GC-MS with the sample preparation method optimized for GC-MS
analysis. The reagent was shown to be capable of selectively turning the carboxylic group into a reaction center, i.e., anhydride,
of which the further reaction was directed to a near complete formation of required esters by unique steric and electronic effects
of the reagent. Using the developed method, the chiral separation of hydroxycarboxylic acids by GC-MS using non-chiral col-

umns was successfully demonstrated.
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Introduction

Gas chromatography-mass spectrometry (GC-MS) is a
powerful technique for characterizing and quantifying
volatile non-polar molecules. To expand its range of
applications, which is limited by the molecular properties
of analytes, various derivatization methods to modify
analytes have been utilized. The examples include
silylation, i.e., the formation of trimethylsilyl derivatives
on reactive functional groups. In most cases, the
derivatizations aim to replace active hydrogen atoms in
analytes by inert molecular groups. This results in an
increase in vapor pressure and a decrease in the polarity of
derivatized analytes, which leads to higher sensitivity and
better resolving power for GC-MS. In this regard,
silylation using N, O-bistrifluoroacetamide (BSTFA), tert-
butyldimethylsilyl chloride (TBDMS-CI), N-methyl-N-
tert-butyldimethylsilyl-N-methyltrifluoroacetamide
(MTBSTFA), and the like has widely been adopted in the
research fields."”

*Reprint requests to Sang Yun Han
E-mail: sanghan@gachon.ac.kr

Al MS Letters content is Open Access, meaning it is accessible online to
everyone, without fee and authors’ permission. All MS Letters content is
published and distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org /licenses/by/3.0/). Under
this license, authors reserve the copyright for their content; however, they
permit anyone to unrestrictedly use, distribute, and reproduce the content
in any medium as far as the original authors and source are cited. For any
reuse, redistribution, or reproduction of a work, users must clarify the
license terms under which the work was produced.

103

Esterification provides another chance for GC-MS
analysis. One example offers an opportunity of chiral
separation (enantioseparation), which is especially
important for production and analysis in industrial areas
such as pharmaceutics, pesticides, food additives, and
fragrances.”® Although the enantiomers possess identical
physical and chemical properties, due to the chirality, they
often exhibit significant differences in physiological
activity, which activates different metabolic pathways. A
notorious example is a drug, thalidomide, of which the D-
isomer exhibits medicinal effects, whereas the L-isomer
causes a fatal adverse effect of deformity in pregnant
women.’

In the chiral separation of racemic mixtures, a well-
known strategy is introducing an additional optical center
such as L-menthol by the esterification of the carboxylic
group in the analytes via anhydride formation. For the
reaction, acyl chlorides such as acetyl chloride and benzoyl
chlorides have been commonly employed as acylating
reagents to produce the reaction intermediates of
anhydrides for esterification reactions. The esterification
transforms the enantiomers into diastereomers, which have
different physical and chemical properties that are
amenable to separation by common chromatographic
techniques using non-chiral columns.*’

However, from a chemistry point-of-view, the use of
acetyl chloride and benzoyl chlorides has certain
limitations due to the regioselectivity issue in esterification.
As shown in Figure 1, the anhydride intermediates that are
produced by the reaction of the acyl chlorides with the
carboxylic group have two available sites for nucleophilic
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Figure 1. Esterification of lactic acid via anhydride formation using acetyl chloride and 2,4,6-TCBC.

attacks (1 and 2), of which one pathway (1) turns the
reaction back to the starting materials, which simply
consumes the acyl chloride reagents. In contrast, the attack
by (2) leads to the esterification intended for chiral
derivatization.

Due to the regioselectivity issue, the efficacy of chiral
derivatization using the conventional acylating reagents
may be limited. In this regard, this study examined the use
of 2,4,6-trichlorobenzoyl chloride (2,4,6-TCBC), often
referred to as Yamaguchi esterification reagent as a highly
efficient regioselective reagent for esterification reactions
(Figure 1),'"" which is driven by the steric effect and the
electronic induction effect supported by a catalysis, 4-
dimethylaminopyridine (DMAP)."

The synthetic method for esterification using 2.4,6-
TCBC has been known to be successful only in non-polar
organic solvents such as toluene.'" However, such solvents
are not suitable for polar analytes like hydroxycarboxylic
acids due to their limited solubilities. Because of this, we
examined various solvent systems as well as various
experimental parameters, including reaction time and
temperature. As a result, we obtained the following
derivatization method using ethyl acetate as solvent, which
is suitable for GC-MS analysis.

