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Abstract

Further clinical development of PF74, a lead compound targeting HIV-1 capsid, is impeded by low 

antiviral activity and inferior metabolic stability. By modifying the benzene (region I) and indole 

of PF74, we identified two potent compounds (7m and 7u) with significantly improved metabolic 

stability. Compared to PF74, 7u displayed greater metabolic stability in human liver microsomes 

(HLMs) with half-life (t1/2) 109-fold that of PF74. Moreover, mechanism of action (MOA) studies 

demonstrated that 7m and 7u effectively mirrored the MOA of compounds that interact within 

the PF74 interprotomer pocket, showing direct and robust interactions with recombinant CA, and 

7u displaying antiviral effects in both the early and late stages of HIV-1 replication. Furthermore, 

MD simulation corroborated that 7u was bound to the PF74 binding site, and the results of the 

online molinspiration software predicted that 7m and 7u had desirable physicochemical properties. 

Unexpectedly, this series of compounds exhibited better antiviral activity than PF74 against 

HIV-2, represented by compound 7m whose anti-HIV-2 activity was almost 5 times increased 

potency over PF74. Therefore, we have rationally redesigned the PF74 chemotype to inhibitors 
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with novel structures and enhanced metabolic stability in this study. We hope that these new 

compounds can serve as a blueprint for developing a new generation of HIV treatment regimens.
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1. Introduction

Acquired immunodeficiency syndrome (AIDS) caused by human immunodeficiency virus 

(HIV) is a destructive infectious disease that seriously threatens human life [1]. HIV is 

comprised of two genotypes, namely HIV-1 and HIV-2, in which HIV-1 represents the 

primary pathogenic pathogen and results in thousands of death every year [2]. HIV-2 is 

mainly prevalent in West Africa and induces lower pathogenicity than HIV-1 [3]. However, 

the risk of HIV-2 infection is increasing and cases have been found in the United States, 

Europe, South Africa, India and China, which should also be paid more attention [4]. Today, 

combination antiretroviral therapy (cART) significantly improves the longevity and life 

quality of patients [5], whereas HIV cannot be eliminated from the body due to its latency, 

and therefore requires lifelong drug treatment [6,7]. The long-term use of antiviral agents 

against the error prone replication of HIV inevitably leads to complicated drug resistance 

and various serious side effects [8–10]. Therefore, there is an urgent and challenging need 

to identify anti-HIV agents with new and as yet unexplored mechanisms of action (MOA) to 

increase the available treatment options for patients who have developed resistance to other 

clinically used drugs.

HIV-1 capsid protein (CA) is an essential structural protein that plays critical structural 

and regulatory functions within the HIV-1 lifecycle. HIV-1 CA’s structural role is to form 

a protective shell within the infectious virion that encloses the viral genome and key 

enzymes [11]. CA’s normal assembly and structural stability are critical to the infectivity 

of the virus, making CA a novel target for anti-HIV-1 therapies with druggable potential 

[12,13]. The protective shell formed by CA is a fullerene-shaped mature capsid core 

composed of approximately 250 CA hexamers and exactly 12 CA pentamers [14,15]. 

The individual building block of these higher-order structures, the CA monomer, is highly 

helical, consisting of an N terminal domain (NTD, residues 1 to 145) and a C terminal 

domain (CTD, residues 150 to 231) with a flexible linker in-between [16,17]. In addition 

to its structural role, HIV-1 CA plays critical regulatory roles in the early stage of HIV-1 

replication, including participating in processes such as uncoating, reverse transcription, 

and integration [18–21]. In the early stage, once mature HIV-1 particle enters the cell by 

binding to the host cell CD4 receptor, CXCR4 or CCR5 co-receptor, CA will interact with 

many cellular factors, including cleavage and polyadenylation specific factor 6 (CPSF6), 

nucleoporin 153 kDa, (NUP153), nucleoporin 358 (NUP358), cyclophilin A (CypA), 

TRIM5α, MxB, Sec24C and so on [22–29]. These interactions promote the completion of 

the uncoating process and regulate the critical steps of downstream reverse transcription, 

pre-integration complex (PIC) entry into the nucleus, and selection of integration site 

[30,31]. Moreover, during these processes, the CA shell also serves to evade innate immune 
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surveillance. Given these many and essential roles that CA performs, it has been identified 

as a very attractive drug target [32,33].

To date, several classes of CA inhibitors have been reported [34], according to their binding 

sites, CA inhibitors can be divided into NTD-targeted, CTD-targeted, and NTD-CTD 

interface-targeted groups [35–38]. Due to the crucial role of the NTD-CTD interface in 

CA assembling, perturbation of this interface can affect CA inherent flexibility, rearrange 

the hydration layer, and subsequently destroy viral particle integrity. PF74 has received 

significant attention as the first compound to be structurally described in a co-crystal 

structure with the CA NTD–CTD interface [39]. Still, it failed to enter clinical development 

due to its insufficient antiviral activity and metabolic instability. However, Gilead Sciences 

designed the highly potent GS-6207 by multi-round derivatization of PF74 and is now in the 

clinical phase [40–42] (Fig. 1). However, GS-6207 also has many drawbacks, with the most 

notable being its complicated synthesis, large molecular weight, poor solubility, and drug 

resisance [43]. Therefore, the challenge remains to discover new structural types of HIV-1 

CA inhibitors that can be seamlessly integrated into current cART regimens.

To improve the antiviral activity and metabolic stability of PF74, our previous efforts 

involved replacing the indole moiety with a 1,2,3-triazole ring or benzenesulfonamide 

moiety and obtained several compounds with enhanced activity but only marginally 

improved microsomal stability [44–46]. Therefore, although a significant step forward in 

the redevelopment of HIV-1 CA inhibitors, room for optimization remains. Assessment of 

the PF74-CA complex structure reveals ample space within the NTD-CTD interfacial pocket 

that could be exploited in the further modification of PF74. In order to identify novel CA 

inhibitors with improved drug-like properties and promising activities, our current work 

focuses on employing a scaffold-hopping strategy to modify the electron-rich benzene ring 

(region I) and indole ring (region II, Fig. 2) of PF74 [47]. Our design strategy includes the 

addition of new groups that could make additional contacts within the binding site with key 

residues, such as Tyr130, Tyr169, Arg173 and Gln176. Furthermore, the susceptibility to 

oxidative metabolism could be effectively mitigated by replacing the electron-rich groups. 

Specifically, the electron-deficient benzothiazole moiety is used to replace the benzene ring 

in region I, while in region II, the phenylamide group serves as a linker, and the aromatic 

ring bearing different substituents or aliphatic substituents are conjugated. When R is a 

substituted aromatic ring, we further explored the effects of various substituents on the 

antiviral activity, including halogen substitution, amino substitution at different positions, 

4-CH3, 4-CH3O, 4-CH3CO, 4-CN substitution and so on.

Herein we report the design, synthesis and biological evaluation of a series of phenylalanine 

derivatives with a benzothiazole moiety as HIV-1 CA inhibitors. The target compounds were 

screened for their antiviral activities in MT-4 cells. Surface plasmon resonance (SPR) direct 

interaction assays, action stage determination and molecular dynamics (MD) simulation, 

were performed to provide mechanistic understanding in to the mode of inhibition of 

the target compounds. Furthermore, the stability assays of representative compounds 7m 
and 7u were also implemented in the presence of human liver microsomes and human 

plasma, respectively. Finally, we predicted the physicochemical properties of 7m and 7u 
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using Molinspiration Cheminformatics free web services (https://www.molinspiration.com, 

Slovensky Grob, Slovakia).

2. Results and discussion

2.1. Chemistry

The target compounds were prepared via a concise synthetic route as outlined in 

Scheme 1. Commercially available benzo[d] thiazol-5-amine (1) was treated with 

paraformaldehyde, sodium methoxide and sodium borohydride in methanol to give 2. 

Then, 2 was treated with N-(tert-butoxycarbonyl)-L-phenylalanine and benzotriazol-1-

yl-oxytripyrrolidinophosphonium hexafluoro phosphate (PyBOP) in N,N-diisopropylethyl-

amine (DIEA) and dichloromethane (DCM) to afford 3, followed by the removal of 

tert-butyloxycarbonyl (Boc) group, afforded the free amine 4. The acylation of 4 with 

3-methoxycarbonylbenzoic acid in dichloromethane solution led to the key intermediate 

5. 6 was achieved by hydrolysis of 5 using lithium hydroxide. The simultaneous amide 

condensation reaction of 6 with various substituted aromatic amines or aliphatic amines to 

get the target compounds 7(a-t). Compounds 7(u-w) were obtained by the removal of Boc 

group of 7(r-t).

2.2. Antiviral activity against HIV replication in MT-4 cells and structure-activity 
relationship (SAR) analysis

All the newly synthesized compounds were evaluated for their antiviral activity and 

cytotoxicity against wild-type (WT) HIV-1 (IIIB) and HIV-2 (ROD) in MT-4 cells. PF74 
was included for comparison. The values of EC50 (50% effective concentration), CC50 

(50% cytotoxic concentration), and SI (selectivity index, CC50/EC50 ratio) of the target 

compounds were displayed in Table 1.

Anti-HIV activities of the LA-series were depicted in Table 1. The biochemical evaluation 

of synthesized compounds against HIV-1 allowed a description of the structure-activity 

relationship (SAR). More than half of the compounds exhibited moderate activity against 

HIV-1 in MT-4 cells with EC50 values ranging from 3.57 μM to 41.15 μM, in which 

7u (EC50 = 3.57 ± 0.27 μM) and 7m (EC50 = 5.02 ± 2.02 μM) were considered to be 

most potent HIV-1 inhibitors. Derivatives bearing halogenated aniline lost antiviral activity, 

whereas compounds substituted by amino-substituted aniline (7u, EC50 = 3.57 ± 0.27 μM) 

and cyano-substituted aniline (7l, EC50 = 13.20 ± 2.52 μM) displayed good antiviral activity. 

Meanwhile, the same substituent in different positions would also fluctuate with antiviral 

activity. Generally speaking, there was a rule of 4-substituted > 3-substituted > 2-substituted, 

such as 7u (4-NH2, EC50 = 3.57 ± 0.27 μM) > 7v (3-NH2, EC50 = 23.71 ± 10.83 μM) > 7w 
(2-NH2, EC50 > 25.37 μM). Indeed, the replacement of R with aliphatic substitution showed 

an overall improvement of the inhibition power of this series of compounds as determined 

by the comparison of the EC50 values of aromatic substituted derivatives.

