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Abstract

HIV-1 CA protein has gained remarkable attention as a promising therapeutic target for the
development of new antivirals, due to its pivotal roles in HIV-1 replication (structural and
regulatory). Herein, we report the design and synthesis of three series of benzenesulfonamide-
containing phenylalanine derivatives obtained by further structural modifications of PF-74 to aid
in the discovery of more potent and drug-like HIV-1 CA inhibitors. Structure-activity relationship
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studies of these compounds led to the identification of new phenylalanine derivatives with a
piperazinone moiety, represented by compound 111, which exhibited anti-HIV-1y 4—3 activity
5.78-fold better than PF-74. Interestingly, 11l also showed anti-HIV-2rop activity (ECgg = 31
nM), with almost 120 times increased potency over PF-74. However, due to the higher
significance of HIV-1 as compared to HIV-2 for the human population, this manuscript focused on
the mechanism of action of our compounds in the context of HIV-1. SPR studies on representative
compounds confirmed CA as the binding target. The action stage determination assay
demonstrated that these inhibitors exhibited antiviral activities with a dual-stage inhibition profile.
The early-stage inhibitory activity of compound 111 was 6.25 times more potent as compared to
PF-74, but appears to work via accelerating capsid core assembly rather than stabilization.
However, the mechanism by which they exert their antiviral activity in the late-stage appears to be
the same as PF-74 with less infectious HIV-1 virions are produced in their presence as judged p24
content studies. MD simulations provided the key rationale for the promising antiviral potency of
111. Additionally, 111 exhibited modest increase in HLM and human plasma metabolic stabilities
as compared to PF-74, as well as moderately improved pharmacokinetic profile, favorable oral
bioavailability, and no acute toxicity. These studies provide insights and serves as a starting point
for subsequent medicinal chemistry efforts in optimizing these promising HIV inhibitors.
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1. INTRODUCTION

Acquired immunodeficiency syndrome (AIDS) remains a serious threat to public health
worldwide, of which the primary etiological agent is the human immunodeficiency virus
type 1 (HIV-1).1 Combination antiretroviral therapy (CART) has been the major
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advancement in clinical treatment over the past decades and has transformed HIV/AIDS into
a manageable chronic disease.2 Nevertheless, the long-term application of CART regimens
has been plagued by several risks, such as the emergence of resistant HIVV-1 mutants, drug-
drug interactions, serious toxicity, and adverse side effects.3 The current CART is also
limited by complicated lifestyles, treatment fatigue, socioeconomic conditions, etc.
Antivirals with novel mechanism of action against underexploited HIV-1 targets are highly
desirable to complement and supplant existing CART combinations, enabling persistent
efficacy, especially against resistant mutants within current AIDS therapy. One such novel
target is the HIV-1 capsid (CA) protein.*

HIV-1 CA assembles into an asymmetric fullerene-shaped cone within the virion, formed by
1000-1500 copies of the CA monomeric protein. This cone-shaped lattice consists of
approximately 250 hexamers and 12 pentamers.>:6 The CA protomer can be divided into an
N-terminal domain (NTD, residues 1 to 145) and a C-terminal domain (CTD, residues 150
to 231), connected by a flexible linker.” The HIV-1 CA protein is crucial in both early- and
late-stage events of the viral replication cycle, which are essential for virus infectivity.8

It has been reported that CA is able to interact with several host cell factors including CypA
(cyclophilin A), NUP153 (nucleoporin 153 kDa), CPSF6 (cleavage and polyadenylation
specific factor 6), TNPO3 (transportin-3), and RanBP2 (also known as NUP358), to name a
few.® These interactions are crucial for infectivity by mediating the entry of the viral pre-
integration complex into the nucleus and facilitate viral escape from innate immune
surveillance.19:11 Mutational analysis has revealed that abnormal morphologies or altered
stability of the HIV-1 CA are detrimental for viral infectivity.12-15 Therefore, HIV-1 CA has
been considered an attractive but underexploited target for clinical drug research.16

A growing number of structurally diverse compounds and peptides targeting the HIV-1 CA
have been identified, such as CAl, CAP-1, BI-2, PF-74, GS-CA1 and GS-6207 (Figure 1),
17-27 which can inhibit viral replication at early-stage events, late-stage events, or at both
stages. As the first small molecule co-crystallized with the HIV-1 CA protein, PF-74 has
received significant attention and has been widely studied.22 However, the relatively
moderate anti-HIV-1 activity, the poor drug-like profile, and especially the low metabolic
stability,28 emphasize the urgency and necessity for further optimization of PF-74. Most
recently, GS-CA1 and GS-6207 (an analog of GS-CA1) (Figure 1) with picomolar antiviral
activities have been described by Gilead Sciences.?>26 Analyses of their structures showed
that both compounds contain a polyphenyl core and a linker region similar to PF-74 (Figure
1, in magenta). Both compounds display greater potency than currently approved antivirals
in vitro and have the potential for long-acting inhibitors.2526 At present, GS-6207 is being
administered orally in phase 11 clinical trials.2® This verifies that the modification of PF-74
is a very promising direction and strategy to find potent CA inhibitors in order to expand
current treatment options. Therefore, in our work, we have also selected PF-74 for further
structural optimization due to its established mode of action and the availability of multiple
crystal structures of its complex with HIV-1 CA protein.