Herein, we report the optimized sample preparation
method for the chiral derivatization of hydroxycarboxylic
acids using 2,4,6-TCBC. This method was highly selective
to the carboxylic group in the analytes and also highly
efficient for esterification (> 95%), which is in this regard
superior to the methods that used the conventional acyl
chlorides such as acetyl chloride. The detailed reaction
scheme is given in the supplementary information (Figure
S1).

Experimental
Reagents

Dodecanoic acid, L-lactic acid, D-mandelic acid, L-
mandelic acid, diisopropylethylamine (DIEA), acetyl
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chloride, MTBSTFA, and ethyl acetate were commercially
obtained from Sigma Aldrich, Co. 1-Dodecanol, D-lactic
acid, D-, L-3-hydroxybutyric acid, DMAP, 2,4,6-TCBC,
and L-menthol were purchased from Tokyo Chemical
Industry. Sodium hydrogen carbonate was purchased from
Daejung Chemicals & Metals, Co.2

Chiral derivatization of hydroxycarboxylic acids using
2,4,6-TCBC

The procedure of chiral derivatization using the 2.4,6-
TCBC optimized in this study consisted of three steps: (1)
2,4,6-TCBC (1.5 eq.) and DIEA (2.5 eq.) were added to
the hydroxycarboxylic acid solution in ethyl acetate, which
was then incubated at 40°C for 10 min. (2) Acetyl chloride
(1.3 eq) was added, and the solution was incubated at 40°C
for 10 min. This step masks the hydroxy group to avoid
any possible nucleophilic attack to the anhydride
intermediates formed with 2,4,6-TCBC. (3) L-menthol (2
eq.) was added with DMAP (1.5 eq.), and the solution was
incubated at 40°C for 5 min. Finally, the solutions were
washed with an equal volume of the saturated aqueous
solution of sodium hydrogen carbonate. Then, one
microliter of the supernatant was taken and diluted, which
was subject to GC-MS analysis.

Derivatization of hydroxycarboxylic acids using MTB-
STFA

The silylation of hydroxycarboxylic acids using
MTBSTFA was also performed for comparison, which
utilized the well-known protocols for TBDMS derivatization.’
The solutions of hydroxycarboxylic acids were prepared in
ethyl acetate, which included DIEA (2.5 eq.), DMAP (1.5
eq.), and excess MTBSTFA. The solutions were incubated
at 40°C for 1 hr in order for derivatization to occur. To
wash the solution, an equal volume of the saturated
aqueous solution of sodium hydrogen carbonate was
added, and the mixture was vortexed for 3 min. one
microliter of the supernatant was taken and diluted, which
was then analyzed by GC-MS.

©Korean Society for Mass Spectrometry
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Figure 2. GC-MS chromatograms of (a) dodecanoic acid and its reaction products, (b) dodecanol and its reaction products using 2,4,6-

TCBC. ¥ indicates the excess L-menthol.

GC-MS analysis

The experiments used a GC-MS instrument (QP2020,
Shimadzu Co.) that operated in the electron impact
ionization mode at 70 eV, which was equipped with an
autosampler (AOC-20s), autoinjector (AOC-201), and a gas
chromatography (GC-2010) interfaced to a quadrupole
mass spectrometer. A non-chiral column (Rtx-5MS
capillary column, 30.0 m x 0.25 mm x 0.25 pum, 5%
diphenyl, 95% dimethyl polysiloxane bonded phase) was
used. He (99.999%) was used as carrier gas at a flow rate
of 1.0 mL/min, and the analysis was performed in the
splitless mode. The temperatures of injector, ion-source,
and interface were 250, 270, and 270°C, respectively. The
column oven was initially set at 70°C and increased up to
300°C at a rate of 10°C/min.

Results and Discussion

Selective esterification at carboxylic group

Acyl chloride is a reactive reagent that can react with
functional groups such as hydroxy and carboxylic groups.
Its reaction with a hydroxy group forms a direct linkage
between the hydroxy group and acyl chloride, an
esterification. In contrast, the reaction with a carboxylic
group creates a new reaction center, ie., anhydride
functionality, which can be exploited for further reactions
such as esterification with selected alcohols, e.g, L-
menthol, to turn enantiomers into diastereomers, as in this
study. Likewise, the selective reactivity of acyl chloride
reagents to the carboxyl group is critical in order to control
the derivatization reactions of hydroxycarboxylic acids, in
which both functional groups coexist in the analytes.