Interestingly, 16 compounds conferred better anti-HIV-2 potency than PF74 (EC50 = 4.16 ± 

2.02 μM). Among the compounds, 7m and 7v were found the most dominant ones of the 

series against HIV-2, with EC50 values of 0.85 ± 0.48 μM and 1.55 ± 0.58 μM, respectively. 
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Taking the unsubstituted benzene compound 7a (EC50 = 2.40 ± 0.26 μM) as a reference, a 

general SAR observation was that when R was an aromatic substituent: substitution with 2-F 

(7f, EC50 = 2.01 ± 0.18 μM), 3-NH2 (7v, EC50 = 1.55 ± 0.58 μM) and 2-NH2 (7w, EC50 

= 1.84 ± 0.35 μM) increased the antiviral activity, while other substitutions did not improve 

the antiviral activity profile. From the para-substituted benzene derivatives, substitution on 

the benzene ring with 4-NH2 (7u, EC50 = 2.93 ± 0.33 μM), 4-CH3 (7g, EC50 = 3.30 ± 1.64 

μM), 4-F (7b, EC50 = 3.66 ± 2.99 μM), 4-CH3O (7h, EC50 = 3.72 ± 1.17 μM), 4-Cl (7d, 

EC50 = 3.85 ± 1.00 μM) contributed to much more enhanced antiviral activity than PF74. 

The activity order of para halogen substitutions was F (7b) >Cl (7d) >Br (7c, EC50 = 6.21 

± 0.95 μM), which was positively related to the electronegativity of substituents. Besides, 

the hydrogen-bond donor (NH2, 7u, 7v, 7w) was beneficial to antiviral activity. The position 

of substituents also had great influence on the antiviral activity, such as 7v (3-NH2, EC50 = 

1.55 ± 0.58 μM) > 7w (2-NH2, EC50 = 1.84 ± 0.35 μM) > 7u (4-NH2, EC50 = 2.93 ± 0.33 

μM), and 7f (2-F, EC50 = 2.01 ± 0.18 μM) > 7e (3-F, EC50 = 2.84 ± 0.20 μM) > 7b (4-F, 

EC50 = 3.66 ± 2.99 μM). Additionally, rules of antiviral activity were consistent with that of 

HIV-1 when R was aliphatic substitution.

Overall, the 23 synthesized analogs in this work displayed moderate anti-HIV-1 activities 

and potent anti-HIV-2 activities, and many compounds could selectively inhibit HIV-2. Also, 

most of the compounds had higher safety profile compared to PF74, as indicated by their 

CC50 values. The SAR studies demonstrated that different substituents and the position 

of substituents were of utmost importance on antiviral activity. Considering that HIV-1 is 

more infectious and lethal than HIV-2 worldwide, we choose further to explore the MOA of 

representative compounds on HIV-1.

2.3. Demonstration of the retention of target specificity - surface plasmon resonance 
(SPR) analysis of compound-HIV-1 CA interactions

Since several compounds demonstrated moderate antiviral activities, we then sought to 

determine whether the target compounds retained target specificity to the HIV-1 CA protein. 

In this work, we selected two different CA protein constructs, the CA monomer and the 

disulphide-stabilized CA hexamer, to determine their binding affinity with the highest 

potency compounds, 7m and 7u. The SPR-based method had previously been reported 

[48,49] and PF74 was used as an in-line control for comparison. The SPR binding results 

were shown in Fig. 3, Fig. 4 and Table 2.

The SPR analysis demonstrated that compounds 7m and 7u interact with both of the CA 

constructs used. Interestingly, the interaction of 7m and 7u to the monomer and hexamer 

mirrored the preference of the parental compound PF74, displaying a preference for the 

hexamer. Moreover, the calculated affinities of the compounds were comparable to the EC50 

values derived from the fully infectious viral assay. Finally, the ability of compounds 7m and 

7u to interact with both oligomeric forms of the HIV-1 CA, indicated that these compounds 

would be expected to retain the dual-stage inhibition characteristic of PF74.
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2.4. Determination of the action stage of 7u

The above SPR results showed that these inhibitors demonstrated high affinities with CA 

proteins, characterizing their target engagement. Given that CA exerts essential roles in both 

early and late stages, we then sought to determine which stage(s) of the HIV-1 lifecycle can 

be inhibited by these inhibitors. Therefore, the modular nature of the single-round infection 

assay was harnessed to determine whether the new compounds, as indicated by the SPR 

results, would retain the dual, early and late-stage inhibition signature of PF74 and other 

compounds that interact within the interprotomer pocket of HIV-1 CA hexamers. In the 

single-round infection assay, the infective HIV-1 particles were generated recombinantly in 

293T cells and subsequently utilized to infect U87.CD4.CCR5 cells allowing for separation 

of the assessment of early and late stages of the HIV-1 lifecycle [48]. The most potent 

representative compound 7u was chosen for this analysis.

As shown in Fig. 5, 7u could function at both the early and late stages of the HIV-1 life 

cycle, but it had a greater effect in the early-stage assay. Although the KD difference for 

the monomer and hexamer was not significant, the off-rate signature of 7u, as could be 

seen from the sensorgram (Fig. 3 and Table 2), indicated a slower off-rate for 7u for the 

monomeric CA protein as compared to PF74. The off-rate of PF74 from the monomeric CA 

was so fast that no accurate off-rate determination was achievable. The slower off-rate of 

7u could explain the stronger late-stage effect as compared to PF74 when both compounds 

are used at 10-fold their EC50 values. Combining the above SPR data that the binding 

interaction of 7u to the hexamer was tighter than that two the monomer, and that these 

compounds were designed to the interprotomer pocket, we could speculate that the MOA of 

7u in the spreading antiviral assay would be dominated by an early-stage effect, and by a 

multimodal mechanism, similar to that of PF74 [50].

We also want to clarify that PF74 under the concentrations used in our assay has no 

late-stage effect but has a late-stage impact at higher concentrations [13] (>10 μM, see 

reference 13).

2.5 Molecular dynamics (MD) simulation on 7u

The most active HIV-1 CA inhibitor in this series was selected to explore its binding 

to the pocket. Fig. 6A showed the root mean square deviation (RMSD) of HIV-1 CA 

amino acids from the first frame of the 500 ns MD simulation. The figure showed that 

the protein had slightly deviated from the X-ray structure and formed few but similar 

conformations. Deviated amino acids were investigated by calculating the root mean square 

fluctuation (RMSF) of amino acids (Fig. 6B). Most amino acids had deviated from the 

X-ray structure; however, mostly, they had slight deviation. This indicated that the HIV-1 

CA visited different similar conformations during MD simulation. Thus, the presence of an 

ensemble of conformation could result in different binding modes of 7u. To investigate the 

binding of 7u to the binding site, its RMSD was calculated and represented in Fig. 6C. The 

figure showed that 7u had deviated from the docked conformer and stabilized in different 

conformers.
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To find the conformations of HIV-1 CA and 7u, the whole trajectory was clustered. The MD 

trajectory was clustered based on 7u to investigate its interactions with the binding site. The 

clustering procedure returned 5 clusters with one most populated. This also showed that the 

deviation from the X-ray structure was slight and within limited conformational space. Fig. 

7 showed the representative structure of the most populated cluster. The conformation of the 

HIV-1 CA representative structure of the most populated cluster was similar to that of the 

X-ray structure, and it had its binding site at the same location as the X-ray structure.

The bonding forces between HIV-1 CA and 7u were investigated in the most populated 

cluster (Fig. 7). Thr107 had aliphatic hydrogen bonding by its side-chain OH group to the 

methyl group of the N-methylamide of 7u. However, Ala105 had this bonding force by its 

backbone carbonyl group. Also, Thr107 could form hydrophobic interactions by its Ha with 

the benzothiazole system. Leu56 formed hydrophobic interactions with the terminal benzene 

ring of 7u. On the other hand, Asn57 (NH2) formed a hydrogen bond with the carbonyl 

oxygen of 7u, as shown in the figure. Indeed, according to the hydrogen bond analysis, 

Asn57 formed this hydrogen bond for 40% of the MD simulation time. Also, Asn57 formed 

a hydrogen bond through its side chain carbonyl oxygen with the nitrogen amide of 7u for 

14% of the simulation time, as shown in Fig. 7. The 7u carbonyl group formed a hydrogen 

bond with Lys70, as shown in Fig. 7. However, according to the hydrogen bond analysis, 

this bond was formed for only 2.0% of the simulation time. This could be due to the slight 

fluctuation of Lys70, which made it out of the hydrogen bond distance. Results of MD 

simulation analysis revealed that 7u and PF74 bind to the same site. However, the antiviral 

activity of 7u was lower than that of PF74, maybe since the newly introduced aniline group 

did not maintain the original interactions with the NTD-CTD interface.

2.6. Metabolic stabilities in the presence of human liver microsomes and human plasma

Metabolic stability is reflected by the absorption, distribution, metabolism, and excretion 

(ADME) property that significantly impacts drug bioavailability. A serious disadvantage 

of PF74 is the poor metabolic stability. Since most metabolic enzymes are found in the 

liver, measuring liver microsomes’ in vitro metabolic stability can reliably predict oral 

drug bioavailability of drugs. Low stability in liver microsomes, as signified by the short 

half-life (t1/2), indicates excessive first-pass liver metabolism and poor oral bioavailability 

[51]. To evaluate the metabolic stability of our analogs, we tested the two most potent 

antiviral compounds (7m and 7u), as well as PF74 in human liver microsomes (HLMs). 

Testosterone, diclofenac, and propranolol were used as a control with moderate metabolic 

stability. As shown in Table 3, PF74 was rapidly metabolized with a half-life (t1/2) of 

0.5 min, while half-life (t1/2) of 7m and 7u was 25.7 min and 54.6 min, respectively. 

Remarkably, 7u demonstrated hugely improved metabolic stability in HLMs (a 109-fold 

increase over PF74), and CLint(liver) of 7m and 7u was also much lower than that of PF74.

Oral drugs enter the systemic circulation after being metabolized by the liver to exert their 

pharmacological activity. Thus, the plasma stability of the compound is also a key factor in 

evaluating its druggability. Next, the representative compounds 7m and 7u and PF74 were 

tested for human plasma stability. Propantheline bromide was tested for control. As shown 
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in Fig. 8, 7m and 7u remained intact after incubation for 120 min, and they also showed 

better stability than PF74.

For both the aniline in region I and indole ring in region II are electron-rich groups, they 

are easy to be oxidized and metabolized. Therefore, the two compounds with significant 

improvement on metabolic stability compared with PF74 may be due to the introduction 

of the benzothiazole and the change of indole to electron-deficient groups playing roles in 

blocking metabolic sites.