Analysis of crystal structures of PF-74 in complex with native CA revealed that the indole
moiety of PF-74 only occupies a small portion of the interprotomer binding pocket (Figure
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2), forming a hydrogen-bond with GIn63 of the NTD (of one protomer), also interacting
with Arg173 within the CTD of the adjacent protomer to form a cation-pi interaction. The
availability of space in this critical interprotomer pocket allows for further modification of
PF-74 to take advantage of additional contacts to improve potency in subsequent analogues.
Introducing a methoxy at the para position of the aniline has been shown to be beneficial for
antiviral activities,23:30 therefore, in this study, we maintained the methoxy-bearing (in cyan)
aniline substituent. Further, we explored the indole moiety with diversely substituted
benzenesulfonamide (in blue), aiming to form additional interactions (ideally forming
additional hydrogen-bonds) with surrounding key residues (Figure 3) to enhance binding
affinity and drug-like properties. Therefore, in the process of scaffold evolution, we initially
replaced the methylindole with a benzenesulfonamide group (Series 1) and then cyclized it to
obtain a benzothiadiazine ring (Series I1). Finally, we used bioisosterism and scaffold
hopping strategies to obtain a 4-(phenylsulfonyl) piperazinone (Series I11).

Herein we report the design, synthesis, and biological evaluation of three series of
phenylalanine derivatives with benzenesulfonamide terminal moieties as HIV-1 CA
inhibitors. All synthesized compounds were screened for their antiviral activity in TZM-bl
cells and investigated for preliminary structure-activity relationships (SARs). Also, surface
plasmon resonance (SPR) direct interaction assays, action stage determination, p24
quantification, CA assembly, molecular dynamics (MD) simulation, metabolic stability,
pharmacokinetic profile, and acute toxicity studies were also performed to support the
pharmacological characterization of newly synthesized compounds.

2. CHEMISTRY

Starting from commercially available (Zer-butoxycarbonyl)-L-phenylalanine (1), the target
compounds in Series | were prepared viaa concise and well-established synthetic route as
outlined in Scheme 1. Treating of 1 with 4-methoxy-A-methylaniline and benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBop) in A, A-diisopropylethylamine
(DIEA) and dichloromethane to give 2, followed by removal of tertbutyloxycarbonyl (Boc)
protection to afford the free amine 3. Acylation of 3 by reacting with Boc-glycine in
dichloromethane solution leads to intermediate 4, followed by removal of Boc protection to
produce the free amine 5. Finally, 5 reacted with corresponding substituted benzenesulfonyl
chloride by acylation reaction to obtain the desired compounds 6a-6n. The other target
compounds 60-6q were obtained by a hydrogenation reduction of the nitro group of 61-6n.

As shown in Scheme 2, the target compounds in Series Il were initiated from intermediate 3.
The acylation of 3 with bromoacetic acid in dichloromethane solution leads to the key
intermediate 7. Finally, 7 was reacted with corresponding 7-substituted 2 H-benzo[ €]
[1,2,4]thiadiazin-3(4 H)-one 1,1-dioxide (R1=H, CH3, CH30; methyl and methoxy are
electron-donating groups) under the presented condition by nucleophilic substitution (Sn2)
reaction to obtain mono-substituted derivatives 8a-8c. However, 7 was reacted with
corresponding 7-substituted 2 H-benzo[€][1,2,4]thiadiazin-3(4 H)-one 1,1-dioxide (Ro=F, Cl,
Br; all are electron-withdrawing groups) to get di-substituted derivatives 8d-8f, this is
because the electron-withdrawing group (Ro=halogen) at the 7-position increases the acidity
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of the NH at the 4-position, so that hydrogen can be captured by the base, and the exposed
nitrogen atom participates in the second Sy2 reaction.

The target compounds in Series 111 were prepared v/a a concise synthetic route, as outlined
in Scheme 3. Intermediate 7 was selected as the starting material and reacted with 1-Boc-3-
oxopiperazine by nucleophilic substitution (Sy2) reaction to produce intermediate 9,
followed by removing the Boc protection to afford the free amine 10. Finally, 10 reacted
with corresponding substituted benzenesulfonyl chloride by acylation reaction to obtain the
desired compounds 11a-11k. The other target compounds 111-11n were prepared by a
hydrogenation reduction of the nitro group of 11i-11k.

3. RESULTS AND DISCUSSION

3.1

In Vitro Anti-HIV Assays and SARs Analysis

All the synthesized molecules were tested for their antiviral activity and cytotoxicity using
TZM-bl cells fully infected by the HIV-1 NL4-3 virus. ECsgq (as measured by a luciferase
gene expression assay3l) and CCsp, as well as selectivity index (Sl, the ratio of CCs¢/ECsg)
values for compounds in Series I, I and 111, are shown in Tables 1, 2 and 3, respectively.
PF-74 was utilized as the control drug in this assay.

In general, it can be observed from Tables 1, 2 and 3 that all of the newly synthesized
compounds exhibited moderate to excellent activities (except 61, ECsg > 37.98 uM) against
HIV-1 NL4-3 virus with ECsq values ranging from 90 nM (111) to 10.81 uM (6j).

