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a b s t r a c t

An electronic circular dichroism (ECD)-based chiroptical sensing method has been developed for β- and

γ -chiral primary amines via a C–H activation reaction. With the addition of Pd(OAc)2, the flexible remote

chiral primary amine fragment in the bidentate ligand intermediate was fixed to form a cyclopalladium

complex, producing an intense ECD response. The correlation between the sign of Cotton effects and

the absolute configuration of substrates was proposed, together with theoretical verification using time-

dependent density functional theory (TDDFT). Chiroptical sensing of an important drug raw material was

performed to provide rapid and accurate information on the absolute optical purity. This work introduces

an alternative perspective of C–H activation reaction as well as a feasible chiroptical sensing method of

remote chiral amines.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The significance of chirality in medicinal chemistry has been

widely acknowledged due to the potential dramatic variations in

physiological activity and toxicity between stereoisomers [1–3].

This phenomenon has continuously stimulated interest in devel-

oping convenient and reliable chiral analysis methods. The com-

monly used techniques for determining the absolute configuration

of chiral molecules include X-ray single-crystal diffraction, nuclear

magnetic resonance (NMR), and chiroptical spectroscopy, such as

electronic circular dichroism (ECD) and vibrational circular dichro-

ism (VCD) [4–9].

Chiral small molecule drugs account for more than 50% of the

top 200 small molecule drugs by sale in 2022. Remote chiral

amines, in which the chiral center is separated from the amine

group by one or more carbon atoms, frequently appear in small

molecule drugs such as lurasidone and rivaroxaban (Fig. 1). More-

over, several drug candidates under development, including KI-

301670, also possess remote chiral amine fragments [10].

Chiral transmission often occurs between small molecules at

adjacent spaces through intermolecular forces, which results in the

generation of new stereocenters in the reaction products. There-

fore, remote chirality plays an important role in asymmetric syn-

thesis reactions [11,12]. However, because the chiral center is not

directly connected to the functional group, it is challenging to es-

tablish the absolute configuration of remote stereocenters. Only a
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few reports on remote chiral sensing methods, mainly using NMR

or ECD as the analysis tools, have been published. Nikolai’s team

developed a selenium-based chiral chemical probe that showed

high efficiency for accessing remote chiral carboxylic acids via 77Se

NMR spectroscopy [13]. TBP3 tweezers were suitably introduced to

the structure of β-, γ -, or δ-chiral carboxylic acids, yielding typi-

cal exciton coupling circular dichroism (ECCD) signals [14]. For α-,

β-, and some γ -chiral carboxylic acids, ECCD was also generated

by forming a Cu(II)-coordination complex to distort the associated

quinolines [15,16]. Additionally, Anslyn’s team developed a four-

component assembly to perform chiroptical sensing of various β-

chiral primary alcohols via ECCD [17].

In addition to being important chiral precursors of drugs, chiral

amines are often used as key chiral ligands in asymmetric catalytic

synthesis [18–20]. This in turn inspired the development of chi-

ral amine sensing methods. Unfortunately, to our knowledge, spe-

cific systematic chiroptical sensing of remote chiral amines has not

been reported. Thus, there is an urgent need to develop novel chi-

ral sensing methods for remote chiral amines. Because of its conve-

nience, accuracy and efficiency, ECD spectroscopy has gained pop-

ularity in this field. In the past decade, considerable progress has

been made in ECD-based chiroptical sensing [21–26]. It is feasible

and meaningful to establish a reliable ECD method to analyze the

absolute optical purity of remote chiral amines.

In a typical C–H activation reaction, C-X (X=C, N, O, etc.) bond

coupling is realized through cleavage of the C–H bond catalyzed

by a transition metal complex [27–32]. This class of reactions is
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Fig. 1. Typical drugs containing remote chiral amine fragments.

Fig. 2. Typical primary amines with remote stereocenters.

atom-economical and has been widely applied to construct vari-

ous skeleton compounds [33,34]. Here, we report a rapid and ac-

curate chiroptical sensing method for remote chiral amines via a

C–H activation reaction using 5-methylisoxazole-3-carboxylic acid

(MIA) as the directing group [35,36].