Figure 2 demonstrates the selectivity of the 2,4,6-TCBC
reagent toward the carboxylic group. In the test runs, the
optimized procedure was examined with respect to a
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carboxylic acid (1-dodecanoic acid) and an alcohol (1-
dodecanol). The derivatization was performed through the
same procedure, which was optimized for esterification
using the 2,4,6-TCBC described in the Experimental
Methods section. As evident in Figure 2, after the process
was completed, the 1-dodecanoic acid was completely
transformed to O-acetylated L-menthyl esters (menthyl
dodecanoate) (Figure 2(a)), whereas 1-dodecanol was still
there without undergoing esterification (Figure 2(b)). This
indicates that the optimized method of this study using 2,4,6-
TCBC has a distinct selectivity for the carboxylic group
against the hydroxy group, which is a strong advantage for the
chiral derivatization of hydroxycarboxylic acids.

Comparison between the reactions using acetyl chloride
and 2,4,6-TCBC

In chiral derivatization methods using acylating reagents,
acetyl chloride has been widely employed to produce
anhydride functionality for further esterification. However,
as discussed in the Introduction (Figure 1), the anhydride
intermediates possess two reaction pathways, of which one
causes alcoholysis of the anhydride back to the starting
materials, which only consume acetyl chloride reagents.
Thus, it is hard to expect for the chiral derivatization to be
completely achieved using acetyl chloride. However, the
merits of using 2,4,6-TCBC include the anhydrides mostly
undergoing alcoholysis toward ester formation, which is
directed by the steric hindrance and electronic effect
induced by the catalysis (DMAP) because of the aromatic
compounds.'’ The effects under experimental conditions
are clear in Figure 3. When acetyl chloride was used, about
one third of the dodecanoic acid was transformed into the
esters, and a large amount of acid remained unreacted in
the GC-MS chromatogram (Figure 3(b)). However, it is
evident in Figure 3(c) that the developed preparation
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Figure 3. GC-MS chromatograms of (a) dodecanoic acid, (b) the reaction products of esterification of dodecanoic acid using acetyl
chloride, (c) the reaction products of esterification of dodecanoic acid using 2,4,6-TCBC.
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Figure 4. GC-MS chromatograms of (a) silylated compounds of racemic mixtures and (b) chiral derivatized compounds of D-, L-3-
hydroxybutyric acids (1), D-, L-lactic acids (2), D-, L- mandelic acids (3). ¥ indicates the excess L-menthol.

method that employed 2,4,6-TCBC converted essentially
all acids into esters. This indicates that the regioselectivity
of 2,4,6-TCBC is indeed beneficial for the complete
derivatization, for which the optimized method of this
study works properly. This aspect of the present method
further suggests its applicability for quantitative analysis as
well.

Chiral derivatization of hydroxy carboxylic acids
Finally, we applied this method for the chiral separation of
racemic mixtures of hydroxycarboxylic acids using non-chiral
columns. In this demonstration, the enantioseparation of the
racemic mixture of D-, L-lactic acids, D-, L-mandelic
acids, and D-, L-3-hydroxybutyric acids were examined.
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As shown in Figure 4(a), when the sample was treated with
MTBSTFA, the silylated compounds of the three racemates
were clearly separated but were not resolved for their
respective enantiomers in the GC-MS chromatogram.
However, when this method that used 2,4,6-TCBC was
applied, the enantiomers of the acids were further resolved
as doublets in the chromatogram with the measured
enantiomeric resolution value (R,) of 2.56 and 2.38 for L-
lactic acid and D-mandelic acid, respectively (Figure 4(b)).
This was achieved by the derivatization of the enantiomers
into diastereomers by esterification with optically active L-
menthol under the optimized procedure in this study. In
addition, this method was highly quantitative in terms of
linearity (R* = 0.9995 and 0.9992 for L-lactic acid and D-
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Chiral Derivatization of Hydroxycarboxylic Acids Using 2,4,6-Trichlorobenzoyl Chloride as a Highly Efficient ...

mandelic acid, respectively), LOD (0.02 and 0.007 uM),
and LOQ (0.066 and 0.023 uM), which is beneficial from
the high reactivity and regioselectivity provided by the use
of 2,4,6-TCBC (Table S1).

Conclusions

This study reports the chiral derivatization method for
GC-MS using 2,4,6-TCBC that serves as a highly efficient
regioselective esterification reagent. By virtue of its
excellent selectivity to the carboxylic group and
regioselectivity toward esterification, which featured near
complete derivatization, this method may offer a robust
way of investigating chiral molecules in a highly
quantitative way.

Supporting Information

Supplementary Information is available at https://
drive.google.com/file/d/1K3JIC3yymeS06rHmD8k8XT8s
mb4Vi2gP/view?usp=sharing.
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