As shown in Table 1, among the para-substituted benzene derivatives (6a, 6b, 6¢, 6d, 6f, 6g,
61, 60), taking the unsubstituted compound 6a (ECsq = 6.23 uM) as reference, substitution
on the benzene ring (6a) with 4-F (6b, EC5q = 6.81 pM), 4-NH, (60, EC5q = 6.65 uM), 4-
CH3 (69, ECsg = 6.26 uM) resulted in no major changes in antiviral activity. While
substitution on the benzene ring (6a) with 4-Br (6d, ECgg = 8.21 uM), 4-Cl (6¢, ECgy = 9.88
uM), 4-CH30 (6f, ECsp = 10.36 uM) groups showed reduced antiviral activity (1.3, 1.6 and
1.7-fold, respectively). Besides, substitution on the benzene ring (6a) with 4-NO, (61, ECsgq
> 37.98 pM) resulted in almost complete loss of activity. However, the shift of the nitro
group from C-4 (6l) to C-2 (6m) or C-3 (6n) position, displayed anti-HIV-1 activity with an
ECsq value of 8.74 or 8.93 UM, reveals that the position of the substituent is significant for
activity. From the meta-substituted benzene derivatives (6k, 6q, 6n), the order of potency
was as follows: 3-F (6k, ECgg = 5.61 uM) > 3-NH, (6q, EC5g = 8.26 uM) = 3-NO>, (6n,
ECgo = 8.93 uM). 6k was also the best active compound in Series |, indicating that fluorine
is very favorable for the antiviral activity. Interestingly, among the ortfio-substituted
derivatives, the order is just the opposite: 2-NO, (6m, ECsq value of 8.74 uM) = 2-NH,, (6p,
ECs0 = 9.06 uM) > 2-F (6], EC5g = 10.81 pM). Among the tri-substituted derivatives (6e,
6i), the antiviral activity of 6e (ECsq = 7.90 pM) was 1.4 times better than that of 6i (ECsq =
10.69 uM), indicating that the volume of the substituent affects the activity, and the larger
group seems to be more favorable. However, when comparing the activities of 6g, 6h and 6i,
it was found that the addition of methyl groups seems to be unfavorable to activity.
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As shown in Table 2, among the compounds in Series Il (8a-8f), the activity of thiadiazine
ring mono-substituted derivatives (8a-8c, ECsp value ranging from 2.11 pM to 5.96 uM) was
almost equivalent to that of di-substituted derivatives (8d-8f, ECsq value ranging from 3.82
UM to 5.62 pM). Among the thiadiazine-bearing derivatives (8a-8c), taking the least
substituted compound 8a as reference, it was also the most active compound, the
replacement of the 7-H on the thiadiazine ring (8a) with 7-CHs (8b, EC5p = 5.96 uM) and 7-
CH30 (8¢, ECsp = 4.89 uM), resulted in 2.8 and 2.3-fold decrease in antiviral activity,
respectively, indicating aliphatic (or electron-donating) groups were not beneficial for the
potency. Among the di-substituted derivatives (8d-8f, ECsq value of ranging from 3.82 uM
to 5.62 uM), the activity is positively correlated with the electronegativity of substituents of
7-position: F (8d, EC5g = 3.82 uM) > Cl (8e, EC5g = 4.77 uM) > Br (8f, EC5y = 5.62 uM),
indicating that the electron-withdrawing group is beneficial to activity. As demonstrated, the
antiviral activity of thiadiazine derivatives (Series Il) was much better than that of Series |
and molecular dynamics (MD) simulation studies on 8a and 6k provided plausible clues for
this conclusion (see Supporting Information).

As shown in Table 3, through iterative structural optimization, the activity of Series Il was
further enhanced, indicating that the introduction of piperazinone for Series Il viathe
scaffold hopping and bioisosterism strategies is favorable to the antiviral potency. Most of
the compounds in this series exhibited sub-micromolar levels of antiviral activities, of which
eight compounds exceeded PF-74 (ECsq = 0.52 uM), especially the most active 111 (EC5q =
90 nM) is nearly 6 times more potent than PF-74. Taking the unsubstituted benzene
compound 11a (ECgy = 0.37 pM) as reference: (a) among the para-substituted benzene
derivatives, substitution with 4-NH, (111, the most potent among all three series), 4-NO,
(11i, EC5p = 0.30 pM), 4-Br (11f, EC5q = 0.36 pM) increased the antiviral activity. However
the introduction of other halogen atoms (4-F (11b) and 4-Cl (11e)) decreased the antiviral
activity, and the incorporation of aliphatic groups (4-CHs (11h) and 4-CH30 (11g)) were
also not conducive to the inhibition; (b) among the meta-substituted benzene derivatives, the
hydrogen-bond donor 3-NH, (11m) was advantageous for activity, while favorable hydrogen
bond acceptors such as 3-F (11c) and 3-nitro (11j) groups caused a significant decrease in
activity; (c) all of the ortho-substituted benzene derivatives displayed decreased activity.
Interestingly, the activity order of hydrogen-bond donor (NH5) is the same as the hydrogen-
bond receptor (NO,): para- > meta- > ortho-. In conclusion, the results showed that para-
substitutions were more beneficial to antiviral activity.

Furthermore, we selected representative compounds (6k, 8a, 11a, 11i, and 111) with the best
NL4-3 inhibitory activities in each series and tested their antiviral activities against
HIV-1j;1g and HIV-2rop in MT-4 cells, respectively. The results are shown in Table 4. All
selected compounds displayed inhibitory effects on HIV-1 and HIV-2, and are more inclined
to inhibit HIV-2, in contrast to PF-74. In addition, it is clear that as the structure of the
compound was further optimized, the antiviral activity steadily increased against both
isolates, which is consistent with their inhibitory profile on HIV-1y 4_3. It is particularly
noteworthy that, in addition to the improved antiviral activity against HIV-1;;,g compared to
PF-74, the piperazinone analogs 11a and 111 also have significant antiviral activities against
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HIV-2rop, with almost 120 times improvement over PF-74. Also, 111 has much higher
safety as compared to PF-74, as indicated by their CCsg and Sl values.

Overall, compounds containing a benzenesulfonamide exhibited moderate to excellent
antiviral activities, of which 111 displayed the most promising antiviral (HIV-1 and HIV-2)
potency. Therefore, 111 will undoubtedly be a useful lead for further structural optimization.
Considering the higher infectivity and lethality of HIV-1 worldwide, as compared to HIV-2,
we chose to further explore the anti-HIV-1 mechanism of these compounds.