Several β- or γ -chiral primary amines were condensed with

MIA to yield bidentate ligands (1-D−7-D, Fig. 2). The Pd atom was

then introduced by binding the directing group and activating the

target C–H bond to form a double five-membered or mixed five-

membered or six-membered cyclopalladium complex (Scheme 1).

This Pd complex was absorbed in the ultraviolet–visible range, and

Cotton effects (CEs) were induced when this chromophore was dis-

turbed by the chirality of the chiral amines. The ECD spectra of the

cyclopalladium complexes were calculated theoretically and were

in good agreement with the experimental results. Samples with

different enantiomeric excess (ee) values were prepared for the ab-

solute optical purity test, with an absolute error less than 2%. Con-

sidering the great progress in the field of Pd-catalyzed C–H acti-

vation reactions [37–40], the strategy of using a Pd chromophore

to determine the absolute optical purity of chiral molecules is

promising.

The sensing reaction was first attempted for (R)−1-D in

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), which is often used in C–H

activation reactions. Two equivalents of Pd(OAc)2 were added,

Scheme 1. (a) Synthesis route of cyclopalladium complexes. (b) Schematic illustra-

tion of remote chiroptical sensing of β- or γ -primary amines.

Fig. 3. ECD spectra of the (R)-1-D Pd complex in HFIP under different reaction

modes, standing or stirring at room temperature, and promotion by 450W of ultra-

sonication. ECD measurements were conducted with 6mmol/L samples in a 1mm

cuvette.

the reaction concentration was 10mmol/L, and the reaction time

was 20min. Three reaction modes were compared: promotion by

450W ultrasound, standing or stirring at room temperature (Fig.

3). The difference between these reaction modes was small, indi-

cating that the reaction mode had little effect on this reaction. For

the convenience of operation, the reaction mixture was allowed to

stand at room temperature.

The sensing reaction was then evaluated in eight frequently

used solvents for the C–H activation reaction, namely, HFIP,

2,2,2-trifluoroethanol (TFE), acetonitrile (ACN), tert–butanol (TBA),

1,4-dioxane (Dx), 1,2-dimethoxyethane (DME), 1,2-dichloro-ethane

(DCE), and acetic acid (AcOH). Unexpectedly, the solvent affected

the position and intensity of the Cotton effect in the ECD spectra

(Fig. 4). This fact might be attributed to the solvation effects on

the ECD signals as well as the possible participation of the solvent

molecule in the cyclopalladium complex. Much more intense ECD

responses appeared for HFIP, TFE, ACN, and TBA. In particular, the

highest intensity of Cotton effects was observed in TFE, while TBA

was not suitable as a reaction solvent because of the poor solubil-

ity of Pd(OAc)2 in this solvent.

The time required for the reaction to reach a steady state de-

pended on the reactant concentration. Time curves of the ECD sig-

nal at 324nm in TFE were obtained at reactant concentrations of
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Fig. 4. ECD responses of (R)-1-D sensing solutions in different solvents. (a) Samples were reacted at a concentration of 10mmol/L for 20min and diluted to 6mmol/L for

ECD measurements. (b) Samples were reacted at a concentration of 20mmol/L for 20min and then diluted to 2mmol/L for ECD measurements.

Fig. 5. Time curves of the ECD signals at 324nm for different reactant concentrations. (a) The reaction and ECD concentration were 4mmol/L, and ECD spectra were collected

every 5min for 80min. (b) The reaction concentration was 10 or 20mmol/L, and ECD measurements were conducted at 2mmol/L every 5min for 60min. Nonlinear curve

fitting was performed using GraphPad Prism 8.

Fig. 6. Optimization of the molar ratio of Pd(OAc)2 to (R)-1-D. (a) ECD spectra of the reaction mixture at different molar ratios. (b) Time curve of ECD signals at 324nm

with an equivalence ratio of Pd(OAc)2 to (R)-1-D. ECD spectra were measured at 2mmol/L. Nonlinear curve fitting was performed using GraphPad Prism 8.

