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Abstract 

Benzoheterocyclic compounds are a large group of compounds in nature and small 
organic molecules, possessing a wide range of pharmacological activities and practical 
applications. To obtain derivatives from the benzoheterocyclic skeleton has always 
been the challenge and pursuit for chemists. Transition metal has been reported to be 
one of the most important catalyst groups in catalyzing different types of reactions. This 
thesis aims at designing and developing of transition metal-catalyzed functionalization 
reactions of benzopyran skeleton and quinoline skeleton, to synthesize different groups 
of benzopyran derivatives and quinoline derivatives efficiently and rapidly. In addition, 
to evaluate the application prospects of each kind of substrates, the biological activity 
and potential mechanism of different series of substrates are studied and discussed. 

Start with the quinoline skeleton, the method of applying transition metal copper 
to catalyze the selective trifluromethylthiolation of 8-animoquinolines with -SCF3 
reagent has been developed. Under mild conditions, the protocol exhibits high 
regioselectivity on C-5 position of 8-aminoquinoline and broad substrates scope in 
good to moderate yield. Furthermore, the synthesized -SCF3 derivative SCF-1 is 
predicted to combine with the Ab according to the molecular docking study in 
Discovery Studio. The experiments in vitro demonstrate that SCF-1 could attenuated 
the cell cytotoxicity both in H2O2-induced and Aβ-induced SH-SY5Y cells which give 
guidance for the further investigation in Alzheimer’s disease (AD). 

As for benzo-2H-pyran skeleton, a highly efficient kinetic resolution of chromenes 
for the first time via a Cu-catalyzed asymmetric hydroboration has been reported. This 
novel approach features simple one-pot synthesis of chiral flavan-3-ols containing two 
vicinal stereogenic centers via a highly efficient kinetic resolution pathway (s factor up 
to 1060, >99% ee for most substrates and products, exclusively trans products). In 
addition, the anti-inflammation effects of these diversified flavan-3-ols have been 
further studied by the in vitro experiments and RNA-sequencing (RNA-seq) analysis. 
The modified flavan-3-ol natural product derivatives showed inhibitory effects on the 
expression and secretion of pro-inflammation cytokines including IL-1β, IL-6 and 
TNF-α, as well as inhibiting the inflammation responses through downregulating the 
gene transcriptions closely related to IL-17 signaling pathway, PI3K-Akt signaling 
pathway and TNF signaling pathway, which suggest these newly synthesized 
compounds are potent lead compounds for treating inflammation diseases. 

Next with flavonoid skeleton, a novel (+)-catechin derivative with cinnamenyl 
substituted (WM-21) is synthesized and proved to inhibit the production of melanin by 
regulating tyrosinase (TYR) activity in α-MSH-induced murine melanoma cells 
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(B16F10) and human epidermal melanocytes (HEMs). We also found that WM-21 
suppresses the UVA radiation-induced secretion of α-MSH in HaCaT cells while the 
melanogenesis attenuating process is confirmed by HaCaT cells and HEMs co-culture 
system. Moreover, WM-21 could suppress UVA-induced oxidative stress via reducing 
ROS production in HaCaT cells. We further found WM-21 promotes the nuclear 
translocation and transcriptional activity of Nrf2, which upregulate downstream HO-1 
and NQO-1 expression. In conclusion, WM-21 attenuates melanogenesis by 
suppressing oxidative stress via activating Nrf2/HO-1 signaling, which might be used 
as a cosmetics ingredient or the candidate for therapy of hyperpigmentation skin 
disorders. 

 
Key words: Benzoheterocyclic compounds, transition metal, trifluromethylthiolation, 
8-aminoquinoline, asymmetric synthesis, anti-inflammatory, melanogenesis 
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Chapter 1 Introduction to transition metal-catalyzed 

asymmetric synthesis of benzoheterocyclic compound 

and bioactivity research progress 

1.1 Proposal background and research purpose 

Natural products are of great significance in people’s daily life for their variety of 
biological activities, especially in the research and development of drugs, pesticides, 
health food and cosmetics. Among the classic drugs used in clinical practice, natural 
products have been studied and found for the majority as lead compound. The natural 
products not only provides huge material basis for the research of new drugs, but also 
the modification for the natural molecular skeleton promotes the research of effective 
active sites and structure-activity relationships of drug molecules which providing 
essential experiments data for the development of high-efficiency drugs. Therefore, 
structure modification through active natural products is still the mainstream direction 
of small molecule chemical drug innovation research. 

The benzoheterocyclic skeleton are widely distributed in various natural products, 
among which there are many star molecules with broad bioactivity and medicinal value, 
such as vinblastine, quinine, trigonoliimine C and quercetin (Figure 1-1) [1-4].  

 

Figure 1-1 Chemical structure of representative bioactive benzoheterocyclic compounds 

Benzoheterocyclic compounds can be divided into different subclasses based on 
the heteroatom, including flavonoid with oxygen, quinoline with nitrogen and 
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benzothiophene with sulfur. Over the past few decades, higher efficiency and more 
environmental-friendly methods have always been the pursuit in construction and  
modification of the chemical structure, and improving the bioactivities by medicinal 
chemists [5-7].  

In order to eliminate excessive free radicals which cause aging, tumors, 
inflammation diseases and various cardiovascular diseases, finding reliable, efficient 
and safe antioxidants is currently the research focus of scientists all over the world. In 
recent years, researchers have conducted a lot of biological activity studies on various 
benzoheterocyclic compounds. Flavonoids have been reported to exhibit excellent 
ability to eliminate free radicals [8-9], to have a variety of physiological activities [10-
11] and to be relatively safe [12], therefore attracting great attention. At present, 
flavonoids are used as the effective ingredients of anti-tumor, anti-aging and anti-
inflammatory drugs and as highly effective natural antioxidants. They have been used 
in health care products [13], cosmetics [14] and medicines in Europe, America, and 
Japan [15-16]. However, there are many subclasses of natural polyphenols of 
flavonoids with similar structures and properties, but with poor stability. Even with 
modern chromatographic analysis methods, it is difficult to separate the components of 
their mixtures. Meanwhile, the reproducibility of extraction and separation is poor and 
costly which limits the widely application. 

At the same time, benzo nitrogen heterocyclic compounds, such as quinoline [17] 
and indole molecules, also have a wide range of pharmacological activities, such as 
anti-inflammatory [18], antioxidant [19], and anti-tumor [20]. Because of their limited 
content in natural plants and the insufficient water solubility or lipid solubility, these 
compounds have found only limited applications in biomedicine. 

In the early studies, the main methods for structure modification of 
benzoheterocyclic compounds were to introduce functional groups into the substrate, 
but many methods were costly and substrates were limited. With the development of 
asymmetric catalysis, many asymmetric catalyzed reactions have been used to 
synthesize chiral benzoheterocyclic compounds. Among them, the asymmetric 
functionalization reaction catalyzed by transition metals was considered one of the most 
direct and effective strategies for the synthesis of benzoheterocyclic compounds. 
However, there are still shortages such as few reaction types, poor universality, low 
product yield and low enantioselectivity. Therefore, it is still very challenging to 
develop a catalytic system with high efficiency, high enantioselectivity and good 
universality to introduce various functional groups into benzoheterocyclic skeleton. It 
also has important theoretical significance and potential application value. 
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In summary, this project aims at studying the structure modification of 
benzoheterocyclic compounds (flavonoid, chromene and quinoline) and conducting 
research in their pharmacological activities, which can lay the foundation for the 
subsequent pharmacodynamics and mechanism research. 

1.2 Recent research progress of benzooxacyclic compounds 

Benzooxacyclic compounds are an important class of organic oxygen-containing 
heterocyclic compounds. They are the key intermediates in the synthesis of many 
chemical drugs and natural product molecules. Structurally, these compounds are called 
3,4-dihydro-benzopyran (Chromane) when the oxygen atom is in position 1, and 3,4-
dihydro-1H-2-benzopyran (Isochromane) when the oxygen atom is in position 2 
(Figure 1-2). According to the position of the double bond on the pyran ring, 
benzopyran can be divided into 4H-benzopyran and 2H-benzopyran (Figure 1-2). 

 

Figure 1-2 Benzopyran skeleton classification 

1.2.1 Benzooxacyclic compounds in natural products and drug 
molecules 

The benzooxacyclic skeleton existing in natural products and drug molecules 
widely has been reported to exhibit various bioactivities and play important roles in the 
treatment of inflammation diseases, tumors, cardiovascular diseases and infectious 
diseases (Figure 1-3). For example, vitamin E (a-tocopherlol) is reported as a natural 
lipophilic antioxidant and free radical scavenger [21]. Calanolide A has been evidenced 
to show good inhibitory effect on HIV-1 reverse transcriptase [22]. Hongoqercin A 
exhibits great antibacterial properties against Staphylococcus aureus and Enterococcus 
[23]. Catechin is a flavan-3-ol, one kind of natural polyphenol and antioxidant, which 
has been proved to show great antiinflammation activity and to inhibit the formation of 
intestinal tumors [24]. Therefore, the synthesis of chiral 3,4-dihydro-benzopyrans has 
always been a topic of great interest for medicinal chemists. 
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Figure 1-3 Representative bioactive benzooxacyclic compounds 

1.2.2 Transition metal-catalyzed asymmetric synthesis of benzopyran 

compounds and structure modification 

In recent years, three strategies have been applied to construct the chiral 
benzopyran skeleton primarily, a) using the chiral raw materials, b) introducing chiral 
prosthetic groups to the substrate, c) conducting the resolution of racemates. However, 
all these methods have weaknesses including relatively high cost, limited substrate 
scope and so on. With the development of asymmetric catalysis, many asymmetric 
catalyzed reactions have been applied to synthesize chiral benzopyran compounds. 
Among them, transition metal-catalyzed asymmetric functionalization of C-C double 
bond in chromene has been proved as one of the most direct and effective strategy for 
the preparation of benzopyran compounds. However, there are still some problems 
during the process, such as limit reaction type, poor universality, low product yield or 
enantioselectivity. Therefore, the development of high efficiency and high catalytic 
system to construct the benzopyran compounds and their derivatives with good 
enantioselectivity and universality is still very difficult and challenging. It also has 
important theoretical significance and potential application value. 

In 1997, Hayashi’s research group [25] firstly reported the synthesis of chiral 3,4-
dihyrdro-benzopyran compounds via palladium-catalyzed asymmetric Wacker-Type 
cyclization reaction (Figure 1-4). The starting material contained trisubstituted butenyl-
phenols at the ortho position and palladium trifluoroacetate (Pd(TFA)2) together with 
chiral oxazoline based on the binaphthyl framework were used as the catalysts. The 
product could be achieved with 97% ee value. Subsequently, Zhang’s research group 
[26] applied the similar catalytic system for reference and used a biphenyl-based chiral 
oxazoline as the ligand to synthesize 2-vinyl-benzopyran derivatives with 92% ee value. 
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Figure 1-4 Synthesis of chiral chromanes by Pd-catalyzed asymmetric Wacker-Type cyclization[25] 

In 2005, Tietze’s group [27] used the palladium catalytic system developed by 
Professor Hayashi to achieve the chiral 3,4-dihyrdro-benzopyran skeleton via 
Domino’s Wacker-Type cyclization reaction. The product could be obtained with 84% 
yield and the 97% ee value. Subsequently, the natural antioxidant vitamin E was 
synthesized through this protocol in 6 steps with 48% yield, which suggested that this 
kind of reaction strategy exhibited great application value in drug synthesis (Figure 1-
5). 

 

Figure 1-5 Pd-catalyzed asymmetric domino Wacker-Type cyclization[27] 

Allyl substitution reaction is one of the most important methods to construct chiral 
benzopyran structures. In 1997, Achiwa’s group [28] reported the first synthesis of 2-
vinyl-3,4-dihyrdro-benzopyran derivatives by asymmetric allyl substitution reaction 
catalyzed by palladium (Figure 1-6). The authors applied palladium acetate (Pd(OAc)2) 
as the metal catalyst and (R, S)-BPPFA as the ligand to obtain the target product with 
54% ee value. Later in 1999, Sinou [29] reported a similar reaction to synthesis of 2-
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vinyl-3,4-dihyrdro-benzopyran derivatives by Pd2(dba)3 catalyazed asymmetric allyl 
substitution reaction. The product can be achieved with 53% ee value when the NMDPP 
was used as the ligand. 

 

Figure 1-6 Pd-catalyzed asymmetric allylic substitution for synthesis of chiral chromanes[28] 

In 1999, Trost’s group [30] used Pd2(dba)3•CHCl3 and Trost ligand as the co-
catalysts, together with triethylamine (Et3N) as additives, to synthesize chiral 3,4-
dihyrdro-benzopyran derivatives through a palladium-catalyzed asymmetric allyl 
substitution reaction. The target product was obtained in 89% yield and 86% ee value. 
Furthermore, Trost’s group [31] discovered that the ee value of product would 
decreased to 22% in the same catalytic system when the substituents on the substrates 
were changed. If the acetic acid was used as an additive instead of triethylamine, the ee 
value of product would increase greatly, up to 97%. Meanwhile, the yield and 
enantioselectivity of the chiral 3,4-dihyrdro-benzopyran products synthesized with E 
or Z o-allylphenol substrates differed a lot from each other. Trost et al. also did some 
research on the practical application of this method, and determined that the product 
can be used for the total synthesis of (+)-clusifoliol, an ingredient of a folk medicine 
used for the treatment of malignant tumors (Figure 1-7). 
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Figure 1-7 Pd-catalyzed asymmetric allylic substitution reaction reported by Trost[30,31] 

In 2012, Overman’s group [32] has reported the asymmetric synthesis of an allyl 
substituted 2-ethyl oxabenzo six-membered ring compound catalyzed by palladium 
acetate. Pd(OAc)2 and cobalt were used as the co-catalysts and the target product could 
be obtained in 90-98% yield and 87-98% ee value. The deuteration experiment and 
computational experiments proved that the reaction experienced the process of anti-
oxypalladation/syn-deoxypalladation mechanism (Figure 1-8). 

 

Figure 1-8 [COP-OAc]2-catalyzed asymmetric allylic substitution reaction[32] 

In 2014, Rueping’s group [33] employed a new enantioselective gold catalyzed 
intramolecular allylic alkylation reaction to synthesize the 3,4-dihyrdro-benzopyran 
derivatives with up to 88% ee value. It is noteworthy that this reaction applied a non-
protected hydroxyl group as the leaving group, which presented good atomic economy 
(Figure 1-9). In addition, the product 2-vinyl-3,4-dihyrdro-benzopyran could be used 
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as the raw material to synthesize the α-tocopherol and γ-tocopherol with five-step yields 
of 38% and 34%, respectively.  

 

Figure 1-9 Au-catalyzed asymmetric allylic substitution for synthesis of chiral chromanes[33] 

In 2008, Nishibayashi’s group [34] used propargyl alcohol derivatives as the raw 
materials, forming an allene intermediate through the reaction of ruthenium with the 
sulfur ligand complex, obtaining the chiral 3,4-dihyrdro-benzopyran derivatives with 
up to 99% ee value through the intramolecular cyclization reaction (Figure 1-10).  

 

Figure 1-10 Ru-catalyzed asymmetric intramolecular cyclization reaction for synthesis of chiral 

chromane derivatives[34] 

In 2013, Cai’s group [35] reported on the formation of chiral 3,4-dihyrdro-
benzopyran derivatives via palladium-catalyzed intramolecular oxygen arylation. 
Under the effect of Pd(OAc)2 and spirocyclic bisphosphine ligand, a chiral 3,4-
dihyrdro-benzopyran derivative was generated through the desymmetric strategy of 
1,3-diol substrate. The products had moderate yield and good ee value while the side 
reactions such as dehalogenation and β-hydrogen elimination were the main factors 
affecting the yield of the product (Figure 1-11).  

Based on the above research, Cai’s group [36] found that the application of CuI 
and chiral diamine as the catalysts can catalyze the intramolecular desymmetric 
arylation reaction of 1,5-diol substrate, providing chiral 3,4-dihyrdro-benzopyran 
product with excellent yield and ee value. However, the ee value of the product was 
significantly reduced when the substrate 1,5-diol had a substituent at the 3-position to 
produce a 3,4-dihyrdro-benzopyran derivative containing a chiral quaternary carbon 
center.  
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Figure 1-11 Pd-catalyzed intramolecular desymmetric O-arylation reaction for synthesis of chiral 

chromane derivatives[35] 

Professor Tang and others [37] developed a palladium-catalyzed asymmetric 
aryloxy/arylation of alkenes to synthesize chiral benzo-dioxane and 3,4-dihyrdro-
benzopyran compounds. The researchers used tris(dibenzylacetone)dipalladium 
(Pd2(dba)3) as the catalyst, and aryl bromide as the electrophile. In the presence of 
phosphine ligands, the asymmetric aryloxy/arylation of intermolecular alkene was 
realized. This work mainly focused on the synthesis of chiral benzo-dioxane, and there 
are few examples of 3,4-dihyrdro-benzopyran compounds (Figure 1-12). 

 

Figure 1-12 Pd-catalyzed asymmetric alkene aryloxyarylation reactions[37] 

In 2015, Gong’s group [38] developed palladium-catalyzed asymmetric allylic C-
H bond oxidation for the synthesis of chiral 3,4-dihyrdro-benzopyran compounds. 
Under the function of Pd2(dba)3, 2,6-dimethyl-p-benzoquinone was used as oxidant and 
2-fluorobenzoic acid was used as co-catalyst. The 3,4-dihyrdro-benzopyran can be 
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obtained with the highest yield of 95% and enantioselectivity of 90%. As for 
mechanism, the kH/kD=2.5 of the reaction proved that the cleavage of the allylic C-H 
bond was the rate-determining step of the reaction. The author suggested that the 
reaction started with the activation of the C-H bond at the allyl position to form a π-
allyl palladium intermediate, rather than the Wacker-Type reaction (Figure 1-13). 
Furthermore, the author had successfully applied this method in the total synthesis of 
(+)-diversonol. 

 

Figure 1-13 Pd-catalyzed asymmetric allylic C-H bond oxidation reactions[38] 

In recent years, highly active o-methylene quinone intermediates have been widely 
used in the field of organic synthesis. In 2015, Schneider’s group [39] used rhodium 
and chiral phosphoric acid as catalyst to realize the asymmetric conjugate addition 
reaction of diazonium compounds and o-methylene benzoquinone intermediates and 
obtained three consecutive chiral centers. The 3,4-dihyrdro-benzopyran compounds 
with three consecutive chiral centers could be obtained in 96% ee value. The 
mechanism indicated that two processes were involved into this reaction including 
phosphoric acid cycle and metal cycle. 2- hydroxybenzyl alcohol was dehydrated under 
the effect of chiral phosphoric acid to form o-methylene benzoquinone intermediate C. 
Meanwhile, rhodium carbene intermediate A was formed by [Rh(OAc)2] and diazo 
ester followed by combining with water to form the nucleophilic oxonium ylide B. The 
oxonium ylide B was then conjugated with the benzoquinone intermediate C under the 
catalysis of the phosphoric acid to give the phenol intermediate D. Finally, the 
intermediate D underwent the domino cyclization to give the final 3,4-dihyrdro-
benzopyran compound (Figure 1-14). 
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Figure 1-14 Rh-catalyzed asymmetric conjugate addition reactions[39] 

In 2017, Feng’s group [40] reported that 3,4-dihyrdro-benzopyran compound 
could be synthesized through the Friedel-Crafts alkylation/hemiketal reaction with 
phenol and unsaturated keto acid esters as substrates, scandium and chiral ligands as 
the catalysts. The target product can be afforded in good yield, diastereoselectivity and 
enantioselectivity (Figure 1-15). 

 

Figure 1-15 Synthesis of chiral chromanes by Sc-catalyzed asymmetric Friedel–Crafts 

alkylation[40]  

The Alder-ene reaction is the reaction between an olefin with allyl hydrogen and 
an enophile. In 2019, Feng’s group [41] used nickel and chiral ligands as catalysts to 
synthesize chiral 3,4-dihyrdro-benzopyran compounds through the intramolecular 
asymmetric Alder-ene reaction of 1,7-diene. The catalyst was cheap and easy to obtain 
while the substrate had a wide range of applications with high yield. At the same time, 
the diastereoselectivity and enantioselectivity were also controlled very well (Figure 1-
16). 
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Figure 1-16 Synthesis of chiral chromanes by Ni-catalyzed asymmetric Alder-ene reactions[41] 

The asymmetric hydrogenation of chromone derivatives is one of the most direct 
and effective methods for the synthesis of chiral 3,4-dihyrdro-benzopyran compounds. 
In 2013, Metz’s group [42] has reported that the asymmetric hydrogenation kinetic 
resolution of flavanones was achieved with a mixture of formic acid and triethylamine 
as a hydrogen source with rhodium and chiral diamine complexes as the catalysts. The 
chiral 3,4-dihyrdro-benzopyran compound was obtained with 99% enantioselectivity 
(dr> 99:1) and the unreacted chiral flavanones were recovered with 99% 
enantioselectivity (Figure 1-17). Subsequently, the author applied this reaction to 
synthesize a series of natural products. 

 

Figure 1-17 Asymmetric transfer hydrogenation of flavanones with rhodium(III) catalyst[42] 

Dynamic kinetic resolution can convert ready-made racemic compounds through 
a simple conversion which is able to obtain compounds containing multiple 
stereocenters. It is a powerful reaction for the synthesis of complex chiral molecules. 

In 2013, Glorius and others [43] used a complex of ruthenium and chiral NHC as 
catalyst and KOtBu as base for the asymmetric hydrogenation of 2-substituted 
flavonoids and chromone compounds. However, the obtained chiral 3,4-dihyrdro-
benzopyran product had the enantioselectivity of 62%-98% and the diastereoselectivity 
of dr = 1.3:1-8.2 :1. Meanwhile, the reaction required high pressure of hydrogen (120-
150 bar) (Figure 1-18). 



 13 

 

Figure 1-18 Ru-catalyzed asymmetric hydrogenation of chromanones[43] 

On the basis of former research, Ashely's group [44] successfully realize the 
asymmetric hydrogen transfer dynamic kinetic resolution synthesis of flavanone 
compounds to obtain a chiral 3,4-dihyrdro-benzopyran product with the complex of 
ruthenium and chiral diamine as catalyst and formic acid as the hydrogen source. The 
product could be afforded in 71-96% yield and 93-99% ee value (Figure 1-19). At the 
same time, the reaction was able to apply in the synthesizing of natural product 
containing Myristin class structure through an arylation reaction with boron trifluoride 
ether. Subsequently, Zhang’s research group[45] also developed a catalyst for the 
complex of ruthenium and chiral phosphine nitrogen ligands, and applied it to the 
asymmetric hydrogenation reaction of chromone compounds to efficiently synthesize 
chiral 3,4 -dihyrdro-benzopyran compound. 

 

Figure 1-19 Hydrogenation of chromones and flavones to optically active flavanones, flavanols, 

chromanones, and chromanols[44] 

In 2017, Zhang’s group [46] has reported the asymmetric hydrogenation reaction 
of 2H-chromene to afford the 3,4-dihydro-benzopyran compounds under the catalysis 
of iridium and chiral phosphine nitrogen ligands. Various 2H-chromenes containing 
substituents at the C3-position can be achieved with 92% -99% yield and up to 99% 
enantioselectivity. When the C4-position of the substrate contained a phenyl substituent, 
the reaction can also happen smoothly while the product can be obtained with the yield 
of 99%, the ee value only 13% (Figure 1-20). The author used this method to synthesize 
the estrogen antagonist (S)-Equol with anti-fertility properties with 80% yield and 95% 
ee value in two steps. 
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Figure 1-20 Ir-catalyzed asymmetric hydrogenation of 2H-chromenes[46] 

In 2017, Toste’s group [47] treated amide as the guiding group to realize the 
asymmetric fluorinated arylation reaction of 2H-chromene under the action of chiral 
palladium catalyst. The product can be obtained in 96% ee value and 25%-50% yield 
(Figure 1-21). Although the yield of the reaction was low, this reaction was one of the 
few transition metal asymmetric catalyzed asymmetric functionalization reactions of 
carbon-carbon double bonds in 2H-chromene compounds. 

 

Figure 1-21 Pd-catalyzed asymmetric 1,3-arylfuorination of 2H-chromenes[47] 

In 2011, Feng’s research group [48] applied the complex of scandium 
trifluoromethanesulfonate and chiral N,Nʹ-dioxide ligand as catalyst to achieve the 
asymmetric cyclization of salicylaldimine, 3,4-dihydrofuran. The chiral 4-amino-3 ,4-
dihyrdro-benzopyran can be afforded with 81%-97% yield and 82%-97% ee value 
(dr>95:5) (Figure 1-22).  
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Figure 1-22Asymmetric synthesis of 4-aminochromane derivatives catalyzed by Sc(OTf)2
[48] 

In 2014, Nishirmura's group [49] reported on the asymmetric [3+2] cyclization 
reaction of salicylaldimine with 1,3-diene. Using a complex of iridium and diene ligand 
as catalyst, chiral 4-amino-3,4-dihyrdro-benzopyran compound was synthesized with 
good yield and excellent enantioselectivity (Figure 1-23).  

 

Figure 1-23 Ir-catalyzed asymmetric annulation of salicyimines with 1,3-dienes[49]  

The asymmetrically catalyzed carbon-hydrogen (C-H) bond activation reaction 
can also be used for the synthesis of chiral 3,4-dihyrdro-benzopyran compounds. In 
2017, Nishirmura’s research group [50] has used iridium and chiral bisphosphine 
ligands as catalysts and pyridine as the guiding group to achieve the asymmetric 
arylation reaction of 2H-chromene compounds through the C-H bond activation 
strategy,. The product could be obtained in good yield and enantioselectivity. Under the 
effect of iridium catalyst, 2H-chromene was firstly isomerized to 4H-chromene, and 
then reacted with the substrate to finally obtain 2-aryl-3,4-dihyrdro-benzopyran 
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compound. Later, the author [51] found that the application of carbonyl as the guiding 
group can also achieve the asymmetric arylation reaction of aryl ketone compounds to 
2H-chromene compounds (Figure 1-24). 

 

Figure 1-24 Ir-catalyzed asymmetric hydroarylation of 2H-chromenes[50,51] 

Recently, Zhang’s group [52] has reported the synthesis of chiral 3,4-dihyrdro-
benzopyran compounds via the asymmetric bifunctional reaction of non-activated 
olefins. Under the catalysis of palladium and chiral ligands, the olefin substrate first 
underwent the intramolecular Heck reaction, and then Suzuki reaction with aryl boronic 
acid, and finally various benzo five- or six-membered ring products were obtained 
(Figure 1-25). This reaction realized the palladium-catalyzed di-carbon 
functionalization of non-activated olefins with boric acid compounds for the first time. 
It showed the advantages of mild reaction conditions, good functional group 
compatibility and high selectivity. 

 

Figure 1-25 Pd-catalyzed asymmetric tandem Heck/Suzuki coupling reactions[52] 

1.2.3 Research progress on the antiinflammation activity of 

benzopyran compounds 

Benzopyran compounds, widely distributed in natural plants, have been reported 
to exhibit high antiinflammation activities for long time.  
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In 2007, Zhang Feng-Lei [53] and others has reported that catechin or epicatechin 
derived from the grape seed proanthocyanidin extracts (GSPE) can play important roles 
in the reduction of RAGE expression and on activation of PPAR g expression. The 
antioxidant GSPE showed high antiinflammation activity toward inhibiting 
proinflammation AGEs effects. 

In 2008, Jirillo’s group [54] has reported the polyphenol flavonoids contained in 
red wine possess the ability to reduce the production of proinflammatory cytokines (IL-
1b and IL-6) which might be beneficial in age-related disorders. Since aging involves 
many immune functions, this research indicated that moderate use of red wine may be 
helpful to age-related disorders. 

In 2011, Hou and colleagues [55] reported that Theasinensin A (Figure 1-26) 
derived from oolong tea possessed the bioactivity on antiinflammation as Theasinensin 
A was able to suppressed LPS-induced COX2 and PGE2 production. In this study, a 
genome-wide DNA microarray was conducted to investigate the gene expression 
profiling in RAW264.7. The results indicated that Theasinensin A suppressed one third 
of LPS-activated gene expression through inflammation cytokines.  

 

Figure 1-26 Chemical structure of Theasinensin A 

In 2015, Kuan’s group [56] has reported that wogonin (Figure 1-27) as a flavonoid 
compound could present anti-inflammatory, neuroprotective and antioxidative 
activities via inhibiting the expression of pro-inflammatory cytokines, including tumor 
necrosis factor-a (TNF-a) and interleukin-6 (IL-6). Authors applied LPS-induced BV2 
microglial cells as the model group to indicate that wogonin possessed the 
antiinflammation ability in neuroinflammation diseases through significantly 
attenuating the phosphorylation of Janus kinase-1 (Jak-1) and Jak-3. 
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Figure 1-27 Chemical structure of wogonin 

Neuroinflammation has been reported to be one of the important causes of 
Parkinson’s disease (PD). In 2015, Yin and Chen’s group has reported the biochanin A 
(Figure 1-28), an o-methylated isoflavone derived from red clover, exhibited the 
antioxidant and antiinflammation activity. In this study, the neuroprotective effects of 
biochanin A on LPS-induced dopaminergic neurons were evaluated that the biochanin 
A was able to attenuate the behavioral dysfunction of PD rats and inhibit the activation 
of microglia in the LPS-induced PD rats. Furthermore, the proinflammation cytokines, 
including interleukin-1b (IL-1b), interleukin-6 (IL-6), tumor necrosis factor-a (TNF-
a), were decreased after the treatment of biochanin A. Taken together, the results 
indicated that biochanin A exerts antiinflammation activity on LPS-induced PD rats and 
cells which may be related to inhibition of the inflammatory response [57]. 

 

Figure 1-28 Chemical structure of biochanin A 

In 2019, Inoue and others [18] reported that the prenylated flavonoids SPF1 and 
SPF2, derived from the root of Sophora tonkinensis were identified as the potent ligands 
for Retinoid X receptor, which is related to Alzheimer’s disease (AD). This study 
indicated that SPF1 and SPF2 were able to reduce the mRNA levels of IL-1b and IL-6 
in LPS-induced RAW264.7 cells. In addition, SPF1 was proved to reduced 
translocation of nuclear factor kB (NF-kB) into nuclei which indicated an 
antiinflammation mechanism was involved. 

1.3 Recent research progress of quinoline compounds 

Quinoline, also known as benzopyridine, found in coal tar and bone tar, acts as an 
essential role in the design and synthesis of new structural entities for medical and 

O

O

O
HO

OH

Wogonin

O

O O

HO

OH

Biochanin A



 19 

agricultural application. There are many quinoline derivatives in nature, such as quinine, 
papaverine, and camptothecin (Figure 1-29). Quinoline is an active chemical molecule 
involved in oxidation reactions, electrophilic substitution reactions, nucleophilic 
substitution reactions, free radical reactions, hydrogenation reactions and other 
chemical reactions. In other words, quinoline can also react with many reactants to form 
quinoline derivatives with diverse bioactivities. 

 

Figure 1-29 Represent bioactive quinoline compounds 

1.3.1 Quinoline compounds in natural products and drug molecules 

Quinoline molecules existing in natural products and drugs widely have been 
reported to show a wide range of bioactivities and play important roles in the treatment 
of malaria, inflammation diseases, tumor, and hypertension, etc. 

Malaria is a parasitic disease caused by the infection of plasmodium, which is 
harmful and threatens human health around the world. Quinine, as a natural compound, 
can inhibit the growth of malaria parasites, mainly by inhibiting the DNA replication 
thereby inhibiting the protein synthesis of malaria parasites. Quinine is the first drug 
discovered to treat malaria, but it cannot cure malaria. It has certain side effects on the 
heart and can also lead to prolonged refractory periods [58]. 

In the research of anti-malarial drugs, researchers initially found that replacing one 
of the methyl groups with a long-chain base group can enhance the anti-malarial effect 
of the starting material, such as pamaquine. Although the anti-malarial effect of 
pamaquine is relatively great, it presents obvious side effects and toxic in clinical 
application. Later, researchers developed the 4-aminoquinoline as the anti-malarial 
drug chloroquine. Chloroquine acts on the intra-erythrocyte stage of malaria with faster 
onset, good curative effect, and long-lasting effect. Although chloroquine shows good 
inhibitory effect on malaria, it has no effect on malaria parasites in the extra-erythrocyte 
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stage, and has side effects such as headache, tinnitus, blurred vision, teratogenicity, and 
abnormal liver function [59]. 

After that, 8-aminoquinoline derivatives were synthesized to treat with malaria, 
including primaquine [60] and tafenoquine [61] (Figure 1-30). Primaquine can be used 
in combination with other drugs to cure malaria, but it also has side effects such as 
dizziness, abdominal pain, and vomiting, which can disappear after stopping using the 
drug. Tafenoquine was put on the market by the British pharmaceutical company 
GlaxoSmithKline in July 2018, and was approved by the US FDA. This drug is less 
toxic than primaquine, and its metabolic cycle in the blood is also prolonged. 

 

Figure 1-30 Chemical structure of primaquine and tafenoquine 

Camptothecin is a quinoline alkaloid extracted from Camptotheca acuminata 
which is commonly used clinically in the treatment of colon cancer, bladder cancer, 
primary liver cancer, bone cancer, ovarian cancer and leukemia [62]. A series of 
quinoline derivatives have been successfully synthesized and marketed, such as 
topotecan, irinotecan, and belotecan [63]. These quinoline derivatives have clear 
therapeutic effects on ovarian cancer, uterine cancer, rectal cancer and small cell lung 
cancer. 