2.7. In silico prediction of physicochemical properties

According to the classical definition for drug evaluation, a potential drug 

candidate should own favorable drug-likeness features. Therefore, to further guide 

subsequent structural optimization and preliminary drug-like properties evaluation, 

some significant physicochemical properties of compounds 7m, 7u and PF74 
were predicted comprehensively by using free online molinspiration software (http://

www.molinspiration.com/), including molecular weight (MW), hydrogen bond acceptors 

(nON), hydrogen bond donors (nOHNH), rotatable bonds (nrotb), topological polar 

surface area (TPSA), miLogP, nviolations(nViol), natoms and molecular volume (MV). As 

displayed in Table 4, 7m and PF74 were in full compliance with the “Lipinski’s rule of 

five” [52] and 7u showed a slight violation regarding molecular weight, indicating that these 

compounds might have good absorption or cell permeability properties. Therefore, 7m and 

7u had achieved a well balance between moderate efficacy and desirable physicochemical 

properties as same as PF74.

3. Conclusions

HIV remains one of the fatal diseases in the world, requiring new classes of agents 

with unique mechanistic preferences to overcome current drug resistance. This study has 

designed, synthesized, and evaluated a novel series of phenylalanine derivatives bearing 

benzothiazole moiety as HIV-1 capsid inhibitors. Compounds 7m and 7u were found to 

be the most potent inhibitors. Additionally, the newly synthesized compounds revealed an 

outstanding antiviral activity profile against HIV-2, represented by compound 7m whose 

anti-HIV-2 activity was 4.89-fold better than PF74 and most compounds could selectively 

inhibit HIV-2, providing valuable lead compounds as promising HIV-2 inhibitors. Herein, 

this paper discussed the MOA of representative compounds only on HIV-1. Firstly, the 

binding assay based on SPR showed that 7m and 7u could bind to recombinant CA tightly. 

The single-round infection assay displayed that 7u possessed a dual-stage inhibition profile 

with the more potent inhibition in the early stage of HIV-1 replication than the late stage. 

Considering the above results, we could now speculate that 7u shared a similar mode of 

action to PF74, stabilizing the CA hexamer and interfering with the disassembly of CA 

and also preventing interaction with host cell factors that utilize the same binding site. 

The results of MD simulation on 7u showed that it could bind to the PF74 binding site. 

Remarkably, 7u conferred up to ~109-fold higher half-life (t1/2) than PF74 in HLMs, which 

is a significant breakthrough considering the poor metabolic stability of PF74. Finally, 

the silico prediction suggested that 7m and 7u balanced moderate efficacy and desirable 
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physicochemical properties. In summary, these data indicated that 7u could be a potentially 

viable antiviral lead compound.

In the follow-up work, to find CA inhibitors with enhanced potency and better drug-

like properties, we will further verify the effect of phenylalanine derivatives containing 

benzothiazole moiety on metabolic stability.

4. Experimental

4.1. Chemistry
1H NMR and 13C NMR spectra were recorded on a Bruker AV-400 spectrometer using 

solvents as indicated (DMSO-d6). Chemical shifts were reported in δ values (ppm) with 

tetramethylsilane (TMS) as the internal reference, and J values were reported in hertz 

(Hz). Melting points (mp) were determined on a micro melting point apparatus. TLC 

was performed on Silica Gel GF254 for TLC (Merck), and spots were visualized by 

iodine vapor or irradiation with UV light (λ = 254 nm, or λ = 365 nm). Flash column 

chromatography was performed on a column packed with Silica Gel 60 (200–300 mesh). 

Thin-layer chromatography was performed on precoated HUANGHAI_HSGF254, 0.15–

0.2 μM TLC plates. Solvents were of reagent grade and were purified and dried by 

standard methods when necessary. The concentration of the reaction solutions involved 

the use of a rotary evaporator at reduced pressure. The solvents of dichloromethane, 

TEA, methanol, etc., were obtained from Sinopharm Chemical Reagent Co., Ltd. (SCRC), 

AR grade. The key reactants, including benzo[d]thiazol-5-amine, N-Boc-L-phenylalanine, 

3-methoxycarbonylbenzoic acid, etc., were purchased from Bide Pharmatech Co. Ltd. The 

purity of final representative compounds was checked by HPLC and was >95%.

4.1.1. N-methylbenzo[d]thiazol-5-amine (2)—A solution of 1,3-benzothiazol-5-

amine (1, 0.50 g, 3.33 mMol) in 20 mL of methanol was slowly added to paraformaldehyde 

(0.22 g, 6.66 mMol) and sodium methoxide (0.90 g, 16.64 mMol), and the mixture was 

stirred for 16 h at 60 °C. When the temperature was gradually reduced to room temperature, 

NaBH4 (0.31 g, 8.32 mMol) was added, and the mixture was continually stirred at room 

temperature for 16 h (monitored by TLC). The reaction solution was filtered, and the 

solvent was evaporated under reduced pressure, 30 mL of water was added, and the mixture 

was extracted with ethyl acetate (3 × 30 mL). Then, the combined organic layer was 

washed with saturated sodium chloride solution (3 × 20 mL), dried over anhydrous Na2SO4, 

filtered, under reduced pressure to afford crude product, which was purified by flash column 

chromatography (EA:PE = 1:8 + 1% TEA) to obtain intermediate 2 as a yellow oil with the 

yield of 78.6%. 1H NMR (400 MHz, DMSO-d6): δ 9.20 (s, 1H, CH), 7.77 (d, J = 8.7 Hz, 

1H, NH), 7.08 (d, J = 2.2 Hz, 1H, Ph-H), 6.83 (dd, J = 8.7, 2.2 Hz, 1H, Ph-H), 5.92 (d, J = 

5.2 Hz, 1H, Ph-H), 2.75 (d, J = 5.1 Hz, 3H, CH3). ESI-MS: m/z 165.00 [M+1]+. C8H8N2S 

(164.04).

4.1.2. Tert-butyl (S)-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-
phenylpropan-2-yl)carbamate (3)—To a solution of N-tert-butoxycarbonyl-L-

phenylalanine (1.94 g, 7.31 mMol) in 30 mL of dichloromethane, PyBOP was added (4.75 

g, 9.13 mMol) at 0 °C, and the mixture was stirred for 0.5 h. Subsequently, intermediate 2 
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(1.00 g, 6.09 mMol) and DIEA (2.83 g, 21.87 mMol) was added to the mixture and then 

stirred at room temperature for another 3 h (monitored by TLC). The resulting mixture was 

evaporated under reduced pressure, and the residue was initially washed by 1 N HCl and 

extracted with ethyl acetate (3 × 20 mL). Then, the combined organic layer was washed 

with saturated sodium bicarbonate (3 × 20 mL), dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure to afford the corresponding crude product, which was 

purified by flash column chromatography (EA:PE = 1:4) to obtain intermediate 3 as a yellow 

solid with the yield of 76.0%. 1H NMR (400 MHz, DMSO-d6): δ 9.50 (s, 1H, CH), 8.27 

(d, J = 8.6 Hz, 1H, Ph-H), 7.99 (s, 1H, Ph-H), 7.38 (d, J = 8.6 Hz, 1H, NH), 7.17 (d, J = 

8.1 Hz, 1H, Ph-H), 7.09 (d, J = 7.2 Hz, 3H, Ph-H), 6.73 (d, J = 7.0 Hz, 2H), 4.18 (q, J = 

7.3 Hz, 1H, CH), 3.24 (s, 3H, NCH3), 2.84 (dd, J = 13.7, 4.5 Hz, 1H, PhCH), 2.65 (dd, J 
= 13.6, 9.7 Hz, 1H, PhCH), 1.31 (s, 9H, C(CH3)3). ESI-MS: m/z 411.87 [M+H]+, 433.99 

[M+Na]+.C22H25N3O3S (411.16).

4.1.3. (S)-2-amino-N-(benzo[d]thiazol-5-yl)-N-methyl-3-phenylpropanamide 
(4)—Trifluoroacetic acid (12.15 mMol) was added dropwise to intermediate 3 (1.00 g, 2.43 

mMol) in 20 mL of dichloromethane and stirred at room temperature for 1 h (monitored 

by TLC). Then, the resulting mixture solution was alkalized to pH~7 with saturated 

sodium bicarbonate solution and then extracted with dichloromethane (30 mL). Then, 

the combined organic layer was washed with saturated sodium bicarbonate (3 × 20 mL), 

dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure to afford 

corresponding crude product 4 as a yellow oil with the yield of 79.3%. 1H NMR (400 MHz, 

DMSO-d6) δ 9.50 (s, 1H, CH), 9.01 (d, J = 7.6 Hz, 1H, NH), 8.28 (d, J = 8.5 Hz, 1H, NH), 

8.03 (d, J = 7.6 Hz, 1H, Ph-H), 7.58 (t, J = 7.7 Hz, 1H, Ph-H), 7.47 (d, J = 8.5 Hz, 1H, 

Ph-H), 7.09 (d, J = 5.3 Hz, 3H, Ph-H), 6.90–6.77 (m, 2H, Ph-H), 4.67 (q, J = 7.4, 6.9 Hz, 

1H, CH), 3.26 (s, 3H, NCH3), 3.08–2.92 (m, 2H, PhCH2). ESI-MS: m/z 312.02 [M+H]+. 

C17H17N3OS (311.11).

4.1.4. Methyl (S)-3-((1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-
phenylpropan-2-yl)carbamoyl)benzoate (5)—To a solution of 3-

methoxycarbonylbenzoic acid (0.48 g, 2.67 mMol) in 20 mL dichloromethane, HATU 

was added (1.27 g, 3.33 mMol) at 0 °C, and the mixture was stirred for 0.5 h. 

Subsequently, intermediate 4 (0.69 g, 2.22 mMol) and DIEA (0.57 g, 4.44 mMol) were 

added to the mixture and then stirred at room temperature for another 3 h (monitored by 

TLC). The resulting mixture was evaporated under reduced pressure, and the residue was 

initially washed by 1 N HCl and extracted with ethyl acetate (3 × 20 mL). Then, the 

combined organic layer was washed with saturated sodium bicarbonate (3 × 20 mL), dried 

over anhydrous Na2SO4, filtered, and concentrated under reduced pressure to afford the 

corresponding crude product, which was purified by flash column chromatography (EA:PE 

= 1:3) to obtain intermediate 5 as a yellow solid with the yield of 60.8%. 1H NMR (400 

MHz, DMSO-d6) δ 9.50 (s, 1H, CH), 9.03 (d, J = 7.6 Hz, 1H, NH), 8.42 (s, 1H, Ph-H), 8.27 

(d, J = 8.5 Hz, 1H, Ph-H), 8.15–8.02 (m, 3H, Ph-H), 7.61 (t, J = 7.8 Hz, 1H, Ph-H), 7.46 (d, 

J = 8.6 Hz, 1H, Ph-H), 7.09 (d, J = 5.1 Hz, 3H, Ph-H), 6.90–6.77 (m, 2H, Ph-H), 4.66 (d, 

J = 6.5 Hz, 1H, CH), 3.90 (s, 3H, OCH3), 3.26 (s, 3H, NCH3), 3.10–2.92 (m, 2H, PhCH2). 