3.2 Compounds from Each Series Interact with the HIV-1 CA Protein as Determined by
Surface Plasmon Resonance (SPR)

Due to the potent anti-HIV-1 activity exhibited by most of the derivatives, we then sought to
determine whether these compounds bind to the HIV-1 CA protein directly. The most active
compounds in their respective series (seven in total), were chosen to determine their binding
affinities with monomeric and hexameric CA constructs using an SPR-based method as
previously reported32:33 with PF-74 as an in-line control.

As shown in Table 5, PF-74 binds the CA hexamer with the highest affinity among the
tested compounds, with an equilibrium dissociation constant (Kp) value of 93 nM. As
expected, PF-74 binds with a much lower affinity to the CA monomer (Kp = 2.80 uM,
ratio=30.11). The binding affinities of the tested compounds (except for 8d) are higher to the
hexamer than the monomer (indicated by a ratio > 1), comparable to PF-74, indicating that a
hexameric CA arrangement is essential for antiviral activity of our compounds. Although the
binding affinity of 8d for the monomer is much higher compared to 8a (their affinities to the
hexameric CA were almost the same), the antiviral activity has not been improved,
confirming that the antiviral activity of our compounds is due to their interaction with the
hexameric CA. The binding affinities of 6a, 6k, 8a, 8d as well as PF-74 to CA hexamer
were in good agreement with the trend of their cell-based antiviral activities. However, the
antiviral activities of 11i, 111 and 11m were improved with respect to PF-74, while in SPR
assay, their binding affinities to the CA hexamer were much lower compared to PF-74. This
may be due to the steric effects of the disulphide-contrained hexameric CA construct used
for the binding assay or that Series 111 may exert antiviral effects through multiple CA-
directed mechanisms of action.82

In conclusion, these results demonstrated that our new inhibitors appear to exert their
antiviral activity by direct binding to the HIV-1 CA protein.

3.3 The New Compounds Series Exhibit A Dual Stage Inhibition Profile

Having characterized their target engagement, we then sought to determine the mechanism
of action of these newly synthesized compounds. Given that CA plays important roles in
both early- and late-stage events, we decided to determine which stage(s) of the HIV-1
lifecycle can be blocked by these compounds. We selected the most active compounds in
each series for testing (6k, 8a and 11I), with PF-74 as a control. The experimental method is
the same as previously reported.23.28

J Med Chem. Author manuscript; available in PMC 2021 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sunetal.

Page 8

As shown in Table 6, according to the ratio results, all tested compounds except for 6k (ratio
= 0.51), prefer to act on the early stage of HIV-1 replication (ratio > 1). For example, 8a
(ratio = 1.26) had a slightly higher inhibition of the early stage compared to the late stage.
111, the compound with the most potent antiviral activity (ECsg = 90 nM), had the highest
ICsoL2t/1C5pEaY ratio (26.79), which was significantly higher than PF-74 (ratio = 4.11). 111
also showed the best inhibitory activity in the early- and late-stages (ICsq = 8.96 nM and
0.24 UM, respectively), with the early stage inhibition being 6.25 times more potent than the
lead PF-74 (IC5p = 56 nM), which is consistent with their proportion in the antiviral activity
(ECsq value: 90 nM vs 520 nM).

As demonstrated, all of the new compounds exhibited a dual-stage inhibition profile, which
is in accordance with the parental compound PF-74.22 Specifically, in both early- and late-
stages, the I1Csq values of the tested compounds, including PF-74, were consistent with their
antiviral activities. Additionally, in both action stage assays, the 1Csq values of the tested
compounds (except for 111) were also consistent with their affinity trends for the CA
hexamer.

3.4 New Compounds Do Not Reduce the Amount of Virus Produced in the Late Stages

Encouraged by the potent inhibition of these inhibitors at both early- and late-stages of
HIV-1 lifecycle, we sought to determine their effect on the CA/p24 content. We quantified
the amount of virus (CA/p24) produced in the presence of 10 uM of compound (6k, 8a and
111). CA/p24 was captured on an anti-p24 antibody coated ELISA plate, also
calorimetrically quantified (with a secondary antibody) and compared to a virus produced in
the presence of PF-74.

As depicted in Figure 4, the p24 content of the produced virus in the presence of 6k, 8a, 111
showed only a slight increase (about 0-20% compared to the DMSO control). However,
PF-74 increased the CA/p24 content of the produced virus by around 40%. The observed
changes are not significant enough to deduce a possible mechanism of action of these new
compounds.

3.5 The New Compounds Series Reduce the Assembly of HIV-1 In Vitro and Do Not Inhibit
Reverse Transcriptase (RT)

Considering that this new class of compounds does not affect p24 levels, we believe that
these inhibitors may disturb CA-CA interactions and its core stability to produce less
infectious virus with irregular CA by affecting the rate of CA assembly. To access the effects
on HIV-1 CA assembly, we evaluated 6k, 8a, 11l as well as PF-74 in an /n vitro CA
assembly assay utilized by Blair et af..?2

As depicted in Figure 5, PF-74 significantly accelerated the rate of assembly of HIV-1 CA
under the /n vitro conditions as compared to the DMSO control. By contrast, our compounds
dramatically reduce the assembly of HIV-1 CA in the same assay (as compared to both
PF-74 and DMSO).

Based on the results of the p24 content analysis and the CA assembly assay on the
representative compounds, we can postulate potential mechanisms of action for these
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compounds, based upon the CA assay and previous Jn vitro correlations.28 We propose that
in the early stage, the interaction of the compounds with the incoming HIV-1 CA accelerates
the disassembly of the core. We have seen this correlation between reduced assembly and
accelerated uncoating of the core in another PF-74 derived series.?8 The essential but poorly
understood process of CA-mediated uncoating is tightly associated with reverse
transcription34 To exclude any effect of compound 111 on reverse transcription, we tested the
direct inhibitory effect of compound 111 and TMC278 (also known as Rilpivirine) as a
positive control on purified recombinant RT itself using an RT assay kit (Roche Diagnostics,
IN, USA).