Tuberculosis(TB), one of the chronic infectious diseases caused by 
mycobacterium tuberculosis (MTB) which seriously endangers people’s health and 
even leads to death. According to a large number of studies on the pharmacological and 
physiological activities of quinoline derivatives, it has been found that some quinoline 
derivatives have certain anti-tuberculosis effects. Johnson & Johnson conducted in-
depth research and found that diarylquinoline compounds have significant inhibitory 
effect on mycobacterium tuberculosis. In 2012, Bedaquiline [64] was approved by the 
FDA in December 2012 which was the first new medicine for TB in decades and is 
specifically approved to treat multi-drug-resistant tuberculosis.  
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Most of the traditional methods for synthesizing quinoline applied arylamines as 
the raw materials. Some reactions required arylamines with special substituents on the 
benzene ring as raw materials, including Friedlander-Pfitzinger method, Camps method, 
and Niementowski method. 

The Friedlander synthesis method [65] is based on the condensation reaction of o-
amino aldehydes or ketones and aldehydes or ketones with active methylene groups at 
the a-position under the catalysis of acids or bases to obtain quinoline derivatives. The 
advantages of this method include that the catalyst is easy to obtain, the reaction time 
is short and the reaction temperature is not very high (Figure 1-31). 

 

Figure 1-31 Ionic liquid as an efficient medium for the synthesis of quinoline derivatives via 

alpha-chymotrypsin-catalyzed Friedlander condensation 

As the anthranilaldehyde intermediates were chemically active and difficult to 
prepare, Pfitzinger [66] proposed an improved method with isatin as the starting 
material to be hydrolyzed under the sodium hydroxide to produce anthranilate which 
was then combined with aldehyde or ketone into imines. Then the intermediate was 
transformed into enamines and finally cyclized and dehydrated to produce quinoline 
derivatives (Figure 1-32). This reaction was called the improvement based on the 
Friedlander reaction and it is easy to operate. 

 

Figure 1-32 Synthesis, molecular docking and anti-inflammatory screening of novel quinoline 

incorporated pyrazole derivatives using the Pfitzinger reaction II 

The Camps synthesis method [67] involves the reaction of a carboxylic acid ester 
containing an active methylene group at the a-position, and an o-aminocarbonyl 
compound produces the a-quinolinone (Figure 1-33). When methyl or methylene is 
used as the substituent at R2, g-quinolinone could be obtained. In the experiment process, 
it was found that the product of this type of reaction is isomers. If R1 and R2 have large 
difference in activity, single configuration of product will be afforded. 
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Figure 1-33 Cu-catalyzed amidation via base mediated cyclization 

With the rise of the concept of green chemistry, traditional quinoline synthesis 
methods are gradually being abandoned or improved due to environmental pollution 
and harsh reaction conditions. Therefore, it is very important to develop a simple, 
economical and environmentally friendly quinoline synthesis method. 

In 2007, Mulvihil’s group [68] reported that quinoline derivatives can be afforded 
with o-nitrobenzaldehyde and a,b-unsaturated ketone as the raw materials and the iron 
powder as the reductant. Although the conditions of this reaction was relatively mild, 
the substrate scope was limited (Figure 1-34).  

 

Figure 1-34 A highly effective one-pot synthesis of quinolines from o-nitroarylcarbaldehydes 

In 2011, Lin’s group [69] applied aromatic aldehydes, phenylacetylenes and 
aromatic amines as raw materials to carry out a new type of domino one-pot reaction 
to obtain 2,4-disubstituted-8-nitroquinoline derivatives (Figure 1-35). The anti-malaria 
drug primaquine can be synthesized by this method. 

 

Figure 1-35 Molecular iodine-catalyzed and air-mediated tandem synthesis of quinolines via 

three-component reaction of amines, aldehydes, and alkynes 

In 2009, Menendez’s group [70] applied a three-component Povarov reaction in 
two steps using arylamine, cinnamaldehyde, and vinyl ether as raw materials to produce 
the styryl-quinoline derivative. The first step used cerium ammonium nitrate (CAN) as 
the catalyst to synthesize a tetrahydroquine intermediate. In the second step, 
dichlorodicyanobenzoquinone (DDQ) was added to achieve dehydroaromatization of 
the quinoline intermediate to obtain the final product, a substituted styryl-quinoline 
derivative (Figure 1-36). The advantage of this method is that the raw materials are 
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relatively simple and the conditions are very mild, but it also has the disadvantages of 
low atom economy and extra byproducts. 

 

Figure 1-36 Convenient, two-step synthesis of 2-styrylquinolines 

In 2011, Mancheno’s group [71] reported that glycine derivatives and olefins were 
used as raw materials with Lewis acid FeCl3 as the catalyst and piperidine ammonium 
salt as the oxidant to give the quinoline derivatives. The final product can be obtained 
through cross-coupling aromatization (Figure 1-37).  

 

Figure 1-37 Tempo oxoammonium salt-mediated dehydrogenative Povarov/oxidation tandem 

reaction of N-alkyl anilines 

In 2012, Guchhait’s group [72] has reported that quinoline derivatives can be 
achieved through the condensation reaction with aromatic aldehydes, using 
dicyanomethane and aromatic amine as raw materials, water as the solvent and proline 
as the catalyst. This method was efficient and eco-friendly which could afford three 
functional groups with one step (Figure 1-38). 

 

Figure 1-38 CuSO4-glucose for in situ generation of controlled Cu(I)-Cu(II) bicatalysts 

Later, Hu’s group [73] has reported the cross dehydrogenation coupling using 
glycine derivatives and alkynes as raw materials, FeCl3 as catalyst, and di-tert-butyl 
peroxide as an oxidant to obtain the quinoline derivatives in good yield. This method 
expanded the scope of substrates greatly (Figure 1-39).  
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Figure 1-39 Route to quinolines and other compounds by iron-catalysed cross-dehydrogenative 

coupling reactions of glycine derivatives 

In 2014, Teo’s group [74] reported that quinoline derivatives can be afforded 
through C-H functionalization with 2-methylquinoline and aldehyde as the raw 
materials, cobalt chloride as the catalyst and water as the solvent (Figure 1-40). 

 

Figure 1-40 Cobalt-catalyzed direct alkenylation of 2-methylquinolines with aldehydes 

With the wide application of microwave reaction, this strategy has been studied 
by many chemists for its green environmental protection, high atom economy and great 
reaction efficiency. 

In 2009, Safari’s group [75] reported a method for the synthesis of quinoline rings 
from acetaldehyde and aniline derivatives as starting materials in a solvent-free 
environment under microwave radiation (Figure 1-41). In order to find the optimal 
reaction conditions, they screened the catalysts of different Bronsted acids, and found 
that the highest yield can be obtained with hydrochloric acid as the catalyst. This 
synthetic method generally presented high yield, rapid reaction, convenient operation 
and broad functional group tolerance. In addition, the application of microwave as a 
new energy source to synthesize quinoline derivatives is a new strategy. 

 

Figure 1-41 One-pot synthesis of quinaldine derivatives by using microwave irradiation without 

any solvent 

In 2012, Gogoi group [76] reported an one-pot reaction of steroid b-bromine vinyl 
aldehyde with aniline in a solvent-free environment under microwave radiation to 
produce the quinoline ring (Figure 1-42). The method applied microwave radiation and 
solvent-free conditions at the same time. This method added modern technology for 
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simplification with the traditional process maintained, avoiding the use of harmful 
organic solvents and expanding the application range of microwave in organic synthesis. 

  

Figure 1-42 A microwave promoted solvent-free approach to steroidal quinolines 

Kulkarni group [77] has reported the method of synthesizing substituted quinoline 
derivatives with aniline, benzaldehyde and terminal aryl alkyne as reaction substrates, 
assisted by microwave and catalyzed by solid acid (Figure 1-43). The catalyst for this 
reaction, montmorillonite K-10, is a solid acid with strong catalytic activity and 
environmentally friendly. This method can generate the target product in high yield 
within a few minutes under the assistance of microwave which has high atomic 
economy. 

 

Figure 1-43 Microwave-assisted multicomponent domino cyclization–aromatization: 

1.4 Objectives and study route of this thesis 

To sum up, benzoheterocyclic compounds are a large group of compounds in 
nature and small organic molecules, possessing a wide range of pharmacological 
activities and practical applications. This thesis firstly focused on the development of 
organic methods to construct and modify the benzoheterocyclic skeletons. Then various 
substrates will be expanded and their bioactivities will be evaluated to screen the 
optimal small molecules as the candidate compounds.  

As the description above, quinolines are skeletons common in natural products 
with various bioactivities, like antimalarial, anti-inflammatory and so on. Different 
functional groups have been introduced into this skeleton under different conditions, 
including transition metal, copper, nickel, and visible light. However, there is no report 
for the direct C-H bond trifluromethylthiolating at the C-5 position of quinolines. In 
chapter 3, transition metal copper will be applied to catalyze the addition of -SCF3 
group into the C-5 position of quinoline to increase the lipid solubility and enhance the 
transmembrane permeation ability. A series of substrates will be synthesized via the 
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method and the bioactivity related to anti-AD will be tested and compared with the 
starting material. 

Flavanols is a privileged heterocyclic scaffold in medicinal chemistry attributed 
by their unique and diverse pharmacological properties. Indeed it is of high significance 
to develop a highly effective and straightforward protocol for accessing these 
compounds with precise control of the configuration of stereocenters. In chapter 4, a 
highly efficient kinetic resolution of chromenes for the first time via a Cu-catalyzed 
asymmetric hydroboration will be developed. In addition, the anti-inflammation effects 
of these diversified flavan-3-ols will be further studied by the in vitro experiments and 
RNA-sequencing (RNA-seq) analysis. The modified flavan-3-ol natural product 
derivatives inhibitory effects on the expression and secretion of pro-inflammation 
cytokines including IL-1β, IL-6 and TNF-α will be analyzed, as well as the influence 
of inflammation responses through downregulating the gene transcriptions closely 
related to IL-17 signaling pathway, PI3K-Akt signaling pathway and TNF signaling 
pathway. 

Melanin acts as an important photo-protective factor in skin by protecting against 
sunlight-induced burns and DNA damage. But uncontrolled melanogenesis causes 
blotches, freckles, even melanoma. In chapter 5, novel (+)-catechin derivative with 
cinnamenyl substituted will be synthesized and inhibition effect of the production of 
melanin by regulating tyrosinase (TYR) activity in α-MSH-induced murine melanoma 
cells (B16F10) and human epidermal melanocytes (HEMs) will be tested. The UVA 
radiation-induced secretion of α-MSH in HaCaT cells will be evaluated through the 
melanogenesis attenuating process in HaCaT cells and HEMs co-culture system. 
Moreover, UVA-induced oxidative stress by inhibiting ROS level in HaCaT cells will 
also be studied. 
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Chapter 2 General material and methods 

2.1 Physical measurements 

The NMR spectra were tested and collected on Bruker-Avance spectrometer at 
400/500 MHz for 1H NMR, 100/125 MHz for 13C NMR and 376/470 MHz for 19F NMR. 
CDCl3 and MeOD were used as the solvent. Chemical shifts (δ) were reported in ppm with 
tetramethylsilane as internal standard, and coupling constants J values were given in Hz. 
According to the convention, 1H NMR are recorded as follows: chemical shift (ppm), 
multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet), coupling constants (Hz), 
integration; 13C NMR and 19F NMR are reported by chemical shift (δ, ppm). High-
resolution mass spectra (HRMS) were performed on Thermo Scientific Q Exactive by using 
oribitrap type. The single crystal was selected and detected on a 'Bruker APEX-II CCD' 
diffractometer. The enantiomeric excesses were detected by Agilent 1260 Series HPLC 
with HPLC grade n-hexane/isopropanol as eluent. The specific rotation of all products was 
measured by Atopol I from Rudolph Research Analytical. Analytical thin-layer 
chromatography (TLC) was performed on precoated silica gel 60 F254 plates. Visualization 
on TLC was realized by the utilization of UV light (254 nm) or such as iodine, 
phosphomolybdic acid hydrate, and ammonium ceric nitrate/ammonium 
molybdate/sulfuric acid color development reagents. Column chromatography was 
performed with silica gel (200-300 mesh) by using EtOAc/PE or EtOAc/methanol as an 
eluent. 

2.2 Purification and preparation of reagents  

In the research process of the subject, the purity of the metal precursors and ligands 
and other reagents used are more than 95%, and they do not need to be processed 
directly for the reaction. They are mainly purchased from Boka, Sigma-Aldrich, J&K 
Chemical, TCI, Aladdin, Strem, Bide Pharmaceutical, Energy Chemical, General-
Reagent, Adamas (Table 2-1). 

Table 2-1 The main experiment reagents 
Reagent CAS Purity (%) Company 

(R)-Binap 76189-55-4 98 J&K Chemical 

(R)-Difluorphos 503538-69-0 95 Strem 

(R)-Xyl-P-phos 442905-33-1 98 Strem 

(R)-DTBM-Segphos 566940-03-2 98 J&K Chemical 



 35 

Table 2-1 (continued table) 
 CAS Purity (%) Company 

(R,R)-Ph-BPE 824395-67-7 98 J&K Chemical 

(R)-Segphos 244261-66-3 98 J&K Chemical 

(R)-Biphep 133545-16-1 98 Sigma-Aldrich 

(R)-Garphos 1365531-75-4 97 Sigma-Aldrich 

(R)-P-phos 221012-82-4 98 J&K Chemical 

(R)-Synphos 445467-61-8 98 Sigma-Aldrich 

CuCl 7758-89-6 99 Sigma-Aldrich 

Cu(OAc)2 142-71-2 98 Energy Chemical 

CuCl2 1344-67-8 98 Energy Chemical 

CuI 493-05-0 98 Energy Chemical 

KOH 1310-58-3 85 J&K Chemical 

K3PO4 7778-53-2 98 Sigma-Aldrich 

PhB(OH)3 98-80-6 97 Sigma-Aldrich 

Et3N 121-44-8 98 J&K Chemical 

NaOtBu 865-48-5 96 Adamas 

Cs2CO3 534-17-8 98 Adamas 

NaBH2 16940-66-2 98 J&K Chemical 

CDCl3 865-49-6 99.8 J&K Chemical 

The anhydrous solvents used in the subject research are mainly tetrahydrofuran 
and toluene. The treatment method is: press the sodium into a sheet and add it to the 
tetrahydrofuran or toluene, adding benzophenone as an indicator, and heat to reflux 
under the protection of nitrogen. Continue to reflux for 6 hours until the solution turns 
into blue, then evaporate the solvent (do not evaporate to dryness), and transfer it to a 
dried reagent bottle under nitrogen protection, and place it in a glove box for storage. 
The remaining sodium and the solution are carefully added dropwise with isopropanol, 
and then stirred in the open until all the remaining sodium is consumed. 

2.3 Experiment instruments 

The main instruments used in the chemical synthesis experiments are electronic 
balance, glove box, and nuclear magnetic resonance spectrometer (NMR). 

The main instruments used in the biological evaluation experiments are confocal 
scanning laser microscope, centrifuge system, imaging system, shaking incubator and 
so on. 
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Table 2-2 The main experiment instruments 
Instruments Version Company 

NMR AVANCE III 400(500)M Bruker 

GC-MS 5977 AMDS/7890B Agilent 

HRMS Q Exactive HF MS Thermo Scientific 

Glove box Super (1220/750/900) MIKROUNA 

HPLC 1260 Agilent 

Single crystal 
diffractometer APEX-II CCD Bruker 

Magnetic stirrer MRHei-Tec Heidolph 

Rotary evaporator R-210 BUCHI 

Polarimeter AtopolI Rudolph Research Analytical 

Confocal fluorescence 
microscope NIRvana 640ST Princeton 

Confocal scanning laser 
microscope Fluoview 1000 Olympus 

Confocal system SP5II Leica 

Floor model shaking 
incubator S16 Sheldon Mfg 

 

2.4 Determination of enantiomeric excess 

The enantiomeric excesses (ee) were determined by Agilent 1260 Series HPLC 
with multi-wavelength type for identifying and getting rid of impurities in the samples 
in a mixture of isopropyl alcohol and hexane. Daicel AD-H, OJ-3, AS-H, OD-H, IC-3, 
or IA chiral columns were utilized for the separation of enantiomers and diastereomers. 
The relative areas in the UV-vis detector at 254 nm was used for the calculation of ee 
values, which are computed based on the following equation:  

%ee = 100% × (AR -AS)/(AR + AS)  
AR and AS: represent the relative areas of one pair of enantiomers in the chiral 

column separation. 

2.5 Statistical Analysis  

The data shown in the thesis were achieved from at least three independent 
experiments. Data in different experimental groups were conducted and calculated as 
the mean ± standard deviation (SD). Statistical analyses were performed using a one-
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way ANOVA, with post hoc analysis. Details of each statistical analysis are provided 
in the figure legends. Differences with P values < 0.05 were considered statistically 
significant. 

2.6 Reference  

1. Armarego, W. L. F., Chai, C. L. L. Purification of Laboratory Chemicals, 
Butterworth-Heinemann: Burlington, Sixth Edition, 2009. 
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Chapter 3 Cu-catalyzed selective 

trifluromethylthiolating of 8-animoquinolines  

3.1 Introduction 

Quinolines are skeletons common in natural products and bioactive molecules 
(Figure 3-1) [1]. They can be used as bidentate directing groups or as ligands 
participating in various kinds of organic reactions [2-5]. Therefore, the derivatization 
and functionalization of quinolines have always been important research topics in 
organic chemistry, particularly inspiring chemists to develop efficient and diverse 
strategies for the functionalization. 

 

Figure 3-1 Dearomative structures of quinoline fragments in natural products and bioactive small 

molecule 

In 2013, Stahl’s research group [6] reported for the first time the regioselective C-
5 chlorination reaction of 8-amidoquinoline mediated by CuCl. The reaction was based 
on 0.2 equivalent of CuCl as the catalyst, 2.0 equivalent of LiCl as the additive, and the 
optimal reaction conditions were achieved when acetic acid was used as the solvent at 
100 ℃. As for the reaction mechanism, they proved through density functional theory 
calculations that the bidentate coordination between metallic copper and 8-
amidoquinoline substrate can effectively promote the intermolecular single-electron-
transfer (SET) process. Then, under acidic conditions, Cu (II) would exist in the form 
of halide. The oxidation-reduction potentials of various coppers under acidic conditions 
and alkaline conditions were also calculated, and the results showed that the reduction 
potentials of Cu(II) can be increased under acidic conditions, which would facilitate the 
SET process. The SET mechanism proposed by the research group under acidic reaction 
conditions provided a valuable basis for the development of the long-range selective C-
H functionalization of the quinoline ring (Figure 3-2). 
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Figure 3-2 Copper (II)-mediated aerobic C-H oxidation 

In 2016, Li's research groups [7] chose cheap and safe sodium halide reagents as 
halogen sources, thereby avoiding the use of toxic halogenating reagents. The reaction 
process did not require metal catalysis, and the remotely selected chlorination and 
bromination reactions of 8-amidoquinoline were successfully reported. The oxidant of 
this halogenation reaction was non-toxic potassium hydrogen persulfate. The 
bromination process was carried out at room temperature, which meets the 
requirements of good green chemistry. Since the activity of sodium chloride was lower 
than that of sodium bromide, it was necessary to use a high boiling point solvent DMF, 
and the temperature rose to 130 ℃ (Figure 3-3). 

 

Figure 3-3 Transition-metal-free oxidative C5 C-H-halogenation of 8-aminoquinoline amides 

using sodium halides 

In 2018, Wan’s group [8] used copper oxide catalyzed direct N-acylation of 8-
aminoquinoline and acyl halide and simultaneously achieved halogenation substitution 
at the C-5 position of the quinoline ring. The characteristics of this reaction were that it 
took advantage of the dual effects of acyl halides, and that it did not need to amidate 8-
aminoquinoline in advance, thereby simplifying the reaction steps and showing better 
tolerance to acyl halides. In general, this is an optimal way to construct C-5 
halogenation of quinoline ring (Figure 3-4). 
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Figure 3-4 Copper-catalyzed one-pot N-acylation and C-5 halogenation of 8-aminoquinolines 

Recently, Li’s group [9-10] reported the C-5 fluorination reaction of 8-
aminoquinoline derivatives. They explored two different fluorination methods. The first 
was to use the transition metal nickel sulfate as the catalyst, with NFSI (N-
fluorobisbenzenesulfonimide) as the fluorine source and oxidant. This reaction also 
proceeded through the SET mechanism, but the yield was low and the range of 
substrates was also very limited. The second fluorination method was completed in a 
non-metallic system, using Selectfluor as the fluorine source and acetic acid as the 
additive. This method not only shortened the reaction time, but also improved the 
fluorination yield. Compared with the first method, the reaction conditions of this 
method were mild, and the range of substrates was broad (Figure 3-5). 

 

Figure 3-5 (a) Nickel-catalyzed C-5 fluorination of 8-aminoquinolines with NFSI. (b) C-5 

regioselective C-H fluorination of 8-aminoquinoline amides and sulfonamides with Selectfluor 

Arylsulfone organics are also widely present in natural products, biologically 
active molecules and advanced functional materials, so it is quite essential to conduct 
modification on these organic compounds with sulfonyl groups [11-13]. 

In 2015, Wei’s group [14] and Wu’s group [15] almost simultaneously reported the 
sulfonylation of the C-5 position of 8-amidoquinoline. However, Wei's method had 
limited reaction substrates and was not compatible with fatty sulfonyl chloride 
compounds. Wu's method was applicable to a wider range of substrates, and the reaction 
process did not require inert gas protection (Figure 3-6). 
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Figure 3-6 Copper-catalyzed selective remote C-H sulfonylation of aminoquinolines  

In 2016, Zhang’s group [16] and Zeng’s group [17] also reported transition metal-
catalyzed sulfonylation of 8-aminoquinoline derivatives. Their theoretical calculations 
made it more clear that the sulfonylation reaction was a single electron transfer process 
(Figure 3-7). 

 

Figure 3-7 Copper-catalyzed remote C-H activation of quinolines via radical cross-coupling 

In addition to the carbon-halogen bond and carbon-sulfur bond constructed at the 
C-5 position of 8-aminoquinoline, there are also many literature reports of constructing 
the C-C bond at the C-5 position of the quinoline ring. These methods include allylation, 
alkylation and trifluoromethylation. 

Zeng’s research group [18] reported the regioselective allylation of 8-
amidoquinoline. This reaction used a low-cost and easily available iron catalyst to make 
the C-5 position of the quinoline skeleton couple with allyl alcohol (Figure 3-8). 

 

Figure 3-8 Iron-catalyzed remote C-H allylation of quinolines to construct C-C bond 

In 2016, Zhang’s research group [19] and Kanai’s research group [20] used sodium 
triflate and the trifluoromethyl source provided by Langlois reagent for the 
regioselective C-CF3 construction of 8-aminoquinoline derivatives (Figure 3-9) . 
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Figure 3-9 Copper (II)-catalyzed remote trifluoromethylation of aminoquinolines 

In 2018, Li’s research group [21] reported the directional selection of quinoline 
rings for trifluoromethylation. Compared with other approaches, this research group 
adopted a visible light-induced synthesis strategy that did not require additional 
photocatalysts. Oxygen in the air was used as an oxidant. It applied cheap sodium 
trifluoromethanesulfonate in a room temperature environment to achieve selective C-5 
trifluoromethylation reaction in high efficiency. The reaction mechanism showed that 
both the reaction substrate and product can be used as photosensitizers (Figure 3-10). 

 

Figure 3-10 Selective remote C-H trifluoromethylation of aminoquinolines 

In 2016, Zhu’s group [22] reported the selective C-5 amidation in the 8-
aminoquine derivative region under a metal-free system with biphenylamide providing 
a nitrogen source, and with only iodine benzoic acid as the oxidant. The reaction 
showed good tolerance to both diphenyl sulfonamide and acrylamide compounds, and 
the corresponding alamide products had medium to good yields. This reaction avoided 
the use of metal catalyst and high temperature, making it environmentally friendly 
(Figure 3-11). 

 

Figure 3-11 Metal-free remote C-H amidation of 8-amidoquinolines 

In 2017, Zhang’s team [23] achieved the C-5 amination reaction of 8-amoemine 
by replacing biphenyls with N-fluoride biphenylide (NFSI). NFSI not only provided a 
source of nitrogen, but also acted as an oxidant. The reaction exhibited the advantages 
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of efficient regional selectivity, simple operation and high conversion efficiency (Figure 
3-12). 

 

Figure 3-12 Remote C-H amination of quinolines with N-fluorobenzenesulfonimide through 

copper catalysis 

Nitride derivatives containing hydroxyl substitution are also important drug 
intermediates that can be used to synthesize a variety of bioactive molecules. Therefore, 
it makes sense to construct the C-O key on the C-5 of the quinoline. In 2017, Cheng’s 
team [24] first studied the catalytic reaction of copper acetate catalyzing C-5 
esterification of acetic acid, producing C-O conjugate products under mild conditions. 
This regional selective esterification method had higher compatibility with 8-amino-
quinine derivatives and some liquid acids. This reaction provided an effective method 
for the synthesis of 5-hydroxyquine derivatives (Figure 3-13). 

 

Figure 3-13 Selective remote esterification of 8-aminoquinoline amides 

In the same year, Volla’s group [25] reported the C-5 acetyl oxidation reaction of 
8-acetaminophen. The reaction was completed under a non-metallic system, except that 
acetyl oxygen was derived from iodized benzodiazepines, not acetic acid. The range of 
substrates was also wide, not only for a wide range of alamide derivatives, but also for 
sulfonamide and phosphatam derivatives (Figure 3-14). 

 

Figure 3-14 Metal-free remote C-H acetoxylation of 8-aminoquinolines 

In 2018, Hajra’s team [26] reported the first C-5 hydroxylation reaction of 8-
alamyquine in non-metallic conditions. The reaction conditions were mild with diacetyl 
oxygen-based iodine benzene as an oxidant and ammonium acetate as an additive, in 
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the acetic acid solvent. This reaction could obtain broad hydroxylated derivatives 
(Figure 3-15). 

 

Figure 3-15 Metal-free C-5 hydroxylation of 8-aminoquinoline amide 

In 2018, the research group of Zhou [27] used benzoyl peroxide as benzoylation 
reagent and reported the oxidation reaction of 8-amidoquinoline at the C-5 position. 
This reaction did not require metal catalyst and used water as solvent. A variety of 
quinoline derivatives could be used as substrates, and the reaction showed good 
tolerance to benzoyl peroxide derivatives with the highest yield of 88%. This was a 
simple and direct method to synthesize diverse C-5 oxidation compounds (Figure 3-16). 

 

Figure 3-16 Metal free oxygenation of 8-aminoquinoline amides  

In 2019, Zhu’s research [28] group developed a novel and efficient, metal-free 
sulfonylation reaction of 8-amidoquinoline with 1,2-disulfonyl hydrazide. This reaction 
showed for the first time that RSO3 radicals can be generated by the reaction of 
bis(trifluoroacetoxy) iodobenzene and substituted 1,2-disulfonyl hydrazides. The 
reaction activity was very good, and the sulfonylation product with good yield can be 
obtained (Figure 3-17).  

 

Figure 3-17 Metal-free C-5 tosyloxylation of 8-aminoquinolines with phenyliodine 

bistrifluoroacetate 

Among various established fluoroalkyl groups, much attention is devoted to the 
trifluoromethanesulfenyl group (-SCF3) due to its unique features: remarkable electron-
withdrawing character [29] and excellent lipophilicity [30]. Indeed, the -SCF3 group 
has been proved to change the molecular pharmacokinetic and physical chemistry, 
improving metabolic stability [30-32]. Molecules containing three fluorine in medicine, 
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agricultural chemicals, materials, personal care cosmetics, and other fields have been 
widely used. Therefore, how to efficiently introduce fluorine into the molecules has 
become a research focus in the field of organic fluorine chemistry in recent years. 

In summary, a variety of functional groups have been introduced into the quinoline 
skeleton. However, most of the methods, particularly the conventional methods, 
required harsh conditions, preparation of starting material, and multiple steps. In 
addition, although some strategies have been developed to directly insert functional 
groups at the C-5 position of quinolines, the methodology of selectively forming 
carbon-SCF3 at C-5 is still a blank. Therefore, developing a method to directly construct 
a carbon-SCF3 bond at the C-5 position of quinoline and then using that method to 
insert an -SCF3 functional group that can improve quinoline’s biological activity would 
be of great value. 
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3.2 Cu-catalyzed selective trifluromethylthiolation of 8-

animoquinolines 

3.2.1 Optimization of reaction conditions 

First of all, a series of experiments were conducted to demonstrate the feasibility 
of Cu-induced 5- trifluromethylthiolation of quinolines.We began to explore the effect 
of various copper catalysts on the crosscoupling of 8-aminoquinoline with –SCF3 
reagents in the presence of K2CO3 (2.0 equiv) in DCE under air condition at 80 °C for 
12 h (Table 3-1, entries 1-4). As desired, all the investigated copper salts such as 
Cu(OAc)2, CuCl, CuBr and CuI showed no catalytic activity for the 
trifluromethylthiolating of quinoline at the 5-position in the presence of S1. 
Subsequently, we evaluated various –SCF3 reagents. And S2 showed certain catalytic 
activity for the trifluromethylthiolating. Increasing the temperature increased the yield 
from 23% to 63%. In addition, we commenced our investigation with PhI(OAc)2 as a 
oxidant reagent because of its low toxicity and special reactivity as plenty of research 
have reported for long time. The yield was then enhanced to 85%. 

Table 3-1 Optimization of reaction conditionsa 

 

Entry Catalyst (eq) 2a Temp(oC) Yield(oC) 

1 Cu(OAc)2 (0.1) S1 80 NR 

2 CuI (0.1) S1 80 NR 

3 CuBr (0.1) S1 80 NR 

4 CuCl (0.1) S1 80 NR 

5 Pd(OAc)2 (0.1) S1 80 NR 

6 CuBr (0.1) S2 80 23 

7 CuBr (0.1) S3 80 NR 

8b CuBr (0.1) S2 80 85 

9 CuBr (0.1) S2 110 63 

a Reaction conditions: 3-1a (0.2 mmol), 3-2a (0.4 mmol), catalyst (10 mol%), base (2.0 equiv.), and 
DCE (3.0 mL) for 24 h. b PhI(OAc)2 (2.0 equiv) was added. 
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Next, we investigated the influence of different solvents on the reaction yield. It 
can be observed from Table 1 that the desired product can be isolated in good yield in 
DCE rather than other solvent. 

Table 3-2 The impact of solventsa 

 

Entry Catalyst (eq) Additive Solvent Temp(oC) Yield(oC) 

1 CuBr (0.1)  DCE 80 23 

2 CuBr (0.1) PhI(OAc)2 DCE 80 85 

3 CuBr (0.1) PhI(OAc)2 1,4-Dioxane 80 45 

4 CuBr (0.1) PhI(OAc)2 Toluene 80 68 

5 CuBr (0.1) PhI(OAc)2 MeCN 80 72 

6 CuBr (0.1) PhI(OAc)2 DCM 80 41 

7 CuBr (0.1) PhI(OAc)2 MeOH 80 43 

8 CuBr (0.1) PhI(OAc)2 THF 80 52 

9 CuBr (0.1) PhI(OAc)2 CHCl3 80 40 

a Reaction conditions: 3-1a (0.2 mmol), 3-2a (0.4 mmol), CuBr (10 mol%), K2CO3 (2.0 equiv.), and 
solvent (3.0 mL) for 24 h. 

3.2.2 Substrate scope 

After determining optimum reaction conditions, we investigated the reaction with 
several kinds of 8-amidoquinoline derivatives. The method showed good tolerance 
toward diversely substituted 8-amidoquinolines, and the results are presented in Table 
3-3. Generally, the reaction provided the 8-amidoquinoline 3-3a to 3-3an in high yields 
(35%-90%). Aromatic amides with different substitutions (3-3ac, 3-3ae, 3-3af, 3-3ag, 
3-3ah, 3-3ai and 3-3ak) all reacted well in good to moderate yield. Aromatic amides 
with substituted groups of electron-donating (OMe) exhibited better effect rather than 
substituted groups with electron-withdrawing (F, Cl, Br) which also worked well in 
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moderate yield. In addition, steric hindrance seemed to have a certain influence, as 
para-position of the benzene ring (3-3ac) showed higher yield than ortho-position of 
the benzene ring (3-3ae). Heterocyclic amide was able to give the target product with 
slightly decreased yield (3-3aj). The substituent effects on the 8-amidoquinoline were 
also clarified. The desired product could be obtained in good yield (3-3al, 3-3am, 3-
3an). However, sulfonyl group was not applicable for this reaction. And more substrates 
(3-3ap, 3-3aq) illustrated that amide group was necessary for this reaction. 

Table 3-3 Scope of substrates 

 

 

[a] Reaction conditions: 3-1a (0.2 mmol), 3-2a (0.4 mmol), CuBr (10 mol%), K2CO3 (2.0 equiv.), 
PhI(OAc)2 (2 eq) and DCE (3.0 mL) stirred in 80 oC for 24 h. 
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3.2.3 Proposed mechanism 

A preliminary proposal for the mechanism of the Cu-catalyzed trifluromethylthio 
–lation is investigated with the radical scavenger. The yield of this reaction did not 
decreased a lot when additive 2,2,6,6-tetramethylpiperidine oxide (Tempo) was added. 
However, adding butylated hydroxytoluene (BHT) reagent affected yield greatly under 
the same condition. The results indicated that this reaction underwent the free radical 
process.  