ESI-MS: m/z 474.02 [M+H]+. C26H23N3O4S (473.14).
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4.1.5. (S)-3-((1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-
yl) carbamoyl)benzoic acid (6)—To a solution of intermediate 5 (0.63 g, 1.33 

mMol) in 10 mL of tetrahydrofuran, 10 mL of water was added, and lithium hydroxide 

(63.7 mg, 2.66 mMol) at room temperature, and the mixture was stirred for 2 h 

(monitored by TLC). The tetrahydrofuran was evaporated under reduced pressure, and 

then the resulting mixture solution was alkalized to pH~3 with 2 N HCl, and the 

white solid 6 was precipitated with a yield of 76.9%. 1H NMR (400 MHz, DMSO-

d6) δ 13.16 (s, 1H, COOH), 9.50 (s, 1H, CH), 9.01 (d, J = 7.2 Hz, 1H, NH), 8.43 

(s, 1H, Ph-H), 8.28 (d, J = 8.4 Hz, 1H, Ph-H), 8.05 (dd, J = 14.7, 7.5 Hz, 3H, 

Ph-H), 7.58 (t, J = 7.7 Hz, 1H, Ph-H), 7.47 (d, J = 7.5 Hz, 1H, Ph-H), 7.09 (s, 

3H, Ph-H), 6.91–6.76 (m, 2H, Ph-H), 4.67 (q, J = 7.4 Hz, 1H, CH), 3.26 (s, 3H, NCH3), 3.01 

(dt, J = 15.0, 7.7 Hz, 2H, PhCH2). ESI-MS: m/z 460.05 [M+1]+. C25H21N3O4S (459.13).

4.1.6. General procedure for the synthesis of 7(a–t)—A solution of intermediate 

6 (0.10 g, 0.22 mMol) in 20 mL dichloromethane was added HATU (0.12 g, 0.33 mMol) at 

0 °C, and the mixture was stirred for 0.5 h. Subsequently, the differently substituted amino 

derivatives (0.26 mMol) and DIEA (0.08 g, 0.65 mMol) were added to the mixture and then 

stirred at room temperature for another 3 h (monitored by TLC). The resulting mixture was 

evaporated under reduced pressure, and the residue was initially washed by 1 N HCl and 

extracted with ethyl acetate (3 × 20 mL). Then, the combined organic layer was washed 

with saturated sodium bicarbonate (3 × 20 mL), dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure to afford a corresponding crude product, purified by 

flash column chromatography to afford products 7(a–t).

4.1.6.1. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-phe nylisophthalamide (7a).: White solid, yield: 81%. Mp: 102–103 °C. 1H NMR 

(400 MHz, DMSO-d6): δ 10.39 (s, 1H, NH), 9.52 (s, 1H, CH), 8.96 (d, J = 7.6 

Hz, 1H, NH), 8.41 (s, 1H, Ph-H), 8.30 (d, J = 8.5 Hz, 1H, Ph-H), 8.19–8.05 (m, 

2H, Ph-H), 8.02 (d, J = 7.8 Hz, 1H, Ph-H), 7.80 (d, J = 8.0 Hz, 2H, Ph-H), 

7.62 (t, J = 7.7 Hz, 1H, Ph-H), 7.49 (d, J = 8.4 Hz, 1H, Ph-H), 7.41–7.34 (m, 2H, Ph-

H), 7.12 (q, J = 6.2, 5.1 Hz, 4H, Ph-H), 6.86 (d, J = 4.9 Hz, 2H, Ph-H), 4.68 (d, J = 8.2 Hz, 

1H, CH), 3.34 (d, J = 1.5 Hz, 3H, NCH3), 3.02 (qd, J = 13.7, 7.0 Hz, 2H, PhCH2). 13C NMR 

(100 MHz, DMSO-d6): δ 171.67 (C=O), 166.31 (C=O), 165.62 (C=O), 158.58, 154.21, 

141.81,139.56, 138.36, 135.65, 134.37, 133.57, 130.95, 130.82, 129.21, 129.14, 128.85, 

128.61, 127.45, 126.91, 125.69, 124.26, 123.84, 122.62, 120.83, 53.24, 38.05, 37.00. HRMS 

m/z C31H26N4O3S: Calcd. 534.1726, Found 535.1802 [M+H]+. HPLC purity: 96.09%.

4.1.6.2. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(4-fluorophenyl)isophthalamide (7b).: White solid, yield: 80%. Mp: 111–112 °C. 
1H NMR (400 MHz, DMSO-d6): δ 10.45 (s, 1H, NH), 9.52 (s, 1H, CH), 8.96 

(d, J = 7.6 Hz, 1H, NH), 8.41 (s, 1H), 8.29 (d, J = 8.5 Hz, 1H, Ph-H), 8.16–

8.05 (m, 2H, Ph-H), 8.02 (d, J = 7.8 Hz, 1H, Ph-H), 7.82 (dd, J = 8.7, 5.0 Hz, 

2H, Ph-H), 7.62 (t, J = 7.7 Hz, 1H, Ph-H), 7.49 (d, J = 8.4 Hz, 1H, Ph-H), 7.22 

(t, J = 8.7 Hz, 2H, Ph-H), 7.11 (d, J = 5.2 Hz, 3H, Ph-H), 6.97–6.76 (m, 2H, 

Ph-H), 4.69 (s, 1H, CH), 3.28 (s, 3H, NH3), 3.02 (qd, J = 13.8, 7.1 Hz, 2H, 
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PhCH2). 13C NMR (100 MHz, DMSO-d6): δ 171.66 (C=O), 166.30 (C=O), 165.53 (C=O), 

158.86 (d, 1JC-F = 240.4 Hz), 158.56e158.42 (m), 154.20, 141.81, 138.31, 135.91, 135.47, 

134.43, 133.55, 130.88 (d, 3JC-F = 5.3 Hz), 129.21, 128.86, 128.60, 127.41, 126.91, 125.65, 

123.80, 122.75, 122.67, 122.58, 115.70 (d, 2JC-F = 22.2 Hz), 53.20, 38.07, 37.09. HRMS 

m/z C31H25FN4O3S: Calcd. 552.1631, Found 553.1702 [M+H]+. HPLC purity: 97.91%.

4.1.6.3. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(4-bromophenyl)isophthalamide (7c).: White solid, yield: 76%. Mp: 103–105 °C. 
1H NMR (400 MHz, DMSO-d6): δ 10.52 (s, 1H, NH), 9.52 (s, 1H, CH), 8.96 (d, J = 7.6 

Hz, 1H, NH), 8.41 (s, 1H, Ph-H), 8.29 (d, J = 8.5 Hz, 1H, Ph-H), 8.18e7.96 (m, 3H, Ph-H), 

7.83–7.76 (m, 2H, Ph-H), 7.63 (t, J = 7.8 Hz, 1H, Ph-H), 7.59–7.54 (m, 2H, Ph-H), 7.49 (d, 

J = 8.3 Hz, 1H, Ph-H), 7.10 (d, J = 5.4 Hz, 3H, Ph-H), 6.85 (d, J = 6.3 Hz, 2H, Ph-H), 4.69 

(s, 1H, CH), 3.28 (s, 3H, NCH3), 3.03 (td, J = 16.4, 15.2, 7.4 Hz, 2H, PhCH2). 13C NMR 

(100 MHz, DMSO-d6): δ 171.66 (C=O), 166.28 (C=O), 165.73 (C=O), 158.51, 154.18, 

141.79, 138.93, 138.30, 135.36, 134.42, 133.56, 131.96, 130.97, 129.21, 129.13, 128.90, 

128.60, 127.46, 126.91, 125.65, 123.81, 122.74, 122.59, 115.98, 53.21, 38.06, 37.06. HRMS 

m/z C31H25BrN4O3S: Calcd.612.0831, Found 613.0906 [M+H]+. HPLC purity: 97.81%.

4.1.6.4. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(4-chlorophenyl)isophthalamide (7d).: White solid, yield: 75%. Mp: 134–137 °C. 
1H NMR (400 MHz, DMSO-d6): δ 10.52 (s, 1H, NH), 9.52 (s, 1H, CH), 8.96 

(d, J = 7.6 Hz, 1H, NH), 8.41 (s, 1H, Ph-H), 8.29 (d, J = 8.5 Hz, 1H, Ph-H), 

8.05 (dd, J = 20.4, 8.0 Hz, 3H, Ph-H), 7.85 (d, J = 8.4 Hz, 2H, Ph-H), 7.63 (t, J = 7.8 Hz, 

1H, Ph-H), 7.44 (d, J = 8.3 Hz, 3H, Ph-H), 7.11 (s, 3H, Ph-H), 6.85 (d, J = 6.3 Hz, 2H, Ph-

H), 4.68 (q, J = 7.3 Hz, 1H, CH), 3.28 (s, 3H, NCH3), 3.15–2.90 (m, 2H, PhCH2). 13C NMR 

(100 MHz, DMSO-d6): δ 171.66 (C=O), 166.27 (C=O), 165.71 (C=O), 158.55, 154.20, 

141.80, 138.54, 138.34, 135.37, 134.41, 133.57, 130.98, 130.96, 129.21, 129.06, 128.90, 

128.61, 127.87, 127.47, 126.91, 125.67, 123.83, 122.61, 122.34, 53.23, 38.05, 37.02. HRMS 

m/z C31H25ClN4O3S: Calcd.568.1336, Found 569.1413 [M+H]+. HPLC purity: 98.95%.

4.1.6.5. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(3-fluorophenyl)isophthalamide (7e).: White solid, yield: 65%. Mp: 104–105 °C. 