As depicted in Figure 6, it is evident that while the control RT inhibitor TMC278 inhibits
RT (51£11% as compared to the DMSO control at 0.73 nM), while 111 does not to any
appreciable level (95+15% as compared to the DMSO control at 0.2 uM). Therefore, the
early-stage inhibition that we see in the antiviral assay is most likely due to direct action on
the capsid core and not by simple inhibition of RT.

The potential mechanism of action in the late stages is somewhat murkier. Compounds that
reduce the assembly of HIV-1 CA in the assembly assay typically reduce the amount of virus
produced. However, we do not see this trend. As such, we can only postulate that the
reduction in assembly is not sufficient enough to reduce the amount of viral production over
the time-frame of the assay and that these compounds most likely produce a virus that has
altered morphology that is not compatible with maturation to infectious particles. This mode
of action is also exhibited by PF-74.22 Further mechanism of action studies outside the
scope of this work are warranted to clarify these postulated mechanisms.

3.6 Molecular Dynamics (MD) Simulations Study

For a better interpretation of SAR of the best CA inhibitor of the series, 111 was simulated
for 1 ps to model its binding to the HIV-1 CA monomer using the software Autodock 4.2.6
with default settings.23

As shown in Figure 7A and B, the root mean square deviation (RMSD) and root mean
squares fluctuation (RMSF) patterns show that the protein structure is present in different
conformational states, which could be accompanied by different binding modes of 111. To
investigate the binding of 11l to the HIV-1 CA monomer and its conformational existence,
its RMSD (heavy atoms) was calculated in reference to the first frame of the MD simulation
and plotted in Figure 7C. It is clear from the figure that 111 prefers certain conformation
during the MD simulation, which shows stable binding to the protein binding site.

Results of RMSD and RMSF demonstrated that there is a preferred interaction between 111
and HIV-1 CA monomer, thus the entire trajectory has been clustered based on 111 (no fit).
Figure 8A shows a representative structure of the predominant cluster (92.0%): an expanded
view for 11l binding to the active site. The binding mode of 11l to the HIV-1 CA monomer
is similar to that of PF-74 (the prototype inhibitor), where the core scaffold is oriented to the
inside of the active site and the substituent is oriented to the outside of the active site.
Furthermore, the binding of 111 is stable, which explains its high activity.
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Interaction of 111 with HIV-1 CA monomer fixed it to the open conformation as shown by
the SHGL X-ray structure, which could fix the hexamer to one conformation and disables its
function.23:35 Figure 8B shows the interactions between the most predominant conformer of
111 and the HIV-1 CA monomer. The phenyl ring of the core region of 111 forms
hydrophobic interactions with Lys70, similar to PF-74, and ion-induced dipole interactions
with the positively charged nitrogen atom of Lys70. Furthermore, 111 forms aliphatic-
aromatic hydrophobic interactions with Leu56 in the same manner as the PF-74 interaction.
It also forms a hydrogen bond with Asn74 through its methoxy group of the core region, and
a hydrogen bond with Asn57 at the substituent region through its oxopiperazine a.-proton.36
Interestingly, this class of inhibitors has an aminophenylsulphonyl moiety, which accessed a
new binding region in the HIV-1 CA monomer. Sulphone oxygen atoms are involved in
hydrogen bonding to Thr54 NH backbone proton. Also, the protons of the amino group of
the aminopheny! are involved in hydrogen bonding with Gly106 and GIn50, which add
further interactions and strengthen the binding. Furthermore, the oxygen atoms of the
sulphonyl moiety interact by hydrogen bonding with the backbone NH of Thr54. Table 7
emphasizes the frequency of hydrogen bonding represented in Figure 8B, especially the new
binding region. The aminophenyl moiety has a high frequency of hydrogen bonding with
Gly106 and GIn50 through its amino group, which shows extensive involvement of
hydrogen bonding. Results of MD simulation analysis provides potential explanations for
the high activity of the newly synthesized inhibitor 111.

3.7 Plasma and Human Liver Microsome (HLM) Stability as Compared to PF-74

A significant barrier to the use of PF-74 in the clinic, in addition to its potency, its
unfavorable drug-like parameters, especially its metabolic stability.28 Therefore, we next
examined the stability of the most active compound 111 and lead PF-74 first in human
plasma. Propantheline bromide was tested for comparison. As shown in Figure 9, 88.5% of
111 remained intact after incubation for 120 min at 37 °C, and its /n vitro half-life was 844.6
min. In contrast, PF-74 was readily metabolized (remaining amounts of 69.0 % at 120 min
and ty;» = 221.1 min). In conclusion, 111 is relatively stable in human plasma, which was
considerably more stable than propantheline bromide (0.0% intact after 120 min).

We then examined the metabolic stability of 11l and lead PF-74 in a human liver
microsomes (HLM) assay. Testosterone, diclofenac, and propranolol were used as
controls. As shown in Table 8, PF-74 was rapidly metabolized with a half-life of 1.3 min,
while ty, of 111 was 4.1 min. CLint(jivery Of 111 was also reduced to 1/3 of that of PF-74,
with values of 307.8 and 972.3 mL/min/kg, respectively, it meets the basic requirements of
ADMET. Based on the results of human plasma and liver microsomes stability assays, the
stability of 111 was relatively modest and not much improved compared with the parental
PF-74, thus the metabolic stability is an important focus for further compound optimization.