Table 3-4 Proposed mechanism 

 

Entry Catalyst (eq) Additive Temp(oC) Yield(%) 

1 CuBr (0.1) Tempo (0.5) 80 80 

2 CuBr (0.1) Tempo (1) 80 75 

3 CuBr (0.1) Tempo (2) 80 64 

4 CuBr (0.1) BHT (0.5) 80 70 

5 CuBr (0.1) BHT (1) 80 26 

6 CuBr (0.1) BHT (2) 80 20 

[a] Reaction conditions: 3-1a (0.2 mmol), 3-2a (0.4 mmol), CuBr (10 mol%), K2CO3 (2.0 equiv.), 
PhI(OAc)2 (2 eq) and DCE (3.0 mL) stirred in 80 oC for 24 h. 

3.2.4 Synthetic application 

After the desired products were achieved, we would like to evaluate the lipid 
solubility and bioactivity of this newly compound on AD. It should be noted that this 
quinoline compound (SCF-2) was reported to be considered as potential anti-AD agent 
[33]. 

We tried to replace the chloride (compound SCF-2) with the –SCF3 group into 
compound SCF-1 to enhance the lipid solubility and bioactivity. Then the two molecule 
were synthesized with commercial available starting material and the products can be 
obtained in 38% yield and 25% yield respectively. 
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Figure 3-18 Chemical structure of quinoline derivative SCF-1 and potential anti-AD agent SCF-2 

3.2.5 Molecular docking 

We did the molecular docking first to test the combination activity of quinoline 
derivative and Ab (PDB: 3OVJ). As shown in Figure 3-19, compound SCF-1 could 
combine with the Ab via hydro bond.  

 

Figure 3-19 The interaction and surface of quinoline-SCF3 combined with Aβ 

As shown in Figure 3-19, quinoline can combine with this protein greatly and was 
able to stretch into the hydrophobic pocket well. So it means that this compound has 
the potential to possess the bioactivity in treating with AD. The CDOCKER energy of 
SCF-1 with Ab is 0.2892 kcal/mol and the CDOCKER interaction energy was 22.1127 
kcal/mol for the 1st rank.  
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Figure 3-20 The 2D diagram of the interaction shown quinoline-SCF3 combined with Aβ 

3.2.6 Compound SCF-1 attenuates H2O2 or Aβ-induced cytotoxicity 

of SH-SY5Y Cells 

To study the effects of compound SCF-1 and SCF-2 on the viability of SH-SY5Y 
cells, CCK8 assay was performed. As shown in Figure 3-21, pretreatment with 
compound SCF-1 (A) and compound SCF-2 (B) for 24 h alone at 10 μM had no effect 
on cell viability, and the reduced viability of neuronal cell was observed at 20 μM 
Compound SCF-1 (Figure 3-21A) and 20 μM Compound SCF-2 (Figure 3-21B). 
Therefore, the concentration of compound SCF-1 and SCF-2 used in the next 
experiments was no more than 10 μM. 
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Figure 3-21 The effects of compound SCF-1 and SCF-2 on cell viability  

SH-SY5Y cells were treated with different concentrations of compound SCF-1 (A) and SCF-2 (B) 
for 24 h, and the cell viability were measured via CCK-8 assay. Results are representative of three 
independent experiments and expressed as means ± SD. ∗P < 0.05 and ∗∗P < 0.01 compared with 
control group. 

To study whether compound SCF-1 has the protective effects on neurons, H2O2-
induced SH-SY5Y cell models and Aβ-induced SH-SY5Y cell models were used. 
CCK8 assay and LDH release assay were performed to evaluate the effects of 
compound SCF-1 on H2O2 or Aβ-induced cytotoxicity in SH-SY5Y cells. As shown in 
Figure 3-22A, compared with control group, H2O2 decreased the viability of SH-SY5Y 
cells obviously. However, compared with H2O2-induced group, compound SCF-1 
enhanced the survival rates of SH-SY5Y cells and the increased survival rates of SCF-
1 (2.5, 5 and 10 μM) treated groups are 24.6%, 59.2% and 82.8%, respectively. In 
addition, compound SCF-1 decreased the LDH release of H2O2-induced SH-SY5Y cells 
in a concentration-dependent manner (Figure 3-22B). As shown in Figure 3-22B, 
compared with control group, the LDH leakage rate of H2O2-induced group is 189.3%, 
while the LDH leakage rate of SCF-1 (2.5, 5 and 10 μM) treated groups are 163.7%, 
140.3% and 105.3%, respectively. Furthermore, 10 μM SCF-1 showed greater 
promotion effect on cell viability of H2O2-induced SH-SY5Y cells than that of 10 μM 
SCF-2 (Figure 3-22A), as well as 10 μM SCF-1 also had stronger inhibition effect on 
H2O2-induced LDH leakage of SH-SY5Y cells (Figure 3-22B). Taken together, 
compound SCF-1 attenuated H2O2-induced cytotoxicity in SH-SY5Y cells. 

 

Figure 3-22 Effect of compound SCF-1 on H2O2-induced cytotoxicity in SH-SY5Y cells  

SH-SY5Y cells were plated in a 96-well plate, stimulated with H2O2 (500 μM) for 6 h and then 
treated with different concentrations of compound SCF-1 (2.5, 5, 10 μM) for another 24 h. (A) The 
viability of SH-SY5Y cells was tested by CCK8 assay. (B) The released LDH of SH-SY5Y cells 
induced by H2O2 were detected by LDH Release Assay. Data from three times independent 
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experiments were expressed as means ± SD. ##P < 0.01 compared with the control group and ∗P < 
0.05 and ∗∗P < 0.01 compared with the H2O2-treated group. 

As shown in Figure 3-23A, compared with control group, Aβ decreased the 
viability of SH-SY5Y cells significantly. However, compared with Aβ-induced group, 
compound SCF-1 enhanced the survival rates of SH-SY5Y cells and the increased 
survival rates of SCF-1 (2.5, 5 and 10 μM) treated groups are 9.1%, 24.6% and 43.5%, 
respectively. In addition, compound SCF-1 decreased the LDH release of Aβ-induced 
SH-SY5Y cells in a concentration-dependent manner (Figure 3-23B). As shown in 
Figure 3-23B, compared with control group, the LDH leakage rate of Aβ-induced group 
is 217.0%, while the LDH leakage rate of SCF-1 (2.5, 5 and 10 μM) treated groups are 
181.0%, 147.3% and 115.3%, respectively. What’s more, 10 μM SCF-1 showed greater 
promotion effect on cell viability of Aβ-induced SH-SY5Y cells than that of 10 μM 
SCF-2 (Figure 3-23A), as well as 10 μM SCF-1 also had stronger inhibition effect on 
Aβ-induced LDH leakage of SH-SY5Y cells (Figure 3-23B). Taken together, 
compound SCF-1 attenuated Aβ-induced cytotoxicity in SH-SY5Y cells. 

 

Figure 3-23 Effect of compound SCF-1 on Aβ-induced cytotoxicity in SH-SY5Y cells 

SH-SY5Y cells were plated in a 96-well plate, stimulated with Aβ (20 μM) for 1 h and then treated 
with different concentrations of compound SCF-1 (2.5, 5, 10 μM) for another 24 h. (A) The viability 
of SH-SY5Y cells was tested by CCK8 assay. (B) The released LDH of SH-SY5Y cells were 
detected by LDH Release Assay. Data from three times independent experiments were expressed as 
means ± SD. ##P < 0.01 compared with the control group and ∗P < 0.05 and ∗∗P < 0.01 compared 
with the Aβ-treated group. 

3.3. Material and methods 

3.3.1 General procedure for the preparation of substrates 
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Figure 3-24 Preparation of 8-acetaminde quinoline 

Preparation of 8-acetamide quinoline. The 8-amidoquinoline (10.0 mmol) were 
dissolved in DCM (75 mL) at 0 ℃, Et3N (12.0 mmol) was slowly added. Acetyl 
chloride (11.0 mmol) was then added slowly. The reaction mixture was then cooled to 
room temperature and allowed to stir for 12h. Then the solvent was evaporated, ice was 
added and the solution was extracted with CH2Cl2. The organic layers were combined 
and washed with brine, dried with anhydrous Na2SO4, and evaporated. The residue was 
then purified by column chromatography on silica gel using 10% CH2Cl2/hexane as the 
eluent solvent to give desired products in 70-90% yields. 

3.3.2 Characterization data (1H NMR, 13C NMR, 19F NMR, HRMS) 

of trifluromethylthiolation of 8-animoquinolines  

N-(5-((trifluoromethyl)thio)quinolin-8-yl)acetamide (3a)  

 
White solid, 90% yield; m.p. 113-114 oC; 1H NMR (500 MHz, CDCl3): δ 9.79 (s, 1H), 
8.84 (dd, J = 4.2, 1.6 Hz, 1H), 8.69 (d, J = 8.4 Hz, 1H), 8.55 (dd, J = 8.5, 1.6 Hz, 1H), 
7.81 (d, J = 8.4 Hz, 1H), 7.59 (dd, J = 8.5, 4.2 Hz, 1H), 2.38 (s, 3H). 13C NMR (126 
MHz, CDCl3): δ 168.83, 148.63, 138.96, 136.04, 134.45, 130.96, 127.19, 124.48, 
124.00, 122.69, 116.92, 114.16, 77.29, 77.04, 76.78, 25.18. 19F NMR (376 MHz, CDCl3) 
δ -58.72. HRMS (ESI) m/z: calcd for C12H9F3N2OS [M+H]+ 286.0388, found 286.0386. 

N-(5-((trifluoromethyl)thio)quinolin-8-yl)pivalamide (3ab) 

 
Yellow oil, 64% yield; 1H NMR (500 MHz, CDCl3): δ 9.11 (s, 1H), 8.81 (dd, J = 7.4, 
1.5 Hz, 1H), 8.27 – 8.19 (m, 2H), 7.85 (d, J = 7.5 Hz, 1H), 7.46 (t, J = 7.5 Hz, 1H), 
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1.14 (s, 9H). 13C NMR (126 MHz, CDCl3): δ 176.92, 149.33, 138.65, 133.94, 131.30, 
130.97, 129.63, 127.49, 122.20, 118.99, 77.29, 77.04, 76.78, 39.56, 27.56. 19F NMR 
(376 MHz, CDCl3): δ -56.35. HRMS (ESI) m/z: calcd for C15H15F3N2OS [M+H]+ 

329.0857, found 328.0856. 

4-methyl-N-(5-((trifluoromethyl)thio)quinolin-8-yl)benzamide (3ac) 

 

White solid, 80% yield, m.p. 89-90 oC; 11H NMR (500 MHz, CDCl3) δ 10.68 (s, 1H), 
8.91 – 8.79 (m, 2H), 8.54 (dd, J = 8.5, 1.6 Hz, 1H), 7.97 (d, J = 8.0 Hz, 2H), 7.84 (d, J 
= 8.4 Hz, 1H), 7.58 (dd, J = 8.5, 4.2 Hz, 1H), 7.35 (d, J = 8.0 Hz, 2H), 2.46 (s, 3H). 13C 
NMR (126 MHz, CDCl3) δ 166.14, 149.10, 142.42, 139.63, 134.45, 133.51, 131.46, 
130.98, 129.28, 128.51, 127.08, 126.18, 126.12, 125.27, 125.24, 121.75, 119.43, 77.29, 
77.04, 76.78, 21.35. 19F NMR (376 MHz, CDCl3) δ -57.60. HRMS (ESI) m/z: calcd for 
C18H13F3N2OS [M+H]+ 362.0701, found 362.0704. 

N-(5-((trifluoromethyl)thio)quinolin-8-yl)-1-naphthamide (3ad) 

 
Yellow oil, 45% yield;1H NMR (500 MHz, CDCl3): δ 9.72 (s, 1H), 8.71 (dd, J = 7.5, 
1.5 Hz, 1H), 8.23 (dd, J = 7.5, 1.4 Hz, 1H), 8.05 (dt, J = 7.3, 1.6 Hz, 1H), 8.02 – 7.96 
(m, 1H), 7.94 (d, J = 7.6 Hz, 1H), 7.90 (dt, J = 7.6, 1.5 Hz, 1H), 7.84 (dd, J = 7.5, 1.4 
Hz, 1H), 7.59 (td, J = 7.5, 1.5 Hz, 2H), 7.54 (td, J = 7.4, 1.6 Hz, 1H), 7.44 (t, J = 7.5 
Hz, 1H), 7.27 (d, J = 7.5 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 167.08, 149.78, 
139.77, 134.05, 133.38, 131.76, 131.32, 131.22, 131.15, 129.97, 129.33, 129.19, 
127.39, 127.15, 126.59, 126.41, 126.25, 125.44, 124.89, 121.77, 119.67, 77.32, 77.07, 
76.82. 19F NMR (376 MHz, CDCl3): δ -61.97. HRMS (ESI) m/z: calcd for 
C21H13F3N2OS [M+H]+ 399.0701, found 399.0711. 

3,5-dimethyl-N-(5-((trifluoromethyl)thio)quinolin-8-yl)benzamide (3ae) 
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White solid, 55% yield, m.p. 134-135 oC; 1H NMR (500 MHz, CDCl3): δ 10.61 (s, 1H), 
8.89 – 8.77 (m, 2H), 8.52 (dd, J = 8.5, 1.6 Hz, 1H), 7.83 (d, J = 8.4 Hz, 1H), 7.66 (d, J 
= 1.6 Hz, 2H), 7.56 (dd, J = 8.5, 4.2 Hz, 1H), 7.22 (s, 1H), 2.46 (d, J = 2.8 Hz, 7H). 13C 
NMR (126 MHz, CDCl3): δ 168.83, 147.40, 143.22, 139.09, 134.85, 134.69, 134.36, 
128.51, 126.28, 125.17, 121.84, 121.03, 117.69, 117.26, 102.73, 77.35, 77.03, 76.71, 
25.15, 23.28. 19F NMR (376 MHz, CDCl3): δ -51.71. HRMS (ESI) m/z: calcd for 
C19H15F3N2OS [M+H]+ 377.0867, found 377.0862. 

4-chloro-N-(5-((trifluoromethyl)thio)quinolin-8-yl)benzamide (3af) 

 

White solid, 79% yield, m.p. 101-102 oC; 1H NMR (500 MHz, CDCl3): δ 10.64 (s, 1H), 
8.85 (dd, J = 4.2, 1.6 Hz, 1H), 8.78 (d, J = 8.4 Hz, 1H), 8.53 (dd, J = 8.5, 1.6 Hz, 1H), 
8.03 – 7.97 (m, 2H), 7.82 (d, J = 8.4 Hz, 1H), 7.58 (dd, J = 8.5, 4.2 Hz, 1H), 7.55 – 
7.48 (m, 2H). 13C NMR (126 MHz, CDCl3): δ 164.18, 148.83, 136.06, 134.20, 130.93, 
129.11, 128.70, 122.81, 117.03, 114.68, 107.05, 77.39, 77.07, 76.76. 19F NMR (376 
MHz, CDCl3): δ -61.54. HRMS (ESI) m/z: calcd for C17H10ClF3N2OS [M+H]+ 

383.0154, found 383.0152. 

4-(trifluoromethyl)-N-(5-((trifluoromethyl)thio)quinolin-8-yl)benzamide (3ag) 

 
White solid, 62% yield, m.p. 125-126 oC; 1H NMR (500 MHz, CDCl3): δ 10.72 (s, 1H), 
8.91 (dd, J = 4.2, 1.5 Hz, 1H), 8.84 (d, J = 8.3 Hz, 1H), 8.60 (dd, J = 8.5, 1.6 Hz, 1H), 
8.08 – 8.00 (m, 2H), 7.89 (d, J = 8.4 Hz, 1H), 7.64 (dd, J = 8.5, 4.2 Hz, 1H), 7.60 – 
7.52 (m, 2H). 13C NMR (126 MHz, CDCl3): δ 165.94, 149.88, 139.66, 134.49, 133.95, 
133.16, 131.75, 131.13, 129.18, 128.46, 127.25, 126.37, 125.44, 122.96, 121.74, 
120.82, 119.85, 77.04, 76.78, 21.35. 19F NMR (376 MHz, CDCl3): δ -41.22, -61.41. 
HRMS (ESI) m/z: calcd for C18H10F6N2OS [M+Na]+ 439.0418, found 439.0415. 

4-bromo-N-(5-((trifluoromethyl)thio)quinolin-8-yl)benzamide (3ai) 

N
HN

O

Cl

SCF3

N
HN

O

CF3

SCF3



 57 

 
Yellow solid, 78% yield, m.p. 155-156 oC; 1H NMR (500 MHz, CDCl3): δ 10.70 (s, 
1H), 8.84 (dd, J = 4.2, 1.6 Hz, 1H), 8.77 (d, J = 8.3 Hz, 1H), 8.52 (dd, J = 8.6, 1.6 Hz, 
1H), 8.16 (d, J = 8.0 Hz, 2H), 7.81 (d, J = 8.9 Hz, 3H), 7.58 (dd, J = 8.5, 4.2 Hz, 1H). 
13C NMR (126 MHz, CDCl3): δ 163.85, 148.89, 139.23, 136.07, 134.00, 133.97, 130.87, 
127.73, 127.20, 125.95, 125.92, 125.89, 125.86, 122.86, 117.13, 114.98, 77.32, 77.07, 
76.82. 19F NMR (376 MHz, CDCl3): δ -62.91.  

N-(4-chloro-5-((trifluoromethyl)thio)quinolin-8-yl)acetamide (3al) 

 
White solid, 75% yield, m.p. 141-142 oC; 1H NMR (400 MHz, CDCl3): δ 9.82 (s, 1H), 
8.60 (dd, J = 20.0, 6.6 Hz, 2H), 7.88 (d, J = 8.6 Hz, 1H), 7.58 (d, J = 4.7 Hz, 1H), 2.34 
(s, 3H). 13C NMR (101 MHz, CDCl3): δ 168.80, 146.99, 143.04, 140.49, 135.83, 135.03, 
125.37, 124.05, 117.36, 109.42, 77.38, 77.06, 76.74, 25.26. 19F NMR (376 MHz, 
CDCl3): δ -51.67. 

N-(6-methoxy-5-((trifluoromethyl)thio)quinolin-8-yl)acetamide (3am) 

 
White solid, 88% yield, m.p. 129-130 oC; 1H NMR (500 MHz, CDCl3): δ 9.77 (s, 1H), 
8.74 (s, 1H), 8.61 (d, J = 2.5 Hz, 1H), 8.55 – 8.40 (m, 1H), 7.46 (dd, J = 8.6, 4.2 Hz, 
1H), 4.06 (s, 3H), 2.36 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 169.01, 154.43, 146.03, 
135.27, 134.64, 134.32, 127.89, 123.02, 104.20, 99.32, 77.35, 77.10, 76.84, 56.97, 
25.26. 19F NMR (376 MHz, CDCl3): δ -52.00. HRMS (ESI) m/z: calcd for 
C13H11F3N2O2S [M+H]+ 317.0154, found 317.0169. 

N-(2-methyl-5-((trifluoromethyl)thio)quinolin-8-yl)acetamide (3an) 
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White solid, 80% yield, m.p. 168-170 oC; 1H NMR (400 MHz, CDCl3): δ 10.00 – 9.62 
(m, 1H), 8.73 (dd, J = 6.1, 2.9 Hz, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.48 – 7.39 (m, 2H), 
7.29 (d, J = 8.3 Hz, 1H), 2.73 (s, 3H), 2.35 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 
168.78, 157.19, 137.58, 136.42, 133.89, 126.29, 126.02, 122.40, 121.27, 116.37, 77.43, 
77.11, 76.79, 25.22, 25.12. 19F NMR (376 MHz, CDCl3): δ -58.67. HRMS (ESI) m/z: 
calcd for C13H11F3N2OS [M+H]+ 301.0554, found 301.0559. 

3.3.3 Molecular docking 

In order to evaluate the binding ability of SCF-1 and Ab protein, molecular 
docking simulations were conducted to explore the potential interaction of quinoline 
derivative SCF-1 on Ab. The crystal structure of Ab (PDB: 3OVJ) was prepared by the 
Protonate 3D tool in MOE (version 2010.10, Chemical Computing Group Inc. Montreal, 
Quebec, Canada, 2010), and all the water molecules were removed together with the 
energy minimized. Hydrogen atoms were added with MOE either. Chemical structure 
of quinoline derivative SCF-1 was constructed and energy minimized in MOE. Docking 
simulations were conducted in the CDOCKER module implemented in Discovery 
Studio 2.5.5 (version 2.5, Accelrys Inc., San Diego, CA, 2009). 

3.3.4 Cell culture and treatment 

SH-SY5Y cells were purchased from the Cell Bank of Shanghai Institute of 
Biochemistry and Cell Biology at the Chinese Academy of Sciences (Shanghai, China). 
Cells were cultured in DMEM. 10% (v/v) FBS, penicillin (100 U/ml), and streptomycin 
(100 μg/ml) (Gibco BRL, Gaithersburg, MD, USA) were added. The cell culture 
conditions should be a stable environment with 5% CO2 at 37°C. To study the effects 
of compounds on cell viability, SH-SY5Y cells were treated with different 
concentrations of Compound SCF-1 and SCF-2 (0.625, 1.25, 2.5, 5, 10, 20, 40, 80 μM) 
for 24 h. To study the effects of compounds on H2O2-induced cell viability, SH-SY5Y 
cells were stimulated with H2O2 (500 μM) for 6 h and then treated with different 
concentrations of Compound SCF-1 (2.5, 5, 10 μM) or Compound SCF-2 (10 μM) for 
another 24 h. As well as, to study the effects of compounds on Aβ-induced cell viability, 
SH-SY5Y cells were pre-treated with Aβ (20 μM, Aβ25-35, Sigma-aldrich trading co., 
Shanghai, China, cat #A4559-250UG) for 1 h and then treated with different 
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concentrations of Compound SCF-1 (2.5, 5, 10 μM) or Compound SCF-2 (10 μM) for 
another 24 h. Compound SCF-1 and SCF-2 stock solution were freshly disposed into 
dilution by applying with culture medium to the indicated concentration. The resulted 
DMSO concentration should be under 0.1% and have no effect on cell viability. 

3.3.5 Compound treatment 

For the bioactivity studies, compounds SCF-1 and SCF-2 were dissolved in 
DMSO as stock solution at 0.1 M and stored at -20°C. 

3.3.6 Cell viability assay 

The CCK8 assay was conducted to measure the viability of SH-SY5Y cells. 
Briefly, cells were plated in 96-well plates with the density of 2 × 105 cells/well in 
medium. Then the cells were cultured for 12 h. After that, cells were treated with 
different concentrations of compound SCF-1 and SCF-2. After compound treatments, 
20 μL CCK8 solution was added into the samples. Then the cells were incubated in r.t. 
for 1 h. 450 nm wavelength was used to measure the absorbance. 

3.3.7 Lactate dehydrogenase (LDH) release assay 

The LDH level released from H2O2 or Aβ-induced SH-SY5Y cells was tested by 
LDH assay kit from KeyGen BioTech (Nanjing, China). Briefly, after compound 
treatments, 100 μL cell culture medium was harvested. The cell culture medium was 
mixed with buffer A (250 μl) and buffer B (50 μl), and then incubated in the water bath 
(37°C) for 15 min. The buffer C (250 μl) was added and incubated at 37°C for another 
15 min. The absorbance was measured at 440 nm. 

3.4 Discussion 

The method to use transition metal copper to catalyze the selective 
trifluromethylthiolation of 8-animoquinolines with -SCF3 reagent. The method showed 
good tolerance toward diversely substituted 8-amidoquinolines. In vitro tests 
demonstrated that SCF-1 could attenuate the cell cytotoxicity both in H2O2-induced and 
Aβ-induced SH-SY5Y cells. However, the safety dosage of derivative should be tested 
in vivo in the future. The pharmacokinetic study of this compound using the in vivo 
mice model should be performed to enhance the clinical relevance of this study. 
Furthermore, the AD transgenic models will be used to test the effect of SCF-1 in 
neuroprotective application. 
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3.5 Conclusion 

In summary, we have developed the first method to apply transition metal copper 
to catalyze the selective trifluromethylthiolation of 8-animoquinolines with -SCF3 
reagent. The protocol exhibited high regioselectivity on C-5 position of 8-
aminoquinoline and broad substrates scope in good to moderate yield. The proposed 
mechanism indicated that the reaction was a free radical process. In addition, our data 
demonstrated that -SCF3 derivative SCF-1 could combine with the Ab according to the 
molecular docking study. It makes more sense that the SCF-1 could attenuate the cell 
cytotoxicity both in H2O2-induced and Aβ-induced SH-SY5Y cells.  
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Chapter 4 Asymmetric synthesis of flavanols via 

Cu-catalyzed kinetic resolution of chromenes 

and their anti-inflammatory activity 

4.1 Introduction 

Flavonoids are prevalent structural motifs commonly found in numerous 
biologically active natural compounds and pharmaceuticals [1-4]. There are many 
subgroups of the general structure of a 15-carbon skeleton. Among them, flavan-3-ols 
(2-phenylchroman-3-ols) and their derivatives, which feature two vicinal chiral centers 
at the C-2 and C-3 positions are an important and special subclass of flavonoids. A 
number of natural flavan-3-ols including tupichinol A, (+)-catechin, (+)-gallocatechin, 
(-)-epicatechin-3-gallate and theaflavin have been isolated from natural plants (Figure 
4-1) [5-7]. These natural products carry various interesting biological activities such as 
antioxidant, anticancer, antimicrobial and antiviral properties [8-11]. Given the 
interesting and extensive bioactivity of flavan-3-ols, as well as the difficulties and 
tediousness to isolate them in pure form from natural plants, designing an effective 
asymmetric synthesis strategy to produce these compounds became highly desirable. In 
particular, asymmetric catalysis allows easy manipulation of stereo-configuration of a 
library of flavan-3-ols for biological investigations. Although some approaches for the 
synthesis of flavan-3-ols have been described [12-14], however, efficient synthetic 
methods for constructing chiral flavan-3-ols is still very limited. The common 
approaches for the preparation of this important building block always need multi-steps 
using Sharpless asymmetric dihydroxylation or asymmetric epoxidation (Sharpless 
epoxidation and Shi epoxidation) to construct the chiral center, and a subsequent 
cyclization to generate the C ring in flavan-3-ol framework (Figure 4-2a) [15]. Thus, 
development of new strategy for the construction of flavan-3-ol skeletons with 
excellent enantioselectivity is highly demanded. 
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Figure 4-1 Structures of chiral flavonoid and selected examples of flavan-3-ols 

Chiral organoboron compounds are versatile intermediates in organic synthesis, 
chemical biology, as well as material sciences because their C-B bond can be easily 
transformed into C-O, C-C, C-N and C-halogen bonds in a stereospecific fashion [16-
18]. Transition-metal-catalyzed asymmetric hydroboration of alkenes has been proven 
as one of the most direct and powerful methods for the preparation of chiral 
alkylboronic acid derivatives [19-20]. Recently, metal precursors were successfully 
applied in asymmetric hydroboration of alkenes, such as Rh [21-22], Ir [23], Co [24-
26] and Cu [27-35] complexes. Among the reported methods, Cu-catalyzed asymmetric 
hydroboration has gained increasing attention because of catalyst inexpensiveness, 
mild reaction conditions and high levels of selectivity. To date, a series of readily 
available alkenes have been explored in Cu-catalyzed asymmetric hydroboration to 
obtain chiral organoboron compounds in high yields and enantioselectivities. Kinetic 
resolution represents a simple and efficient way to access both the chiral products and 
the enantio-enriched starting materials [36-38]. So far, the scopes of reaction, catalysts 
and substrates suitable for the kinetic resolution are still limited, besides,  achieving a 
high resolution efficiency is of long-standing challenge. In 2013, Metz reported a 
kinetic resolution of racemic flavanones via Ru-catalyzed asymmetric transfer 
hydrogenation [39]. Later, Cu-catalyzed asymmetric hydroboration have been applied 
to racemic 2-substituted 1,2-dihydroquinolines [40]. Recently, our group developed a 
novel kinetic resolution and dynamic kinetic resolution of 2H-chromenes and 
dihydroquinolines by rhodium-catalyzed asymmetric hydroarylation [41,42]. Based on 
our continuous interest in constructing chiral bioactive flavonoids [43-46], herein, we 
developed a kinetic resolution of racemic 2-substitued 2H-chromenes by Cu-catalyzed 
asymmetric hydroboration for one pot synthesis of chiral flavan-3-ols with high kinetic 
resolution factors (Figure 4-2b).  
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 Figure 4-2 Asymmetric synthesis of flavan-3-ols 

Particularly, the in vitro experiments and RNA-sequencing (RNA-seq) analysis 
showed that these newly synthesized heterocycles suppressed the expression and 
secretion of pro-inflammation cytokines including IL-1β, IL-6 and TNF-α. Further data 
revealed that these compounds inhibit inflammation responses through downregulating 
the gene transcriptions closely related to IL-17 signaling pathway, PI3K-Akt signaling 
pathway and TNF signaling pathway, which suggest that these newly synthesized 
compounds are potent lead compounds for treating inflammation diseases. 

4.2 Asymmetric synthesis of flavanols via Cu-catalyzed kinetic 

resolution of chromenes 

4.2.1 Optimization of reaction conditions 

The asymmetric hydroboration/kinetic resolution of rac-flavene (2-aryl-chromene) 
1a with B2Pin2 (2) in MeOH was evaluated in the presence of Cu complex, followed 
by oxidative workup with NaBO3·H2O. Various chiral bisphosphine ligands with 
different backbones utilizing CuCl as the catalyst precursor were initially investigated.  
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Table 4-1 Reaction condition optimization for Cu-catalyzed asymmetric hydroboration of flavenea 

 

Entry Ligand 
temp. 

(oC) 

(R)-1ab 

yield (%) 

(R)-1ac 

ee (%) 

3ab,d 

yield (%) 

3ac 

ee (%) 

conv.e 

(%) 
sf 

1 L1 rt 32 99 50 73 58 32 

2 L2 rt 22 88 37 46 66 7 

3 L3 rt trace --- 88 11 --- --- 

4 L4 rt trace --- 58 7 --- --- 

5 L5 rt --- --- trace --- --- --- 

6 L6 rt 58 38 31 79 33 12 

7 L7 rt 68 20 16 74 21 8 

8 L8 rt 45 62 36 -86 42 25 

9 L1 0 37 >99 62 76 57 37 

10 L1 -30 43 >99 48 93 52 145 
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11 L1 -35 46 99 45 >99 50 1060 

12 L1 -40 63 50 28 99 37 328 

a Reaction conditions: CuCl (5.0 mol %), ligand (5.5 mol %), 1a (0.2 mmol), 2 (0.24 mmol), NaOtBu 
(10.0 mol %), MeOH (0.2 mmol), THF (0.6 mL); NaBO3�H2O (0.5 mmol), H2O (0.6 mL). b Isolated 
yield. c Determined by chiral HPLC. d Diastereomeric ratio (dr) > 19:1 (determined by 1H NMR). e 
Calculated conversion, C = ee1a/(ee1a + ee3a). f Selectivity factor (s) = ln[(1 –C) (1 – ee1a)]/ ln[(1 –
C) (1 + ee1a)]. 

To our delight, the flavan-3-ol 3a with vicinal chiral center was essentially 
obtained as a single diastereomer (dr > 19:1) in 50% isolated yield with 73% ee, and 
the recovered 1a was also obtained in 32% yield with 99% ee (s = 32), catalyzed by the 
in-situ complex formed from 5.0 mol % CuCl and 5.5 mol % (R,R)-Ph-BPE L1 in THF 
at room temperature (Table 4-1, entry 1). (R,R)-Me-Duphos L3 and (R,Sp)-Josiphos L4 
could promote the full conversion of rac-flavene 1a, but the ee values of product 3a 
were inferior (Table 4-1, entry 3 and 4). When (R)-Binap L5 was employed, trace 
amount of product was detected (Table 1, entry 5). Other diphosphine ligands, such as 
(R)-DM-Segphos L6, (R)-Difluorphos L7 and (R)-Xylyl-P-Phos L8 afforded product 
3a with high enantioselectivities (74-86%), albeit with low enantioselectivities for the 
recovered substrate 1a (20-68%). The reaction temperatures were also investigated by 
using (R,R)-Ph-BPE L1 as the ligand. When lowering reaction temperature to -35 oC, 

the kinetic resolution was highly selective. Both the flavanol product 3a and the 
substrate flavene 1a were obtained in excellent yields (45% and 46%) and extremely 
high enantioselectivities (99%), with selective factor of 1060 (Table 4-1, entry 11). 