1H NMR (400 MHz, DMSO-d6): δ 10.58 (s, 1H, NH), 9.52 (s, 1H, CH), 8.97 

(d, J = 7.6 Hz, 1H, NH), 8.42 (s, 1H, Ph-H), 8.30 (d, J = 8.5 Hz, 1H, Ph-H), 

8.07 (dt, J = 17.9, 7.8 Hz, 3H, Ph-H), 7.78 (dd, J = 11.8, 2.2 Hz, 1H, Ph-H), 7.62 (dd, J = 

19.7, 8.1 Hz, 2H, Ph-H), 7.42 (q, J = 7.8 Hz, 2H, Ph-H), 7.11 (s, 3H, Ph-H), 6.96 (t, J = 8.5 

Hz, 1H, Ph-H), 6.85 (d, J = 6.3 Hz, 2H, Ph-H), 4.76–4.60 (m, 1H, CH), 3.28 (s, 3H, NCH3), 

3.02 (qd, J = 13.7, 7.2 Hz, 2H, PhCH2). 13C NMR (100 MHz, DMSO-d6): δ 171.66 (C=O), 

166.26 (C=O), 165.89 (C=O), 162.55 (d, 1JC-F = 240.9 Hz), 158.56, 154.21, 141.81, 141.39, 

141.28, 138.35, 135.30, 134.43, 133.57, 131.03, 130.77 (d, 3JC-F = 9.3 Hz), 129.21, 128.92, 

128.61, 127.50, 126.91, 125.67, 123.83, 122.61, 116.48 (d, 3JC-F = 2.7 Hz), 110.71 (d, 2JC-F 

= 21.1 Hz), 107.46 (d, 2JC-F = 26.4 Hz), 53.25, 38.06, 37.01. HRMS m/z C31H25FN4O3S: 

Calcd.552.1631, Found 553.1707 [M+H]+, 575.1517 [M+23]+. HPLC purity: 98.66%.
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4.1.6.6. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(2-fluorophenyl)isophthalamide (7f).: White solid, yield: 82%. Mp: 105–107 °C. 
1H NMR (400 MHz, DMSO-d6): δ 10.29 (s, 1H, NH), 9.55 (s, 1H, CH), 8.99 

(d, J = 7.6 Hz, 1H, NH), 8.48 (s, 1H, Ph-H), 8.33 (d, J = 8.5 Hz, 1H, Ph-H), 

8.14 (d, J = 7.4 Hz, 2H, Ph-H), 8.06 (d, J = 7.8 Hz, 1H, Ph-H), 7.68 (q, J = 

8.4 Hz, 2H, Ph-H), 7.52 (d, J = 8.4 Hz, 1H, Ph-H), 7.38–7.27 (m, 3H, Ph-H), 7.15 (d, 

J = 5.1 Hz, 3H, Ph-H), 6.90 (d, J = 6.2 Hz, 2H, Ph-H), 4.73 (d, J = 7.2 Hz, 1H, CH), 3.32 (s, 

3H, NCH3), 3.14–2.96 (m, 2H, PhCH2). 13C NMR (100 MHz, DMSO-d6): δ 171.64 (C=O), 

166.27 (C=O), 165.51 (C=O), 158.54, 156.22 (d, 1JC-F = 246.9 Hz), 154.21, 141.79, 138.32, 

134.52 (d, 2JC-F = 12.9 Hz), 133.57, 131.08 (d, 3JC-F = 6.3 Hz), 131.03, 129.22, 128.94, 

128.61, 127.54 (d, 2JC-F = 8.0 Hz), 127.44, 126.92, 126.18, 126.06, 125.67, 124.82 (d, 3JC-F 

= 3.5 Hz), 123.83, 122.60, 116.44, 116.24, 53.19, 38.06, 37.09. HRMS m/z C31H25FN4O3S: 

Calcd.552.1631, Found 553.1709 [M+H]+, 575.1509 [M+23]+. HPLC purity: 95.95%.

4.1.6.7. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(p-tolyl)isophthalamide (7g).: White solid, yield: 81%. Mp: 132–134 °C. 1H NMR 

(400 MHz, DMSO-d6): δ 10.30 (s, 1H, NH), 9.51 (s, 1H, CH), 8.94 (d, J = 7.5 

Hz, 1H, NH), 8.40 (s, 1H, Ph-H), 8.29 (d, J = 8.5 Hz, 1H, Ph-H), 8.18–8.04 (m, 

2H Ph-H), 8.00 (d, J = 7.8 Hz, 1H, Ph-H), 7.68 (d, J = 8.0 Hz, 2H, Ph-H), 7.61 

(t, J = 7.8 Hz, 1H, Ph-H), 7.55–7.42 (m, 1H, Ph-H), 7.18 (d, J = 8.0 Hz, 2H, 

Ph-H), 7.11 (d, J = 5.4 Hz, 3H, Ph-H), 6.85 (d, J = 6.3 Hz, 2H, Ph-H), 4.69 (s, 

1H, CH), 3.28 (s, 3H, NCH3), 3.12–2.93 (m, 2H, PhCH2), 2.30 (s, 3H, CH3). 13C NMR (100 

MHz, DMSO-d6): δ 171.66 (C=O), 166.33 (C=O), 165.40 (C=O), 158.55, 154.20, 141.80, 

138.35, 137.03, 135.72, 134.36, 133.56, 133.22, 130.89, 130.73, 129.52, 129.21, 128.82, 

128.60, 127.39, 126.91, 125.68, 123.83, 122.61, 120.85, 53.21, 38.05, 37.03, 20.98. HRMS 

m/z C32H28N4O3S: Calcd.548.1882, Found 549.1957 [M+H]+. HPLC purity: 97.81%.

4.1.6.8. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(4-methoxyphenyl)isophthalamide (7h).: White solid, yield: 80%. Mp: 143–144 

°C. 1H NMR (400 MHz, DMSO-d6): δ 10.27 (s, 1H, NH), 9.52 (s, 1H, CH), 8.95 

(d, J = 7.6 Hz, 1H, NH), 8.40 (s, 1H, Ph-H), 8.30 (d, J = 8.5 Hz, 1H, Ph-H), 8.17–7.93 

(m, 3H, Ph-H), 7.79–7.67 (m, 2H, Ph-H), 7.61 (t, J = 7.7 Hz, 1H, Ph-H), 7.55–7.42 (m, 1H, 

Ph-H), 7.11 (d, J = 5.2 Hz, 3H, Ph-H), 7.04–6.92 (m, 2H, Ph-H), 6.85 (d, J = 4.5 Hz, 2H, 

Ph-H), 4.69 (t, J = 7.6 Hz, 1H, CH), 3.76 (d, J = 1.5 Hz, 3H, NCH3), 3.28 (s, 3H, OCH3), 

3.01 (qd, J = 14.6, 14.0, 7.5 Hz, 2H, PhCH2). 13C NMR (100 MHz, DMSO-d6): δ 171.67 

(C=O), 166.35 (C=O), 165.16 (C=O), 158.51, 156.13, 154.20, 141.81, 138.33, 135.72, 

134.38, 133.55, 132.61, 130.82, 130.65, 129.21, 128.80, 128.60, 127.33, 126.90, 125.66, 

123.80, 122.59, 122.46, 114.28, 55.67, 53.20, 38.06, 37.07. HRMS m/z C32H28N4O4S: 

Calcd.564.1831, Found 565.1905 [M+H]+, 587.1723 [M+23]+. HPLC purity: 98.87%.

4.1.6.9. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(4-(trifluoromethyl)phenyl)isophthalamide (7i).: White solid, yield: 79%. Mp: 134–

136 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.74 (s, 1H, NH), 9.52 (s, 1H, CH), 

8.98 (d, J = 7.6 Hz, 1H, NH), 8.43 (s, 1H, Ph-H), 8.30 (d, J = 8.6 Hz, 1H, 

Ph-H), 8.07 (dd, J = 23.9, 8.2 Hz, 5H, Ph-H), 7.76 (d, J = 8.4 Hz, 2H, Ph-H), 
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7.64 (t, J = 7.8 Hz, 1H, Ph-H), 7.49 (s, 1H, Ph-H), 7.11 (s, 3H, Ph-H), 6.85 

(d, J = 6.3 Hz, 2H, Ph-H), 4.68 (s, 1H, CH), 3.28 (s, 3H, NCH3), 3.11–2.89 (m, 

2H, PhCH2). 13C NMR (100 MHz, DMSO-d6): δ 171.65 (C=O), 166.23 (C=O), 166.11 

(C=O), 165.07, 158.50, 154.21, 143.21, 141.81, 138.32, 135.17, 134.48, 133.55, 131.11 (d, 
2JC-F = 6.4 Hz), 129.22, 128.93, 128.60, 127.58, 126.91, 126.48, 126.43 (d, 3JC-F = 3.8 Hz), 

126.22, 124.73 (d, 1JC-F = 186.2 Hz), 124.41, 124.09, 123.52, 53.22, 38.06, 37.08. HRMS 

m/z C32H25F3N4O3S: Calcd. 602.1599, Found 603.1676 [M+H]+. HPLC purity: 96.38%.

4.1.6.10. (S)–N1-(4-acetylphenyl)-N3-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-
ph enylpropan-2-yl)isophthalamide (7j).: White solid, yield: 74%. Mp: 103–104 °C. 1H 

NMR (400 MHz, DMSO-d6): δ 10.71 (s, 1H, NH), 9.51 (s, 1H, CH), 8.97 (d, J = 7.6 Hz, 

1H, NH), 8.43 (s, 1H, Ph-H), 8.30 (d, J = 8.5 Hz, 1H, Ph-H), 8.10 (d, J = 7.5 Hz, 2H, 

Ph-H), 7.99 (q, J = 8.6 Hz, 5H, Ph-H), 7.64 (t, J = 7.8 Hz, 1H, Ph-H), 7.49 (d, J = 8.5 

Hz, 1H, Ph-H), 7.11 (d, J = 5.2 Hz, 3H, Ph-H), 6.85 (d, J = 6.2 Hz, 2H, Ph-H), 4.69 (d, 

J = 7.0 Hz, 1H, CH), 3.28 (s, 3H, NCH3), 3.14–2.93 (m, 2H, PhCH2), 2.57 (s, 3H, CH3). 
13C NMR (100 MHz, DMSO-d6): δ 197.11 (C=O), 171.65 (C=O), 166.24 (C=O), 166.06 

(C=O), 158.59, 154.20, 143.97, 141.78, 138.34, 135.24, 134.40, 133.57, 132.60, 131.13, 

129.83, 129.20, 128.95, 128.62, 127.60, 126.92, 125.67, 123.85, 122.62, 119.95, 53.26, 

38.05, 36.97, 26.97. HRMS m/z C33H28N4O4S: Calcd. 576.1831, Found 577.1899 [M+H]+. 

HPLC purity: 99.16%.

4.1.6.11. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(4-(trifluoromethoxy)phenyl)isophthalamide (7k).: White solid, yield: 71%. Mp: 112–

113 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.58 (s, 1H, NH), 9.52 (s, 1H, CH), 8.97 

(d, J = 7.6 Hz, 1H, NH), 8.42 (s, 1H, Ph-H), 8.29 (d, J = 8.5 Hz, 1H, Ph-H), 8.09 (d, J 
= 8.3 Hz, 2H, Ph-H), 8.04 (d, J = 7.8 Hz, 1H, Ph-H), 7.98–7.86 (m, 2H, Ph-H), 7.63 (t, 

J = 7.9 Hz, 1H, Ph-H), 7.49 (d, J = 8.4 Hz, 1H, Ph-H), 7.40 (d, J = 8.5 Hz, 2H, Ph-H), 

7.11 (d, J = 5.3 Hz, 3H, Ph-H), 6.85 (d, J = 6.3 Hz, 2H, Ph-H), 4.69 (d, J = 7.4 Hz, 1H, 

CH), 3.28 (s, 3H, NCH3), 3.14–2.90 (m, 2H, PhCH2). 13C NMR (100 MHz, DMSO-d6): 

δ 171.66 (C=O), 166.27 (C=O), 165.76 (C=O), 158.55, 154.20, 144.44, 141.80, 138.77, 

138.35, 135.31, 134.43, 133.58, 131.00, 129.21, 128.90, 128.61, 127.51, 126.91, 125.67, 

124.75 (d, 1JC-F = 184.7 Hz), 122.62, 122.18, 122.09, 121.99, 121.91, 53.25, 38.05, 37.01. 

