
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

/1
8/

20
26

 1
0:

19
:1

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A rapid and sensi
aBeijing Key Laboratory of Active Substance

Institute of Materia Medica, Chinese Acad

Medical College, Beijing 100050, China. E-m
bState Key Laboratory and Institute of E

Chemistry, Nankai University, Tianjin 300

edu.cn

† Electronic supplementary informa
10.1039/d0sc05749e

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2021, 12, 2504

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 18th October 2020
Accepted 18th December 2020

DOI: 10.1039/d0sc05749e

rsc.li/chemical-science

2504 | Chem. Sci., 2021, 12, 2504–25
tive method for chiroptical sensing
of a-amino acids via click-like labeling with o-
phthalaldehyde and p-toluenethiol†

Bo Li,‡ab Jie Zhang,‡a Li Li *a and Gong Chen *b

A highly practical method for comprehensive chiroptical sensing of free a amino acids with streamlined

operation and high sensitivity via dual CD/UV measurements is developed. The assay takes advantage of

an efficient and selective three-component labeling reaction of primary amines with o-phthalaldehyde

and p-toluenethiol reagents to derivatize the NH2 group of analytes into an isoindole. The covalent

labeling generates sensitive UV and CD readouts, both of which show an excellent linear relationship

with the concentration of analytes. The high reactivity and the novel optical reporting mechanism allow

fast and accurate measurement without background interference. The sensing assay works well for

a remarkably broad range of analyte concentrations, with an unprecedented lower limit of 10

micromolar concentration.
Introduction

The widespread use of a-amino acids (aAAs) and other chiral
amine compounds in academic and industrial laboratories has
generated substantial interest in developing sensitive and
convenient methods for their chiral analysis.1 Due to the oper-
ational limitations of chromatographic techniques, attention
has been increasingly shied to optical methods.2,3 Over the
past decade, methods for chiroptical sensing based on circular
dichroism (CD) spectroscopy with small molecule sensors have
been greatly advanced by the groups of Chin, Anslyn, Wolf, Pu,
Joyce, Zonta and others.4–7 By exploiting the mechanisms of
dynamic covalent chemistry, supramolecular assembly, and
metal complexation, these methods both amplify the CD signal
and report the concentration to allow quantitative measure-
ment of the enantiomeric composition of analytes with high
accuracy.

Among these chiroptical methods, the combination of CD
and UV is probably the most desirable as the measurements can
be conveniently performed on a single instrument, which can
be readily modied with multiwell plate reading for parallel
analysis (Scheme 1A). Notably, the Wolf group reported several
powerful mix-and-measure protocols using organohalide
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derivatizing agents (a coumarin chloride and an aryl uoride)
that selectively react with the amine analytes to generate CD and
UV readouts (Scheme 1B).7,8 However, while labeling reactions
Scheme 1 CD/UV-based quantitative chiroptical sensing of aAAs with
organic probes.
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via N-substitution can proceed cleanly, they require relatively
long reaction times (1–4 hours) at high reaction concentrations
(typically > 1 mM). Herein, we report a new method for chi-
roptical sensing of various a-amino acids via a click-like three-
component labeling of primary amines with o-phthalaldehyde
Fig. 1 Labeling of L-Ala with oPA and thiols for chiroptical sensing by
CD/UV. (A) Reaction development. (B) Reaction characterization; a)
reaction mixture was diluted 7 times and samples were measured at
0.285 mM for CD and UV. (C) Stereochemical analysis and respre-
sentative computed conformers of 5e; b) DFT calculations were per-
formed at the M062X/6-311+G(d,p) level, see the ESI† for details.

© 2021 The Author(s). Published by the Royal Society of Chemistry
and p-toluenethiol reagents.9 The resulting N-fused aromatic
isoindole moiety provides strong UV and CD responses,
enabling fast, sensitive, and accurate measurement across
a very broad range of analyte concentrations.

Results and discussion

The key to designing dual sensors for CD/UV-based assay is to
generate strong and clear readouts for both CD and UV. While
a variety of sensing mechanisms have been successfully
exploited to amplify the CD signal of aAAs, methods for
simultaneous UV amplication with high sensitivity are
surprisingly limited. The three-component condensation
reaction between the amino group of aAAs, o-phthalaldehyde
(oPA) 2, and alkyl thiol reagents such as 2-mercaptorethanol 3a
or 3-mercapto propanoic acid 3b has long been used to deriv-
atize aAAs for HPLC analysis (Fig. 1A).10–12 The oPA labeling
reactions can proceed cleanly and quickly under mild condi-
tions to form 1-thiolate substituted isoindole product 5. The
isoindole moiety has a strong UV absorption around 335 nm,
offering a clean UV readout with little background inference
from the aAA and the labeling reagents. Its emission around
450 nM has also been used for uorescence detection.
Encouraged by their favorable UV properties, we questioned
whether the N-fused isoindole structure on the aAA can induce
useful CD signals for chiroptical sensing. The three-
component condensation reaction is believed to proceed
through a cyclic hemiaminal intermediate 4, which upon
dehydration gives the heteroaromatic product.