3.8 In Vivo Pharmacokinetics Study and Safety Assessment

The in vivo pharmacokinetic (PK) profile of compound 111 was examined in Sprague-
Dawley rats (Table 9 and Figure 10). After a single 2 mg/kg iv dose of 111, the mean
clearance rate (CL) and half-time (t1/o) was 4.06 L h™1 kg™ and 1.0 h. When administered at
20 mg/kg orally, compound 111 was rapidly absorbed with a Tmax of 0.25 h, a moderate
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half-life of 1.2 h, and a mean residence time (MRT) of 1.8 h. 11l exhibited a favorable oral
bioavailability of 23.0 % in this assay.

A single-dose acute toxicity of 111 was studied in Kunming mice (Figure 11). No death was
observed after the intragastric administration of 111 with a dose of 1000 mg/kg, and there
were no abnormal behaviors (lethargy, clonic convulsion, anorexia, and ruffled fur, efc.).
Also, the body weights of all groups increased gradually over the subsequent of one week.
Therefore, 111 was well-tolerated at a dose of 1000 mg-kg™1 with no acute toxicity.

4. CONCLUSION

In summary, 37 novel benzenesulfonamide derivatives were designed and synthesized by
structural modification of the hit compound PF-74, producing more potent HIV-1 CA
inhibitors.

The in vitro anti-HIV-1 assay results showed that all the derivatives (except for 61) exhibited
moderate to excellent antiviral activities against HIV-1 NL4-3 strain. Among the active
compounds, the analogues in Series 111 with benzenesulfonamide substitutions on the
piperazin-2-one motif exhibited greater antiviral activities (HIV-1 NL4-3 strain) than those
with other structural motifs. The most potent analogue, 111 (ECsg = 90 nM), was 5.78-fold
more potent than lead PF-74 (ECsg = 520 nM), with a prominent safety index > 383.36,
which verified the rationality of the drug design. In addition, we found that 11a and 111 have
antiviral activity against HIV-1,,,g and HIV-2rop, and are particularly significant against
HIV-2, with ECsq values of 32 and 31 nM, respectively. Since there are fewer studies on
HIV-2, the discovery of these compounds is of great significance, and it can provide other
researchers with valuable lead compounds to conduct their in-depth mechanisms of anti-
HIV-2 activities outside the scope of this work. Subject to conditions, this paper only
explored the HIV-1 mechanism of action of the compounds. The SPR results confirmed the
binding target and demonstrated that these inhibitors could form direct and tight interactions
with monomeric and hexameric CA protein constructs. The action stage determination assay
also demonstrated that these inhibitors exhibited antiviral effects with a dual-stage inhibition
profile. 111, has the best inhibitory activity in the early- and late-stages (ICsq = 8.96 nM and
0.24 UM, respectively), with the early stage inhibition being 6.25 times more potent than the
lead PF-74 (ICsq = 56 nM), thus demonstrating the highest 1Cso-2%/1C50E2"Y ratio (26.79).
Skewing the action of a dual-stage inhibitor towards the early stages is attractive as it would
preferentially prevent new cell infections, while maintaining a reduction of the infectivity of
viruses produced by already infected cells. Based on the results of the p24 content and CA
assembly studies, we postulate that the proposed mechanisms of action of these inhibitors
differ from that of the parental PF-74. We believe that in the late stages, these compounds
work by altering HIV-1 CA assembly, which in turn produces less infectious viral particles,
whereas in the early stages, we believe that the compounds work by selectively acting on
HIV-1 CA to accelerate uncoating such that it is not compatible with reverse transcription.
These proposed modes of action require further investigation outside the scope of the current
work. Moreover, MD simulations provided key clues for the outstanding antiviral activity of
11l. Further study on 11l demonstrated modest human plasma and liver microsomes
stabilities. In addition, 111 exhibited acceptable /n vivo PK profiles and favorable drug-like
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oral bioavailability in rats. No acute toxicity of 111 was shown at a single dose of 1000
mg-kg~1 in healthy Kunming mice.

Overall, based on the above /n vitroand in vivoresults, we believe that 111 demonstrated the
utility of using bioisosterism replacement and scaffold hopping strategies for improvement
of both potency and drug-like parameters and 111 may be a promising lead for further
optimization.

5. EXPERIMENTAL SECTION
5.1 Chemistry

1H NMR and 13C NMR spectra were recorded on a Bruker AV-400 spectrometer using
solvents as indicated (DMSO-dj;, CH30H-dj). Chemical shifts were reported in & values
(ppm) with tetramethylsilane (TMS) as the internal reference, and Jvalues were reported in
hertz (Hz). Melting points (mp) were determined on a micromelting point apparatus and
were uncorrected. TLC was performed on Silica Gel GF254 for TLC (Merck) and spots
were visualized by iodine vapor or by irradiation with UV light (1 = 254 nm). Flash column
chromatography was performed on column packed with Silica Gel60 (200-300 mesh). Thin
layer chromatography was performed on pre-coated HUANGHAI_HSGF254, 0.15-0.2 mm
TLC-plates. Solvents were of reagent grade and were purified and dried by standard
methods when necessary.

Concentration of the reaction solutions involved the use of rotary evaporator at reduced
pressure. The solvents of dichloromethane, TEA and methanol efc. were obtained from
Sinopharm Chemical Reagent Co., Ltd (SCRC), which were of AR grade. The key reactants
including 4-methoxy-A-methylaniline, N-(fert-butoxycarbonyl)-L-phenylalanine, Boc-
glycine efc. were purchased from Bide Pharmatech Co. Ltd. The purity of representative
final compounds was checked by HPLC and was >95%.