HRMS m/z C32H25F3N4O4S: Calcd. 618.1549, Found 619.1623 [M+H]+. HPLC purity: 

99.06%.

4.1.6.12. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(4-cyanophenyl)isophthalamide (7l).: White solid, yield: 68%. Mp: 171–172 °C. 1H 

NMR (400 MHz, DMSO-d6): δ 10.78 (s, 1H, NH), 9.50 (s, 1H, CH), 8.96 (d, J = 7.5 Hz, 

1H, NH), 8.42 (s, 1H, Ph-H), 8.28 (d, J = 8.6 Hz, 1H, Ph-H), 8.09 (d, J = 7.8 Hz, 2H, 

Ph-H), 8.01 (dd, J = 8.8, 1.7 Hz, 3H, Ph-H), 7.86–7.82 (m, 2H, Ph-H), 7.64 (t, J = 7.8 

Hz, 1H, Ph-H), 7.47 (d, J = 8.5 Hz, 1H, Ph-H), 7.10 (d, J = 5.5 Hz, 3H, Ph-H), 6.85 (d, 

J = 6.3 Hz, 2H, Ph-H), 4.69 (t, J = 8.4 Hz, 1H, CH), 3.27 (s, 3H, NCH3), 3.11–2.93 (m, 

2H, PhCH2). 13C NMR (100 MHz, DMSO-d6): δ 171.64 (C=O), 166.24 (C=O), 166.19 

(C=O), 158.54, 154.20, 143.88, 141.80, 138.33, 135.04, 134.47, 133.65, 133.56, 131.26, 

131.14, 129.21, 128.98, 128.61, 127.63, 126.91, 125.65, 123.83, 122.61, 120.72, 119.52, 
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105.99, 53.25, 38.06, 37.02. HRMS m/z C32H25N5O3S: Calcd. 559.1678, Found 560.1749 

[M+H]+. HPLC purity: 99.35%.

4.1.6.13. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(prop-2-yn-1-yl)isophthalamide (7m).: White solid, yield: 76%. Mp: 134–135 °C. 1H 

NMR (400 MHz, DMSO-d6): δ 9.51 (s, 1H, CH), 9.04 (t, J = 5.6 Hz, 1H, NH), 8.89 (d, 

J = 7.6 Hz, 1H, NH), 8.42–8.22 (m, 2H, Ph-H), 8.08 (s, 1H, Ph-H), 7.97 (t, J = 7.6 Hz, 

2H, Ph-H), 7.56 (t, J = 7.7 Hz, 1H, Ph-H), 7.47 (d, J = 8.1 Hz, 1H, Ph-H), 7.11 (d, J = 

4.9 Hz, 3H, Ph-H), 6.97–6.72 (m, 2H, Ph-H), 4.67 (d, J = 7.0 Hz, 1H, CH), 4.09 (dd, J = 

5.7, 2.4 Hz, 2H, CH2), 3.27 (s, 3H, NCH3), 3.16 (s, 1H, C≡CH), 3.08–2.91 (m, 2H, PhCH2). 
13C NMR (100 MHz, DMSO-d6): δ 171.62 (C=O), 166.28 (C=O), 166.01 (C=O), 158.54, 

154.19, 141.78, 138.30, 134.44, 134.39, 133.55, 130.73, 130.50, 129.21, 128.84, 128.61, 

127.10, 126.91, 125.66, 123.82, 122.58, 81.67, 73.43, 53.13, 38.05, 37.10, 29.05. HRMS 

m/z C28H24N4O3S: Calcd. 496.1569, Found 497.1639 [M+H]+, 519.1444 [M+23]+. HPLC 

purity: 97.95%.

4.1.6.14. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(2-methoxyethyl)isophthalamide (7n).: White solid, yield: 80%. Mp: 105–106 °C. 1H 

NMR (400 MHz, DMSO-d6): δ 9.50 (s, 1H, CH), 8.85 (d, J = 7.6 Hz, 1H, NH), 8.60 (d, 

J = 5.7 Hz, 1H, NH), 8.28 (d, J = 14.2 Hz, 2H, Ph-H), 8.07 (s, 1H, Ph-H), 7.95 (dd, J = 

13.1, 7.7 Hz, 2H, Ph-H), 7.54 (t, J = 7.7 Hz, 1H, Ph-H), 7.46 (d, J = 8.3 Hz, 1H, Ph-H), 7.10 

(d, J = 5.2 Hz, 3H, Ph-H), 6.84 (d, J = 6.2 Hz, 2H, Ph-H), 4.67 (d, J = 7.4 Hz, 1H, CH), 3.47 

(t, J = 5.1 Hz, 4H, CH2 × 2), 3.31–3.21 (m, 6H, NCH3, OCH3), 3.09–2.91 (m, 2H, PhCH2). 
13C NMR (100 MHz, DMSO-d6): δ 171.65 (C=O), 166.38 (C=O), 166.30 (C=O), 158.52, 

154.19, 141.80, 138.32, 135.02, 134.31, 133.55, 130.49, 130.43, 129.21, 128.71, 128.60, 

126.97, 126.90, 125.65, 123.81, 122.59, 70.93, 58.41, 53.13, 39.54, 38.05, 37.11. HRMS 

m/z C28H28N4O4S: Calcd. 516.1831, Found 517.1899 [M+H]+. HPLC purity: 99.27%.

4.1.6.15. (S)–N1-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-
N3-(pyridin-4-yl)isophthalamide (7o).: White solid, yield: 80%. Mp: 143–145 oC. 1H 

NMR (400 MHz DMSO-d6): δ 10.75 (s, 1H, NH), 9.51 (s, 1H, CH), 8.97 (d, J = 7.5 Hz, 

1H, NH), 8.51 (d, J = 5.4 Hz, 2H, Ph-H), 8.43 (s, 1H, Ph-H), 8.29 (d, J = 8.5 Hz, 1H, 

Ph-H), 8.08 (dd, J = 16.3, 7.5 Hz, 3H, Ph-H), 7.82 (d, J = 5.5 Hz, 2H, Ph-H), 7.65 (t, J 
= 7.8 Hz, 1H, Ph-H), 7.48 (d, J = 8.5 Hz, 1H, Ph-H), 7.11 (d, J = 5.3 Hz, 3H, Ph-H), 6.86 

(d, J = 6.2 Hz, 2H, Ph-H), 4.70 (t, J = 7.6 Hz, 1H, CH), 3.28 (s, 3H, NCH3), 3.02 (dq, J = 

23.0, 12.8, 10.9 Hz, 2H, PhCH2). 13C NMR(100 MHz, DMSO-d6): δ 171.64 (C=O), 166.55 

(C=O), 166.19 (C=O), 158.54, 154.20, 150.79, 146.37, 141.80, 138.33, 134.90, 134.48, 

133.57, 131.33, 131.15, 129.21, 128.99, 128.61, 127.64, 126.92, 125.66, 123.82, 122.60, 

114.53, 53.25, 38.06, 37.04. HRMS m/z C30H25N5O3S: Calcd. 535.1678, Found 536.1745 

[M+H]+. HPLC purity: 99.01%.

4.1.6.16. tert-butyl(S)-4-(3-((1-(benzo[d]thiazol-5-yl(methyl) amino)-1-oxo-3-
phenylpropan −2-yl)carbamoyl)benzoyl)piperazine-1-carboxylate (7p).: White solid, 

yield: 77%. Mp: 152–153 °C. 1H NMR (400 MHz, DMSO-d6): δ 9.51 (s, 1H, CH), 8.89 

(d, J = 7.7 Hz, 1H, NH), 8.30 (d, J = 8.5 Hz, 1H, Ph-H), 8.11 (s, 1H, Ph-H), 7.98–7.81 
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(m, 2H, Ph-H), 7.66–7.42 (m, 3H, Ph-H), 7.09 (d, J = 5.3 Hz, 3H, Ph-H), 6.82 (d, J = 6.3 

Hz, 2H, Ph-H), 4.65 (d, J = 9.4 Hz, 1H, CH), 3.62 (s, 8H, CH2 × 4), 3.27 (s, 3H, NCH3), 

3.01 (td, J = 16.9, 15.4, 7.5 Hz, 2H, PhCH2), 1.42 (s, 9H, C(CH3)3). 13C NMR (100 MHz, 

DMSO-d6): δ 171.63 (C=O), 169.06 (C=O), 166.04 (C=O), 158.55, 154.30 (C=O), 154.20, 

141.79, 138.40, 136.17, 134.23, 133.56, 130.29, 129.18, 129.01, 128.56, 126.86, 126.44, 

125.67, 123.84, 122.59, 79.72, 53.20, 38.72, 38.06, 36.90, 28.49. HRMS m/z C34H37N5O5S: 

Calcd. 627.2515, Found 628.2588 [M+H]+, 650.2403 [M+23]+. HPLC purity: 99.86%.

4.1.6.17. tert-butyl(S)-4-(3-((1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-
phenylpropan −2-yl)carbamoyl)benzamido)piperidine-1-carboxylate (7q).: White 

solid, yield: 73%. Mp: 138–140 °C. 1H NMR (400 

MHz, DMSO-d6): δ 9.51 (s, 1H, CH), 8.89 (d, J = 7.5 Hz, 1H, 

NH), 8.41 (d, J = 7.8 Hz, 1H, NH), 8.33–8.22 (m, 2H, Ph-H), 8.10 (s, 1H, Ph-H), 7.95 (t, J 
= 8.0 Hz, 2H, Ph-H), 7.51 (dt, J = 17.0, 8.1 Hz, 2H, Ph-H), 7.16–7.04 (m, 3H, Ph-H), 6.90–

6.79 (m, 2H, Ph-H), 4.65 (q, J = 6.8, 5.3 Hz, 1H, CH), 3.97 (dd, J = 14.5, 9.2 Hz, 3H, CH2, 

CH), 3.27 (s, 3H, NCH3), 3.07–2.80 (m, 4H, CH2 × 2), 1.80 (dd, J = 13.1, 4.0 Hz, 2H, CH2), 

1.47 (dd, J = 12.1, 4.2 Hz, 2H, CH2), 1.42 (s, 9H, C(CH3)3). 13C NMR (100 MHz, DMSO-

d6): δ 171.69 (C=O), 166.50 (C=O), 165.61 (C=O), 158.59 (C=O), 154.41, 154.19, 141.80, 

138.38, 135.25, 134.27, 133.57, 130.62, 130.37, 129.19, 128.60, 127.15, 126.90, 125.67, 

123.84, 122.61, 79.12, 53.25, 47.05, 38.03, 36.93, 31.76, 28.56. HRMS m/z C35H39N5O5S: 

Calcd. 641.2672, Found 642.2741 [M+H]+, 664.2534 [M+23]+. HPLC purity: 99.71%.