We commenced the investigation with the reaction of
a model aAA L-alanine 1 and a stoichiometric mixture of oPA
and different thiols. To our delight, the isoindolyl deriva-
tives of Ala indeed exhibited an excellent CD response
around 335 nm with p-toluenethiol 3e giving the strongest
signal among the thiol reagents tested. 3e is a commercially
available solid compound and has a much weaker odor than
the liquid alkyl thiols. The UV spectrum of the reaction
mixture showed a distinct absorption at 335 nm (Fig. 1B).13

As indicated by LC-MS and UV measurements, 1.2 equiv. of
3e and 2 reacted cleanly with 1 equiv. of 1 at 2 mM in the
mixed solvents of MeOH and phosphate buffer (pH 9) (1/2) at
room temperature (rt) under an air atmosphere to give
product 5e in >95% conversion in 1 min. Notably, the use of
excess amounts of 2 and 3e (e.g. 3 equiv.) has a negligible
impact on the readout of CD and UV at 335 nM (Fig. 1B). The
reaction mixture was diluted for CD and UV measurements.
UV and LC-MS analyses showed that product 5e is stable over
a period of 12 hours.14 The UV and CD spectra of 5e are not
strongly affected by the solvents (see the ESI† for assaying
spectra using other organic solvents). Aqueous MeOH
medium is preferred for its excellent solubilizing ability for
aAAs and lack of interference for UV and CD measurements.

As shown in Fig. 1C, our preliminary structural and spec-
troscopic analysis using time-dependent density functional
theory (TDDFT) calculations showed that the tolyl group of (S)-
5e could be positioned below (type (i) conformers) or above
(type (ii) conformers) the isoindole plane, forming the opposite
Chem. Sci., 2021, 12, 2504–2508 | 2505
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relative stereochemical arrangement of the two aryl groups
along the C1–S bond. Both types (i) and (ii) prefer near-eclipse
conformations to the Ca–H bond and adopt syn and anti to
the C1–S bond respectively. Type (i) and (ii) conformers give
opposite Cotton effects (CE) according to the electronic circular
dichroism (ECD) simulation. Type (i) conformers are more
stable than type (ii) conformers; (i) and (ii) roughly represent
70% and 30% in the conformational equilibrium mixture
respectively. The overall ECD spectrum of (S)-5e matched well
with its experimental data, which showed a negative CE at
335 nm (see ESI Fig. 10† for details).
Fig. 2 Substrate scope at a normal concentration range. Standard
assaying conditions (1.2 equiv. of reagents, 1 min). (A) aAA and other
chiral amines; a) see the ESI† for LC-MS analysis of the reaction
mixture. (B) Selected CD and UV spectra; b) samples were measured at
the concentration specified.

2506 | Chem. Sci., 2021, 12, 2504–2508
The new protocol was next applied to sense other optically
pure proteinogenic aAA and primary alkylamine samples
(Fig. 2A). Typically, 1 equiv. of the analytes and 1.2 equiv. of 2
and 3e were mixed in MeOH/buffer at 0.5–8 mM concentration
for 1 min. In practice, the assaying can be performed without
any deliberate aging. All aAAs except Cys and Pro showed
a similar prole and sensitivity in both CD and UV spectra. The
CD and UV spectra of selected aAAs are shown in Fig. 2B. Pro 31
cannot form the corresponding isoindole product due to its
secondary amino group. The reaction of Cys 30 mainly formed
a tricyclic isoindole product 30p via the intramolecular addition
of the SH side chain along with two dimeric side products (see
the ESI†). The reaction of Lys 20 with 1.2 equiv. of 2 and 3e gave
a mixture of mono- and bis-labeled products (e.g. 20p) at the
a and 3 amino positions (see ESI Fig. 9† for details). Side chains
such as CO2H (Glu, Asp), CONH2 (Gln, Asn), OH (Ser, Thr, Tyr),
guanidine (Arg), and imidazole (His) did not interfere with the
condensation reaction. Reactions of nonproteinogenic or
unnatural aAAs 21–25 and even dipeptide Phe–Phe 26 gave
similar results. Ala methyl ester 27 gave an almost identical CD
readout to Ala 1. Assaying of alaninol 28 and 1-phenylethyl-
amine 29 gave a slightly weaker CD signal (�40%) in compar-
ison with Ala 1.