4.2.2 Substrate scope 

After the optimized reaction conditions obtained, we next examined the 
application scope of flavenes with different kinds of substituents, and the results were 
illustrated in Table 4-2. The resulting scope of substrate was very broad, with 
substituents on both the C2-phenyl ring and the benzopyran moieties spanning a diverse 
range of sterically and electronically different groups. Generally, the reaction provided 
the flavan-3-ols 3a-3ai as single diastereomers in high yields (34-48%) with excellent 
enantioselectivities (95->99%, >99% for most substrates) and the recovered (R)-
flavenes in 35-48% yields with 83->99% enantioselectivities (s factor 170->1060). 
Substrates 1b-i bearing a wide range of electronically varied phenyl at the C2 position 
with different substituents patterns proceeded with excellent chiral recognition. No 
significant steric effect was observed. The o-tolyl substituted substrate rac-1j afforded 
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the product 3j with the highest enantioselectivity (>99%) and a selective factor of 1060. 
Replacing the phenyl ring with 2-naphthyl moiety led to a similar result, producing the 
pi-extended 2-naphthyl group product 3m with >99% ee and recovered flavene 1m 
with >99% ee (s factor >1060). Notably, the substrates containing heterocycles, such 
as 2-furyl or 2-thienyl also works well under the catalytic conditions affording the 
products 3n-o with 98-99% ee and the recovered substrates 1n-o with 98-99% ee. To 
our delight, the 2-alkyl-chromene 1p was successfully resolved under these reaction 
conditions, giving the product 3p in 34% yield and >99% ee, and recovered starting 
material in 35% yield with >99% ee (s factor >1060). The hydroboration of flavenes 
with an electron-donating group either at the C5, C6, C7 or C8 position (1q-1aa) were 
found successful, and furnished desired products in high yields (39-46%) with excellent 
enantioselectivities (83->99%). Besides, hydroxyl substituent at C6 position of 
substrate 1ac could also be successfully converted into the corresponding product in 
excellent enantioselectivity (>99% ee). The racemic flavenes bearing electron-
withdrawing group at C6 or C8 position (1ad-ag) were well-tolerated. High yields and 
excellent enantioselectivities were obtained for both products and recovered flavenes. 
Remarkably, the flavenes with substituent of -F or -Cl group on both C2-phenyl ring 
and benzopyran also reacted smoothly, providing the products in excellent yields with 
high enantioselectivities (3ah and 3ai). The configuration of the recovered 1a were 
assigned as R configuration by comparing with literature data for the known compound 
[47], and the absolute configuration of product 3m was confirmed as (2R, 3S) by X-ray 
crystal structure analysis [48]. Notably, the opposite configuration of flavanol (2S, 3R)-
3ʹ can also be accessed by using the ligand (S, S)-Ph-BPE (L1) under similar conditions 
(Table 4-2b, 3mʹ, 3oʹ, 3pʹ, 3aeʹ, 3agʹ). 
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Table 4-2 Scope of substrates 
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[a] Reaction conditions: CuCl (5.0 mol %), Ph-BPE (L1) (5.5 mol %), 1 (0.2 mmol), 2 (0.24 mmol), 
NaOtBu (10 mol%), MeOH (0.2 mmol), THF (0.6 mL). Yields were isolated yields. Ees were 
determined by chiral HPLC. Diastereomeric ratio (dr) > 19:1 (determined by 1H NMR). Calculated 
conversion, C = ee1/(ee1 + ee3). Selectivity factor (s) = ln[(1 –C) (1 – ee1)]/ ln[(1 –C) (1 + ee1)]. 

4.2.3 Synthetic application 

To demonstrate the potential applicability of this method, the resulting flavan-3-ol 
3a was transformed into (2R,3S)-2-phenylchroman-3-yl 3,4,5-trihydroxybenzoate 4 by 
esterification with tri-OBn gallic acid chloride, then with hydrogenolysis, resulting in 
63% yield in two steps. It should be noted that the product 4 was reported to show 
excellent anti-staphylococcal activity for its ability to reverse methicillin resistance in 
the drug resistant strains of S. aureus (Figure 4-3a) [49]. Furthermore, product 5 was 
obtained in 95% yield by removal of methoxylmethyl (MOM) ester on the C2 phenyl 
of 3e in the presence of HCl and iPrOH without losing any enantioselectivity (Figure 
4-3b). 



 71 

 

Figure 4-3 Synthetic application. a Transformation of 3a. b Deprotection of MOM of 3e. 

4.2.4 Proposed mechanism 

A deuterium-labeling experiment was conducted to probe the reaction mechanism 
(Figure 4-4). The borylation of rac-1a using CD3OD instead of CH3OH furnished the 
deuterium-labeled product 3a’ (44% yield, >99% ee, 90% D incorporation). The syn 
configuration between the hydoxyl group and the deuterium atom at the 4-position 
indicated that the Cu-(Bpin) complex underwent syn-addition to the C-C double bond 
of 2H-chromene rac-1a. On the basis of the aforementioned results and previous reports 
[30, 32, 40], we propose a plausible reaction mechanism for the enantioselective 
borylation of 2-substituted 2H-chromenes by kinetic resolution (Figure 4-4) as follow. 
Cu(OtBu) species A initially reacts with diboron reagent 2 to form borylcopper(I) 
species B. The coordination of racemic chromenes 1 to the copper center then results 
in the formation of complex C. A subsequent syn-addition of B to 1 provide alkylcopper 
intermediate D, which reacts with methanol to deliver E and to regenerate the Cu-
alkoxide A. 
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Figure 4-4 Deuterium-labeling experiment and proposed catalytic cycle 

4.2.5 Anti-inflammatory efficiency of flavan-3-ols. 

Natural products or small molecule containing flavan skeleton have been reported 
to exhibit broad anti-inflammatory activity. To evaluate the anti-inflammatory effects 
of these newly synthesized flavan-3-ols, RAW 264.7 cells (mouse 
monocyte/macrophage cells) were used as the in vitro model. First, CCK-8 (Cell 
Counting Kit-8) assay was performed to test the effects of these newly synthesized 
flavan-3-ols on cell viability. RAW 264.7 cells were treated with each compound 
ranging from 25 to 100 µM for 24 h. As shown in Figure 4-5, treatment with each 
compound at 25 and 50 µM for 24 h had no effect on the cell viability of RAW 264.7 
cell, nevertheless, reduced viability was observed in some of the compounds at 100 µM, 
such as compound 3i, 3n, 3ad and 3ai. Therefore, the final concentration of each 
compound used in the following experiments were less than 100 µM, and compound 
concentrations at 25 and 50 µM were used in the subsequent experiments. 
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Figure 4-5 Effect of compounds on the cell viability  

RAW 264.7 cells were plated in a 96-well plate and treated with each compound (0, 25 µM, 50 µM 
and 100 µM) for 24 h. The viability of cells was tested by CCK8 assay. Data were expressed as 
means ± SD from three times independent experiments. ∗P < 0.05 compared with the control group. 

The increased pro-inflammatory cytokines production in RAW 264.7 cells has 
been reported to play an influential role in the inflammation response [50]. To evaluate 
the anti-inflammatory effect of these flavan-3-ols in vitro, ELISA kits were employed 
to investigated the effect of each compound on the LPS (lipopolysaccharide)-induced 
pro-inflammatory cytokines production of RAW 264.7 cells. After treatment with each 
compound (25 and 50 µM) and stimulation by LPS, the level of three main pro-
inflammation cytokines including IL-1β (interleukin-1β), IL-6 (interleukin-6), and 
TNF-α (tumor necrosis factor-α) in culture supernatant from RAW 264.7 cells was 
measured by ELISA kits, and then the inhibition rate of compound on the secretion of 
each pro-inflammatory cytokine was calculated by the following formula.  

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛	𝑅𝑎𝑡𝑒	(%) 	= 	
(L − Lc)

L × 100% 

In this formula, “L” refers to “the pro-inflammatory cytokine level in cell culture 
supernatant of LPS-induced group (L)” and “Lc” refers to “the pro-inflammatory 
cytokine level in cell culture supernatant of compound-treated group (Lc)”. Using this 
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formula, the reduced level of pro-inflammation cytokines in the compound treated 
group would give higher value, which reflects higher inhibition rate.  

As shown in Figure 4-6, compared with the LPS-stimulated group, most of the 
flavan-3-ols inhibited the secretion of IL-1β, IL-6 and TNF-α. We selected 5 
compounds (3m, 3o, 3p, 3ae and 3ag) that consistently showed higher inhibition rates 
(at least 20 to 60%) across all three pro-inflammatory cytokines tested, and omitted 
those that showed lower inhibition rate (10 to 20%). All these results suggested that 
these five entities of flavan-3-ols would serve as the potential inflammation inhibitors.  

 

Figure 4-6 The effect of flavan-3-ols on pro-inflammatory cytokine secretion in vitro  

RAW 264.7 cells were pretreated with each compound (25, 50 µM) for 24 h, and then stimulated 
by LPS (1 µg/mL) for 2 h. The ELISA was performed and the inhibition rate of compound on the 
secretion of each pro-inflammatory cytokine was calculated. (a) The inhibition rate of each 
compound on the secretion of IL-1b from LPS-stimulated RAW 264.7 cells. (b) The inhibition rate 
of each compound on the secretion of IL-6 from LPS-stimulated RAW 264.7 cells. (c) The inhibition 
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rate of each compound on the secretion of TNF-a from LPS-stimulated RAW 264.7 cells. Data from 
three independent experiments were expressed as means ± SD. *P < 0.05, **P < 0.01 compared 
with LPS-stimulated group. 

4.2.6 RNA-seq analysis of downstream genes regulated by flavan-3-

ols 

Given that compound 3m, 3o, 3p, 3ae and 3ag exhibited potent anti-inflammatory 
effect, we next examined flavan-3-ols-mediated transcriptional targets and pathways 
that could potentially account for the inflammation response. RNA-seq analysis was 
performed to further study the effects of compounds 3m, 3o, 3p, 3ae and 3ag on gene 
transcriptional pathways related to inflammation. RAW 264.7 cells were used in the 
RNA-seq analysis, in which cells were pretreated with each compound (50 µM) for 20 
h followed by LPS (1 µg/mL) stimulation for another 4 h. After analyzing the whole 
genome sequencing results, we found that there were 1098 genes differentially 
regulated by compound 3ag as compared with the untreated LPS-stimulated group, 
(Figure 4-7a), of which 954 genes (49.8%) were downregulated and 144 genes (7.5%) 
were upregulated (Figure 4-7a and 4-7b). Next, we focused on genes related to 
inflammatory reactions and inflammation-related diseases (inflammation-related genes) 
based on the gene and pathway classification of Kyoto Encyclopedia of Genes and 
Genomes (KEGG database). As shown in Figure 4-7c, among all these inflammation-
related genes, 75 genes (listed on the right of Figure 4-7c) were significantly changed 
by LPS stimulation as compared with the control group. In addition, as compared with 
the LPS-stimulated group, 40 genes were downregulated by 50 µM compound 3ag, and 
the other 4 compounds (3m, 3o, 3p, 3ae) also downregulated parts of inflammation-
related genes at 50 µM. However, the other 4 compounds downregulated much fewer 
inflammation-related genes as compared to that of compound 3ag (Figure 4-7c). Taken 
together, these results suggest that compound 3ag potentially exerts relatively stronger 
anti-inflammation effects by regulating a broader range of inflammatory genes and 
pathways. 
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Figure 4-7 RNA-seq analysis of flavan-3-ol 3ag-modulated genes  

(a) Volcano plot illustrating differentially regulated gene expression from RNA-seq analysis 
between LPS-stimulated group and compound 3ag-treated group. The upregulated and 
downregulated genes are shown in the orange and blue, respectively. Values are presented as the 
log2 of tag counts. (b) RNA-seq comparison revealed a total of 1915 genes expressed, of which 954 
genes (49.8%) were downregulated and 144 genes (7.5%) were upregulated. (c) The hierarchical 
clustering of the whole genome analysis results showing the representative top 75 genes that were 
significantly altered in expression level. 

To further analyze the functional distribution of differentially-expressed genes in 
relation to different biological processes, cellular components and molecular functions, 
gene ontology (GO) enrichment analysis was performed. The histogram of GO 
enrichment of differentially-expressed genes was presented. As shown in Figure 4-8, 
gene ontology (GO) enrichment analysis illustrated different categories of genes that 
were significantly downregulated or upregulated by the treatment of compound 3ag as 
compared with the LPS-induced group. In line with our ELISA result that showed 
reduction in pro-inflammatory cytokines (Figure 4-6), the downregulated genes were 
associated with inflammatory response (GO: 0006954) and cellular response to 
lipopolysaccharide (GO: 0071222) (Figure 4-8). These results suggest that compound 
3ag shows strong inhibition effects on inflammation process and is closely involved in 
inflammation response. 
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Figure 4-8 Gene ontology (GO) functional clustering of genes 

The genes that were downregulated or upregulated in different biological processes. GO analysis 
result illustrates the genes that were significantly affected by compound 3ag treatment clustered in 
accordance with specific molecular functions (red), cellular components (green) and biological 
processes (blue).  

Furthermore, to determine the biochemical metabolic pathways and signal 
transduction pathways involved in differentially expressed genes regulated by 
compound 3ag, KEGG pathway analysis was then performed. As shown in Figure 4-
9a, compared with the LPS-induced group, a number of genes that were downregulated 
in compound 3ag-treated group were distributed in several main pathways closely 
related to inflammation process including IL-17 signaling pathways, PI3K-Akt 
signaling pathway and TNF signaling pathway. More importantly, these genes 
downregulated by compound 3ag were closely related to several inflammatory diseases, 
such as rheumatoid arthritis and inflammatory bowel disease (IBD). Taken together, 
these results suggested that flavan-3-ol 3ag inhibited the transcription of genes closely 
involved in the process of inflammation and inflammation-related diseases, which is in 
line with the previous findings on the anti-inflammatory function of flavan skeleton 
compounds. 
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Figure 4-9 The KEGG pathway analysis of the differentially-expressed genes  

(a) KEGG pathway analysis of the distribution of differentially-expressed genes. Compared with 
the LPS-induced group, the distribution of differentially-expressed genes regulated by compound 
3ag distributed in different categories were shown. (b) The Scatter plot showing KEGG rich 
distribution of differential genes. 

4.2.7 Relationship between configuration of the flavan-3-ols and their 

anti-inflammation efficiency 

To evaluate the influence of different configurations of the flavan-3-ols on the anti-
inflammation activity, compound (2R,3S)-3m, (2R,3S)-3o, (2R,3S)-3p, (2R,3S)-3ae 
and (2R,3S)-3ag and their enantiomers, (2S, 3R)-3mʹ, (2S, 3R)-3oʹ, (2S, 3R)-3pʹ, (2S, 
3R)-3aeʹ and (2S, 3R)-3agʹ were selected. Then these ten compounds were evaluated 
for their anti-inflammation activity together with their racemic form (rac-3m, rac-3o, 
rac-3p, rac-3ae and rac-3ag). The inhibition rate of IL-1b secretion was applied to 
evaluate the anti-inflammation effect of each compound. Our results revealed that 
compounds 3m, 3o, 3ag, 3ae showed higher inhibition rate than their enantiomers, 3mʹ, 
3oʹ, 3agʹ, 3aeʹ, and racemic mixtures (Figure 4-10). Meanwhile, compound (2S, 3R)-
3pʹ exhibited higher inhibition rate of IL-1b secretion than its racemic mixture (Figure 
4-10). These results suggest that the chirality plays an important role in the recognition 
between the biologically active molecules and their targets, and enantio-enriched 
flavanols always show higher inhibition rate than their racemic mixtures, respectively. 
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Figure 4-10 The inhibition rates of compounds on IL-1β secretion  

Each compound (50 µM) was added to RAW 264.7 cells for 24 h. Then to stimulate by LPS (1 
µg/mL) for 2 h. The concentrations of IL-1b in RAW 264.7 cell culture supernatants were measured 
by ELISA kits and the inhibition rate of compound on the secretion of each pro-inflammatory 
cytokine was calculated. Data from three independent experiments were expressed as means ± SD. 
*P < 0.05, **P < 0.01 compared with LPS-stimulated group. 

4.3 Material and methods 

4.3.1 General procedure for the preparation of substrates 

 

Figure 4-11 Preparation of 2-aryl-2H-chromenes 

Preparation of (rac)-2-aryl-2H-chromenes. The chalcones (9.0 mmol) were 
dissolved in isopropanol (75 mL) at 50 ℃, NaBH4 (27.0 mmol) was slowly added. The 
reaction mixture was then cooled to r.t. and allowed to stir for12h. The solvent was then 
evaporated, ice was added and the resulting solution was acidified using 10% glacial 
AcOH to pH 5. The solution was extracted with DCM, and the organic layers were 
combined and washed with brine, dried over anhydrous Na2SO4, and evaporated. The 
residue was purified by column chromatography on silica gel using 20% 
CH2Cl2/hexane as the eluent solvent to give desired products in 60-80% yields. 
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Figure 4-12 Preparation of 2-propyl-2H-chromene 

A solution of salicylaldehyde (244 mg, 2.0 mmol), (E)-1- pentenylboric acid (271 
mg, 2.4 mmol) and dibenzylamine (50 mg, 0.2 mmol) in dioxane (10.0 mL) was stirred 
at 90°C overnight. After cooling to room temperature, water (20 mL) and 
dichloromethane (20 mL) were added. The aqueous layer was extracted with 
dichloromethane (20 mL) and the combined organic layers were washed with 10% 
hydrochloric acid and saturated aqueous sodium bicarbonate solution, dried over 
anhydrous Na2SO4, and evaporated. Purification of the residue by column 
chromatography over silica gel (hexane) eluted the product in 60% yield. 

 

Figure 4-13 Preparation of general chromene acetals 

Chromeme acetals were prepared according to previously reported procedures.[3] 

To a solution of 2-hydroxybenzaldehydes (5.0 mmol) in THF (25 mL) was added 
(formylmethylene)triphenylphosphorane (11.0 mmol) at room temperature. The 
resulting reaction mixture was refluxed at 100 oC for 20 h. The reaction mixture was 
cooled to room temperature, and extracted with H2O (15 mL) and EtOAc (3 x 15 mL). 
The combined organic phase was washed with brine, dried over Na2SO4 and 
concentrated under vacuo to give the desired crude product. The crude products were 
purified by column chromatography to afford 2-hydroxycinnamaldehydes in 70-90% 
yield.  

The 2-hydroxycinnamaldehydes were added into a solution (1,4-dioxane:ROH = 
1:1) with 1 mol% In(OTf)3 and stirred at 80 oC for 12 h. After the reactions were 
completed, the solvent was removed under reduced pressure. The crude products were 
purified by silica gel chromatography (4-10% EtOAc/PE with 5% Et3N) to afford the 
chromeme acetal substrates in 60-90% yield. 

4.3.2 Preparation and structure characterization of products 

asymmetric synthesized via Cu-catalyzed kinetic resolution of 

chromenes 
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Figure 4-14 Cu-catalyzed asymmetric hydroboration of 2H-chromenes via kinetic resolution 

In a nitrogen-filled glovebox, a flame-dried screw-cap reaction tube equipped with a 
magnetic stir bar was charged with CuCl (0.01 mmol, 1.0 mg), (R, R)-Ph-BPE (0.012 
mmol, 6.1 mg), NaOtBu (0.02 mmol, 1.9 mg) and anhydrous THF (0.6 mL) was added. 
Then, the reaction mixture was stirred for 15 min. 2-phenyl-2H-chromene 1a (0.20 
mmol, 41.6 mg) and B2(pin)2 2 (0.24 mmol, 60.9 mg) were added. The Schleck reaction 
vial was sealed with a rubber plug and taken out glovebox. The tube was allowed to stir 
at -35 °C for 5 min. Then, MeOH (0.2 mmol, 8 µL) was added. The resulting solution 
was allowed to stir at -35 °C for 24 h. NaBO3·H2O (0.5 mmol, 50.0 mg) and H2O (0.6 
mL) were added. The resulting mixture was allowed to stir at room temperature for 5 
h. The reaction mixture was diluted with EtOAc (10 mL) and H2O (3 mL). The aqueous 
layer was extracted with EtOAc (10×2 mL). The organic layer was dried over 
anhydrous Na2SO4, filtered, and concentrated under vacuum. The residue was purified 
by column chromatography on silica gel to get the corresponding hydroboration 
product 3a and the recovered starting material (R)-1a. The ee values of 3a and 1a were 
determined by HPLC. Diastereomeric ratio was determined by 1H NMR. 

(R)-2-Phenyl-2H-chromene (1a) 

 
Light yellow oil, 46% yield; [a] 20D = +212 (c = 0.4, CHCl3) {(R) [a] 20D = +177.1 (c 
0.5, CHCl3)}[4]; ee was determined to be 99% by HPLC analysis with a Chiralcel OJ-
H column (hexane/2-propanol 99:1, 1.0 mL/min, 230 nm); tr (major) = 24.53 min, tr 
(minor) = 28.62 min; 1H NMR (500 MHz, CDCl3): δ 7.51-7.49 (m, 2H), 7.43-7.35 (m, 
3H), 7.15 (td, J = 10.0, 1.6 Hz, 1H), 7.05 (dd, J = 7.4, 1.5 Hz, 1H), 6.91 (td, J = 7.4, 0.8 
Hz, 1H), 6.84 (d, J = 8.1 Hz, 1H), 6.57 (dd, J = 9.8, 1.6 Hz, 1H), 5.93 (t, J = 2.9 Hz, 
1H), 5.84 (dd, J = 9.9, 3.4 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 153.2, 140.9, 129.5, 
128.7, 128.4, 127.1, 126.7, 124.9, 124.1, 121.4, 121.3, 116.1, 77.2. 

(R)-2-(p-tolyl)-2H-chromene (1b) 
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White solid, 45% yield; [a] 20D = +204 (c = 0.23, CHCl3) {(R) [a] 20D = +62.2 (c 0.5, 
CHCl3)}[4]; ee was determined to be 99% by HPLC analysis with a Chiralcel IB column 
(hexane/2-propanol 99.5:0.5, 0.5 mL/min, 230 nm); tr (major) = 11.18 min, tr (minor) 
= 11.69 min; 1H NMR (500 MHz, CDCl3): δ 7.37-7.34 (d, J = 7.9 Hz, 2H), 7.18 (d, J = 
7.9 Hz, 2H), 7.11 (td, J = 9.1, 1.5 Hz, 1H), 7.04 (dd, J = 7.4, 1.3 Hz, 1H), 6.86 (td, J = 
7.4, 1.0 Hz, 1H), 6.79 (d, J = 8.1 Hz, 1H), 6.55 (dd, J = 9.8, 1.1 Hz, 1H), 5.89 (t, J = 
1.8 Hz, 1H), 5.81 (dd, J = 9.9, 3.4 Hz, 1H), 2.36 (s, 3H). 13C NMR (125 MHz, CDCl3): 
δ 153.2, 138.3, 137.9, 129.5, 129.4, 127.1, 126.6, 125.0, 124.0, 121.4, 121.1, 116.1, 
77.3, 21.2.  

(R)-2-(4-methoxyphenyl)-2H-chromene (1c) 

 
White solid, 46% yield; [a] 20D = +253 (c = 0.45, CHCl3) {(R) [a] 20D = +64.7 (c 0.5, 
CHCl3)}[4]; ee was determined to be 97% by HPLC analysis with a Chiralcel OJ-3 
column (hexane/2-propanol 90:10, 1.0 mL/min, 230 nm); tr (major) = 21.69 min, tr 
(minor) = 27.74 min; 1H NMR (400 MHz, CDCl3): δ 7.38 (d, J = 8.7 Hz, 2H), 7.10 (td, 
J = 7.8, 1.5 Hz, 1H), 7.01 (dd, J = 7.4, 1.4 Hz, 1H), 6.91-6.84 (m, 3H), 6.76 (d, J = 8.0 
Hz, 1H), 6.55 (dd, J = 9.8, 1.4 Hz, 1H), 5.87 (t, J = 2.4 Hz, 1H), 5.79 (dd, J = 9.8, 3.4 
Hz, 1H), 3.80 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 159.8, 153.2, 132.9, 129.5, 128.7, 
126.6, 125.0, 124.1, 121.4, 121.1, 116.1, 114.1, 76.8, 55.3. 

(R)-2-(4-(benzyloxy)phenyl)-2H-chromene (1d) 

 
White solid, 42% yield; m.p. 92-93 oC; [a] 20D = +292 (c = 0.53, CHCl3); ee was 
determined to be 98% by HPLC analysis with a Chiralcel OD-H column (hexane/2-
propanol 95:5, 1.0 mL/min, 230 nm); tr (minor) = 15.96 min, tr (major) = 17.32 min,; 
1H NMR (400 MHz, CDCl3): δ 7.44-7.37 (m, 6H), 7.33 (m, 1H), 7.11 (m, 1H), 7.03-
6.97 (m, 3H), 6.87 (t, J = 7.4 Hz, 1H), 6.77 (d, J = 10.1 Hz, 1H), 6.55 (dd, J = 9.8, 1.5 
Hz, 1H), 5.88 (m, 1H), 5.79 (dd, J = 9.8, 3.4 Hz, 1H), 5.07 (s, 2H). 13C NMR (100 MHz, 
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CDCl3): δ 159.0, 153.1, 136.9, 133.2, 129.4, 128.7, 128.6, 128.0, 127.5, 126.6, 124.9, 
124.0, 121.4, 121.1, 116.1, 115.0, 76.8, 70.0. HRMS (ESI) m/z: calcd for C22H19O2 
[M+H]+ 315.1380, found 315.1375. 

(R)-2-(4-(methoxymethoxy)phenyl)-2H-chromene (1e) 

 
Colorless oil, 37% yield; [a] 20D = +102 (c = 0.46, CHCl3); ee was determined to be 
98% by HPLC analysis with a Chiralcel AS-H column (hexane/2-propanol 90:10, 1.0 
mL/min, 230 nm); tr (major) = 8.74 min, tr (minor) = 12.38 min; 1H NMR (500 MHz, 
CDCl3): δ 7.40-7.39 (m, 2H), 7.12 (m, 1H), 7.06-7.01 (m, 3H), 6.87 (t, J = 7.4 Hz, 1H), 
6.78 (d, J = 8.1 Hz, 1H), 6.56 (dd, J = 9.8, 1.6 Hz, 1H), 5.89 (m, 1H), 5.80 (dd, J = 9.9, 
3.5 Hz, 1H), 5.18 (s, 2H), 3.49 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 157.4, 153.1, 
134.1, 129.5, 128.7, 126.6, 124.9, 124.1, 121.4, 121.1, 116.3, 116.1, 94.4, 76.8, 56.0. 
HRMS (ESI) m/z: calcd for C17H17O3 [M+H]+ 269.1172, found 269.1167. 

(R)-2-(4-fluorophenyl)-2H-chromene (1f) 

 
Colorless oil, 46% yield; [a] 20D = +123 (c = 0.38, CHCl3) {(R) [a] 20D = +17.4 (c 0.5, 
CHCl3)}[4]; ee was determined to be >99% by HPLC analysis with a Chiralcel OJ-3 
column (hexane/2-propanol 99:1, 1.0 mL/min, 230 nm); tr (major) = 15.47 min; 1H 
NMR (500 MHz, CDCl3): δ 7.45-7.42 (m, 2H), 7.12 (t, J = 8.3 Hz, 1H), 7.07-7.01 (m, 
3H), 6.88 (t, J = 7.4 Hz, 1H), 6.77 (d, J = 8.0 Hz, 1H), 6.55 (dd, J = 9.8, 1.1 Hz, 1H), 
5.90 (s, 1H), 5.80 (dd, J = 9.8, 3.4 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 163.7 (d, 
J = 245.3 Hz), 136.6 (d, J = 3.0 Hz), 129.6, 129.0 (d, J = 8.2 Hz), 126.7, 124.5, 124.3, 
121.3, 121.2, 116.1, 115.7 (d, J = 21.6 Hz), 76.4. 19F NMR (376 MHz, CDCl3): δ -
113.60. 

(R)-2-(4-chlorophenyl)-2H-chromene (1g) 
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Colorless oil, 42% yield; [a] 20D = +134 (c = 0.42, CHCl3); ee was determined to be >99% 
by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 99:1, 0.5 mL/min, 
230 nm); tr (major) = 11.89 min; 1H NMR (500 MHz, CDCl3): δ 7.42-7.35 (m, 4H), 
7.14 (td, J = 7.8, 1.6 Hz, 1H), 7.04 (m, 1H), 6.90 (m, 1H), 6.82 (d, J = 8.1 Hz, 1H), 6.56 
(dd, J = 9.8, 1.6 Hz, 1H), 5.90 (m, 1H), 5.78 (dd, J = 9.8, 3.4 Hz, 1H). 13C NMR (125 
MHz, CDCl3): δ 152.9, 139.3, 134.2, 129.7, 128.9, 128.5, 126.7, 124.4, 124.3, 121.4, 
121.2, 116.1, 76.3. 

(R)-2-(4-bromophenyl)-2H-chromene (1h) 

 
Colorless oil, 44% yield; [a] 20D = +62 (c = 0.28, CHCl3) {(R) [a] 20D = +19.3 (c 0.5, 
CHCl3)}[4]; ee was determined to be >99% by HPLC analysis with a Chiralcel OJ-H 
column (hexane/2-propanol 98:2, 1.0 mL/min, 230 nm); tr (major) = 15.37 min; 1H 
NMR (500 MHz, CDCl3): δ 7.51 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.14 (td, 
J = 7.9, 1.4 Hz, 1H), 7.03 (dd, J = 7.4, 1.2 Hz, 1H), 6.90 (t, J = 7.4 Hz, 1H), 6.81 (d, J 
= 8.1 Hz, 1H), 6.56 (d, J = 9.8 Hz, 1H), 5.90 (m, 1H), 5.78 (dd, J = 9.8, 3.5 Hz, 1H). 
13C NMR (125 MHz, CDCl3): δ 152.9, 139.8, 131.8, 129.7, 128.8, 126.7, 124.4, 124.2, 
122.4, 121.4, 121.2, 116.1, 76.3. 

(R)-2-(4-(trifluoromethyl)phenyl)-2H-chromene (1i) 

 
White solid, 39% yield; [a] 20D = +101 (c = 0.33, CHCl3); ee was determined to be 99.5% 
by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 98:2, 0.5 mL/min, 
230 nm); tr (major) = 11.85 min, tr (minor) = 13.15 min; 1H NMR (500 MHz, CDCl3): 
δ 7.61 (dd, J = 29.1, 8.2 Hz, 4H), 7.15 (td, J = 8.0, 1.5 Hz, 1H), 7.03 (dd, J = 7.4, 1.3 
Hz, 1H), 6.90 (td, J = 7.5, 1.05 Hz, 1H), 6.83 (d, J = 8.1 Hz, 1H), 6.56 (dd, J = 9.8, 1.1 
Hz, 1H), 5.98 (br s, 1H), 5.80 (dd, J = 9.8, 3.5 Hz, 1H). 13C NMR (125 MHz, CDCl3): 
δ 152.9, 144.7, 130.6 (q, J = 128.6 Hz), 130.0, 127.2, 126.8, 125.7 (q, J = 3.7 Hz), 125.2 
(q, J = 270.4 Hz), 124.6, 123.9, 121.6, 121.2, 116.0, 76.2. 19F NMR (376 MHz, CDCl3): 
δ -62.57. 

(R)-2-(o-tolyl)-2H-chromene (1j) 



 85 

 
Colorless oil, 41% yield; [a] 20D = +137 (c = 0.50, CH2Cl2); ee was determined to be 
99.7% by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 99:1, 0.5 
mL/min, 230 nm); tr (major) = 11.96 min, tr (minor) = 12.72 min; 1H NMR (500 MHz, 
CDCl3): δ 7.46 (d, J = 6.8 Hz, 1H), 7.21-7.16 (m, 3H), 7.08 (td, J = 7.6, 1.5 Hz, 1H), 
6.98 (dd, J = 7.5, 1.3 Hz, 1H), 6.84 (t, J = 7.5 Hz, 1H), 6.77 (d, J = 8.1 Hz, 1H), 6.52 
(dd, J = 9.8, 1.8 Hz, 1H), 6.13 (t, J = 2.5 Hz, 1H), 5.73 (dd, J = 9.8, 3.1 Hz, 1H), 2.44 
(s, 3H). 13C NMR (125 MHz, CDCl3): δ 153.6, 138.4, 136.1, 130.9, 129.5, 128.4, 127.8, 
126.7, 126.3, 124.6, 124.5, 121.5, 121.3, 116.0, 74.8, 19.3. 

(R)-2-(m-tolyl)-2H-chromene (1k) 

 
Colorless oil, 43% yield; [a] 20D = +251 (c = 0.32, CHCl3); ee was determined to be 
99% by HPLC analysis with a Chiralcel AS-H column (hexane/2-propanol 99:1, 0.5 
mL/min, 230 nm); tr (major) = 8.10 min, tr (minor) = 9.00 min; 1H NMR (400 MHz, 
CDCl3): δ 7.30-7.28 (m, 3H), 7.17-7.12 (m, 2H), 7.04 (dd, J = 7.4, 1.5 Hz, 1H), 6.89 
(td, J = 7.4, 0.9 Hz, 1H), 6.82 (d, J = 8.0 Hz, 1H), 6.55 (dd, J = 9.8, 1.7 Hz, 1H), 5.92 
(t, J = 3.0 Hz, 1H), 5.81 (dd, J = 9.8, 3.3 Hz, 1H), 2.39 (s, 3H). 13C NMR (125 MHz, 
CDCl3): δ 153.2, 140.8, 138.4, 129.5, 129.2, 128.7, 127.8, 126.6, 125.0, 124.2, 124.0, 
121.3, 121.2, 116.0, 77.3, 21.5. 

(R)-2-(3,5-dimethylphenyl)-2H-chromene (1l) 

 
White solid, 47% yield; [a] 20D = +236 (c = 0.45, CHCl3); ee was determined to be >99% 
by HPLC analysis with a Chiralcel AS-H column (hexane/2-propanol 99:1, 0.5 mL/min, 
230 nm); tr (major) = 7.63 min; 1H NMR (500 MHz, CDCl3): δ 7.16 (td, J = 7.8, 1.7 
Hz, 1H), 7.13 (s, 2H), 7.06 (dd, J = 7.5, 1.6 Hz, 1H), 7.02 (s, 1H), 6.93 (td, J = 7.5, 1.1 
Hz, 1H), 6.86 (d, J = 8.0 Hz, 1H), 6.57 (dd, J = 10.4, 2.3 Hz, 1H), 5.91 (t, J = 2.7 Hz, 
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1H), 5.82 (dd, J = 9.8, 3.2 Hz, 1H), 2.38 (s, 6H). 13C NMR (125 MHz, CDCl3): δ 153.4, 
140.9, 138.3, 130.2, 129.5, 126.7, 125.2, 125.0, 123.9, 121.4, 121.2, 116.0, 77.5, 21.4. 