4, 10, and 20mmol/L (Fig. 5). When the reactant concentration was

set to 4mmol/L, the reaction did not reach a relatively steady state

until 80min. However, when the reactant concentration increased

to 10mmol/L or 20mmol/L, the reaction reached a steady state

within 20min. Therefore, the concentration needed to be greater

than 10mmol/L, and the optimal test time was 20min or longer to

ensure that the reaction had completely occurred.

A greater amount of Pd(OAc)2 promoted the chiroptical sensing

process; however, excess Pd(OAc)2 exhibited strong UV absorption

within the tested wavelength range, reducing the signal-to-noise

ratio in the ECD spectra. The molar ratios of Pd(OAc)2 to (R)-1-D

were thus set as 1:1, 1.5:1, and 2:1 in TFE when chiroptical sens-

ing occurred at room temperature and was monitored at 20min.

As shown in Fig. 6a, the intensity of the Cotton effect at 324nm

increased slightly with the amount of Pd(OAc)2. However, the re-

action did not reach a relatively steady state within 60min for the

reaction mixture with a molar ratio of Pd(OAc)2 to (R)-1-D of 1:1

(Fig. 6b). Thus, 2 equiv. of Pd(OAc)2 were added for subsequent

tests, considering the reaction efficiency and the reliability of the

ECD signal.

Adopting the established sensing conditions, the substrate range

for remote chiroptical sensing was extended to ten commercially

available β- or γ -chiral primary amines, including three pairs of

enantiomers and four single enantiomers (Fig. 2). As expected, all

the sensing mixtures displayed obvious ECD responses over the

wavelength range from 250nm to 550nm (Fig. 7 and Table S1 in

Supporting information).

Based on the sensing results, the relationship between the ab-

solute configuration of these β- and γ -chiral amines and the

ECD signals was investigated. Similar to the bulkiness rule of the

[Rh2(CF3COO)4] complex for chiral alcohols [41], the Cotton effect

was found to depend on the group arrangement of these sensing
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Fig. 7. ECD spectra of sensing solutions of the tested remote chiral primary amines (a-g) and schematic diagram of the correlation between the sign of the Cotton effect

and the absolute configuration of the substrates (h). Chiroptical sensing occurred at a concentration of 20mmol/L for 20min, and ECD measurements were conducted with

samples diluted to 2mmol/L.

products. First, the amino group fragments were fixed, and then

the remaining three groups were arranged in order of decreasing

volume. If the order is clockwise, the configuration is bR; if the or-

der is counterclockwise, the configuration is bS. Stereoisomers with

a bR configuration showed a positive Cotton effect followed by a

negative Cotton effect from long to short wavelengths, and vice

versa for a bS isomer. Moreover, the wavelength at which the sub-

stituent crossed the zero point varied with the substituent. When

a carbon or oxygen atom is connected at the α or β position of

the carbon stereocenter ((R/S)-1, (R/S)-3, (S)-4, (R)-5, (R)-6, or (R)-

7), the bR/bS configuration corresponds to the R/S configuration.

However, in the case of (R/S)-2, the bS configuration corresponds

to the R configuration due to the higher priority of the chlorine

atom. Chiroptical sensing of the chiral drug fragment atorvastatin

intermediate 1 was performed, and the signal of the Cotton effect

conformed to the rules we summarized (Fig. S1 in Supporting in-

formation). Due to the limited number of compounds attempted, a

comprehensive correlation requires further research.

The ECD spectra of several cyclopalladium complexes were the-

oretically predicted by using time-dependent density functional

theory (TDDFT) with a solvation model based on density (SMD)

[42]. The calculated ECD spectra of the (S)-1-D-Pd, (R)-2-D-Pd,

and (S)-4-D-Pd complexes agreed well with the experimental ECD

spectra (Fig. 8a and Fig. S3 in Supporting information). Natural

transition orbital (NTO) analysis of the cyclopalladium complex

was performed using Multiwfn 3.8 [43]. The results indicated that

the d orbitals of the Pd atom participated substantially in the NTO

pairs related to the S0→S2 and S0→S6 transitions (Fig. 8b).