5.1.1 Tert-butyl (S)-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo-3-
phenylpropan-2-yl)carbamate (2).—A solution of (Zert-butoxycarbonyl)-L-
phenylalanine (1, 2.90 g, 10.93 mmol, 1.5 eq.) in 20 mL dichloromethane was added PyBop
(5.69 g, 10.93 mmol, 1.5 eq.) at 0°C, and the mixture stirred for 0.5 h. Subsequently, DIEA
(3.61mL, 21.87 mmol, 3 eq.) and 4-methoxy-A-methylaniline (1.0 g, 7.29 mmol, 1 eq.) were
added to the mixture and then stirred at room temperature for another 6 h (monitored by
TLC). The resulting mixture was evaporated under reduced pressure and the residue was
initially washed by 1N HCI and extracted with ethyl acetate (3 x 20 mL). Then, the
combined organic layer was washed with saturated sodium bicarbonate (3 x 20 mL), dried
over anhydrous Na,SQOy, filtered, and concentrated under reduced pressure to afford
corresponding crude product, which was purified by flash column chromatography to afford
intermediate 2 as yellow oil with a yield of 88%. 1H NMR (400 MHz, DMSO-a) 67.22 (d,
J=8.3 Hz, 2H, Ph-H), 7.20 - 7.11 (m, 3H, Ph-H), 7.09 (d, /= 8.2 Hz, 1H, NH), 7.03 (d, J=
8.6 Hz, 2H, Ph-H), 6.79 (d, /= 7.3 Hz, 2H, Ph-H), 4.27 — 4.06 (m, 1H, CH), 3.81 (s, 3H,
OCHg), 3.13 (s, 3H, NCH3), 2.75 (dd, J=13.4, 3.8 Hz, 1H, PhCH), 2.61 (dd, /= 13.3, 10.3
Hz, 1H, PhCH), 1.30 (s, 9H, C(CH3)3). 13C NMR (100 MHz, DMSO-a) & 172.22 (C=0),
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158.98, 155.75 (C=0), 138.53, 136.12, 129.28, 128.47, 126.70, 115.21, 78.33, 55.94, 53.55,
37.86, 37.07, 28.65. ESI-MS: m/z 385.4 (M+1)*, 407.5 (M+23)*. CooHgN,04 [384.5].

5.1.2 (S)-2-amino-N-(4-methoxyphenyl)-N-methyl-3-phenylpropanamide (3).—
Trifluoroacetic acid (3.86 mL, 52.02 mmol, 5.0 eq.) was added dropwise to intermediate 2
(4.0 g, 10.40 mmol, 1.0 eq.) in 30 mL dichloromethane and stirred at room temperature for 1
h. Then, the resulting mixture solution was alkalized to pH ~7 with saturated sodium
bicarbonate solution, and then extracted with dichloromethane (40 mL). Then, the combined
organic layer was washed with saturated sodium bicarbonate (3 x 20 mL), dried over
anhydrous Na,SQy, filtered, and concentrated under reduced pressure to afford
corresponding crude product 3 as yellow oil with the yield of 80%. 1H NMR (400 MHz,
DMSO-agg) §7.29 — 7.13 (m, 3H, Ph-H), 7.03 - 6.75 (m, 6H, Ph-H), 3.77 (s, 3H, OCHj3),
3.44 - 3.35 (m, 1H, CH), 3.06 (s, 3H, NCH3), 2.75 (dd, /= 12.8, 6.7 Hz, 1H, PhCH), 2.45
(dd, J=12.9, 7.1 Hz, 1H, PhCH), 1.87 (s, 2H, NH,). 13C NMR (100 MHz, DMSO-a)
174.89 (C=0), 158.75, 139.00, 136.35, 129.51, 128.93, 128.47, 126.55, 115.04, 55.85,
53.35, 42.19, 37.45. ESI-MS: m/z 285.05 (M+1)*. C17H9N,05 [284.36].

5.1.3 Tert-butyl (S)-(2-((1-((4-methoxyphenyl)(methyl)amino)-1-oxo-3-
phenylpropan-2-yl)amino) —2-oxoethyl)carbamate (4).—Boc-glycine (1.62 g, 9.24
mmol, 1.2 eq.) and 2-(7-aza-1A-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU) (4.39 g, 11.15 mmol, 1.5 eq.) were mixed in 20 mL
dichloromethane and stirred in an ice bath for 1 h. Then, the intermediate 3 (2.19 g, 7.70
mmol, 1 eq.) and DIEA (2.55 mL, 15.40 mmol, 2 eq.) were added to the above solution
slowly at 0°C. The reaction system was then stirred at room temperature for additional 6 h.
The reaction was filtered, and concentrated under reduced pressure to afford corresponding
crude product, which was purified by flash column chromatography to provide compound 4
as white solid with the yield of 80%, mp: 79-80°C. 1H NMR (400 MHz, DMSO-¢) §8.08
(d, J=7.8 Hz, 1H, NH), 7.26 — 7.15 (m, 3H, Ph-H), 7.14 — 7.01 (m, 2H, BocNH+Ph-H),
6.96 (d, /=8.8 Hz, 2H, Ph-H), 6.93 — 6.79 (m, 3H, Ph-H), 4.44 (q, /= 8.0 Hz, 1H, CH),
3.79 (s, 3H, OCHg3), 3.53 (dd, J=16.9, 6.1 Hz, 1H, BocNCH), 3.45 (dd, /= 16.8, 6.0 Hz,
1H, BocNCH), 3.09 (s, 3H, NCH3), 2.84 (dd, J=13.3, 5.2 Hz, 1H, PhCH), 2.63 (dd, /=
13.3, 8.7 Hz, 1H, PhCH), 1.37 (s, 9H, C(CH3)3). 13C NMR (100 MHz, DMSO-ds) §171.46
(C=0), 169.31 (C=0), 158.97, 156.11 (C=0), 137.84, 135.91, 129.36, 129.10, 128.60,
126.89, 115.07, 78.42, 55.87, 51.63, 43.19, 37.99, 37.76, 28.66. ESI-MS: m/z 442.00 (M
+1)*, 464.01 (M+23)*, 480.09 (M+39)*. C4H31N305 [441.53].