4.1.6.18. tert-butyl(S)-(4-(3-((1-(benzo[d]thiazol-5-yl(methyl) amino)-1-oxo-3-
phenylpropa n −2-yl)carbamoyl)benzamido)phenyl) carbamate (7r).: White solid, yield: 

76%. Mp: 162–163 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.29 (s, 1H, NH), 9.52 (s, 1H, 

NH), 9.32 (s, 1H, CH), 8.94 (d, J = 7.6 Hz, 1H, NH), 8.40 (s, 1H, Ph-H), 8.30 (d, J = 

8.5 Hz, 1H, Ph-H), 8.17–8.03 (m, 2H, Ph-H), 8.00 (d, J = 7.8 Hz, 1H, Ph-H), 7.67 (d, J = 

8.5 Hz, 2H, Ph-H), 7.60 (t, J = 7.8 Hz, 1H, Ph-H), 7.44 (d, J = 8.6 Hz, 3H, Ph-H), 7.10 

(d, J = 5.2 Hz, 3H, Ph-H), 6.85 (d, J = 6.4 Hz, 2H, Ph-H), 4.68 (d, J = 6.8 Hz, 1H, CH), 

3.28 (s, 3H, NCH3), 3.01 (qd, J = 14.0, 7.3 Hz, 2H, PhCH2), 1.49 (s, 9H, C(CH3)3). 13C 

NMR (100 MHz, DMSO-d6): δ 171.65 (C=O), 166.34 (C=O), 165.21 (C=O), 158.48 (C=O), 

154.20, 153.32, 141.82, 138.32, 135.99, 135.69, 134.38, 133.95, 133.56, 130.83, 130.68, 

129.22, 128.79, 128.60, 127.34, 126.90, 125.65, 123.80, 122.60, 121.42, 118.84, 79.38, 

53.18, 38.71, 38.06, 28.64. HRMS m/z C36H35N5O5S: Calcd. 649.2359, Found 650.2421 

[M+H]+, 672.2222 [M+23]+. HPLC purity: 97.93%.

4.1.6.19. tert-butyl(S)-(3-(3-((1-(benzo[d]thiazol-5-yl(methyl) amino)-1-oxo-3-
phenylpropa n-2-yl)carbamoyl)benzamido)phenyl) carbamate (7s).: White solid, yield: 

72%. Mp: 151–152 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.36 (s, 1H, NH), 9.52 (s, 1H, 

NH), 9.41 (s, 1H, CH), 8.94 (d, J = 7.6 Hz, 1H, NH), 8.39 (s, 1H, Ph-H), 8.30 (d, J = 8.5 

Hz, 1H, Ph-H), 8.17–8.05 (m, 2H, Ph-H), 8.06–7.94 (m, 2H, Ph-H), 7.60 (t, J = 7.8 Hz, 

1H, Ph-H), 7.47 (dd, J = 18.2, 8.3 Hz, 2H, Ph-H), 7.23 (t, J = 8.1 Hz, 1H, Ph-H), 7.12 

(t, J = 8.4 Hz, 4H, Ph-H), 6.97–6.77 (m, 2H, Ph-H), 4.68 (d, J = 7.2 Hz, 1H, CH), 3.28 

(s, 3H, NCH3), 3.15–2.92 (m, 2H, PhCH2), 1.49 (s, 9H, C(CH3)3). 13C NMR (100 MHz, 

DMSO-d6): δ 171.66 (C=O), 166.33 (C=O), 165.52 (C=O), 158.55 (C=O), 154.20, 153.23, 
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141.80, 140.28, 139.81, 138.34, 135.63, 134.31, 133.56, 130.97, 130.79, 129.22, 129.07, 

128.78, 128.61, 127.47, 126.91, 125.68, 123.83, 122.61, 114.93, 114.46, 111.09, 79.44, 

53.20, 38.05, 37.05, 28.63. HRMS m/z C36H35N5O5S: Calcd. 649.2359,Found 650.2453 

[M+H]+. HPLC purity: 99.34%.

4.1.6.20. tert-butyl(S)-(2-(3-((1-(benzo[d]thiazol-5-yl(methyl) amino)-1-oxo-3-
phenylpropa n-2-yl)carbamoyl)benzamido)phenyl) carbamate (7t).: White solid, yield: 

69%. Mp: 104–105 °C.1H NMR (400 MHz, DMSO-d6): δ 9.93 (s, 1H, NH), 9.51 (s, 1H, 

NH), 8.98 (d, J = 7.6 Hz, 1H, NH), 8.69 (s, 1H, CH), 8.45 (s, 1H, Ph-H), 8.29 (d, J = 

8.5 Hz, 1H, Ph-H), 8.06 (dd, J = 20.3, 7.6 Hz, 3H, Ph-H), 7.67–7.44 (m, 4H, Ph-H), 7.26–

7.08 (m, 5H, Ph-H), 6.86 (d, J = 6.2 Hz, 2H, Ph-H), 4.69 (d, J = 6.8 Hz, 1H, CH), 3.28 

(s, 3H, NCH3), 3.10–2.92 (m, 2H, PhCH2), 1.44 (s, 9H, C(CH3)3). 13C NMR (100 MHz, 

DMSO-d6): δ 171.64 (C=O), 166.24 (C=O), 165.48 (C=O), 158.55 (C=O), 154.21, 153.82, 

141.79, 138.34, 135.01, 134.47, 132.50, 131.01, 130.91, 129.93, 129.22, 128.92, 128.61, 

127.47, 126.91, 126.71, 126.22, 125.65, 124.44, 124.19, 123.82, 80.07, 53.22, 38.05, 37.05, 

28.51. HRMS m/z C36H35N5O5S: Calcd. 649.2359, Found 650.2421 [M+H]+, 672.2249 

[M+23]+. HPLC purity: 98.40%.

4.1.7. General procedure for the synthesis of 7(u–w)—Trifluoroacetic acid (0.77 

mMol) was added dropwise to the target compounds 7(r–t) (0.10 g, 0.15 mMol) in 20 mL 

of dichloromethane and stirred at room temperature for 1 h (monitored by TLC). Then, 

the resulting mixture solution was alkalized to pH ~7 with saturated sodium bicarbonate 

solution and then extracted with dichloromethane (30 mL). Then, the combined organic 

layer was washed with saturated sodium bicarbonate (3 × 20 mL), dried over anhydrous 

Na2SO4, filtered, and concentrated under reduced pressure to afford a corresponding crude 

product, purified by flash column chromatography to afford products 7(u–w).

4.1.7.1. (S)eN1-(4-aminophenyl)-N3-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-
phe nylpropan-2-yl)isophthalamide (7u).: White solid, yield: 77%. Mp: 131e132 °C. 
1H NMR (400 MHz, DMSO-d6): δ 9.98 (s, 1H, NH), 9.50 (s, 1H, CH), 8.88 (d, J = 

7.6 Hz, 1H, NH), 8.36 (s, 1H, Ph-H), 8.28 (d, J = 8.5 Hz, 1H, Ph-H), 8.14–7.91 (m, 3H, Ph-

H), 7.57 (t, J = 7.8 Hz, 1H, Ph-H), 7.47 (d, J = 8.5 Hz, 1H, Ph-H), 7.39 (d, J = 8.2 Hz, 2H, 

Ph-H), 7.10 (s, 3H, Ph-H), 6.85 (s, 2H, Ph-H), 6.67–6.50 (m, 2H, Ph-H), 4.94 (s, 2H, NH2), 

4.68 (s, 1H, CH), 3.27 (s, 3H, NCH3), 3.00 (dt, J = 23.5, 13.5 Hz, 2H, PhCH2). 13C NMR 

(100 MHz, DMSO-d6): δ 171.67 (C=O), 166.39 (C=O), 164.71 (C=O), 158.54, 154.21, 

145.79, 141.81, 138.34, 136.01, 134.31, 133.40, 130.70, 130.40, 129.22, 128.73, 128.60, 

128.50, 127.21, 126.91, 125.68, 123.82, 122.66, 118.61, 114.18, 53.17, 38.06, 37.07. HRMS 

m/z C31H27N5O3S: Calcd. 549.1835, Found 550.1912 [M+H]+. HPLC purity: 99.28%.

4.1.7.2. (S)–N1-(3-aminophenyl)-N3-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-
phe nylpropan-2-yl)isophthalamide (7v).: White solid, yield: 76%. Mp: 129e130 °C. 
1H NMR (400 MHz, DMSO-d6): δ 10.05 (s, 1H, NH), 9.50 (s, 1H, CH), 8.89 (d, J 
= 7.6 Hz, 1H, NH), 8.35 (s, 1H, Ph-H), 8.28 (d, J = 8.5 Hz, 1H, Ph-H), 8.13–7.93 

(m, 3H, Ph-H), 7.58 (t, J = 7.8 Hz, 1H, Ph-H), 7.47 (d, J = 8.4 Hz, 1H, Ph-H), 7.23–

7.06 (m, 4H, Ph-H), 6.98 (t, J = 7.9 Hz, 1H, Ph-H), 6.87 (t, J = 8.9 Hz, 3H, Ph-H), 
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6.34 (d, J = 7.9 Hz, 1H, Ph-H), 5.09 (s, 2H, NH2), 4.68 (d, J = 7.0 Hz, 1H, CH), 

3.27 (s, 3H, NCH3), 3.13–2.91 (m, 2H, PhCH2). 13C NMR (100 MHz, DMSO-d6): δ 
171.67 (C=O), 166.35 (C=O), 165.36 (C=O), 158.52, 154.20, 149.45, 141.82, 140.12, 

138.33, 135.99, 134.31, 133.56, 130.88, 130.60, 129.31, 129.22, 128.76, 128.61, 127.37, 

126.91, 125.67, 123.82, 122.61, 110.37, 108.83, 106.57, 53.18, 38.06, 37.09. HRMS m/z 
C31H27N5O3S: Calcd. 549.1835, Found 550.1904 [M+H]+. HPLC purity: 99.50%.