To confirm the structure of the sensing product, single-crystal

X-ray diffraction analysis was performed. We obtained a single

crystal (CCDC: 2289496), which was proven to be stable dimeriza-

tion complex 8 (Fig. 9 and Table S2 in Supporting information),

without the anticipated C-Pd bond.

Comparing the ECD spectra of 8 and the chiroptical sensing

mixture of (S)-4-D, it is obvious that compound 8 displayed differ-

ent ECD patterns and weaker ECD signals than the chiroptical sens-

ing product, indicating their structural differences. Importantly, the

ECD spectrum of compound 8 lacked a negative Cotton effect at

approximately 350nm, which could be attributed to the existence

of a C-Pd bond.

Chiral 2-tetrahydrofurfurylamine ((R/S)-1, Fig. 2) is a notable

raw material and acts as a chiral source for some drugs or drug

candidates (Fig. S5 in Supporting information). For the NUAK1

inhibitor KI-301670 (Fig. 1), which is a promising drug candi-

date against pancreatic cancer, the S isomer is the eutomer [10].

The stereochemical configuration of the 2-tetrahydrofurfurylamine

4



X. Li, J.-M. Lu, B. Li et al. Chinese Chemical Letters 36 (2025) 110310

Fig. 8. (a) Comparison of the experimental and calculated ECD spectra of the (S)-4-D-Pd complex with SMD/TFE or without SMD. (b) NTOs for the (S)-4-D-Pd complex, with

an isovalue of 0.02. The calculated ECD spectra were generated using SpecDis 1.71 software [44].

Fig. 9. ECD spectra of compound 8 and the (S)−4-D-Pd complex in dichloromethane.

Fig. 10. ECD spectra and calibration curves of ee for (R/S)-1-D. (a) ECD spectra of (R/S)-1-D with different ee values. (b) Calibration curves between the g-factor at 324nm

and ee of (R/S)-1-D. Samples were reacted at 10mmol/L for 30min and measured at 5mmol/L for ECD. Herein, the ee was defined as (R-S)/(R+ S)×100%.

fragment strongly affected the interaction with the target protein,

and the S configuration was necessary for hydrophobic interactions

with the Leu185 residue in the protein binding pocket.

Herein, the absolute optical purity of (R/S)-1 was evaluated us-

ing the established chiroptical sensing protocol. To avoid the im-

pact of sampling concentration fluctuations, the anisotropy factor

(g-factor) was selected as the evaluation index for absolute optical

purity. For (R/S)-1-D, a good linear correlation was obtained when

the g-factors at 324nm in TFE were plotted against the ee values

(Fig. 10).

Subsequently, five samples with different ee values were pre-

pared for chiroptical sensing analysis, and the detection error was

less than 2% (Table 1). Chiroptical sensing was also tested in HFIP,

and the results are listed in Fig. S4 and Table S5 (Supporting infor-

mation). These results support the feasibility and reliability of the

chiroptical sensing method.

Table 1

Chiroptical sensing results for (R/S)-1-D.

Entry Actual ee values (%) Sensing results (%) Absolute error (%)

1 76.00 75.58 0.42

2 48.00 46.82 1.18

3 18.00 16.06 1.94

4 −46.00 −47.92 1.92

5 −86.00 −87.15 1.15

In conclusion, a rapid and accurate chiroptical sensing protocol

for remote chiral primary amines was established by combining a

powerful C–H activation reaction and a specific ECD technique. For

these β- or γ -chiral primary amines, the absolute configurations

could be unambiguously assigned by constructing cyclopalladium

metal complexes. ECD test samples were taken directly from the
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reaction solution without tedious post-treatment, and a detection

error of less than 2% was achieved. This work is an innovative at-

tempt at the application of the C–H activation reaction to deter-

mine the absolute optical purity of remote chiral small-molecule

compounds. With the continuous development of novel C–H ac-

tivation reactions, further research is underway for more chiral

structures and for monitoring asymmetric synthetic reactions.
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