(R)-2-(naphthalen-2-yl)-2H-chromene (1m) 

 

White solid，42% yield, >99% ee; HPLC: OJ-3, hexanes/i-PrOH = 98/2, 1.0 mL/min, 
230 nm, tr (major) = 30.42 min; 1H NMR (500 MHz, CDCl3): δ 7.91-7.80 (m, 4H), 7.65 
(d, J = 8.4 Hz, 1H), 7.52-7.51 (m, 2H), 7.16 (t, J = 7.6 Hz, 1H), 7.07 (d, J = 7.3 Hz, 
1H), 6.92 (t, J = 7.4 Hz, 1H), 6.88 (d, J = 8.0 Hz, 1H), 6.59 (d, J = 9.9 Hz, 1H), 6.12 (s, 
1H), 5.90 (dd, J = 9.8, 3.2 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 153.2, 137.9, 133.5, 
133.1, 129.7, 128.5, 127.9, 127.5, 127.0, 126.1, 129.9, 124.9, 124.7, 124.3, 121.4, 121.3, 
116.1, 77.2. 

(R)-2-(thiophen-2-yl)-2H-chromene (1n) 

 

Yellow oil. 40% yield, 96% ee; HPLC: AD-H, hexanes/i-PrOH = 99/1, 0.5 mL/min, 
230 nm, tr (major) = 10.33 min, tr (minor) = 10.69 min; 1H NMR (500 MHz, CDCl3): δ 
7.31 (dd, J = 5.1, 1.2 Hz, 1H), 7.17-7.13 (m, 2H), 7.07 (dd, J = 7.5, 1.6 Hz, 1H), 7.00 
(dd, J = 5.5, 3.6 Hz, 1H), 6.92 (td, J = 7.4, 1.1 Hz, 1H), 6.84 (d, J = 8.1 Hz, 1H), 6.62 
(dd, J = 9.8, 0.5 Hz, 1H), 6.16-6.15 (m, 1H), 5.95 (dd, J = 9.8, 3.9 Hz, 1H). 13C NMR 
(100 MHz, CDCl3): δ 152.1, 143.9, 129.8, 127.0, 126.9, 126.6, 126.2, 124.7, 123.9, 
121.5, 121.4, 116.5, 71.7. 

(R)-2-(furan-2-yl)-2H-chromene (1o) 

 

Yellow oil, 41% yield; [a] 20D = +11.5 (c = 0.27, CHCl3); ee was determined to be 92% 
by HPLC analysis with a Chiralcel D-H column (hexane/2-propanol 99:1, 1.0 mL/min, 
230 nm); tr (major) = 6.71 min, tr (minor) = 7.19 min; 1H NMR (500 MHz, CDCl3): δ 
7.45 (m, 1H), 7.12 (td, J = 7.9, 1.6 Hz, 1H), 7.05 (dd, J = 7.5, 1.6 Hz, 1H), 6.89 (td, J 
= 7.5, 1.1 Hz, 1H), 6.82 (d, J = 8.1 Hz, 1H), 6.63 (dd, J = 9.8, 0.8 Hz, 1H), 6.38 (d, J = 
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3.3 Hz, 1H), 6.34 (m, 1H), 5.95 (dd, J = 3.9, 1.4 Hz, 1H), 5.85 (dd, J = 9.8, 4.0 Hz, 1H). 
13C NMR (125 MHz, CDCl3): δ 152.7, 152.6, 143.3, 129.5, 126.7, 125.5, 121.5, 121.4, 
121.2, 116.3, 110.4, 109.5, 69.6. HRMS (ESI) m/z: calcd for C13H11O2 [M+H]+ 

199.0754, found 199.0755. 

(S)-2-propyl-2H-chromene (1p) 

 
Yellow oil, 35% yield; [a] 20D = +62 (c = 0.37, CH2Cl2); ee was determined to be >99% 
by HPLC analysis with a Chiralcel OJ-H column (hexane/2-propanol 99:1, 1.0 mL/min, 
230 nm); tr (major) = 5.78 min; 1H NMR (500 MHz, CDCl3): δ 7.10 (m, 1H), 6.95 (dd, 
J = 7.4, 1.6 Hz, 1H), 6.85 (m, 1H), 6.79 (d, J = 8.1 Hz, 1H), 6.40 (m, 1H), 5.68 (dd, J 
= 9.9, 3.4 Hz, 1H), 4.87 (m, 1H), 1.81 (m, 1H), 1.64 (m, 1H), 1.58 (m, 1H), 1.51 (m, 
1H), 0.97 (t, J = 7.4 Hz, 3H). 13C NMR (125 MHz, CDCl3): δ 153.5, 129.1, 126.4, 126.0, 
123.9, 122.1, 116.0, 74.9, 37.5, 18.1, 14.0.  

(R)-5-methyl-2-phenyl-2H-chromene (1q) 

 
Yellow oil, 47% yield; [a] 20D = +206 (c = 0.52, CHCl3); ee was determined to be 97% 
by HPLC analysis with a Chiralcel OJ-H column (hexane/2-propanol 97:3, 1.0 mL/min, 
230 nm); tr (major) = 16.39 min, tr (minor) = 19.52 min; 1H NMR (500 MHz, CDCl3): 
δ 7.47-7.45 (m, 2H), 7.39-7.36 (m, 2H), 7.32 (m, 1H), 7.01 (t, J = 7.8 Hz, 1H), 6.74-
6.71 (m, 2H), 6.67 (d, J = 8.1 Hz, 1H), 5.86-5.83 (m, 2H), 2.32 (s, 3H). 13C NMR (125 
MHz, CDCl3): δ 153.4, 140.9, 134.3, 128.9, 128.7, 128.3, 127.0, 124.8, 123.0, 121.3, 
120.0, 114.1, 76.5, 18.5. HRMS (ESI) m/z: calcd for C16H15O [M+H]+ 223.1117, found 
223.1114. 

(R)-6-methyl-2-phenyl-2H-chromene (1r) 

 
Yellow oil, 47% yield; [a] 20D = +26 (c = 0.41, CHCl3); ee was determined to be >99% 
by HPLC analysis with a Chiralcel OJ-H column (hexane/2-propanol 98:2, 1.0 mL/min, 
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230 nm); tr (major) = 17.12 min; 1H NMR (500 MHz, CDCl3): δ 7.52-7.51 (m, 2H), 
7.44-7.36 (m, 3H), 6.99 (dd, J = 8.0, 1.8 Hz, 1H), 6.89 (d, J = 1.8 Hz, 1H), 6.79 (d, J = 
8.4 Hz, 1H), 6.57 (dd, J = 9.8, 1.8 Hz, 1H), 5.94 (m, 1H), 5.86 (dd, J = 9.8, 3.4 Hz, 1H), 
2.32 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 159.8, 153.2, 132.9, 129.5, 128.7, 126.6, 
124.9, 124.1, 121.4, 121.1, 116.1, 114.1, 76.8, 55.3. 

(R)-7-methyl-2-phenyl-2H-chromene (1s) 

 
White solid, 43% yield; [a] 20D = +48 (c = 0.72, CHCl3); ee was determined to be 99% 
by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 99:1, 0.5 mL/min, 
230 nm); tr (minor) = 9.47 min, tr (major) = 10.17 min; 1H NMR (500 MHz, CDCl3): δ 
7.50-7.48 (m, 2H), 7.42-7.39 (m, 3H), 7.35 (m, 1H), 6.94 (d, J = 7.5 Hz, 1H), 6.72 (d, 
J = 7.5 Hz, 1H), 6.55 (d, J = 9.9 Hz, 1H), 5.93 (s, 1H), 5.78 (dd, J = 9.9, 1.1 Hz, 1H), 
2.30 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 153.1, 141.0, 139.9, 128.7, 128.4, 127.1, 
126.4, 123.9, 123.8, 121.9, 118.8, 116.7, 77.2, 21.5. 

(R)-8-methyl-2-phenyl-2H-chromene (1t) 

 
Yellow oil, 42% yield; [a] 20D = +118 (c = 0.45, CHCl3); ee was determined to be 99% 
by HPLC analysis with a Chiralcel OJ-3 column (hexane/2-propanol 95:5, 1.0 mL/min, 
230 nm); tr (major) = 8.27 min, tr (minor) = 11.12 min; 1H NMR (500 MHz, CDCl3): δ 
7.48-7.46 (m, 2H), 7.40-7.36 (m, 2H), 7.33 (m, 1H), 7.00 (d, J = 6.8 Hz, 1H), 6.88 (m, 
1H), 6.79 (m, 1H), 6.54 (dt, J = 9.8, 2.0 Hz, 1H), 5.96 (m, 1H), 5.84 (m, 1H), 2.18 (s, 
3H). 13C NMR (125 MHz, CDCl3): δ 151.2, 141.3, 131.0, 128.6 (2C), 128.1, 126.7 (2C), 
125.2, 124.5, 124.3 (2C), 120.9, 120.6, 76.7, 15.6. 

(R)-5,7-dimethyl-2-phenyl-2H-chromene (1u) 

 
Colorless oil, 41% yield; [a] 20D = +83 (c = 0.47, CHCl3); ee was determined to be 96% 
by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 95:5, 1.0 mL/min, 
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230 nm); tr (minor) = 8.97 min, tr (major) = 9.78 min; 1H NMR (500 MHz, CDCl3): δ 
7.48-7.47 (m, 2H), 7.40-7.37 (m, 2H), 7.34 (m, 1H), 6.72 (dd, J = 9.9, 1.2 Hz, 1H), 6.57 
(s, 1H), 6.54 (s, 1H), 5.85 (m, 1H), 5.81 (dd, J = 9.9, 3.4 Hz, 1H), 2.31 (s, 3H), 2.25 (s, 
3H). 13C NMR (125 MHz, CDCl3): δ 153.3, 141.1, 139.1, 134.0, 128.6, 128.2, 127.0, 
123.8, 123.6, 121.2, 117.4, 114.6, 76.5, 21.4, 18.3.  

(R)-6,7-dimethyl-2-phenyl-2H-chromene (1v)  

 
White solid, 39% yield; [a] 20D = +358 (c = 0.44, CHCl3); ee was determined to be >99% 
by HPLC analysis with a Chiralcel OJ-H column (hexane/2-propanol 97:3, 1.0 mL/min, 
230 nm); tr (major) = 21.93 min; 1H NMR (500 MHz, CDCl3): δ 7.46-7.45 (m, 2H), 
7.38-7.35 (m, 2H), 7.32 (m, 1H), 6.79 (s, 1H), 6.62 (s, 1H), 6.50 (d, J = 9.8 Hz, 1H), 
5.87 (m, 1H), 5.74 (dd, J = 9.8, 3.4 Hz, 1H), 2.18 (s, 3H), 2.17 (s, 3H). 13C NMR (125 
MHz, CDCl3): δ 151.1, 141.1, 138.1, 128.9, 128.6, 128.2, 127.5, 127.0, 123.9, 123.8, 
118.9, 117.1, 77.0, 19.9, 18.8. HRMS (ESI) m/z: calcd for C17H17O [M+H]+ 237.1274, 
found 237.1272. 

(R)-5-methoxy-2-phenyl-2H-chromene (1w) 

 
White solid, 48% yield; [a] 20D = +72 (c = 0.60, CHCl3); ee was determined to be 96% 
by HPLC analysis with a Chiralcel OJ-3 column (hexane/2-propanol 95:5, 1.0 mL/min, 
230 nm); tr (major) = 20.27 min, tr (minor) = 25.03 min; 1H NMR (500 MHz, CDCl3): 
δ 7.48-7.46 (m, 2H), 7.39-7.36 (m, 2H), 7.33 (m, 1H), 7.06 (t, J = 9.9 Hz, 1H), 6.90 
(dd, J = 8.9, 1.3 Hz, 1H), 6.46 (dd, J = 14.3, 8.1 Hz, 2H), 5.87 (m, 1H), 5.77 (dd, J = 
10.0, 3.5 Hz, 1H), 3.84 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 155.3, 153.9, 140.8, 
129.3, 128.6, 128.3, 127.1, 122.9, 118.8, 110.8, 109.1, 103.4, 76.7, 55.6. 

(R)-6-methoxy-2-phenyl-2H-chromene (1x) 
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White solid, 42% yield; [a] 20D = +110 (c = 0.36, CHCl3); ee was determined to be 99% 
by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 95:5, 1.0 mL/min, 
230 nm); tr (major) = 6.54 min, tr (minor) = 7.33 min; 1H NMR (500 MHz, CDCl3): δ 
7.48-7.46 (m, 2H), 7.40-7.32 (m, 3H), 6.76 (d, J = 8.9 Hz, 1H), 6.70 (dd, J = 8.7, 3.0 
Hz, 1H), 6.61 (d, J = 3.0 Hz, 1H), 6.53 (m, 1H), 5.88-5.85 (m, 2H), 3.77 (s, 3H). 13C 
NMR (125 MHz, CDCl3): δ 154.1, 147.1, 140.7, 128.7, 128.4, 127.1, 125.9, 124.2, 
122.1, 116.6, 114.5, 111.8, 77.0, 55.8. 

(R)-7-methoxy-2-phenyl-2H-chromene (1y) 

 
Colorless oil, 40% yield; [a] 20D = +124 (c = 0.45, CHCl3); ee was determined to be 
88% by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 99:1, 1.0 
mL/min, 230 nm); tr (major) = 8.12 min, tr (minor) = 8.86 min; 1H NMR (500 MHz, 
CDCl3): δ 7.49-7.47 (m, 2H), 7.41-7.38 (m, 2H), 7.35 (m, 1H), 6.95 (d, J = 8.3 Hz, 1H), 
6.52 (dd, J = 9.8, 1.5 Hz, 1H), 6.46 (dd, J = 8.3, 2.5 Hz, 1H), 6.42 (d, J = 2.2 Hz, 1H), 
5.91 (m, 1H), 5.68 (dd, J = 9.8, 3.4 Hz, 1H), 3.76 (s, 3H). 13C NMR (125 MHz, CDCl3): 
δ 160.9, 154.4, 140.9, 128.7, 128.4, 127.3, 127.1, 123.7, 121.9, 114.7, 107.1, 101.8, 
77.3, 55.3. 

(R)-8-methoxy-2-phenyl-2H-chromene (1z) 

 
Colorless oil, 38% yield; [a] 20D = +198 (c = 0.46, CHCl3); ee was determined to be 
97% by HPLC analysis with a Chiralcel OJ-H column (hexane/2-propanol 80:20, 1.0 
mL/min, 220 nm); tr (minor) = 13.22 min, tr (major) = 21.39 min; 1H NMR (500 MHz, 
CDCl3): δ 7.49-7.46 (m, 2H), 7.37-7.34 (m, 2H), 7.31 (m, 1H), 6.84-6.78 (m, 2H), 6.67 
(m, 1H), 6.53 (m, 1H), 5.99 (m, 1H), 5.86 (dd, J = 9.8, 3.7 Hz, 1H), 3.82 (s, 3H). 13C 
NMR (125 MHz, CDCl3): δ 147.9, 142.1, 140.8,128.6, 128.3, 126.9, 125.0, 123.8, 
122.0, 120.8, 119.0, 112.7, 77.0, 56.2. 

(R)-6,7-dimethoxy-2-phenyl-2H-chromene (1aa) 
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Red solid, 40% yield; [a] 20D = +175 (c = 0.51, CHCl3); ee was determined to be 83% 
by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 95:5, 1.0 mL/min, 
230 nm); tr (major) = 9.71 min, tr (minor) = 11.85 min; 1H NMR (500 MHz, CDCl3): δ 
7.47-7.46 (m, 2H), 7.39-7.36 (m, 2H), 7.33 (m, 1H), 6.57 (s, 1H), 6.47 (m, 1H), 6.44 
(s, 1H), 5.85 (m, 1H), 5.69 (dd, J = 9.7, 3.4 Hz, 1H), 3.84 (s, 3H), 3.81 (s, 3H). 13C 
NMR (125 MHz, CDCl3): δ 149.9, 147.6, 143.4, 140.8, 128.7, 128.4, 127.1, 123.9, 
122.3, 113.3, 109.8, 100.8, 77.1, 56.5, 55.9. 

(R)-6-(methoxymethoxy)-2-phenyl-2H-chromene (1ab) 

 
White solid, 34% yield; m.p. 69-70 oC; [a] 20D = +84 (c = 0.42, CHCl3); ee was 
determined to be 96% by HPLC analysis with a Chiralcel OD-H column (hexane/2-
propanol 98:2, 1.0 mL/min, 230 nm); tr (major) = 11.17 min, tr (minor) = 11.71 min; 1H 
NMR (500 MHz, CDCl3): δ 7.46-7.44 (m, 2H), 7.38 (m, 2H), 7.33 (m, 1H), 6.81 (dd, J 
= 8.7, 2.9 Hz, 1H), 6.76-6.72 (m, 2H), 6.51 (d, J = 9.4 Hz, 1H), 5.87-5.83 (m, 2H), 5.12 
(s, 2H), 3.49 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 151.6, 148.1, 140.7, 128.7, 128.4, 
127.1, 125.8, 124.1, 122.0, 117.5, 116.6, 114.5, 95.3, 76.8, 55.9. HRMS (ESI) m/z: 
calcd for C17H17O3 [M+H]+ 269.1172, found 269.1168. 

(R)-2-phenyl-2H-chromen-6-ol (1ac) 

 
White solid, 42% yield; m.p. 81-82 oC; [a] 20D = +200 (c = 0.48, CHCl3); ee was 
determined to be 95% by HPLC analysis with a Chiralcel OD-H column (hexane/2-
propanol 90:10, 1.0 mL/min, 230 nm); tr (minor) = 13.09 min, tr (major) = 14.25 min; 
1H NMR (500 MHz, CDCl3): δ 7.46-7.45 (m, 2H), 7.39-7.32 (m, 3H), 6.69 (d, J = 8.6 
Hz, 1H), 6.58 (dd, J = 8.6, 3.0 Hz, 1H), 6.53 (d, J = 3.0 Hz, 1H), 6.47 (dd, J = 10.8, 3.0 
Hz, 1H), 5.87-5.84 (m, 2H), 4.98 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 149.7, 147.0, 
140.5, 128.7, 128.4, 127.1, 126.1, 124.0, 122.3, 116.7, 115.9, 113.2, 77.0. HRMS (ESI) 
m/z: calcd for C15H13O2 [M+H]+ 225.0910, found 225.0908. 
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(R)-6-fluoro-2-phenyl-2H-chromene (1ad) 

 
Yellow solid, 44% yield; [a] 20D = +323 (c = 0.47, CH2Cl2); ee was determined to 
be >99 by HPLC analysis with a Chiralcel OJ-H column (hexane/2-propanol 95:5, 1.0 
mL/min, 230 nm); tr (major) = 15.32 min; 1H NMR (500 MHz, CDCl3): δ 7.50-7.49 (m, 
2H), 7.44-7.37 (m, 3H), 6.86 (td, J = 8.6, 3.2 Hz, 1H), 6.79-6.76 (m, 2H), 6.54 (dd, J = 
7.5, 1.1 Hz, 1H), 5.94-5.91 (m, 2H). 13C NMR (125 MHz, CDCl3): δ 157.4 (d, J = 237.1 
Hz), 149.0 (d, J = 2.3 Hz), 140.3, 128.7, 128.6, 127.1, 126.4, 123.5 (d, J = 1.7 Hz), 
122.3 (d, J = 8.4 Hz), 116.9 (d, J = 8.0 Hz), 115.5 (d, J = 23.0 Hz), 112.8 (d, J = 23.6 
Hz), 77.2. 19F NMR (376 MHz, CDCl3): δ -123.17. 

(R)-6-chloro-2-phenyl-2H-chromene (1ae) 

 
Yellow solid, 43% yield; [a] 20D = +52 (c = 0.34, CHCl3); ee was determined to be 99% 
by HPLC analysis with a Chiralcel OJ-H column (hexane/2-propanol 95:5, 1.0 mL/min, 
230 nm); tr (major) = 12.68 min, tr (minor) = 15.32 min; 1H NMR (500 MHz, CDCl3): 
δ 7.50-7.48 (m, 2H), 7.45-7.38 (m, 3H), 7.10 (dd, J = 8.6, 2.6 Hz, 1H), 7.04 (d, J = 2.6 
Hz, 1H), 6.77 (d, J = 8.6 Hz, 1H), 6.51 (dd, J = 9.9, 1.7 Hz, 1H), 5.96 (m, 1H), 5.89 
(dd, J = 9.9, 3.5 Hz, 1H) . 13C NMR (125 MHz, CDCl3): δ 151.7, 140.3, 129.1, 128.8, 
128.7, 127.1, 126.3, 126.2, 125.9, 123.2, 122.7, 117.4, 77.4. 

(R)-6-chloro-7-methyl-2-phenyl-2H-chromene (1af) 

 
White solid, 40% yield; [a] 20D = +140 (c = 0.32, CHCl3); ee was determined to be 99% 
by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 98:2, 0.5 mL/min, 
230 nm); tr (major) = 10.86 min, tr (minor) = 12.00 min; 1H NMR (500 MHz, CDCl3): 
δ 7.45-7.43 (m, 2H), 7.40-7.35 (m, 3H), 7.00 (s, 1H), 6.68 (s, 1H), 6.49 (d, J = 9.4 Hz, 
1H), 5.89 (s, 1H), 5.83 (dd, J = 9.6, 3.2 Hz, 1H), 2.29 (s, 3H). 13C NMR (125 MHz, 
CDCl3): δ 151.5, 140.4, 137.1, 128.7, 128.5, 127.1, 126.4, 126.0, 125.0, 123.0, 120.5, 
118.4, 77.2, 20.2. 
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(R)-6,8-dichloro-2-phenyl-2H-chromene (1ag) 

 
White solid. 41% yield, 94% ee; HPLC: OD-H, hexanes/i-PrOH = 98/2, 0.5 mL/min, 
230 nm, tr (minor) = 12.11 min, tr (major) = 13.48 min; 1H NMR (500 MHz, CDCl3): δ 
7.45-7.43 (m, 2H), 7.41-7.34 (m, 3H), 7.19-7.18 (m, 1H), 6.91 (d, J = 2.4 Hz, 1H), 6.48 
(dd, J = 9.9, 1.7 Hz, 1H), 6.05-6.04 (m, 1H), 5.98 (dd, J = 9.9, 3.8 Hz, 1H). 13C NMR 
(125 MHz, CDCl3): δ 147.6, 139.8, 129.3, 128.8, 128.7, 126.7, 125.7, 124.8, 123.6, 
122.7, 121.8, 77.4. HRMS (ESI) m/z: calcd for C15H9

35Cl2O [M-H]- 275.0030, found 

275.0027, calcd for C15H9
37Cl2O [M-H]- 278.9971, found 278.9969, calcd for C15H9

35Cl37ClO 

[M-H]- 277.0000, found 276.9999. 

(R)-6-chloro-2-(4-chlorophenyl)-2H-chromene (1ah) 

 

Colorless oil, 43% yield; [a] 20D = +244 (c = 0.8, CH2Cl2); ee was determined to be 99% 
by HPLC analysis with a Chiralcel OJ-H column (hexane/2-propanol 70:30, 1.0 
mL/min, 230 nm); tr (major) = 7.47 min, tr (minor) = 9.92 min; 1H NMR (400 MHz, 
CDCl3): δ 7.38-7.33 (m, 4H), 7.06 (dd, J = 8.6, 1.4 Hz, 1H), 6.99 (d, J = 2.5 Hz, 1H), 
6.70 (d, J = 8.6 Hz, 1H), 6.50 (dd, J = 9.8, 1.5 Hz, 1H), 5.88 (m, 1H), 5.83 (dd, J = 9.8, 
3.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 151.4, 138.6, 134.5, 129.2, 128.9, 128.5, 
126.3, 126.1, 125.5, 123.5, 122.5, 117.4, 76.4. 

(R)-2-(3,4-difluorophenyl)-5,7-difluoro-2H-chromene (1ai) 

 
Yellow oil, 42% yield, [a] 20D = -7.6 (c = 0.5, CHCl3); ee was determined to be 96% by 
HPLC analysis with a Chiralcel AD-H column (hexane/2-propanol 99:1, 0.5 mL/min, 
230 nm); tr (major) = 9.16 min, tr (minor) = 9.56 min; 1H NMR (500 MHz, CDCl3): δ 
7.29 (m, 1H), 7.21-7.18 (m, 2H), 6.79 (dd, J = 10.0, 1.4 Hz, 1H), 6.43-6.37 (m, 2H), 
5.90 (m, 1H), 5.79 (dd, J = 10.1, 3.6 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 164.0 (d, 
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J = 15.3 Hz), 162.0 (d, J = 15.3 Hz), 159.7 (d, J = 14.8 Hz), 157.7 (d, J = 15.2 Hz), 
154.3 (dd, J = 15.0, 9.3 Hz), 151.5 (dd, J = 12.5, 4.4 Hz), 149.5 (dd, J = 12.6, 4.3 Hz), 
136.7 (t, J = 4.1 Hz), 123.3 (q, J = 3.3 Hz), 122.4 (t, J = 1.8 Hz), 117.5 (d, J = 17.3 Hz), 
117.0 (dd, J = 3.8, 1.6 Hz), 116.4 (d, J = 17.8 Hz), 106.4 (dd, J = 18.5, 3.7 Hz), 100.2 
(dd, J = 25.3, 3.6 Hz), 86.9 (t, J = 25.9 Hz), 76.1. 19F NMR (376 MHz, CDCl3): δ -
108.32 (d, J = 6.4 Hz, 1F), -119.72 (d, J = 6.6 Hz, 1F), -136.56 (d, J = 21.2 Hz, 1F), -
137.42 (d, J = 20.6 Hz, 1F). HRMS (ESI) m/z: calcd for C15H719F4O [M-H]- 279.0433, 
found 279.0431; calcd for C15H718F219F2O [M-H]- 277.0484, found 277.0475. 

(2R,3S)-2-phenylchroman-3-ol (3a) 

 
White solid, 45% yield, >99% ee; m.p. 104-105 oC; [a] 20D = -8 (c = 0.48, CH2Cl2); 
HPLC: AD-H, hexanes/i-PrOH = 80/20, 0.5 mL/min, 220 nm, tr (major) = 11.66 min; 
1H NMR (500 MHz, CDCl3): δ 7.46-7.41 (m, 4H), 7.39-7.36 (m, 1H), 7.20 (t, J = 7.8 
Hz, 1H), 7.11 (d, J = 7.8 Hz, 1H), 6.96 -6.93 (m, 2H), 4.81 (d, J = 7.9 Hz, 1H), 4.11 
(dd, J = 13.8, 8.3 Hz, 1H), 3.11 (dd, J = 16.3, 5.4 Hz, 1H), 2.92 (dd, J = 16.3, 8.7 Hz, 
1H), 1.92 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 154.1, 138.2, 130.1, 128.8, 128.7, 
127.8, 127.2, 121.1, 120.1, 116.5, 81.9, 68.2, 32.8. HRMS (ESI) m/z: calcd for 
C15H15O2 [M+H]+ 227.1072, found 227.1074. 

(2R,3S)-2-(p-tolyl)chroman-3-ol (3b) 

 

White solid, 48% yield; m.p. 68-69 oC; [a] 20D = +3 (c = 0.73, CH2Cl2); ee was 
determined to be 99% by HPLC analysis with a Chiralcel AD-H column (hexane/2-

propanol 85:15, 1.0 mL/min, 220 nm); tr (major) = 7.04 min，tr (minor) = 8.06 min; 1H 

NMR (500 MHz, CDCl3): δ 7.34 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 7.9 Hz, 2H), 7.16 (t, 
J = 6.6 Hz, 1H), 7.12 (d, J = 6.3 Hz, 1H), 6.94 -6.92 (m, 2H), 4.77 (d, J = 8.0 Hz, 1H), 
4.12 (m, 1H), 3.10 (dd, J = 16.1, 5.4 Hz, 1H), 2.92 (dd, J = 16.1, 9.0 Hz, 1H), 2.38 (s, 
3H), 1.82 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 154.2, 138.6, 135.0, 130.0, 129.6, 
127.7, 127.2, 121.0, 120.2, 116.5, 81.8, 68.2, 33.0, 21.2. HRMS (ESI) m/z: calcd for 
C16H15O2 [M-H]- 239.1078, found 239.1075. 
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(2R,3S)-2-(4-methoxyphenyl)chroman-3-ol (3c) 

 

White solid, 42% yield; m.p. 89-90 oC; [a] 20D = +8 (c = 0.61, CH2Cl2); ee was 
determined to be >99% by HPLC analysis with a Chiralcel OD-H column (hexane/2-
propanol 85:15, 0.5 mL/min, 220 nm); tr (major) = 15.90 min; 1H NMR (500 MHz, 
CDCl3): δ 7.40-7.37 (m, 2H), 7.17-7.11 (m, 2H), 6.97-6.91 (m, 4H), 4.74 (d, J = 8.2 Hz, 
1H), 4.10 (m, 1H), 3.83 (s, 3H), 3.09 (dd, J = 16.1, 5.4 Hz, 1H), 2.93 (dd, J = 16.1, 7.1 
Hz, 1H), 1.82 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 160.0, 154.2, 130.0, 129.9, 128.6, 
127.7, 121.0, 120.3, 116.5, 114.3, 81.7, 68.2, 55.4, 33.1. HRMS (ESI) m/z: calcd for 
C16H15O3 [M-H]- 255.1027, found 255.1026. 

(2R,3S)-2-(4-(benzyloxy)phenyl)chroman-3-ol (3d) 

 

White solid, 42% yield; m.p. 113-114 oC; [a] 20D = +10 (c = 0.35, CHCl3); ee was 
determined to be 99% by HPLC analysis with a Chiralcel OD-H column (hexane/2-
propanol 80:20, 1.0 mL/min, 220 nm); tr (minor) = 12.71 min, tr (major) = 13.95 min; 
1H NMR (500 MHz, CDCl3): δ 7.45-7.33 (m, 7H), 7.17-7.12 (m, 2H), 7.05-7.02 (m, 
2H), 6.94-6.91 (m, 2H), 5.09 (s, 2H), 4.74 (d, J = 8.2 Hz, 1H), 4.11 (m, 1H), 3.12 (dd, 
J = 16.1, 5.4 Hz, 1H), 2.92 (dd, J = 16.1, 9.2 Hz, 1H), 1.74 (s, 1H). 13C NMR (125 MHz, 
CDCl3): δ 159.2, 154.2, 136.8, 130.2, 130.0, 128.7, 128.6, 128.1, 127.7, 127.5, 121.0, 
120.3, 116.5, 115.2, 81.7, 70.1, 68.2, 33.1. HRMS (ESI) m/z: calcd for C22H20NaO3 
[M+Na]+ 355.1305, found 355.1301. 

(2R,3S)-2-(4-(methoxymethoxy)phenyl)chroman-3-ol (3e) 

 

White solid, 45% yield; m.p. 97-98 oC; [a] 20D = -4 (c = 0.28, CHCl3); ee was 
determined to be 99% by HPLC analysis with a Chiralcel OD-H column (hexane/2-
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propanol 90:10, 1.0 mL/min, 220 nm); tr (minor) = 8.19 min, tr (major) = 9.19 min; 1H 
NMR (500 MHz, CDCl3): δ 7.38 (d, J = 8.7 Hz, 2H), 7.16-7.08 (m, 4H), 6.92 (t, J = 7.6 
Hz, 2H), 5.19 (s, 2H), 4.74 (d, J = 8.2 Hz, 1H), 4.10 (m, 1H), 3.48 (s, 3H), 3.11 (dd, J 
= 16.1, 5.4 Hz, 1H), 2.92 (dd, J = 16.1, 9.2 Hz, 1H), 1.84 (s, 1H). 13C NMR (125 MHz, 
CDCl3): δ 157.6, 154.1, 131.3, 130.0, 128.6, 127.7, 121.0, 120.2, 116.6, 116.5, 94.3, 
81.6, 68.1, 56.1, 33.1. HRMS (ESI) m/z: calcd for C17H18NaO4 [M+Na]+ 309.1097, 
found 309.1094. 

(2R,3S)-2-(4-fluorophenyl)chroman-3-ol (3f) 

 
White solid, 47% yield; m.p. 99-100 oC; [a] 20D = -11 (c = 0.58, CH2Cl2); ee was 
determined to be 99% by HPLC analysis with a Chiralcel AD-H column (hexane/2-

propanol 90:10, 1.0 mL/min, 220 nm); tr (major) = 8.21 min，tr (minor) = 9.76 min; 1H 

NMR (500 MHz, CDCl3): δ 7.45-7.41 (m, 2H), 7.17 (t, J = 7.5 Hz, 1H), 7.13-7.09 (m, 
3H), 6.96 -6.93 (m, 2H), 4.79 (d, J = 8.0 Hz, 1H), 4.08 (m, 1H), 3.09 (dd, J = 16.1, 5.4 
Hz, 1H), 2.92 (dd, J = 16.1, 9.0 Hz, 1H), 1.87 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 
162.9 (d, J = 245.9 Hz), 153.9, 134.0 (d, J = 2.8 Hz), 130.0, 128.9 (d, J = 8.1 Hz), 127.8, 
121.2, 120.0, 116.5, 115.9, 118.7, 81.3, 68.2, 33.0. HRMS (ESI) m/z: calcd for 
C15H12FO2 [M-H]- 243.0827, found 243.0825; calcd for C15H1219FO2 [M-H]- 244.0855, 
found 244.0858. 19F NMR (376 MHz, CDCl3): δ -113.08. 