As shown in Fig. 3A, the UV absorption at 335 nm shows an
excellent linear relationship with the concentration of Trp
between 0.5 and 8 mM (all samples above 0.5 mM were diluted
for CD and UV measurements). Moreover, the CD signals at
335 nm also showed an excellent linear relationship with the
enantiomeric excess (ee) of Trp samples assayed at 2 mM using
the standard protocol with 1.2 equiv. of oPA and 3e. As shown in
Fig. 3B, plots of the g factor of CD vs. ee% for representative
aAAs Leu 8, Glu 14, His 18, and Thr 11 measured at 0.33–1 mM
showed an excellent linear relationship. The plot of UV
absorption vs. concentration showed a notable deviation (R2 ¼
0.9852) from the linear relationship for Lys probably due to the
formation of mixed labeling products (see the ESI†). However,
the plot of g factor vs. ee% showed excellent linear relationship
for Lys.

Chiroptical sensing of analytes at low concentrations
remains a difficult challenge for the existingmethods due to low
labeling reactivity and high background noise. We were pleased
to nd that our method worked well for aAA samples below 300
mM under slightly modied conditions with excess amounts of
oPA and 3e (5–100 equiv.) and 3 min of mixing time. As exem-
plied by the test of Ala, the UV signal at 335 nm showed
excellent linear relationship with the concentration between 5
and 400 mM (assaying samples below 0.5 mM were measured
without dilution). Moreover, the plot of g factor vs. ee% showed
an excellent linear relationship for Ala at 10 mM.15 Notably,
excess amounts of reagents had a negligible impact on the CD
and UV signals at 335 nM, due to the unique signal amplifying
mechanism of this method. Sensing of the Trp sample at 10 mM
gave similar sensitivity (see the ESI†).

As shown in Table 1, our assay was tested with representative
Ala and Trp samples at varied concentrations and of varied
enantiomeric ratios. The simple linear relationships greatly
simplied the calculation of the concentrations and ee values
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Assaying aAAs at varied concentrations. Standard conditions:
1.2 equiv. of 2 and 3e, 1 min for [aAA] > 300 mM. Modified conditions: 5
equiv. and 1 min for 100–300 mM; 20 equiv. and 3 min for 50–100 mM;
100 equiv. and 3min for 5–50 mM. See the ESI† for tests of Trp at 10 mM
and Ala at 2 mM. (A) Test of Trp at normal concentration; a) all samples
were diluted 6 times for the UV vs. concentration plot. The real
measured concentration is 1/6 of the ones shown in the X axis. All
samples (2 mM) were diluted 4 times for the CD vs. ee% plot, measured
at 0.50 mM. (B) Plots of CD vs. ee% of selected aAA. (C) Test of Ala at
low concentration; b) assaying samples were measured without dilu-
tion. The g-factor was the average of four measurements.

Table 1 Chiroptical sensing of Ala and Trp samples at varied
concentrations and ee values

Entry

Sample Sensing

Conf. Conc. ee% Conf. Conc. ee%

1 Ala-L 2.00 mM �100.0 L 1.91 mM �98.7
2 Ala-D 7.00 mM 37.1 D 6.87 mM 38.2
3 Trp-L 7.00 mM �100.0 L 7.10 mM �103.4
4 Trp-D 3.50 mM 42.8 D 3.57 mM 43.9
5 Ala-L 40.0 mM �60.0 L 39.2 mM �61.2
6 Ala-D 10.0 mM 100.0 D 9.5 mM 99.6
7 Trp-L 21.0 mM �65.0 L 22.2 mM �67.2
8 Trp-D 38.0 mM 79.0 D 35.8 mM 77.5
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from UV and CD measurements. In all cases, the absolute
conguration of the major enantiomer was correctly assigned.
The measured data of concentration and ee values were mostly
© 2021 The Author(s). Published by the Royal Society of Chemistry
within 5% error of the actual value at both high (8 mM) and low
(10 mM) assaying concentrations.

Conclusions

In summary, we have developed a highly practical method for
comprehensive chiroptical sensing of free a amino acids which
gives high sensitivity via dual CD/UV measurements using
a single instrument. The click-like covalent labeling reaction
rapidly fuses the NH2 group of analytes into a N-heteroaromatic
isoindole structure, which amplies both UV and CD signals of
amines with an excellent linear relationship with the concen-
tration. The high reactivity and the novel optical reporting
mechanism of the labeling reaction allow fast and accurate
measurement with negligible aging time and background
interference. The sensing assay works well for a remarkably
broad range of analyte concentrations with an unprecedented
lower limit of 10 micromolar concentration. The sensing assay
is simple, robust and cheap. We expect that this method can be
readily adapted for high throughput experimentation analysis
using a CD instrument equipped with a multiwell plate reader.
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Measurements of Ala at 5 mM gave acceptable sensitivity at
high ee values while the sensitivity dropped considerably
at 2.5 mM.
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