4.1.7.3. (S)eN1-(2-aminophenyl)-N3-(1-(benzo[d]thiazol-5-yl(methyl)amino)-1-oxo-3-
phe nylpropan-2-yl)isophthalamide (7w).: White solid, yield: 77%. Mp: 169–171 °C. 
1H NMR (400 MHz, DMSO-d6): δ 9.76 (s, 1H, NH), 9.52 (s, 1H, CH), 8.92 (d, J = 

7.6 Hz, 1H, NH), 8.45 (s, 1H, Ph-H), 8.29 (d, J = 8.6 Hz, 1H, Ph-H), 8.11 (d, J = 

9.4 Hz, 2H, Ph-H), 8.00 (d, J = 7.8 Hz, 1H, Ph-H), 7.60 (t, J = 7.8 Hz, 1H, Ph-H), 

7.48 (d, J = 8.5 Hz, 1H, Ph-H), 7.20 (d, J = 7.9 Hz, 1H, Ph-H), 7.11 (d, J = 5.1 Hz, 

3H, Ph-H), 7.00 (t, J = 7.7 Hz, 1H, Ph-H), 6.86 (d, J = 6.2 Hz, 2H, Ph-H), 6.81 (d, 

J = 8.0 Hz, 1H, Ph-H), 6.62 (t, J = 7.6 Hz, 1H, Ph-H), 4.96 (s, 2H, NH2), 4.69 (d, 

J = 7.2 Hz, 1H, CH), 3.28 (s, 3H, NCH3), 3.13–2.90 (m, 2H, PhCH2). 13C NMR (100 MHz, 

DMSO-d6): δ 171.66 (C=O), 166.32 (C=O), 165.53 (C=O), 158.50, 154.19, 142.51, 141.80, 

138.28, 135.25, 134.29, 133.57, 131.05, 130.74, 129.23, 128.77, 128.62, 127.51, 127.19, 

127.11, 126.92, 125.65, 124.19, 123.80, 122.58, 117.61, 117.17, 53.12, 38.07, 37.18. HRMS 

m/z C31H27N5O3S: Calcd. 549.1835, Found 550.1909 [M+H]+. HPLC purity: 99.51%.

4.2. In vitro anti-HIV assay in MT-4 cells

Evaluation of the antiviral activity of the compounds against HIV in MT-4 cells 

was performed using the MTT assay as described below. Stock solutions (10 × final 

concentration) of test compounds were added in 25 μL volumes to two series of triplicate 

wells to allow simultaneous evaluation of their effects on mock- and HIV-infected cells 

at the beginning of each experiment. Serial 5-fold dilutions of test compounds were made 

directly inflat-bottomed 96-well microtiter trays using a Biomek 3000 robot (Beckman 

Instruments, Fullerton, CA). Untreated HIV- and mock-infected cell samples were included 

as controls. HIV stock (50 μL) at 100–300 CCID50 (50% cell culture infectious doses) or 

a culture medium was added to either the infected or mock-infected wells of the microtiter 

tray. Mock-infected cells were used to evaluate the effects of test compounds on uninfected 

cells to assess the test compounds’ cytotoxicity. Exponentially growing MT-4 cells were 

centrifuged for 5 min at 220 g, and the supernatant was discarded. The MT-4 cells were 

resuspended at 6 × 105 cells/mL, and 50 μL volumes were transferred to the microtiter tray 

wells. Five days after infection, the viability of mock- and HIV-infected cells was examined 

spectrophotometrically using the MTT assay. The MTT assay is based on the reduction 

of yellow coloured 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

(Acros Organics) by mitochondrial dehydrogenase activity in metabolically active cells to a 

blue-purple formazan that can be measured spectrophotometrically. The absorbances were 

read in an eight-channel computer-controlled photometer (Infinite M1000, Tecan), at two 

wavelengths (540 and 690 nm). All data were calculated using the median absorbance value 

of three wells. The 50% cytotoxic concentration (CC50) was defined as the concentration 

of the test compound that reduced the absorbance (OD540) of the mock-infected control 
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sample by 50%. The concentration achieving 50% protection against the cytopathic effect of 

the virus in infected cells was defined as the 50% effective concentration (EC50).

4.3. Binding to CA proteins analysis via surface plasmon resonance (SPR)

All binding assays were performed on a ProteOn XPR36 SPR Protein Interaction Array 

System (Bio-Rad Laboratories, Hercules, CA). The instrument temperature was set at 25 

°C for all kinetic analyses. ProteOn GLH sensor chips were preconditioned with two short 

pulses each (10 s) of 50 mM NaOH, 100 mM HCl, and 0.5% sodium dodecyl sulfide. 

Then the system was equilibrated with PBS-T buffer (20 mM sodium phosphate, 150 mM 

NaCl, and 0.005% polysorbate 20, pH 7.4). The surface of a GLH sensor chip was activated 

with a 1:100 dilution of a 1:1 mixture of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (0.2 M) and sulfo-N-hydroxysuccinimide (0.05 M). Immediately after chip 

activation, the HIV-1 NL4–3 capsid protein constructs, purified as in Xu et al. [53], were 

prepared at a concentration of 100 mg/mL in 10 mM sodium acetate, pH 5.0 and injected 

across ligand flow channels for 5 min at a flow rate of 30 μL/min. Then, after unreacted 

protein had been washed out, excess active ester groups on the sensor surface were capped 

by a 5 min injection of 1 M ethanolamine HCl (pH 8.0) at a flow rate of 5 μL/min. A 

reference surface was similarly created by immobilizing a non-specific protein (IgG b12 

anti-HIV-1 gp120; was obtained through the NIH AIDS Reagent Program, Division of 

AIDS, NIAID, NIH: Anti-HIV-1 gp120 Monoclonal (IgG1 b12) from Dr. Dennis Burton and 

Carlos Barbas) and was used as a background to correct non-specific binding. To prepare a 

compound for direct binding analysis, compound stock solutions, along with 100% DMSO, 

and totalling 30 mL was made to a final volume of 1 mL by addition of sample preparation 

buffer (PBS, pH 7.4). Preparation of analyte in this manner ensured that the concentration 

of DMSO was matched with that of running buffer with 3% DMSO. Serial dilutions were 

then prepared in the running buffer (PBS, 3% DMSO, 0.005% polysorbate 20, pH 7.4) and 

injected at a flow rate of 100 μL/min, for a 1 min association phase, followed by up to a 

5 min dissociation phase using the “one-shot kinetics” capability of the Proteon instrument 

[54]. Data were analyzed using the ProteOn Manager Software version 3.0 (Bio-Rad). 

The responses from the reference flow cell were subtracted to account for the nonspecific 

binding and injection artifacts. Experimental data were fitted to a simple 1:1 binding model 

(where applied). The average kinetic (dissociation [kd] rates) and equilibrium parameters 

generated from 3 replicates were used to define the off-rates and equilibrium dissociation 

constant (KD).

4.4. Action stage determination of 7u

Please refer to our previously published research for methodology [44].

4.5. Molecular dynamics simulation

To keep consistency for MD simulation of different series of CA HIV-1 monomer inhibitors, 

we used the same procedure for docking, MD simulation and its analysis, please refer to our 

previously published research for methodology [44].
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4.6. Metabolic stability in human liver microsomes

Details of the analytical method and raw data are given in the Supporting Information.

4.7. Human plasma stability assay

The pooled frozen plasma was thawed in a water bath at 37 °C before the experiment. 

Plasma was centrifuged at 4000 rpm for 5 min, and the clots were removed, if any. The 

pH was adjusted to 7.4 ± 0.1, if required. To obtain the compounds, 1 mM intermediate 

solution was prepared by diluting 10 μL of the stock solution with 90 μL of DMSO; 1 

mM intermediate of positive control Propantheline was prepared by diluting 10 μL of the 

stock solution with 90 μL of ultrapure water. Then, 100 μM dosing solution was prepared 

by diluting 20 μL of the intermediate solution (1 mM) with 180 μL of 45% MeOH/H2O, 

and 98 μL of blank plasma was spiked with 2 μL of dosing solution (100 μM) to achieve 

2 μM of the final concentration in triplicate. Samples were incubated at 37 °C in a water 

bath. At each time point (0, 10, 30, 60, and 120 min), 400 μL of stop solution (200 ng/mL 

tolbutamide and 200 ng/mL labetalol in 50% ACN/MeOH) was added to precipitate protein 

and mixed thoroughly. Sample plates were centrifuged at 4000 rpm for 10 min. An aliquot 

of supernatant (50 mL) was transferred from each well and mixed with 100 μL of ultra-pure 

water. The samples were shaken at 800 rpm for about 10 min before submitting them to 

LC-MS/MS analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(A) The highly helical structure of CA dimer (PDB code: 5HGL) and a critical ligand-

binding pocket (NTD-CTD interface, red dotted line). The pocket formed around H3 and 

H4 of the CA1NTD (blue), and H8 and H9 of the adjacent CA2CTD (green) accommodates 

the binding of multiple ligands, including host factors CPSF6 and NUP153, and small 

molecules PF74 and GS-6207; (B) The chemical structures of PF74 and GS-6207. The 

figure is generated in PyMOL (www.pymol.org).
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Fig. 2. 
Binding modes of PF74 (purple, PDB code: 5HGL) and design principle of novel HIV-1 CA 

inhibitors. The figure is generated in PyMOL (www.pymol.org).
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Fig. 3. 
SPR sensorgrams of 7m and 7u binding to two variants of the CA protein (monomer and 

disulfide-stabilized hexamer) with PF74 as the reference.
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Fig. 4. 
SPR isotherms of 7m and 7u (A) binding to two variants of the CA protein (monomer and 

disulfide-stabilized hexamer) with PF74 (B) as the reference. Isotherms are an average of 3 

replicates with error bars indicating the standard error of the mean (SEM).
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Fig. 5. 
Results of single-round infection assay. (A) Early stage; (B) late stage. Infections are an 

average of 3 replicates with error bars indicating SEM.
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Fig. 6. 
(A) RMSD of amino acids of HIV-1 CA monomer in reference to the first frame of the MD 

simulation. (B) RMSF of the backbone Cα atoms for amino acids of HIV-1 CA monomer. 

(C) RMSD (heavy atoms) of the bound 7u.
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Fig. 7. 
Binding of 7u to HIV-1 CA in the most populated cluster.
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Fig. 8. 
Result summary of human plasma stability assay. Experiments were performed in triplicate. 

% remaining = 100 × (PAR at appointed incubation time/PAR at time T0). PAR is the peak 

area ratio of a test compound to the internal standard. Accuracy should be within 80–120% 

of the indicated value.
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Scheme 1. 
The synthetic route of target compounds. Reagents and conditions: (i) Paraformaldehyde 

macromolecule, CH3ONa, CH3OH, 60 °C, NaBH4, r.t. Yield: 79%; (ii) N-Boc-L-Phe, 

PyBOP, DIEA, DCM, 0 °C to r.t. Yield: 76%; (iii) TFA, DCM, r.t. Yield: 79%; (iv) 

3-methoxycarbonylbenzoic acid, HATU, DIEA, DCM, 0 °C to r.t. Yield: 61%; (v) LiOH, 

THF, H2O, r.t. Yield: 77%; (vi) Substituted aromatic amine or substituted aliphatic amine, 

HATU, DIEA, DCM, 0 °C to r.t. Yield: 65%–82%; (vii) TFA, DCM, r.t. Yield: 76%–77%.
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