(2R,3S)-2-(4-chlorophenyl)chroman-3-ol (3g) 

 

White solid, 41% yield; m.p. 109-110 oC; [a] 20D = +12 (c = 0.48, CH2Cl2); ee was 
determined to be >99% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 85:15, 1.0 mL/min, 220 nm); tr (major) = 6.74 min; 1H NMR (500 MHz, 

CDCl3): δ 7.39 (s, 4H)，7.17 (t, J = 7.8 Hz, 1H), 7.12 (m, 1H), 6.94 (t, J = 7.7 Hz, 2H), 

4.81 (d, J = 7.8 Hz, 1H), 4.09 (m, 1H), 3.08 (dd, J = 16.2, 5.3 Hz, 1H), 2.92 (dd, J = 
16.1, 8.8 Hz, 1H), 1.81 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 153.8, 136.8, 134.5, 
130.0, 129.0, 128.5, 127.9, 121.3, 119.9, 116.5, 81.2, 68.2, 32.9. HRMS (ESI) m/z: 
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calcd for C15H12ClO2 [M-H]- 259.0531, found 259.0529; calcd for C15H1237ClO2 [M-
H]- 261.0496, found 261.0496. 

(2R,3S)-2-(4-bromophenyl)chroman-3-ol (3h) 

 
White solid, 42% yield; m.p. 109-110 oC; [a] 20D = -11 (c = 0.82, CH2Cl2); ee was 
determined to be >99% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 85:15, 1.0 mL/min, 220 nm); tr (major) = 6.74 min; 1H NMR (500 MHz, 
CDCl3): δ 7.56-7.53 (m, 2H), 7.33-7.32 (m, 2H), 7.17 (m, 1H), 7.11 (m, 1H), 6.95-6.92 
(m, 2H), 4.79 (d, J = 7.8 Hz, 1H), 4.09 (m, 1H), 3.07 (dd, J = 16.1, 5.3 Hz, 1H), 2.92 
(dd, J = 16.1, 8.8 Hz, 1H), 1.80 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 153.7, 137.3, 
131.9, 130.0, 128.8, 127.9, 122.6, 121.3, 119.9, 116.5, 81.2, 68.1, 32.9. HRMS (ESI) 
m/z: calcd for C15H12BrO2 [M-H]- 303.0026, found 303.0027; calcd for C15H1281BrO2 
[M-H]- 305.0000, found 3305.0007.  

(2R,3S)-2-(4-(trifluoromethyl)phenyl)chroman-3-ol (3i) 

 

White solid, 35% yield; m.p. 114-115 oC; [a] 20D = -27 (c = 0.71, CH2Cl2); ee was 
determined to be 99.8% by HPLC analysis with a Chiralcel AD-H column (hexane/2-

propanol 85:15, 1.0 mL/min, 220 nm); tr (major) = 5.36 min，tr (minor) = 6.38 min; 1H 

NMR (500 MHz, CDCl3): δ 7.68 (d, J = 8.2 Hz, 2H), 7.57 (d, J = 8.3 Hz, 2H), 7.19 (m, 
1H), 7.13 (m, 1H), 6.97-6.95 (m, 2H), 4.91 (d, J = 7.6 Hz, 1H), 4.13 (m, 1H), 3.06 (dd, 
J = 16.2, 5.2 Hz, 1H), 2.92 (dd, J = 16.2, 8.5 Hz, 1H), 1.96 (s, 1H). 13C NMR (125 MHz, 
CDCl3): δ 153.6, 142.3, 130.7 (q, J = 32.4, Hz), 130.1, 128.0, 127.4, 125.7 (q, J = 3.69 
Hz), 124.0 (q, J = 270.6 Hz), 121.4, 119.8, 116.5, 81.1, 68.1, 32.8. HRMS (ESI) m/z: 
calcd for C16H12F3O2 [M-H]- 293.0789, found 293.0798; calcd for C16H1218F3O2 [M-H]- 

290.0864, found 290.0787. 19F NMR (376 MHz, CDCl3): δ -62.57. 

(2R,3S)-2-(o-tolyl)chroman-3-ol (3j) 
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White solid, 45% yield; m.p. 91-92 oC; [a] 20D = +29 (c = 0.59, CH2Cl2); ee was 
determined to be >99% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 85:15, 1.0 mL/min, 220 nm); tr (major) = 5.49 min; 1H NMR (500 MHz, 
CDCl3): δ 7.44 (m, 1H), 7.27-7.23 (m, 2H), 7.21 (m, 1H), 7.16-7.12 (m, 2H), 6.94-6.89 
(m, 2H), 5.06 (d, J = 8.3 Hz, 1H), 4.16 (m, 1H), 3.12 (dd, J = 16.1, 5.4 Hz, 1H), 2.95 
(dd, J = 16.0, 9.3 Hz, 1H), 2.43 (s, 3H), 1.82 (d, J = 3.4 Hz, 1H). 13C NMR (125 MHz, 
CDCl3): δ 154.4, 137.0, 136.3, 130.7, 130.0, 128.5, 127.7, 126.7, 126.6, 121.0, 120.3, 
116.5, 78.5, 68.3, 33.4, 19.7. HRMS (ESI) m/z: calcd for C16H15O2 [M-H]- 239.1078, 
found 239.1076. 

(2R,3S)-2-(m-tolyl)chroman-3-ol (3k) 

 
White solid, 43% yield; m.p. 88-89 oC; [a] 20D = -3 (c = 0.59, CH2Cl2); ee was 
determined to be 99% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 85:15, 1.0 mL/min, 220 nm); tr (major) = 6.16 min, tr (minor) = 7.08 min; 1H 
NMR (500 MHz, CDCl3): δ 7.31 (t, J = 7.6 Hz, 1H), 7.28-7.24 (m, 2H), 7.20-7.12 (m, 
3H), 6.95-6.92 (m, 2H), 4.75 (d, J = 8.1 Hz, 1H), 4.12 (m, 1H), 3.11 (dd, J = 16.1, 5.4 
Hz, 1H), 2.93 (dd, J = 16.1, 9.2 Hz, 1H), 2.39 (s, 3H), 1.84 (s, 1H). 13C NMR (125 
MHz, CDCl3): δ 154.1, 138.6, 137.9, 130.0, 129.6, 128.8, 127.9, 127.7, 124.4, 121.1, 
120.2, 116.5, 82.1, 68.2, 33.0, 21.5. HRMS (ESI) m/z: calcd for C16H15O2 [M-H]- 

239.1078, found 239.1075. 

(2R,3S)-2-(3,5-dimethylphenyl)chroman-3-ol (3l) 

 

White solid, 48% yield; m.p. 135-136 oC; [a] 20D = -9 (c = 0.33, CH3Cl3); ee was 
determined to be >99% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 85:15, 1.0 mL/min, 220 nm); tr (major) = 5.47 min; 1H NMR (500 MHz, 
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CDCl3): δ 7.17-7.13 (m, 2H), 7.08 (s, 2H), 7.02 (s, 1H), 6.95-6.92 (m, 2H), 4.69 (d, J 
= 8.3 Hz, 1H), 4.12 (m, 1H), 3.13 (dd, J = 16.0, 5.4 Hz, 1H), 2.93 (dd, J = 16.0, 9.4 Hz, 
1H), 2.35 (s, 6H), 1.82 (d, J = 3.0 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 154.2, 138.5, 
137.8, 130.5, 130.0, 127.7, 125.1, 121.0, 120.3, 116.5, 82.2, 68.1, 33.2, 21.4. HRMS 
(ESI) m/z: calcd for C17H17O2 [M-H]- 253.1234, found 253.1233. 

(2R,3S)-2-(naphthalen-2-yl)chroman-3-ol (3m) 

 
White solid,，40% yield, 99.5% ee; m.p. 141-142 oC; [a] 20D = -12 (c = 0.66, CH2Cl2); 
HPLC: AD-H, hexanes/i-PrOH = 90/10, 1.0 mL/min, 220 nm, tr (major) = 12.29 min, 
tr (minor) = 15.31 min; 1H NMR (500 MHz, CDCl3): δ 7.92-7.86 (m, 4H), 7.57-7.52 
(m, 3H), 7.18 (d, J = 7.4 Hz, 1H), 7.12 (d, J = 7.6 Hz, 1H), 7.03-6.98 (m, 2H), 4.96 (d, 
J = 8.0 Hz, 1H), 4.22-4.17 (m, 1H), 3.11 (dd, J = 16.1, 5.3 Hz, 1H), 2.95 (dd, J = 16.1, 
9.0 Hz, 1H), 1.90 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 154.1, 135.5, 133.5, 133.2, 
130.1, 128.8, 128.1, 127.8, 127.8, 126.9, 126.5, 126.4, 124.3, 121.2, 120.2, 116.6, 82.1, 
68.1, 33.0. HRMS (ESI) m/z: calcd for C19H17O2 [M+H]+ 277.1229, found 277.1227. 

(2S,3S)-2-(thiophen-2-yl)chroman-3-ol (3n) 

 

White solid, 38% yield, 98% ee; m.p. 94-95 oC; [a] 20D = +20 (c = 0.54, CH2Cl2); HPLC: 
AD-H, hexanes/i-PrOH = 85/15, 1.0 mL/min, 220 nm, tr (major) = 7.41 min, tr (major) 
= 8.79 min; 1H NMR (500 MHz, CDCl3): δ 7.40-7.35 (m, 1H), 7.20-7.09 (m, 3H), 7.08-
7.03 (m, 1H), 6.98-6.95 (m, 2H), 5.08 (d, J = 8.0 Hz, 1H), 4.14-4.12 (m, 1H), 3.16 (dd, 
J = 16.2, 5.4 Hz, 1H), 2.93 (dd, J = 16.2, 8.9 Hz, 1H), 2.08 (s, 1H). 13C NMR (125 MHz, 
CDCl3): δ 153.6, 141.0, 130.0, 127.8, 127.0, 126.6, 126.3, 121.4, 120.0, 116.7, 78.2, 
68.5, 32.8. HRMS (ESI) m/z: calcd for C13H13O2S [M+H]+ 277.1229, found 277.1227. 

(2S,3S)-2-(furan-2-yl)chroman-3-ol (3o) 
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White solid, 38% yield; m.p. 80-81 oC; [a] 20D = +76 (c = 0.63, CH2Cl2); ee was 
determined to be 98% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 85:15, 1.0 mL/min, 220 nm); tr (major) = 7.41 min, tr (minor) = 8.79 min; 1H 
NMR (500 MHz, CDCl3): δ 7.47 (m, 1H), 7.15-7.09 (m, 2H), 6.94-6.89 (m, 2H), 6.47 
(d, J = 3.3 Hz, 1H), 6.42 (m, 1H), 4.92 (d, J = 7.8 Hz, 1H), 4.43 (m, 1H), 3.16 (dd, J = 
16.2, 5.4 Hz, 1H), 2.90 (dd, J = 16.2, 8.5 Hz, 1H), 2.07 (s, 1H). 13C NMR (125 MHz, 
CDCl3): δ 153.3, 150.9, 143.2, 130.0, 127.8, 121.3, 119.7, 116.6, 110.7, 109.9, 75.3, 
65.6, 32.8. HRMS (ESI) m/z: calcd for C13H11O3 [M-H]- 215.0714, found 215.0709. 

(2R,3S)-2-propylchroman-3-ol (3p) 

 
White solid, 34% yield, >99% ee; m.p. 123-124 oC; [a] 20D = +96 (c = 0.73, CH2Cl2); 
HPLC: OJ-H, hexanes/i-PrOH = 95/5, 1.0 mL/min, 220 nm, tr (major) = 6.97 min; 1H 
NMR (400 MHz, CDCl3): δ 7.16-7.12 (m, 1H), 7.08 (d, J = 7.4 Hz, 1H), 6.92-6.85 (m, 
2H), 4.03-3.95 (m, 2H), 4.92 (d, J = 7.8 Hz, 1H), 3.08 (dd, J = 15.1, 4.9 Hz, 1H), 2.80 
(dd, J = 16.5, 6.0 Hz, 1H), 2.00 (s, 1H), 1.68-1.62 (m, 3H), 1.55-1.48 (m, 1H), 0.99 (t, 
J = 7.2 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 153.1, 130.1, 127.7, 120.7, 119.5, 
116.9, 78.9, 66.5, 33.5, 32.1, 14.0. HRMS (ESI) m/z: calcd for C12H17O2 [M+H]+ 

193.1229, found 193.1226. 

(2R,3S)-5-methyl-2-phenylchroman-3-ol (3q) 

 
White solid, 42% yield; m.p. 116-117 oC; [a] 20D = -27 (c = 0.50, CHCl3); ee was 
determined to be 98% by HPLC analysis with a Chiralcel OD-H column (hexane/2-
propanol 95:5, 1.0 mL/min, 220 nm); tr (major) = 9.23 min, tr (minor) = 9.86 min; 1H 
NMR (500 MHz, CDCl3): δ 7.48-7.41 (m, 4H), 7.38 (m, 1H), 7.09 (t, J = 7.8 Hz, 1H), 
6.84-6.82 (m, 2H), 4.73 (d, J = 8.2 Hz, 1H), 4.13 (m, 1H), 3.04 (dd, J = 16.4, 5.7 Hz, 
1H), 2.74 (dd, J = 16.4, 8.9 Hz, 1H), 2.27 (s, 3H), 1.88 (s, 1H). 13C NMR (125 MHz, 
CDCl3): δ 154.2, 138.1, 137.9, 128.8, 128.7, 127.3, 127.1, 122.5, 119.3, 114.3, 81.3, 
68.6, 31.1, 19.2. HRMS (ESI) m/z: calcd for C16H17O2 [M+H]+ 241.1223, found 
241.1221. 

(2R,3S)-6-methyl-2-phenylchroman-3-ol (3r) 
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White solid, 47% yield; m.p. 109-110 oC; [a] 20D = -4 (c = 0.52, CH2Cl2); ee was 
determined to be 99% by HPLC analysis with a Chiralcel OJ-H column (hexane/2-
propanol 85:15, 1.0 mL/min, 220 nm); tr (major) = 12.94 min, tr (minor) = 15.08 min; 
1H NMR (500 MHz, CDCl3): δ 7.46-7.40 (m, 4H), 7.38 (m, 1H), 6.97 (m, 1H), 6.93 (s, 
1H), 6.84 (d, J = 8.3 Hz, 1H), 4.79 (d, J = 7.8 Hz, 1H), 4.11 (m, 1H), 3.05 (dd, J = 16.1, 
5.3 Hz, 1H), 2.88 (dd, J = 16.1, 8.8 Hz, 1H), 2.29 (s, 3H), 1.84 (s, 1H). 13C NMR (125 
MHz, CDCl3): δ 151.8, 138.3, 130.3, 128.8, 128.7, 128.4, 127.1, 119.8, 116.2, 81.9, 
68.3, 32.8, 20.5. HRMS (ESI) m/z: calcd for C16H15O2 [M-H]- 239.1078, found 
239.1075. 

(2R,3S)-7-methyl-2-phenylchroman-3-ol (3s) 

 
White solid, 43% yield; m.p. 95-96 oC; [a] 20D = -25 (c = 0.72, CH2Cl2); ee was 
determined to be 98% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 90:10, 1.0 mL/min, 220 nm); tr (major) = 7.63 min, tr (minor) = 9.61 min; 1H 
NMR (500 MHz, CDCl3): δ 7.45-7.40 (m, 4H), 7.37 (m, 1H), 7.00 (d, J = 7.6 Hz, 1H), 
6.77-6.76 (m, 2H), 4.81 (d, J = 7.8 Hz, 1H), 4.11 (m, 1H), 3.05 (dd, J = 15.9, 5.3 Hz, 
1H), 2.87 (dd, J = 16.0, 8.8 Hz, 1H), 2.32 (s, 3H), 1.82 (s, 1H). 13C NMR (125 MHz, 
CDCl3): δ 153.8, 138.3, 137.8, 129.8, 128.8, 128.7, 127.1, 122.0, 116.9, 81.8, 68.4, 32.4, 
21.1. HRMS (ESI) m/z: calcd for C16H15O2 [M-H]- 239.1078, found 239.1074. 

(2R,3S)-8-methyl-2-phenylchroman-3-ol (3t) 

 
White solid, 46% yield; m.p. 68-69 oC; [a] 20D = -46 (c = 0.35, CHCl3); ee was 
determined to be >99% by HPLC analysis with a Chiralcel AS-H column (hexane/2-
propanol 99:1, 1.0 mL/min, 220 nm); tr (major) = 15.61 min; 1H NMR (500 MHz, 
CDCl3): δ 7.46-7.40 (m, 4H), 7.37 (m, 1H), 7.04 (d, J = 7.3 Hz, 1H), 6.96 (d, J = 7.5 
Hz, 1H), 6.84 (t, J = 7.4 Hz, 1H), 4.87 (d, J = 7.6 Hz, 1H), 4.09 (m, 1H), 3.06 (dd, J = 
16.1, 5.2 Hz, 1H), 2.92 (dd, J = 16.1, 8.6 Hz, 1H), 2.24 (s, 3H), 1.80 (s, 1H). 13C NMR 
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(125 MHz, CDCl3): δ 152.1, 138.6, 128.9, 128.7, 128.5, 127.6, 126.9, 125.8, 120.5, 
119.4, 81.7, 68.4, 32.8, 16.2. HRMS (ESI) m/z: calcd for C16H17O2 [M+H]+ 241.1223, 
found 241.1220. 

(2R,3S)-5,7-dimethyl-2-phenylchroman-3-ol (3u) 

 
White solid, 43% yield; m.p. 149-150 oC; [a] 20D = -21 (c = 0.16, CHCl3); ee was 
determined to be >99% by HPLC analysis with a Chiralcel AS-H column (hexane/2-
propanol 98:2, 0.5 mL/min, 220 nm); tr (major) = 24.60 min; 1H NMR (500 MHz, 
CDCl3): δ 7.46-7.41 (m, 4H), 7.38 (m, 1H), 6.66 (s, 1H), 6.65 (s, 1H), 4.73 (d, J = 8.2 
Hz, 1H), 4.12 (m, 1H), 3.00 (dd, J = 16.2, 5.6 Hz, 1H), 2.70 (dd, J = 16.2, 8.8 Hz, 1H), 
2.28 (s, 3H), 2.22 (s, 3H), 1.80 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 154.0, 138.2, 
137.6, 137.1, 128.8, 128.7, 127.2, 123.6, 116.0, 114.7, 81.3, 68.7, 30.7, 21.0, 19.1. 
HRMS (ESI) m/z: calcd for C17H19O2 [M+H]+ 255.1380, found 255.1377. 

(2R,3S)-6,7-dimethyl-2-phenylchroman-3-ol (3v) 

 
White solid, 45% yield; m.p. 151-152 oC; [a] 20D = -24 (c = 0.33, CHCl3); ee was 
determined to be >99% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 95:5, 1.0 mL/min, 210 nm); tr (major) = 11.91 min; 1H NMR (500 MHz, 
CDCl3): δ 7.45-7.40 (m, 4H), 7.37 (m, 1H), 6.88 (s, 1H), 6.76 (s, 1H), 4.79 (d, J = 7.7 
Hz, 1H), 4.10 (m, 1H), 3.01 (dd, J = 15.9, 5.2 Hz, 1H), 2.85 (dd, J = 15.9, 8.6 Hz, 1H), 
2.23 (s, 3H), 2.21 (s, 3H), 1.84 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 151.9, 138.4, 
136.2, 130.7, 129.2, 128.8, 128.6, 127.1, 117.3, 116.9, 81.8, 68.5, 32.3, 19.6, 18.8. 
HRMS (ESI) m/z: calcd for C17H19O2 [M+H]+ 255.1380, found 255.1376. 

(2R,3S)-5-methoxy-2-phenylchroman-3-ol (3w) 
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White solid, 41% yield; m.p. 116-117 oC; [a] 20D = -3 (c = 0.32, CHCl3); ee was 
determined to be >99% by HPLC analysis with a Chiralcel OD-H column (hexane/2-
propanol 95:5, 1.0 mL/min, 220 nm); tr (major) = 11.08 min; 1H NMR (500 MHz, 
CDCl3): δ 7.45-7.39 (m, 4H), 7.37 (m, 1H), 7.13 (t, J = 8.2 Hz, 1H), 6.61 (d, J = 8.2 
Hz, 1H), 6.49 (d, J = 8.2 Hz, 1H), 4.77 (d, J = 7.9 Hz, 1H), 4.10 (m, 1H), 3.84 (s, 3H), 
3.08 (dd, J = 16.9, 7.1 Hz, 1H), 2.69 (dd, J = 16.9, 8.6 Hz, 1H), 1.85 (s, 1H). 13C NMR 
(125 MHz, CDCl3): δ 158.2, 154.8, 138.2, 128.8, 128.6, 127.5, 127.2, 109.3, 109.2, 
102.5, 81.4, 68.1, 55.5, 27.7. HRMS (ESI) m/z: calcd for C16H17O3 [M+H]+ 257.1172, 
found 257.1169. 

(2R,3S)-6-methoxy-2-phenylchroman-3-ol (3x) 

 
White solid, 45% yield; m.p. 118-119 oC; [a] 20D = -4 (c = 0.52, CH2Cl2); ee was 
determined to be >99% by HPLC analysis with a Chiralcel OJ-H column (hexane/2-
propanol 95:5, 1.0 mL/min, 220 nm); tr (major) = 11.94 min; 1H NMR (500 MHz, 
CDCl3): δ 7.45-7.40 (m, 4H), 7.36 (m, 1H), 6.87 (d, J = 8.9 Hz, 1H), 6.74 (dd, J = 8.9, 
3.0 Hz, 1H), 6.65 (d, J = 3.0 Hz, 1H), 4.76 (d, J = 7.9 Hz, 1H), 4.11 (m, 1H), 3.77 (s, 
3H), 3.05 (dd, J = 16.3, 5.4 Hz, 1H), 2.89 (dd, J = 16.2, 8.7 Hz, 1H), 1.90 (s, 1H). 13C 
NMR (125 MHz, CDCl3): δ 153.9, 148.1, 138.3, 128.8, 128.7, 127.2, 120.8, 117.2, 
114.2, 113.9, 81.8, 68.2, 55.8, 33.1. HRMS (ESI) m/z: calcd for C16H15O3 [M-H]-  

255.1027, found 255.1026. 

(2R,3S)-7-methoxy-2-phenylchroman-3-ol (3y) 

 
White solid, 39% yield; m.p. 158-159 oC; [a] 20D = -35 (c = 0.24, CHCl3); ee was 
determined to be >99% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 90:10, 1.0 mL/min, 220 nm); tr (major) = 11.55 min; 1H NMR (500 MHz, 
CDCl3): δ 7.45-7.40 (m, 4H), 7.38 (m, 1H), 7.00 (d, J = 8.3 Hz, 1H), 6.54-6.50 (m, 2H), 
4.82 (d, J = 7.8 Hz, 1H), 4.13 (m, 1H), 3.77 (s, 3H), 3.02 (dd, J = 15.8, 5.3 Hz, 1H), 
2.85 (dd, J = 15.7, 8.7 Hz, 1H), 1.75 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 159.4, 
154.7, 138.1, 130.5, 128.9, 128.7, 127.1, 111.9, 108.2, 101.2, 81.9, 68.4, 55.4, 32.1. 
HRMS (ESI) m/z: calcd for C16H17O3 [M+H]+ 257.1172, found 257.1169. 
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(2R,3S)-8-methoxy-2-phenylchroman-3-ol (3z) 

 
White solid, 46% yield; m.p. 151-152 oC; [a] 20D = -52 (c = 0.42, CHCl3); ee was 
determined to be >99% by HPLC analysis with a Chiralcel OD-H column (hexane/2-
propanol 90:10, 1.0 mL/min, 220 nm); tr (major) = 18.62 min; 1H NMR (500 MHz, 
CDCl3): δ 7.42-7.36 (m, 4H), 7.33 (m, 1H), 6.88 (t, J = 7.9 Hz, 1H), 6.78 (d, J = 7.9 
Hz, 1H), 6.71 (d, J = 7.6 Hz, 1H), 4.95 (d, J = 7.1 Hz, 1H), 4.15 (m, 1H), 3.86 (s, 3H), 
3.03 (dd, J = 16.3, 5.1 Hz, 1H), 2.88 (dd, J = 16.3, 7.9 Hz, 1H), 1.94 (s, 1H). 13C NMR 
(125 MHz, CDCl3): δ 148.3, 143.3, 138.2, 128.8, 128.5, 126.9, 121.8, 120.8, 109.8, 
81.8, 68.0, 56.0, 32.1. HRMS (ESI) m/z: calcd for C16H17O3 [M+H]+ 257.1172, found 
257.1168. 

(2R,3S)-6,7-dimethoxy-2-phenylchroman-3-ol (3aa) 

 
Yellow oil, 39% yield; [a] 20D = -16 (c = 0.47, CHCl3); ee was determined to be 97% 
by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 95:5, 1.0 mL/min, 
210 nm); tr (minor) = 20.44 min; tr (major) = 21.39 min; 1H NMR (500 MHz, CDCl3): 
δ 7.44-7.40 (m, 4H), 7.36 (m, 1H), 6.58 (s, 1H), 6.52 (s, 1H), 4.76 (d, J = 7.8 Hz, 1H), 
4.12 (m, 1H), 3.84 (s, 3H), 3.82 (s, 3H), 3.00 (dd, J = 15.9, 5.4 Hz, 1H), 2.84 (dd, J = 
15.9, 8.6 Hz, 1H), 1.82 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 148.6, 147.8, 143.7, 
138.2, 128.8, 128.7, 127.2, 112.3, 110.4, 100.6, 81.9, 68.3, 56.4, 55.9, 32.4. HRMS 
(ESI) m/z: calcd for C17H19O4 [M+H]+ 287.1278, found 287.1275. 

(2R,3S)-6-(methoxymethoxy)-2-phenylchroman-3-ol (3ab) 

 
White solid, 48% yield; m.p. 65-66 oC; [a] 20D = -6 (c = 0.31, CHCl3); ee was 
determined to be 96% by HPLC analysis with a Chiralcel OD-H column (hexane/2-
propanol 95:5, 1.0 mL/min, 220 nm); tr (major) = 21.05 min, tr (minor) = 24.02 min; 
1H NMR (500 MHz, CDCl3): δ 7.44-7.39 (m, 4H), 7.37 (m, 1H), 6.86 (d, J = 1.5 Hz, 
2H), 6.81 (s, 1H), 5.11 (s, 2H), 4.77 (d, J = 7.8 Hz, 1H), 4.12 (m, 1H), 3.49 (s, 3H), 
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3.06 (dd, J = 16.3, 5.4 Hz, 1H), 2.89 (dd, J = 16.3, 8.8 Hz, 1H), 1.81 (s, 1H). 13C NMR 
(125 MHz, CDCl3): δ 151.4, 149.1, 138.1, 128.8, 128.7, 127.1, 120.9, 117.3, 117.2, 
116.6, 95.2, 81.8, 68.2, 55.9, 33.0. HRMS (ESI) m/z: calcd for C17H18NaO4 [M+Na]+ 

309.1097, found 309.1094. 

(2R,3S)-2-phenylchromane-3,6-diol (3ac) 

 
White solid, 95% yield; m.p. 187-188 oC; [a] 20D = -2 (c = 0.41, MeOH); ee was 
determined to be 97% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 80:20, 1.0 mL/min, 220 nm); tr (major) = 19.23 min, tr (minor) = 22.39 min; 
1H NMR (500 MHz, MeOD): δ 7.42-7.36 (m, 4H), 7.33 (m, 1H), 6.86 (d, J = 8.7 Hz, 
1H), 6.59 (dd, J = 8.7, 2.9 Hz, 1H), 6.54 (d, J = 2.8 Hz, 1H), 4.75 (d, J = 7.5 Hz, 1H), 
4.08 (m, 1H), 2.93 (dd, J = 16.3, 5.2 Hz, 1H), 2.79 (dd, J = 16.2, 8.2 Hz, 1H). 13C NMR 
(125 MHz, MeOD): δ 150.8, 147.3, 139.5, 127.9, 127.6, 126.8, 121.0, 116.3, 115.1, 
114.2, 81.7, 67.4, 32.8. HRMS (ESI) m/z: calcd for C15H14NaO3 [M+Na]+ 265.0835, 
found 265.0833. 

(2R,3S)-6-fluoro-2-phenylchroman-3-ol (3ad) 

 
White solid, 44% yield; m.p. 110-111 oC; [a] 20D = -11 (c = 0.55, CH2Cl2); ee was 
determined to be 94% by HPLC analysis with a Chiralcel OD-H column (hexane/2-
propanol 95:5, 1.0 mL/min, 210 nm); tr (major) = 10.36 min, tr (minor) = 11.32 min; 1H 
NMR (500 MHz, CDCl3): δ 7.43-7.41 (m, 4H), 7.38 (m, 1H), 6.88-6.80 (m, 3H), 4.77 
(d, J = 7.9 Hz, 1H), 4.11 (m, 1H), 3.05 (dd, J = 16.4, 5.4 Hz, 1H), 2.89 (dd, J = 16.4, 
8.8 Hz, 1H), 1.81 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 157.3 (d, J = 237.3 Hz), 
150.7 (d, J = 1.7 Hz), 137.9, 128.9, 128.8, 127.1, 121.5 (d, J = 7.9 Hz), 117.5 (d, J = 
8.2 Hz), 115.8 (d, J = 22.9 Hz), 114.6 (d, J = 23.2 Hz), 81.9, 67.9, 32.9. HRMS (ESI) 
m/z: calcd for C15H12FO2 [M-H]- 243.0827, found 243.0825; calcd for C15H1219FO2 [M-
H]- 244.0855, found 244.0858. 19F NMR (376 MHz, CDCl3): δ -123.47. 

(2R,3S)-6-chloro-2-phenylchroman-3-ol (3ae) 
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White solid, 42% yield; m.p. 130-131 oC; [a] 20D = +9 (c = 0.68, CH2Cl2); ee was 
determined to be 99% by HPLC analysis with a Chiralcel OD-H column (hexane/2-
propanol 95:5, 1.0 mL/min, 210 nm); tr (major) = 11.04 min, tr (minor) = 12.32 min; 1H 
NMR (500 MHz, CDCl3): δ 7.42-7.36 (m, 5H), 7.12-7.09 (m, 2H), 6.86 (d, J = 8.5 Hz, 
1H), 4.80 (d, J = 7.8 Hz, 1H), 4.10 (m, 1H), 3.03 (dd, J = 16.3, 5.3 Hz, 1H), 2.87 (dd, 
J = 16.4, 8.7 Hz, 1H), 1.87 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 153.7, 137.7, 129.5, 
128.9, 128.8, 127.8, 127.0, 125.8, 121.8, 117.8, 81.9, 67.8, 32.6. HRMS (ESI) m/z: 
calcd for C15H12ClO2 [M-H]- 259.0531, found 259.0530; calcd for C15H1237ClO2 [M-
H]- 261.0496, found 261.0501. 

(2R,3S)-6-chloro-7-methyl-2-phenylchroman-3-ol (3af) 

 
White solid, 41% yield; m.p. 129-130 oC; [a] 20D = -9 (c = 0.54, CH2Cl2); ee was 
determined to be 98% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 90:10, 1.0 mL/min, 210 nm); tr (major) = 8.47 min, tr (minor) = 9.83 min; 1H 
NMR (500 MHz, CDCl3): δ 7.41-7.36 (m, 5H), 7.08 (s, 1H), 6.81 (s, 1H), 4.80 (d, J = 
7.6 Hz, 1H), 4.10 (m, 1H), 3.00 (dd, J = 16.2, 5.2 Hz, 1H), 2.84 (dd, J = 16.1, 8.5 Hz, 
1H), 2.31 ( s, 3H), 1.82 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 152.4, 137.9, 135.4, 
129.7, 128.9, 128.8, 127.0, 126.1, 119.0, 118.6, 81.8, 67.9, 32.1, 19.9. HRMS (ESI) 
m/z: calcd for C16H16ClO2 [M-H]- 273.0688, found 273.0688; calcd for C16H1637ClO2 
[M-H]- 275.0653, found 275.0659. 

(2R,3S)-6,8-dichloro-2-phenylchroman-3-ol (3ag) 

 
White solid, 44% yield, 98% ee; m.p. 126-127 oC; [a] 20D = -48 (c = 0.50, CH2Cl2); 
HPLC: AD-H, hexanes/i-PrOH = 95/5, 1.0 mL/min, 210 nm, tr (major) = 12.76 min, tr 
(minor) = 13.69 min; 1H NMR (500 MHz, CDCl3): δ 7.39-7.31 (m, 5H), 7.27-7.21 (m, 
1H), 6.99-6.94 (m, 1H), 4.89 (d, J = 7.3 Hz, 1H), 4.12-4.08 (m, 1H), 2.99 (dd, J = 16.5, 
5.1 Hz, 1H), 2.86 (dd, J = 16.5, 8.2 Hz, 1H), 1.92 (s, 1H). 13C NMR (125 MHz, CDCl3): 
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δ 148.7, 137.5, 129.1, 128.7, 127.9, 127.7, 126.7, 125.3, 123.1, 122.4, 82.2, 67.5, 32.3. 
HRMS (ESI) m/z: calcd for C15H13Cl2O2 [M+H]+ 296.1670, found 296.1671. 

(2R,3S)-6-chloro-2-(4-chlorophenyl)chroman-3-ol (3ah) 

 

White solid, 45% yield; m.p. 138-139 oC; [a] 20D = +69 (c = 0.40, CH2Cl2); ee was 
determined to be 97% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 90:10, 1.0 mL/min, 210 nm); tr (major) = 10.38 min, tr (minor) = 11.23 min; 
1H NMR (500 MHz, CDCl3): δ 7.39-7.34 (m, 4H), 7.11-7.08 (m, 2H), 6.84 (d, J = 8.6 
Hz, 1H), 4.78 (d, J = 7.8 Hz, 1H), 4.06 (m, 1H), 3.02 (dd, J = 16.4, 5.3 Hz, 1H), 2.86 
(dd, J = 16.4, 8.7 Hz, 1H), 1.87 (s, 1H). 13C NMR (125 MHz, CDCl3): δ 152.4, 136.4, 
134.6, 129.5, 129.0, 128.4, 127.9, 126.0, 121.6, 117.8, 81.2, 67.7, 32.6. HRMS (ESI) 
m/z: calcd for C15H11Cl2O2 [M-H]- 293.0136, found 293.0142; calcd for C15H1137Cl2O2 
[M-H]- 297.0077, found 297.0081, calcd for C15H1135Cl 37ClO2 [M-H]- 295.0106, found 
295.0112. 

(2R,3S)-2-(3,4-difluorophenyl)-5,7-difluorochroman-3-ol (3ai) 

 

White solid, 40% yield, colorless oil; [a] 20D = -46 (c = 0.29, CH2Cl3); ee was 
determined to be 99% by HPLC analysis with a Chiralcel AD-H column (hexane/2-
propanol 90:10, 1.0 mL/min, 220 nm); tr (major) = 6.81 min; 1H NMR (500 MHz, 
CDCl3): δ 7.29-7.16 (m, 3H), 6.52-6.47 (m, 2H), 4.80 (d, J = 7.9 Hz, 1H), 4.06 (m, 1H), 
3.08 (dd, J = 16.5, 5.5 Hz, 1H), 2.74 (dd, J = 16.4, 8.5 Hz, 1H), 1.97 (s, 1H). 13C NMR 
(125 MHz, CDCl3): δ 163.4 (d, J = 15.8 Hz), 162.1 (d, J = 14.9 Hz), 160.9 (d, J = 15.4 
Hz), 160.1 (d, J = 15.1 Hz), 155.1 (dd, J = 14.4, 10.0 Hz), 151.5 (dd, J = 12.5, 4.8 Hz), 
149.5 (dd, J = 12.4, 5.3 Hz), 134.5 (t, J = 4.4 Hz), 123.2 (q, J = 3.3 Hz), 117.6 (d, J = 
17.3 Hz), 116.1 (d, J = 18.0 Hz), 104.5 (dd, J = 21.8, 3.7 Hz), 99.7 (dd, J = 26.7, 3.7 
Hz), 96.9 (t, J = 26.0 Hz), 80.8, 67.2, 26.4 (d, J = 2.8 Hz). HRMS (ESI) m/z: calcd for 
C15H919F4O2 [M-H]- 297.0544, found 297.0543; calcd for C15H918F4O2 [M-H]- 
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293.0639, found 293.0596. 19F NMR (376 MHz, CDCl3): δ -119.58 (d, J = 6.9 Hz, 1F), 
-113.86 (d, J = 6.9 Hz, 1F), -136.21 (d, J = 21.5 Hz, 1F), -137.15 (d, J = 20.8 Hz, 1F). 

(2S,3R)-2-(naphthalen-2-yl)chroman-3-ol (3mʹ) 

 
White solid, 48% yield; [a] 20D = +12 (c = 0.35, CH2Cl3); ee was determined to be >99% 
by HPLC analysis with a Chiralcel AD-H column (hexane/2-propanol 90:10, 1.0 
mL/min, 220 nm); tr (major) = 15.12 min. 

(2R,3R)-2-(furan-2-yl)chroman-3-ol (3oʹ) 

 
White solid, 35% yield; [a] 20D = -64 (c = 0.50, CH2Cl3); ee was determined to be 99% 
by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 90:10, 1.0 
mL/min, 220 nm); tr (major) = 8.16 min, tr (minor) = 8.76 min. 

(2S,3R)-2-propylchroman-3-ol (3pʹ) 

 
Colorless oil, 45% yield; [a] 20D = -61 (c = 0.44, CHCl3); ee was determined to be 99% 
by HPLC analysis with a Chiralcel OJ-H column (hexane/2-propanol 95:5, 1.0 mL/min, 
220 nm); tr (minor) = 12.98 min, tr (major) = 13.87 min. 

(2S,3R)-6-chloro-2-phenylchroman-3-ol (3aeʹ) 

 
White solid, 41% yield; [a] 20D = -7 (c = 0.20, CH2Cl3); ee was determined to be 99% 
by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 95:5, 1.0 mL/min, 
210 nm); tr (minor) = 11.33 min, tr (major) = 12.19 min. 

(2S,3R)-6,8-dichloro-2-phenylchroman-3-ol (3agʹ) 
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White solid, 40% yield; [a] 20D = +67 (c = 0.24, CH2Cl3); ee was determined to be 98% 
by HPLC analysis with a Chiralcel OD-H column (hexane/2-propanol 95:5, 1.0 mL/min, 
210 nm); tr (minor) = 12.92 min, tr (major) = 13.87 min. 

4.3.3 Derivation of product and structure characterization 

 

(+)-Catechin gallates. White solid, 63% yield; 1H NMR (500 MHz, CDCl3): δ 7.40-
7.35 (m, 2H), 7.34-7.20 (m, 3H), 7.19 (t, J = 7.6 Hz, 1H), 7.05-7.00 (m, 4H), 6.92 (t, J 
= 7.4 Hz, 1H), 5.53 (dd, J = 10.6, 5.4 Hz, 1H), 5.36 (d, J = 5.5 Hz, 1H), 3.06 (dd, J = 
16.8, 4.5 Hz, 1H), 2.94 (dd, J = 16.7, 5.7 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 
166.2, 153.4, 143.7, 137.9, 136.9, 130.1, 128.9, 128.1, 127.9, 125.9, 120.8, 120.6, 119.0, 
116.5, 109.9, 78.2, 70.2, 28.3. 

4.3.4 Cell culture 

RAW 264.7 cells were purchased from the Cell Bank of Shanghai Institute of 
Biochemistry and Cell Biology at the Chinese Academy of Sciences (Shanghai, China). 
Cells were cultured in DMEM. 10% (v/v) FBS, penicillin (100 U/ml), and streptomycin 
(100 μg/ml) (Gibco BRL, Gaithersburg, MD, USA) were added. The cell culture 
conditions should be a stable environment with 5% CO2 at 37°C. 

4.3.5 Cell viability assay 

The CCK8 assay was conducted to measure the viability of RAW264.7 cells. 
Briefly, cells were plated in 96-well plates with the density of 2 × 105 cells/well in 
medium. Then the cells were cultured for 12 h. After that, cells were treated with 
different concentrations of each compound (25, 50, and 100 μM). After compound 
treatments, 20 μL CCK8 solution was added into each sample. Then the cells were 
incubated in r.t. for 1 h. 450 nm wavelength was used to measure the absorbance. 
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4.3.6 Enzyme-linked immunosorbent a ssay (ELISA) 

Cells were treated with each compound (0, 25, 50 µM) for 24 h, and then 
stimulated by LPS (1 µg/mL). After 2 h stimulation, the culture supernatant was 
collected. The concentrations of several pro-inflammation cytokines including IL-1b, 
IL-6 and TNF-a in culture supernatant were determined. The determination methods 
were based on the protocols in Duo-set enzyme linked immune sorbent assay kits from 
R&D Systems Co. Ltd. (Minneapolis, MN, USA). 

4.3.7 RNA-sequencing analysis 

RAW 264.7 cells were treated with each compound (25, 50 µM) for 24 h followed 
by LPS (1 µg/mL) stimulation for another 2 h. Cells were collected and then directly 
prepared for cDNAs amplification and RNA-Seq library construction. Total RNA was 
isolated with TRIzol reagent from each group. A complementary DNA library was 
prepared and sequencing was performed according to the Illumina standard protocol by 
Suzhou GENEWIZ Biological Technology Co., Ltd. (https://www.genewiz.com).  

4.3.8 Gene ontology (GO) and KEGG enrichment analysis 

GO enrichment analysis of differentially expressed genes was implemented by the 
GOseq R Package, in which gene length bias was corrected. GO analysis was 
performed with the DAVID online tool (https://david.ncifcrf.gov/). Top GO categories 
were selected according to the P-values. Pathways of differentially expressed genes 
were analyzed by the KEGG database (http://www.kegg.jp/kegg/). We used KOBAS 
software to test the statistical enrichment of differential expression genes in KEGG 
pathways. 

4.3.9 Statistical analysis 

The data shown in the study were achieved from more than three independent 
experiments. Data in different experimental groups were expressed as the mean   
standard deviation (SD). Statistical analyses were performed via the one-way ANOVA, 
with post hoc analysis. Details of each statistical analysis have been shown in the figure 
legends. Differences with P values < 0.05 could be considered statistically significant. 

4.4 Discussion 
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This work mainly focused on developing the effective and efficient method to 
obtain the chiral flavan-3-ols and screen out the compounds with certain 
antiinflammation activity. For next step, we will synthesize more series of compounds 
with our method and test their bioactivity to investigate the structure-activity 
relationship and mechanism. In addition, to give more evidence to show that the newly 
synthesized flavan-3-ols could reduce inflammation and PI3K-Akt pathway, Western 
Blot assay will be performed to study the effects of compound 3ag on the protein 
expression level of phosphorylated-AKT and phosphorylated-PI3K, which would show 
the level of activation of PI3K-Akt pathway. 

4.5 Conclusion 

In summary, we have developed a kinetic resolution of racemic 2-substitued 2H-
chromenes by Cu-catalyzed asymmetric hydroboration for one-pot synthesis of chiral 
flavan-3-ols with high kinetic resolution factors (s up to 1060). A wide range of chiral 
flavan-3-ols was straightforwardly afforded with good yields and extremely high 
enantioselectivities and diastereoselectivities. These enantio-enriched flavanols 
showed inhibition on the expression of multiple inflammation-related genes and 
signaling pathways. Our data demonstrated that enantio-enriched flavanols suppressed 
the inflammation response in in vitro experiments. RNA-sequencing (RNA-seq) 
experiments further revealed that the inflammatory inhibition potentially mediated 
through transcription regulation of the IL-17 signaling pathway, PI3K-Akt signaling 
pathway and TNF signaling pathway. These new entities of flavanol have excellent 
potential in serving as lead compounds for the treatment of inflammation diseases. 
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Chapter 5 WM-21, a novel (+)-catechin derivative, 

attenuates melanogenesis via Nrf2/HO-1 signaling 

5.1 Introduction 

Melanogenesis is the process responsible for melanin formation, which is 
regulated by highly organized pathways and adjusted by multiple agents being involved 
in the production, transportation and release of melanin [1]. Melanin is a generic name 
for a group of dark biological pigments with unusual combinations of properties and 
has diverse functions in living organisms [2], for instance, determining the visible skin 
color, protecting skin from toxic drugs or chemicals [3], as well as protecting against 
sunlight-induced burns, DNA damage and skin cancer by acting as an important photo-
protective factor involved in the absorption and reflection of ultraviolet (UV) 
irradiation [4-5]. However, the uncontrolled synthesis and the irregular distribution of 
melanin can cause hyperpigmentation skin disorders, such as age spots, actinic lentigo, 
blotches, freckles, pigmented acne scars, melasma, post-inflammatory melanoderma 
and even melanoma [6]. 

Human melanin is traditionally classified as either black to brown eumelanin or 
yellow to reddish pheomelanin, and synthesized in specialized cells called melanocytes 
[7]. The hydroxylation of L-tyrosine to dihydroxyphenylalanine (DOPA) is considered 
to be the initial step of melanin synthesis. Subsequently, DOPA is oxidized to DOPA-
quinone (DQ) by tyrosinase (TYR), and then DQ eventually being oxidized to 
dopachrome, which can be finally catalyzed to 5,6-dihydroxyindole (DHI) by TYR. 
Eumelanin produced from a series of reactions between DHI and dihydroxyindole-2-
carboxlic acid (DHICA), while if L-cysteine (Cys) is present in sufficient amounts 
within melanosomes, DQ and Cys interact to eventually produce pheomelanin [2, 8]. 
Although many parts of melanin synthesis are still debatable, it has long been 
recognized that these enzymatic steps are regulated by TYR-related protein-1 (TRP-1) 
and TYR-related protein-2 (TRP-2). TRP-1 and TRP-2 are two additional membrane-
bound enzymes, which can form a multi-enzyme complex and help stabilize TYR [9]. 

Melanin synthesis in melanocytes is under the control of secreted factors from 
keratinocytes [10]. Normally, ultraviolet irradiation (UVR)increases DNA 
photoproducts and induces keratinocytes to secrete various factors including α-
Melanocyte-stimulating hormone (α-MSH) derived from the cleavage of 
proopiomelanocortin (POMC) [11]. α-MSH then binds and activates the melanocortin 
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1 receptor (MC1R) on the plasma membrane of skin melanocytes to trigger the 
activation of microphthalmia-associated transcription factor (MiTF), which is a master 
regulator of melanocyte survival and proliferation and plays a crucial role in 
melanogenesis [12]. The activated MiTF finally promotes the transcription of numerous 
pigmentation genes including TYR, TRP-1 and TRP-2, which act to synthesize, mature, 
and traffic melanin [13]. 

Oxidative stress induced by UVR has been shown to act as an essential part in the 
dysregulation of skin melanogenesis [14-15]. UVR is one of the main harmful 
environmental sources to skin by inducing oxidative stress via generating overburdened 
reactive oxygen species (ROS) [16]. ROS can consequently cause DNA damage, gene 
regulations and cell death in both keratinocytes and melanocytes [15, 17]. Nuclear 
factor erythroid 2-related factor 2 (Nrf2) is an important transcription factor 
orchestrating the cellular antioxidant response by triggering the expression of a series 
of antioxidant enzymes including heme oxygenase-1 (HO-1) and quinone 
oxidoreductase 1 (NQO-1) [18]. It has been reported that the increased ROS level and 
decreased Nrf2 expression were observed during melanogenesis, and Nrf2 plays a 
beneficial role in cellular function and integrity by protecting skin cells against 
oxidative insults particularly from UVR [19-20]. Attempts have thus been made to 
develop effective photoprotective agents targeting Nrf2 [20]. 

Catechins refer to a class of active phenolic compounds mainly derived from tea, 
which possess diverse biological and pharmaceutical properties, such as anti-tumor, 
anti-oxidation, antiinflammation and neuro-protection effects. Catechin (C), 
Epicatechin (EC), Gallocatechin (GC), Epigallocatechin (EGC), Catechin gallate (CG), 
Epicatechin gallate (ECG), Gallocatechin gallate (GCG) and Epigallocatechin gallate 
(EGCG) are eight mainly functional catechin monomer compounds, among which 
EGCG ((−)-epigallacatechin-3-gallate) is a major polyphenol catechin in green tea 
(Camellia sinesis L. Ktze) and it has the most outstanding antioxidant property. It has 
also been widely reported that EGCG presented with anti-carcinogenesis, anti-
microbico and anti-inflammatory activities [21-22], as well as EGCG had positive 
effects on skin hydration, wrinkle formation and reduction of skin melanin generation 
[23]. However, EGCG is unstable under alkaline or even neutral conditions [24-25], 
and the poor bioavailability and intestinal absorption of EGCG limit its efficacy [26-
27]. Therefore, the modification of catechin to improve its efficacy and specificity is of 
great significance. 

In the present study, (2R,3S)-2-(3,4-dihydroxyphenyl)-6-((E)-styryl) chromane-
3,5,7-triol (WM-21), a new (+)-catechin derivative, was synthesized by the reaction 
between (+)-catechin with phenylacetaldehyde in good yields (Figure 1A). We found 
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that WM-21 inhibited α-MSH-induced melanogenesis both in B16F10 cells and human 
epidermal melanocytes, as well as suppressed UVA-induced melanogenesis in HaCaT 
cells and HEMs co-culture system. In addition, WM-21 was found to decrease UVA-
induced oxidative stress, and further mechanism researches revealed that WM-21 
exerted anti-melanogenesis and antioxidant effects via activating Nrf2/HO-1 signaling. 

5.2 Experiment results 

5.2.1 Synthesis of (2R,3S)-2-(3,4-dihydroxyphenyl)-6-((E)-styryl) 

chromane-3,5,7-triol (WM-21) 

We initiated our investigation by examining the reaction of (+)-catechin with 
phenylacetaldehyde, in the presence of diethylene glycol as solvent which was able to 
obtain desired product in 23% yield (Figure 5-1A). Raising the temperature to 100°C 
allowed no desired product. Change the solvent into 5.7% HCl gave 45% yield (entry 
3). Changing the temperature into 60°C and 120°C allowed lower yield. Finally, we 
screened various solvents and the results suggest that diethylene glycol would give 
highest yield. 

 

Figure 5-1 Synthesis scheme of WM-21  
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(A). a Reaction conditions: (+)-catechin (1 mmol, 1.0 equiv.), Phenylacetaldehyde (300 mL, 2.5 
equiv), solvent (7 mL). b Yields of isolated products are listed. c N.D. means none detective, N.R. 
means no reaction. (B-C). B16F10 cells and HEMs were treated with various concentrations of 
WM-21 (0, 3.12, 6.25, 12.5, 25, 50, 100, 150, 200 μM) as indicated for 48 h. The viability of B16F10 
cells (B) and HEMs (C) were tested by CCK8 assay. Data from three times independent experiments 
were expressed as means ± SD. ∗P < 0.05 compared with control group. 

5.2.2 WM-21 inhibited the melanin production in B16F10 cells and 

HEMs 

To evaluate the effects of WM-21 on melanogenesis, murine melanoma cells 
(B16F10) and human epidermal melanocytes (HEMs) were used. CCK8 assay was 
performed to test the cytotoxic effect of WM-21 on melanocytes. EGCG and a-arbutin 
were both used as the positive controls for their inhibition ability in the production of 
melanin. As shown in Figure 5-1B and 5-1C, pretreatment with WM-21 ranging from 
3.125 to 100 μM for 48 h had no effect on the viability of both B16F10 cells (Figure 5-
1B) and HEMs (Figure 5-1C). The reduced viability of HEMs was only observed at 
150 μM of WM-21 (Figure 5-1C). Therefore, the final concentration of WM-21 used 
in the following experiments was no more than 100 µM. 

The NaOH method was then used to evaluate the effect of WM-21 on melanin 
production. The extracellular melanin in the cultured medium secreted by melanocytes 
and intracellular melanin level were both analyzed. We found that the cultured medium 
from B16F10 cells and HEMs stimulated by α-MSH were darker in color compared 
with control group (Figure 5-2A,B). Besides, the melanin level in cultured medium of 
α-MSH-stimulated B16F10 cells and HEMs was much higher than that in control group, 
while WM-21 reduced the extracellular melanin content both in B16F10 cells and 
HEMs (Figure 5-2A,B). Moreover, the collected cell clumps of α-MSH-stimulated 
B16F10 cells and HEMs were significantly darker than that in control group (Figure 5-
2C, D). However, compared with α-MSH stimulated group, cells in WM-21 treated 
group faded in color. The relative intracellular melanin contents were also inhibited by 
WM-21 in a concentration-dependent manner (Figure 5-2C, D). Taken together, these 
results suggested WM-21 inhibited the melanin production in both B16F10 cells and 
HEMs. 
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Figure 5-2 Effect of WM-21 on melanin production in B16F10 cells and HEMs  

B16F10 cells and HEMs were treated with WM-21 (25, 50 and 100 μM), EGCG (100 μM) or 
Arbutin (1 mM) and α-MSH (100 μM) for 48 h. (A-B). The melanin contents in the cultured medium 
(extracellular melanin) of B16F10 cells (A) and HEMs (B) were analyzed. Images of the supernatant 
of B16F10 cells and HEMs were exhibited above the histograms showing the relative extracellular 
melanin contents. (C-D). The melanin contents in B16F10 cells (C) and HEMs (D) were measured. 
Images of B16F10 and HEMs cell pellets were exhibited above the histograms showing the relative 
intracellular melanin contents. Data from three times independent experiments were expressed as 
means ± SD. #P < 0.05 and ##P < 0.01 compared with the control group and ∗P < 0.05 and ∗∗P < 
0.01 compared with α-MSH-treated group. 

5.2.3 WM-21 suppressed the tyrosinase activity and melanogenic 

protein expression in B16F10 cells and HEMs 

The melanin level was known to be positively regulated by the activity and 
expression of tyrosinase (TYR) [9]. To ask if WM-21 regulates melanin level through 
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tyrosinase-mediated pathway, we examined the relative activity of TYR in B16F10 
cells and HEMs treated with different concentrations of WM-21 (25, 50, 100 μM). As 
shown in Figure 5-3A and Figure 5-3B, the relative TYR activities were significantly 
decreased upon WM-21 treatment as compared to that of α-MSH stimulated group. TYR, 
TRP-1 and TRP-2 are three central melanogenic genes upregulated by MITF, a master 
regulator of melanogenesis. Thus, we studied the effects of WM-21 on the expression 
of these melanogenic proteins by RT-PCR and Western Blot analysis. As shown in 
Figure 5-3C and Figure 5-3D, the mRNA level of TYR, TRP-1, TRP-2 and MITF in 
B16F10 cells (Figure 5-3C) and HEMs (Figure 5-3D) reduced significantly after WM-
21 (25, 50, 100 μM) treatment. Correspondingly, the protein level of TYR, TRP-1, 
TRP-2 and MITF were substantially inhibited by WM-21 both in B16F10 cells (Figure 
5-3E, G) and HEMs (Figure 5-3F, H). These results indicated that WM-21 inhibited α-
MSH-induced TYR activity and melanogenic protein expression in B16F10 cells and 
HEMs. 
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Figure 5-3 Effect of WM-21 on the tyrosinase (TYR) activity and the expression of melanogenic 

proteins in B16F10 cells and HEMs  

B16F10 cells and HEMs were treated with WM-21 (25, 50 and 100 μM) and α-MSH (100 μM) for 
48 h. (A-B). The TYR enzyme activities of B16F10 cells (A) and HEMs (B) were analyzed. (C-D). 
The mRNA levels of TYR, TRP-1, TRP-2, MITF of B16F10 cells (C) and HEMs (D) were detected 
by RT-PCR assay. (E-F). The expression of TYR, TRP-1, TRP-2, MITF and β-actin of B16F10 cells 
(E) and HEMs (F) were determined by Western Blot. (G-H). Densitometric analysis was performed 
to determine the relative ratios of TYR, TRP-1, TRP-2 and MITF. Data from three times 
independent experiments were expressed as means ± SD. #P < 0.05 and ##P < 0.01 compared with 
the control group and ∗P < 0.05 and ∗∗P < 0.01 compared with α-MSH-treated group. 
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5.2.4 WM-21 inhibited UVA-induced α-MSH expression in HaCat 

cells 

To further investigate the effects of WM-21 on UVA-induced melanogenesis, 
immortalized human skin keratinocyte cells (HaCaT) were used. The cytotoxic effects 
of WM-21 on HaCaT cells were tested by CCK8 assay. As shown in Figure 5-4A, 
compared with control group, treatment with WM-21 ranging from 3.125 to 100 μM 
for 24 h had no effect on the viability of HaCaT cells. Furthermore, WM-21 (25, 50 and 
100 μM) improved the viability of HaCaT cells exposed to 5 J/cm2 UVA radiation 
(Figure 5-4B). 

The secretion of α-MSH from keratinocyte, the stimulation of α-MSH on 
melanocytes by binding with MC1R to activate MiTF signaling pathway, and finally 
triggering melanin expression of melanocytes are three essential steps during UVR-
induced melanogenesis [13]. The secreted α-MSH by keratinocyte is the main source 
of skin α-MSH in vivo [28]. Therefore, the effects of WM-21 on α-MSH secretion and 
expression in HaCat cells were evaluated with enzyme-linked immunosorbent assay 
(ELISA) and immunoblot analyses, respectively. As shown in Figure 5-4C, the α-MSH 
concentration in culture supernatant of HaCaT cells was increased significantly upon 
UVA radiation, while WM-21 treatment resulted in a decrease in the level of α-MSH. 
Besides, WM-21 (25, 50 and 100 μM) inhibited the expression of α-MSH and pro-
opiomelanocortin (POMC), a precursor of α-MSH (Figure 5-4D). The densitometric 
analysis also showed that the expression of both α-MSH and POMC were reduced by 
WM-21 in a concentration-dependent manner (Figure 5-4E). Here, EGCG and Arbutin 
with anti-melanogenesis activities were used as positive controls. However, EGCG 
(100 μM) and Arbutin (1 mM) had no effect on the expression of α-MSH and POMC 
in HaCaT cells exposed to 5 J/cm2 UVA radiation (Figure 5-4C, E). Taken together, 
these results suggest that WM-21 effectively impedes UVA-induced α-MSH secretion 
from keratinocyte. 
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Figure 5-4 Effect of WM-21 on UVA-induced melanogenesis in HaCat cells  

(A). The viability of HaCat cells was tested by CCK8 assay. Cells were treated with WM-21 (0, 
3.125, 6.25, 12. 5, 25, 50, 100 and 200 μM) for 24 h. (B). HaCat cells were treated with WM-21 (0, 
25, 50 and 100 μM), EGCG (100 μM) or Arbutin (1 mM) for 24 h, and then irradiated with or 
without UVA (5 J/cm2). The viability of HaCat cells was tested by CCK8 assay. (C). The 
concentration of α-MSH in culture supernatant of HaCat cells was detected by the α-MSH ELISA 
Kit. (D). The expression of POMC, α-MSH and β-actin of HaCat cells were determined by Western 
Blot. (E). Densitometric analysis was performed to determine the relative ratios of POMC and α-
MSH. (F). HaCat cells were treated with WM-21 (0, 25, 50 and 100 μM), EGCG (100 μM) or 
Arbutin (1 mM) for 24 h, and then irradiated with or without UVA (5 J/cm2) for 30 min. After 
washed with PBS and cultured for another 24 h, the condition medium (CM) of HaCat cells was 
collected. The melanin content in HEMs were measured, which were stimulated with different CM 
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from HaCat cells as indicated. (G). After stimulation with different CM from HaCat cells for 24 h, 
the TYR enzyme activities of HEMs were analyzed. (H). The mRNA levels of TYR, TRP-1, TRP-
2, MITF of HEMs were detected by RT-PCR assay, which were stimulated with different CM from 
HaCat cells as indicated. Data from three times independent experiments were expressed as means 
± SD. #P < 0.05 and ##P < 0.01 compared with the control group and ∗P < 0.05 and ∗∗P < 0.01 
compared with UVA irradiated group. 

4.2.5 WM-21 inhibited UVA-induced melanogenesis 

To determine whether WM-21 exerts an effect on UVA-induced melanogenesis in 
melanocyte via inhibiting the α-MSH secretion from keratinocyte, we cultured HEMs 
with conditioned media (CM) from UVA-induced HaCaT cells treated with or without 
WM-21 (25, 50 and 100 μM). After 48 h CM incubation, we evaluated the melanin 
level and TYR activity of HEMs. As shown in Figure 5-4F, compared with control 
group or HEMs incubated with CM from non-UVA irradiation and WM-21 non-treated 
group, the intracellular melanin contents were significantly increased in HEMs 
incubated with CM from UVA irradiation and WM-21 non-treated HaCaT cells. On the 
other hand, melanin contents were reduced in HEMs incubated with CM from HaCaT 
cells treated with WM-21 (25, 50 and 100 μM). In addition, we determined the 
intracellular TYR activity to further assess the effect of WM-21 on UVA-induced 
melanogenesis. As shown in Figure 5-4G, compared with control group or HEMs 
incubated with CM from non-UVA irradiation and WM-21 non-treated group, an 
increase in the TYR activity was observed in HEMs incubated with CM from UVA 
irradiation and WM-21 non-treated HaCaT cells, while TYR activities were decreased 
in HEMs incubated with CM from WM-21 treated HaCaT cells. Furthermore, we 
analyzed the mRNA levels of melanocyte differentiation markers by RT-PCR. As 
shown in Figure 5-4H, compared with HEMs incubated with CM from UVA irradiation 
and WM-21 non-treated HaCaT cells, the mRNA level of TYR, TRP-1, TRP-2 and 
MITF were reduced significantly after being incubated with CM from HaCaT cells 
treated with WM-21 (25, 50, 100 μM). These data indicated that WM-21 inhibited 
UVA-induced melanogenesis. 

5.2.6 WM-21 suppressed UVA-induced oxidative stress in HaCat cells 

During the process of melanogenesis, UVA-induced oxidative stress triggers the 
generation and secretion of α-MSH [14, 16]. Thus, to test if WM-21 inhibits oxidative 
stress-induced melanogenesis in keratinocyte, we evaluated the effects of WM-21 on 
oxidative stress (ROS level) in UVA-induced HaCat cells. As shown in Figure 5-5A, 
ROS generation in HaCat cells was induced significantly by UVA radiation as 
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compared with the control group. Strikingly, ROS level were reduced after treating with 
WM-21 (25, 50, 100 μM). To further confirm the afore-mentioned observation, we used 
fluorescence dye assay for ROS detection and quantification. The fluorescent probe 
2',7'-dichlorofluorescein-diacetate (DCFH-DA) can pass through the cell membrane 
freely, and then intracellular esterase can hydrolyze DCFH-DA to non-fluorescent 2',7'-
dichlorofluorescein (DCFH), which can be then oxidized by the intracellular ROS to 
produce the fluorescent 2',7'-dichlorofluorescein (DCF). Therefore, the intracellular 
ROS level could be measured by reading the fluorescence intensity of DCF. As shown 
in Figure 5-5B, after incubating with fluorescent probe DCFH-DA, the fluorescence 
intensity in UVA-induced HaCat cells were increased, whereas WM-21 treatment 
suppressed the fluorescence level in HaCat cells. 

The amount of malondialdehyde (MDA), the final product of lipid peroxidation, 
can reflect the degree of cell damage caused by oxidative stress [29]. Treatment of 
HaCat cells with UVA radiation alone increased intracellular malondialdehyde (MDA) 
levels, while WM-21 reduced the MDA level remarkably (Figure 5-5C). In addition, 
superoxide dismutase (SOD) and cellular glutathione (GSH) are two key anti-oxidative 
factors in maintaining the redox balance and defending the oxidative stress [30]. As 
shown in Figure 5-5D and Figure 5-5E, UVA radiation caused a decrease in SOD 
activity (Figure 5-5D) and cellular GSH level (Figure 5-5E), which were increased by 
WM-21 in a concentration-dependent manner, respectively. Moreover, the total 
antioxidant capacity, measured by a rapid 2,2'-azino-bis (3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) method, was dramatically reduced by UVA radiation. However, 
WM-21 restored the total antioxidant capacity of HaCat cells induced by UVA (Figure 
5-5F). On basis of these results, WM-21 suppressed UVA -induced oxidative stress in 
HaCat cells. 
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Figure 5-5 Effect of WM-21 on UVA-induced oxidative stress of HaCat cells  

HaCat cells were treated with WM-21 (0, 25, 50 and 100 μM), EGCG (100 μM) or Arbutin (1 mM) 
for 24 h, and then irradiated with or without UVA (5 J/cm2) for another 30 min. (A). HaCat cells 
were incubated with DCFH-DA (a ROS fluorescence probe) for 30 min at 37°C in the dark, and 
then the ROS level was measured by spectrofluorometer. (B). Representative images of HaCat cells 
stained with DCFH-DA. Scale bars, 200 μm. (C-F). The malondialdehyde (MDA) level (C), 
Superoxide Dismutase (SOD) activity (D), Glutathione (GSH) level (E) and total antioxidant 
capacity (F) of HaCat cells were measured according to the kit manufacturer’s instructions. Data 
from three times independent experiments were expressed as means ± SD. ##P < 0.01 compared 
with the control group and ∗P < 0.05 and ∗∗P < 0.01 compared with UVA-induced group. 
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5.2.7 WM-21 activated Nrf2/HO-1 signaling in HaCat cells 

Furthermore, to explain the underlying mechanism of the inhibition effect of WM-
21 on oxidative stress, we investigated the effects of WM-21 on Nrf2/HO-1 pathway. 
It can be illustrated that the transcription activity of Nrf2 in UVA-induced HaCat cells 
was promoted by WM-21, which was evaluated then by luciferase reporter assay 
(Figure 5-6A). After being exposed to oxidative stress, Nrf2 translocates into nucleus, 
where it started the transcription and translation of cytoprotective phase II 
detoxification and antioxidant enzymes, including HO-1 and NQO-1 [31]. Western Blot 
analysis showed that the protein expression level of HO-1 and NQO-1 in HaCat cells 
stimulated by UVA were promoted by WM-21 (Figure 5-6B, C). In addition, the nuclear 
Nrf2 level was increased and the Nrf2 level in cytoplasm was reduced upon WM-21 
treatment (Figure 5-6D, E). Correspondingly, immunofluorescence staining showed 
that WM-21 (100 μM) promoted the nuclear translocation of Nrf2 (Figure 5-6F). Taken 
together, these data show that WM-21 activated Nrf2/HO-1 signaling in UVA-induced 
HaCat cells. 
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Figure 5-6 Effect of WM-21 on Nrf2/HO-1 signaling in HaCat cells  

(A). Followed by ARE-luciferase reporter plasmid transfection, WM-21 (0, 25, 50 and 100 μM), 
EGCG (100 μM) or Arbutin (1 mM) were added to HaCat cells for 24 h. After that, UVA (5 J/cm2) 
irradiation were applied for another 30 min and the Nrf2 transcription activity was tested through 
the luciferase activity assay. (B). Western Blot was performed to measure the expression of HO-
1and NQO-1 of HaCat cells. (C). The relative ratios of HO-1 and NQO-1 were determined by 
densitometric analysis. (D). Western Blot was performed to measure the expression of Nrf2 in 
cytosolic and nuclear extracts of HaCat cells. (E). The relative ratios of the Nrf2 were determined 
by densitometric analysis. (F). HaCat cell slides were immune-stained with anti-Nrf2 (green) and 
DAPI (blue), and then the nuclear translocation of Nrf2 was observed by confocal laser-scanning 
microscope. Scale bars, 15 µm. Data collected by at least three times from independent experiments 
were shown as means ± SD. ##P < 0.01 compared with the control group and ∗P < 0.05 and ∗∗P < 
0.01 compared with UVA-induced group. 
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5.2.8 WM-21 attenuated melanogenesis and oxidative stress via 

Nrf2/HO-1 pathway 

To explore whether the anti-oxidative and anti-melanogenesis effects of WM-21 
are exerted through the activation of Nrf2, we diminished the expression of Nrf2 by 
transfecting Nrf2 siRNA in HaCat cells. As shown in Figure 5-7A and Figure 5-7B, the 
Nrf2 siRNA transfection leads to a lower Nrf2 expression in HaCat cells compared with 
the control group. The expression of HO-1 and NQO-1 in UVA-induced HaCat cells 
increased by WM-21 were suppressed by knocking down Nrf2 (Figure 5-7C, D). In 
addition, the inhibitory effect of WM-21 on UVA-induced ROS generation was 
attenuated by Nrf2 siRNA transfection (Figure 5-7E). Furthermore, WM-21-induced 
total antioxidant capacity of UVA-radiated HaCat cells was inhibited by Nrf2 siRNA 
significantly (Figure 5-7F). Moreover, the reduction of UVA radiation-induced α-MSH 
secretion by WM-21 in HaCat cells was reversed by Nrf2 siRNA transfection (Figure 
5-7G). Correspondingly, the decreased melanin content in HEMs incubated with CM 
from WM-21-treated HaCaT cells was suppressed by Nrf2 siRNA transfection (Figure 
5-7H). In concordance, the reduced mRNA level of TYR, TRP-1, TRP-2 and MITF in 
HEMs incubated with CM from WM-21-treated HaCaT cells were reversed after 
transfecting with Nrf2 siRNA (Figure 5-7I). Together, these findings suggest that WM-
21 exerted anti-oxidative and anti-melanogenesis effects by activating Nrf2/HO-1 
signaling pathway. 
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Figure 5-7 The Nrf2/HO-1 pathway was involved in the anti-oxidative and anti-melanogenesis 

effects of WM-21 in HaCat cells  
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(A). The Nrf2 expression was detected by Western Blot after Nrf2 siRNA transfection. (B). 
Densitometric analysis was performed to determine the relative ratios of Nrf2. (C). After Nrf2 
siRNA transfection, HaCat cells were treated with WM-21 (100 μM) for 24 h followed by UVA (5 
J/cm2) irradiation for 30 min, and then the level of HO-1, NQO-1, and β-actin were detected by 
Western Blot. (D). Densitometric analysis was performed to determine the relative ratios of HO-1 
and NQO-1. (E). The level of ROS in HaCat cells was measured by spectrofluorimeter. (F). The 
total antioxidant capacity of HaCat cells was measured according to the kit manufacturer’s 
instructions. (G). The concentration of α-MSH in culture supernatant of HaCat cells was detected 
by the α-MSH ELISA Kit. (H). After being stimulated with different CM from HaCat cells as 
indicated, the melanin content in HEMs were measured. (I). The mRNA levels of TYR, TRP-1, TRP-
2, MITF of HEMs were detected by RT-PCR assay, after being stimulated with different CM from 
HaCat cells as indicated. Data from three times independent experiments were expressed as means 
± SD. #P < 0.05 and ##P < 0.01 compared with the control group and ∗P < 0.05 and ∗∗P < 0.01 
compared with UVA + WM-21-treated group. 

5.3 Material and methods 

5.3.1 General procedure for the preparation of substrates 

Unless otherwise noted, all experiments were carried out under a nitrogen 
atmosphere. NMR spectra were recorded on Brucker Avance 400 MHz spectrometer. 
The NMR spectra were acquired in CD3OD, and the chemical shifts were reported in 
parts per million (ppm) with the solvent residual peaks as references. Signals are 
described as follow: s, singlet; brs, broad signal; d, doublet; t, triplet; m, multiplet. 
HRMS data were recorded on a Xevo G2 QTOF (Waters) instrument. Reactions were 
monitored by TLC on silica gel Alugram® Xtra SIL G/UV254. Column 
chromatography was performed on Machery-Nagel silica gel 0.063e0.2 mm. 

5.3.2 Preparation and structure characterization of products 

(2R,3S)-2-(3,4-dihydroxyphenyl)-6-((E)-styryl) chromane-3,5,7-triol (WM-21) 
To a solution of (+)-catechin (290 mg, 1 mmol) in diethylene glycol (7 mL) was added 
phenylacetaldehyde (300 μL, 2.5 mmol) dropwise. The reaction mixture was stirred at 
room temperature (rt) overnight and quenched with water. The aqueous layer was 
extracted with ethyl acetate (20 mL × 3) and the combined organic layers were washed 
with water, brine, dried over Na2SO4 and concentrated under reduced pressure to give 
the crude product. The title compound was isolated in 45% yield (white powder, 176.4 
mg) by column chromatography on silica gel (CH2Cl2 : MeOH = 30:1). 1H NMR (300 
MHz, MeOD) δ 7.45-7.44 (m, 2H), 7.33-7.31 (m, 2H), 7.25-7.21(t, 2H), 7.11-7.09 (m, 
1H), 6.98 (s, 1H), 6.84 (s, 1H), 6.08 (s, 1H), 4.73-4.71 (m, 1H), 3.33-3.32 (t, 1H), 2.95-



 133 

2.90 (dd, 1H), 2.61-2.55 (dd, 1H). 13C NMR (75 MHz, MeOD) δ 155.2, 155.1, 154.0, 
144.9, 144.9, 140.1, 130.9, 128.0, 127.9, 125.6, 125.3, 120.2, 118.6, 114.7, 113.8, 104.7, 
99.7, 95.0, 81.6, 67.3, 27.5. HRMS (FAB) m/z calcd for C23H20O6 [M+H+]: 393.1333, 
found: 393.1331. 

5.3.3 Reagents and antibodies 

(+)-catechin (CAS 154-23-4, Cat #C1251), EGCG (CAS 989-51-5, Cat #E4131), 
Arbutin (CAS 497-76-7, Cat #A4256), α-MSH (Cat #05-23-0751), Triton X-100 (Cat 
#X100-100ML), L-DOPA (Cat #D9628) and DMSO (Cat #D2650) were purchased 
from Sigma-Aldrich Co., Ltd. (St. Louis, MO). 

Primary antibodies against HO-1, and Lamin A were purchased from Cell 
Signaling Technology (Danvers, MA, USA), MiTF, Nrf2, and NQO-1 antibodies were 
purchased from Abcam, Inc. (Cambridge, UK), TYR, TRP1, TRP2, β-actin and 
GAPDH were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The 
horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit secondary 
antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA) 
(1:2000 dilution). 

5.3.4 Cell culture 

Human epidermal melanocytes (HEMs) were purchased from Cascade Biologics 
(Portland, OR, USA) and maintained in Medium 254 (Cat #M-254-500, Thermo Fisher 
Scientific, MA, USA) supplemented with human melanocyte growth supplement (Cat 
#S-002-5). Murine melanoma cells (B16F10) and the immortalized human skin 
keratinocyte cells (HaCaT) were obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). B16F10 and HaCaT cells were maintained in DMEM 
medium with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL 
streptomycin, in a cell culture incubator (5% CO2, 95% air, 37°C). 

5.3.5 Cell viability assay 

The CCK8 assay was conducted to measure the viability of HEMs, B16F10 and 
HaCaT cells. Fisrt of all, cells were plated in 96-well plates with the density of 2 × 105 
cells/well in medium. Then the cells were cultured for 12 h. After that, cells were treated 
with different concentrations of WM-21 (0, 3.125, 6.25, 12. 5, 25, 50, 100 and 200 μM). 
After compound treatments, 20 μL CCK8 solution was added into the samples. Then 
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the cells were incubated in r.t. for 1 h. 450 nm wavelength was used to measure the 
absorbance. 

5.3.6 Melanin assay 

The amount of intracellular melanin and extracellular melanin (in cultured 
medium) were determined by a spectrophotometric method. Briefly, cells were cultured 
in 35-mm dishes and treated with indicated concentrations of WM-21. After washed 
with cold PBS, the confluent melanocytes were lysed in 1% Triton X-100 and 
centrifuged at 14,000 rpm for 30 min at 4°C to separate melanin from solubilized 
protein. Melanin pellets were solubilized in 1 M NaOH at 85°C for 1.5 h. 
Spectrophotometric analysis of melanin content was determined by measuring 
absorbance at 405 nm and using a calibration curve obtained with synthetic melanin. 
The protein content for each sample was measured using a BCA protein assay kit (Cat 
# 23225, Thermo Fisher Scientific, MA, USA). Cellular melanin concentration was 
determined as total melanin/total protein for each condition. The relative melanin 
content was calculated as the ratio of cellular melanin concentration for each 
experimental condition to control. 

5.3.7 Tyrosinase activity assay 

Tyrosinase enzyme activity was estimated by measuring the rate of L-DOPA 
oxidation. Briefly, cells were seeded into 6-well plates and treated with indicated 
concentrations of WM-21, EGCG, arbutin and α-MSH for 48 h. Cells were then 
solubilized with PBS (pH 6.8) containing 1% Triton X-100, and disrupted by freezing 
and thawing for three times. The cell lysates were clarified by centrifugation at 14,000 
rpm for 15 min at 4°C. The protein content for each sample was measured by the BCA 
protein assay kit and adjusted with PBS (pH 6.8). The reaction mixture, composed of 
40 µg protein (100 μL) and 5 mM L-DOPA (100 μL), was added into 96-well plate and 
incubated at 37°C for 15 min. The absorbance was measured by spectrophotometer at 
wavelength of 475 nm. TYR activity was normalized to the amount of protein and 
reported as the percent change relative to that in the vehicle-treated controls. 

5.3.8 Real-time PCR analysis 

Total RNA Extraction Reagent (Vazyme, China) was used to extract the total RNA 
from the different indicated cells. 500 ng of total RNA was used to make cDNA with 
Hiscript® II Reverse Transcriptase (Vazyme, China). qPCR incubations were run with 
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200 nM of gene specific primers and HiScript® II Q RT SuperMix for qPCR (Vazyme, 
China). The relative amounts of target mRNA were determined using the comparative 
threshold (Ct) method by normalizing target mRNACt values to those for GAPDH 
(△Ct). The primer sequences were described as follows: 

hMITF: 5'-AAATACGTTGCCTGTCTCGG-3' (forward), 5'-
TGTTGGGAAGGTTGGCTGGA-3' (reverse); mMITF: 5'-
AATGGCAAATACGTTACCCG-3' (forward), 5'-AAGGTTGGCTGGACAGGAGT-
3' (reverse); hTYR: 5'-TCAGCCCAGCATCATTCTTC-3' (forward), 5'-
GGCATCCGCTATCCCAGTAA-3' (reverse); mTYR: 5'-
AGCCCAGCATCCTTCTTCTC-3' (forward), 5'-AGTGGTCCCTCAGGTGTTCC-
3' (reverse); hTYRP1: 5'-ACCAGAGGGTTCTCATAGTCAG-3' (forward), 5'-
TTCTCAAATTGTGGCGTGTT-3' (reverse); mTYRP1: 5'-
AGTGCTTGGAGGTCCGTGTA-3' (forward), 5'-ATTCGTCAAAGACCGCATCA-3' 
(reverse); hTYRP2: 5'-GGGCAGCGAGACCAGACGAT-3' (forward),  5'-
TTGGCAATTTCATGCTGTTTCTTC-3' (reverse); mTYRP2: 5'-
AAATAATGAGAAACTGCCAACC-3' (forward),  5'-
CGTCTGCTTTATCAAACCCT-3' (reverse); hGAPDH: 5'-
TGACGTGGACATCCGCAAAG-3' (forward), 5'-
CTGGAAGGTGGACAGCGAGG-3' (reverse); mGAPDH: 5'-
GAGACCTTCAACACCCCAGC-3' (forward), 5'-ATGTCACGCACGATTTCCC-3' 
(reverse). 

5.3.9 Western blot analysis 

RIPA buffer was applied to lyse the harvested cells. After incubating with ice bath 
for 1 h, cell lysis was collected by centrifugation at 10,000 rpm/min for 25 min at 4°C. 
BCA assay was performed to test the concentration of protein in each supernatant. 35 
µg protein samples were loaded onto the gel (5% and 10%), and electro-transferred 
onto PVDF membranes. The membranes were blocked with 3% BSA at r.t. for 120 min. 
The blocked membranes were incubated with primary antibodies for 12h at 4°C. 
Membranes were washed for three times and marked with secondary antibodies at r.t. 
for 1.5 h. And then the membranes were detected by automated chemiluminescence 
immunoassay analyzer. 

5.3.10 UVA irradiation 

HaCat cells were treated with indicated concentrations of WM-21. After removing 
the medium, cells were washed with PBS and covered with a thin layer of fresh phenol 
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red-free DMEM containing 1% FBS. Then, cells were exposed to 5 J/cm2 UVA 
radiation (λ max, 365 nm, no detectable emission below 320 nm) for 30 min by UV 
CROSS-LINKER CL-508 (UVItec, Cambridge, UK). 

5.3.11 Quantification of α-MSH 

HaCat cells were treated with WM-21 for 24 h, followed by 5 J/cm2 UVA radiation 
for another 30 min and the culture supernatant was collected. The concentration of α-
MSH in the culture supernatant was determined according to manufacture instructions 
in the Human α-MSH ELISA Kit, purchased from CUSABIO Biological Engineering 
Co. Ltd. (Wuhan, China). 

5.3.12 Reactive oxygen species (ROS) assay 

The ROS level was tested by DCFH-DA (Cat #S0033, Beyotime Institute of 
Biotechnology, Shanghai, China). ROS can oxidize the nonfluorescent DCFH-DA to 
fluorescent 2',7'-dichlorofluorescein (DCF). Cells incubated with DCFH-DA for 25 min 
at 37°C in the dark. Fluorescence microscope was used to observe the fluorescence and 
photographing. The spectrofluorometer was applied to quantify the level of ROS in 
HaCat cells. 

5.3.13 Total antioxidant capacity measurement 

HaCat cells were treated with WM-21 (0, 25, 50 and 100 μM) for 24 h, followed 
by 5 J/cm2 UVA radiation for another 30 min and the supernatant of cell homogenates 
was collected. Then, the total antioxidant capacity was measured according to the 
manufacturer’s instructions of total antioxidant capacity assay kit (Cat #S0121) from 
Beyotime Institute of Biotechnology (Shanghai, China), respectively. 

5.3.14 Luciferase reporter Assay 

ARE Reporter kit (BPS Bioscience, San Diego, CA, USA) was purchased to test 
the Nrf2 transcriptional activity. Firstly, a 24-well plate was used for HaCat cells culture 
and then the cells were co-transfect with ARE luciferase reporter plasmid and Renilla 
luciferase plasmid. Then with serum recovery, WM-21 was added to HaCat cells, 
followed by 5 J/cm2 UVA radiation for 30 min. Cells were lysed and the supernatants 
were harvested. A luciferase assay kit was used to determine the ARE-luciferase 
activities according to the protocols (Promega, Madison, WI, USA). Data were 
normalized with Renilla luminescence. The data came from at least three independent 



 137 

experiments and were expressed as the inducible fold change compared with the vehicle 
control group. 

5.3.15 Immunofluorescence staining 

HaCat cells were treated with WM-21 (100 μM) for 24 h, followed by 5 J/cm2 
UVA radiation for another 30 min. After that, cells were incubated with anti-Nrf2 
antibody in a moisty chamber for 12h at 4 °C. Cells were stained with Alexa Fluor R 
488 conjugate anti-rabbit IgG at r.t. for 25 min and incubated with DAPI at r.t. for 35 
min. Confocal laser scanning microscope was used to observe and photograph the 
stained cells.  

5.3.16 Transfection of Nrf2 siRNA 

Nrf2 siRNA sequence was purchased from (Thermo Fisher Scientific, USA). 
Transfection experiments were conducted according to the protocol of Lipofectamine 
2000 reagent. First of all, Lipofectamine R Reagent (3 µL) and 3 µL siRNA (3 µg/µL) 
were diluted in Opti-MEM R medium (150 µL) respectively. Then diluted siRNA was 
added into diluted Lipofectamine R 2000 Reagent in 1:1 ratio. Incubating the samples 
at r.t. for 5 min. Later, the siRNA lipid complex was added to HaCat cells as 300 µL 
per well. After incubated at 37°C for 24 h and stimulated by UVA radiation, WM-21 
was added to cells for further analyzation. 

5.3.17 Statistical analysis 

Data shown in the study were obtained from at least three independent experiments 
and all data in different experimental groups were expressed as the mean ± SD. 
Statistical analyses were performed using a One-Way ANOVA, with post-hoc analysis. 
Details of each statistical analysis are provided in Figure legends. Differences with P < 
0.05 were considered statistically significant. 

5.4 Discussion 

It is estimated that there is approximate 15% of the population makes an 
investment for skin whitening all over the word, and the worldwide market for skin 
whitening products is reported to cost U.S. $23 billion by 2020 [32]. Melanin has been 
reported to protect human skin against the harmful ultraviolet radiation (UVR) for long 
time, together with stress from different sources of environmental pollution. However, 
the over-production of melanin will lead to acute dermatological problems [33], while 
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sustaining UV irradiation exposure would result in an increased risk of skin cancer [34]. 
Moreover, studies indicated that a variety of melanogenesis disorders have been 
associated to the neurodegenerative diseases closely, such as Parkinson’s Disease (PD) 
and Alzheimer’s Disease (AD) [35]. 

To date, various whitening agents that inhibit melanogenesis-related enzymes have 
been used for regulating skin pigmentation in the medicine and cosmetic industry [36, 
37]. However, most of them cannot be used in clinical applications as skin-whitening 
agents for safety concerns and insufficient skin whitening effects, including arbutin 
(hydroquinone-β-D-glucopyranoside), azelaic acid, corticosteroids, kojic acid and 
hydroquinone (HQ) [32, 38, 39]. Thus, there has been apparent demand for novel anti-
melanogenic compounds that could act on signaling pathway that caused abnormal 
melanogenesis. 

In this study, a new synthetic (+)-catechin derivative was synthesized (Figure 5-
1A) and proved to inhibit melanogenesis against oxidative stress via activating 
Nrf2/HO-1 signaling. EGCG is the most abundant catechins compound derived from 
green tea. The wide range of activities of EGCG including anti-inflammatory, anti-
carcinogenesis and anti-microbial activities have been widely reported [21, 22]. 
Particularly, EGCG has been evaluated as a cosmetic constituent with positive effects 
on skin hydration and wrinkle formation, as well as the reduction of melanin generation 
via radical scavenging [23]. Unfortunately, the efficacy and clinical application of it 
were limited for the following reasons: 1). EGCG is unstable under alkaline or even 
neutral conditions, because it consists of a meta-5,7-dihydroxyl substituted A ring and 
trihydroxy phenol structures on both the B and D rings [24, 25]; 2). the poor 
bioavailability of EGCG results in its limited efficacy; 3). the poor intestinal absorption 
makes the application of EGCG in vivo is under restrictions [26, 27]. Therefore, WM-
21 is newly synthesized by (+)-catechin and aldehyde which contains cinnamenyl to 
enhance the stability and solubility of this compound. Our newly designed WM-21 is 
presumed to increase the bioactivities and water solubility. Here, we evaluated the anti-
melanogenic activity of WM-21 in both B16F10 murine melanoma cells and human 
epidermal melanocytes (HEMs). WM-21 remarkably inhibited melanogenesis via 
suppressing the expression and activity of melanogenic enzymes, and the inhibition 
effect of WM-21 were stronger than that of EGCG or Arbutin, which is a common 
whitening agent and used as the positive control. 

α-MSH is a small peptide hormone derived from pro-opiomelanocortin (POMC), 
which acts as the critical factor closely linked keratinocytes and neighboring 
melanocytes in the process of melanogenesis [28]. Prolonged UV exposure induces 
DNA damage in keratinocytes, and results in the transcriptional activation of POMC, 
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which is enzymatically cleaved to produce α-MSH. α-MSH secreted from keratinocytes 
binds and activates the MC1R on melanocytes to trigger melanogenesis. It has been 
reported that the essential oil of Cinnamomum Cassia inhibited α-MSH-induced 
melanin production with non-cytotoxicity [40], Arbutin inhibited α-MSH-induced 
melanin synthesis in cultured brownish guinea pig skin tissue [41], as well as Coenzyme 
Q10 showed depigmenting activity of through the down-regulation of α-MSH signaling 
pathways [42]. In our study, a compelling downregulation of POMC and α-MSH 
expression, as well as the α-MSH secretion in HaCaT cells following UVA radiation 
was observed after WM-21 treatment. These results further confirmed the anti-
melanogenic activity of WM-21. Furthermore, a conditioned media culture system was 
established by stimulating HEMs with the conditioned media collected from non-
treated HaCaT cells or HaCaT cells treated with WM-21. We found that the melanin 
content, TYR activities as well as the relative mRNA level of TYR, TRP-1, TRP-2 and 
MITF were decreased in HEMs incubated with CM from WM-21 treated HaCaT cells. 

UVR is one of the main harmful environmental sources to skin, which plays a 
significant role in skin melanogenesis [14, 15]. It was reported that UVA penetrates 
deeper into the skin than UVB, and photo-reacts with endogenous and exogenous 
molecules to induce oxidative stress via generating overburdened reactive oxygen 
species (ROS) [16]. ROS include both highly reactive and partially reduced oxygen (O2) 
metabolites, such as superoxide anion (O2.−), singlet oxygen (1O2), hydroxyl radical 
(OH.), and hydrogen peroxide (H2O2), which can consequently cause DNA damage, 
and cell death in both keratinocytes and melanocytes [15, 17]. Therefore, to evaluate 
the effects of WM-21 on melanogenesis comprehensively, UVA irradiation was used. 
In addition, EGCG has been reported with antioxidant activity by scavenging the free 
radical ions and increasing the activity of antioxidant enzymes [43-45]. We evaluated 
the effects of WM-21 on oxidative stress induced by UVA in keratinocytes to further 
study the possible mechanism related to the anti-melanogenic activity of WM-21. We 
found that UVA-induced oxidative stress and α-MSH expression and secretion were 
remarkably inhibited by WM-21. 

Nrf2 is ubiquitously expressed in all tissues, including the skin. Under homeostatic 
conditions, NRF2 resides in the cytosol, where it binds to its negative regulator Kelch-
ECH associated protein 1 (Keap1). Under oxidative stress condition, Nrf2 dissociates 
from Nrf2-Keap1 heterodimer and then translocates into nuclear, where it binds to the 
antioxidant response elements (AREs) in the regulatory regions of its downstream 
genes to trigger the expression of a series of cytoprotective phase II detoxification and 
antioxidant enzymes [31]. Recent experimental evidence reported an important role of 
Nrf2 in protecting skin cells against oxidative stress [46, 47], as well as the potential of 
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Nrf2 in modulating skin melanogenesis and photic damage associated aging has 
attracted considerable attention [48, 49]. Moreover, it was reported that treatment with 
antioxidants targeting Nrf2 inhibit skin pigmentation [50], and Nrf2 activators could 
inhibit UVA-induced melanogenesis [20, 51]. To elucidate the molecular mechanism of 
the inhibition effects of WM-21 on melanogenesis and oxidative stress, the influence 
of WM-21 on Nrf2/HO-1 pathway was explored. We found that WM-21 promoted the 
transcription activity of Nrf2 in UVA-induced HaCat cells. In agreement, HO-1 and 
NQO-1, two important downstream proteins of Nrf2, were both upregulated by WM-
21. Interestingly, WM-21 promoted the localization of Nrf2 in nucleus, while it reduced 
the Nrf2 localization in cytoplasm. These results indicated that WM-21 facilitated 
nuclear translocation of Nrf2 to activate its transcription activity. 

To further investigate the role of Nrf2 in the anti-melanogenic and antioxidant 
effects of WM-21, we performed siRNA knockdown of Nrf2 in HaCat cells. Our data 
revealed that, the inhibition of ROS generation, upregulated expression of HO-1 and 
NQO-1, as well as the suppressed melanin content and α-MSH secretion were all 
reversed after transfection with Nrf2 siRNA. Taken together, these results indicate that 
WM-21 may activate Nrf2 to attenuate melanogenesis via protecting keratinocytes and 
melanocytes against oxidative insult. 

Notably, several potential limitations in our study concerning the pharmacological 
actions of WM-21 and its related mechanisms should be acknowledged. First, although 
the human epidermal melanocytes have been used to evaluate the anti-melanogenic 
effects of WM-21, the role of WM-21 in vivo will be explored in our next study in 
animal models. Second, as the redox regulation of pigmentation through Nrf2-regulated 
antioxidant responses is complex, Nrf2 is tightly regulated in the cytosol by Keap-1 and 
the effects of WM-21 on function of Keap-1 will be further studied in regulation of 
melanogenesis in response to UV irradiation. Besides, impaired Nrf2/HO-1 signaling 
by oxidative stress is associated with melanocyte degeneration and the effects of WM-
21 on Nrf2 in melanocytes should also be further explored. 

5.5 Conclusion 

In summary, we confirmed that WM-21, a new synthetic (+)-catechin derivative, 
inhibited UVA-induced melanogenesis by suppressing α-MSH secretion in HaCat cells. 
This effect is associated with the inhibition of oxidative stress via the activation of 
Nrf2/HO-1 signaling (Figure 5-8). WM-21 could be a potential cosmetics ingredient 
for skin whitening or a candidate for the therapy of hyperpigmentation skin disorders. 
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Figure 5-8 Proposed mechanistic model of WM-21 on the inhibition of melanogenesis  

Our data revealed that WM-21, a new synthetic EGCG derivative, inhibited UVA-induced 
melanogenesis by suppressing α-MSH secretion in HaCat cells. We showed that WM-21 promotes 
the nuclear translocation of Nrf2 and triggers the expression of HO-1 and NQO-1 to reduce ROS 
level, and eventually inhibit α-MSH secretion and α-MSH-induced melanogenesis. 
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Chapter 6 Conclusion and future perspectives 

In summary, benzoheterocyclic compounds are a large group of compounds in 
nature and small organic molecules, possessing a wide range of pharmacological 
activities and practical applications. This thesis aims at designing and developing of 
transition metal-catalyzed functionalization reactions of benzopyran skeleton and 
quinoline skeleton, to synthesize different groups of benzopyran derivatives and 
quinoline derivatives directly, rapidly, efficiently and with high enantioselectivity. 
Furthermore, to evaluate the application prospects of each kind of substrates, the 
biological activity and potential mechanism of different series of substrates were 
studied and discussed. 

(1) The first method to apply transition metal copper in catalyzing the selective 
trifluromethylthiolation of 8-animoquinolines with -SCF3 reagent has been developed. 
The protocol exhibited high regioselectivity on C-5 position of 8-aminoquinoline and 
broad substrates scope with 18 examples in good to moderate yield. The proposed 
mechanism indicated that the reaction was a free radical process.  

In addition, our data demonstrated that -SCF3 derivative SCF-1 could combine 
with the Ab according to the molecular docking study. It makes more sense that the 
experiments in vitro demonstrated that SCF-1 could attenuated the cell cytotoxicity 
both in H2O2-induced and Aβ-induced SH-SY5Y cells. 

However, all the existing conclusions are based on the results of in vitro 
experiments. The safety dosage of derivative was tested with in vitro studies only. If we 
would like to develop SCF-1 as a candidate for future therapeutic study, the 
pharmacokinetic study of this drug using the in-vivo mice model should be performed 
to enhance the clinical relevance of this study. The mechanism behind the 
neuroprotective role of SCF-1 should be further explored. For next step, mice model 
should be used to test the blood-brain-barrier permeability of SCF-1 compared with 
SCF-2. Furthermore, the druggability and toxicity of SCF-1 should also be evaluated 
prior to clinical trials, which can be modeled by software. As for the in vivo experiments, 
behavioral experiments can verify the effectiveness of treating AD to some extent, like 
morris water maze experiment and open field test. 

(2) A kinetic resolution of racemic 2-substitued 2H-chromenes by Cu-catalyzed 
asymmetric hydroboration for one pot synthesis of chiral flavan-3-ols with high kinetic 
resolution factors (s up to 1060) has been developed. A wide range of chiral flavan-3-
ols was straightforwardly afforded with good yields and extremely high 
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enantioselectivities and diastereoselectivities. These enantio-enriched flavanols 
showed inhibition on the expression of multiple inflammation genes and signaling 
pathways. Our data demonstrated that enantio-enriched flavanols suppressed the 
inflammation response in in vitro experiments. RNA-sequencing (RNA-seq) 
experiments further revealed that the inflammatory inhibition potentially mediated 
through transcription regulation of IL-17 signaling pathway, PI3K-Akt signaling 
pathway and TNF signaling pathway. These new entities of flavanol have excellent 
potential in serving as lead compounds for the treatment of inflammation diseases. 

For this part, this work mainly focused on developing the effective and efficient 
method to obtain the chiral flavan-3-ols and screen out the compounds with certain 
antiinflammation activity. However, the lack of mechanistic insight and structural 
functional relationship of the compounds and their ability to modulate cytokines limits 
the impact of the chemistry associated to these new compounds. Some of the results are 
particularly surprising and may need further investigation to propose anti-inflammatory 
activity. The ability of the compounds further studied to activate PI3K/AKT pathway 
are unexpected as most anti-inflammatory molecules decreased AKT-activity in 
macrophages. Western Blot assay will be performed to study the effects of compound 
3ag on the protein expression of PI3K-Akt pathway. 

For next step, we will synthesize more series of compounds with our method and 
test their bioactivity in vitro and in vivo. 

(3) (2R,3S)-2-(3,4- dihydroxyphenyl)-6-((E)-styryl) chromane-3,5,7-triol (WM-
21), a new (+)-catechin derivative, has been synthesized and proved to inhibit UVA-
induced melanogenesis by suppressing α-MSH secretion in HaCat cells. It is also found 
that WM-21 suppressed the UVA radiation-induced secretion of α-MSH in HaCaT cells. 
In addition, WM-21 attenuated UVA-induced melanogenesis which was confirmed in 
the HaCaT cells and HEMs co-culture system. Moreover, WM-21 suppressed UVA-
induced oxidative stress by inhibiting the ROS level in HaCaT cells. We further found 
that WM-21 promoted the nuclear translocation and transcriptional activity of Nrf2, 
which upregulated downstream HO-1 and NQO-1 expression. In conclusion, this novel 
catechin derivative WM-21 attenuates melanogenesis by suppressing oxidative stress 
via activating Nrf2/HO-1 signaling, which might be used as a cosmetics ingredient or 
developed as a candidate for the therapy of hyperpigmentation skin disorders. 

However, the result obtained from in vitro studies should be validated with the 
animal model. For next step, we would like to use zebrafish to perform the in vivo test 
first to evaluate the anti-melanin effect of WM-21.  
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Last but not least, according to the SAR analysis, the flavonoid skeleton was 
detected to possess multi active site around its skeleton. There are still much chemical 
modification work to do in the future. 

 

 

Figure 6-1Conclusion and future perspectives 
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Appendices 

NMR and HPLC spectra of represent compounds 
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HPLC spectra of represent compounds 
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Crystal data and structure refinement for 3m 

 

 
 
 

 

 
Datablock: cxy0894_0m 

  

Bond precision: C-C = 0.0024 A Wavelength=1.54184 

Cell: a = 5.6004(15) b = 9.156(3) c = 27.664(8) 
alpha = 90 beta = 90 gamma = 90 
Temperature: 100 K   
 Calculated Reported 
Volume 1418.5(7) 1418.6(7) 
Space group P 21 21 21 P 21 21 21 
Hall group P 2ac 2ab P 2ac 2ab 
Moiety formula C19 H16 O2 C19 H16 O2 
Sum formula C19 H16 O2 C19 H16 O2 
Mr 276.32 276.32 
Dx,g cm-3 1.294 1.294 

Z 4 4 
Mu (mm-1) 0.656 0.656 
F000 584.0 584.0 
F000ʹ 585.70  
h,k,lmax 6,11,33 6,11,33 
Nref 2582[ 1537] 2566 
Tmin,Tmax 0.795,0.827 0.630,0.753 
Tminʹ 0.795  
Correction method = # Reported T  Limits: Tmin = 0.630  Tmax = 0.753 
AbsCorr = MULTI-SCAN 
Data completeness = 1.67/0.99     Theta(max) = 68.056 

R(reflections) = 0.0288( 2514)     wR2(reflections) = 0.0732( 2566) 
S = 1.086                      Npar = 192 
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