5.1.4 (S)-2-(2-aminoacetamido)-N-(4-methoxyphenyl)-N-methyl-3-
phenylpropanamide (5).—Trifluoroacetic acid (5 mL) was added dropwise to
intermediate 4 (2.7 g, 6.11 mmol) in 20 mL dichloromethane and stirred at room
temperature for 12 h. 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 x 20
mL.), dried over anhydrous NaySQy, filtered, and concentrated under reduced pressure to
afford corresponding crude product 5 as yellow oil with the yield of 73%. ESI-MS: m/z
342.3 (M+1)*, 364.4 (M+23)*. C19H,3N303 [341.4].
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5.1.5 General procedure for the synthesis of 6a-6n.—Under ice bath, the key
intermediate 5 (1 eq.), corresponding substituted benzenesulfonyl chloride (1 eq.), TEA (1
eq.) were dissolved in the solution of dichloromethane (10 mL). The resulting mixture was
then stirred at room temperature (monitored by TLC). Then the reaction mixture was
extracted with dichloromethane (30 mL), and the combined organic phase was washed with
saturated NaCl solution (30 mL), dried over anhydrous Na,SOy, filtered, and concentrated
under reduced pressure to give the corresponding crude product, which was purified by
recrystallization or preparation thin layer chromatography to afford product 6a-6n.

5.15.1 (S)-N-(4-methoxyphenyl)-N-methyl-3-phenyl-2-(2-
(phenylsulfonamido)acetamid)propanamide (6a).: White solid, yield: 47%. mp: 69-70°C.
1H NMR (400 MHz, DMSO-d5) 68.20 (d, J= 7.9 Hz, 1H, NH), 7.87 (t, J= 6.1 Hz, 1H,
SO,NH), 7.76 (d, J= 7.3 Hz, 2H, Ph-H), 7.63 (t, J= 7.3 Hz, 1H, Ph-H), 7.56 (t, J= 7.4 Hz,
2H, Ph-H), 7.24 — 7.14 (m, 3H, Ph-H), 7.02 — 6.89 (m, 4H, Ph-H), 6.89 — 6.81 (m, 2H, Ph-
H), 4.36 (td, /= 8.1, 5.9 Hz, 1H, CH), 3.79 (s, 3H, OCHys), 3.49 - 3.36 (m, 2H, SO,NCHy,),
3.08 (s, 3H, NCH3), 2.81 (dd, J= 13.4, 5.7 Hz, 1H, PhCH), 2.56 (dd, J= 13.4, 8.5 Hz, 1H,
PhCH). 13C NMR (100 MHz, DMSO-dk) 6 171.15 (C=0), 167.24 (C=0), 158.95, 140.74,
137.62, 135.80, 132.84, 129.51, 129.36, 129.05, 128.62, 127.01, 126.95, 115.03, 55.87,
51.52, 45.22, 38.05, 37.75. HRMS: m/z 482.1748 (M+1)*, 985.3245 (2M+23)*,
CpsHo7N305S [481.1671].

5.1.5.2 (9)-2-(2-((4-fluorophenyl)sulfonamido)acetamido)-N-(4-methoxyphenyl)-N-
meth yl-3-phenylpropanamide (6b).: White solid, yield: 46%. mp: 75-76°C. 1H NMR
(400 MHz, DMSO-ag) 68.24 (d, J= 7.9 Hz, 1H, NH), 7.92 (t, /= 5.4 Hz, 1H, SO,NH),
7.80 (dd, J=8.7, 5.3 Hz, 2H, Ph-H), 7.36 (t, /= 8.8 Hz, 2H, Ph-H), 7.25 — 7.15 (m, 3H, Ph-
H), 7.01 — 6.88 (m, 4H, Ph-H), 6.88 — 6.80 (m, 2H, Ph-H), 4.32 (td, /= 8.1, 6.0 Hz, 1H,
CH), 3.79 (s, 3H, OCHy3), 3.49 (dd, J=16.4, 4.7 Hz, 1H, SO,NCH), 3.39 (dd, J=16.9, 4.8
Hz, 1H, SO,NCH), 3.08 (s, 3H, NCHg), 2.81 (dd, /= 13.4, 5.6 Hz, 1H, PhCH), 2.55 (dd, J=
13.4, 8.7 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-dk) 6171.14 (C=0), 167.18 (C=0),
164.53 (d, 1Jcr = 248.8 Hz), 158.96, 137.64, 137.22 (d, *Jcr = 3.0 Hz), 135.80, 130.13,
130.03, 129.35, 129.01, 128.62, 126.95, 116.64, 116.41, 115.00, 55.85, 51.56, 45.15, 38.02,
37.71. HRMS: m/z 500.1651 (M+1)*, 1021.3082 (2M+23)*. C5H,6FN305S [499.1577].

5.15.3 (8)-2-(2-((4-chlorophenyl)sulfonamido)acetamido)-N-(4-methoxyphenyl)-N-
meth yl-3-phenylpropanamide (6c).: White solid, yield: 32%. mp: 152-153°C. 1H NMR
(400 MHz, DMSO-ag) 68.25 (d, /= 7.9 Hz, 1H, NH), 8.00 (s, 1H, SO,NH), 7.73 (d, /=8.5
Hz, 2H, Ph-H), 7.59 (d, /= 8.6 Hz, 2H, Ph-H), 7.26 — 7.15 (m, 3H, Ph-H), 7.06 — 6.89 (m,
4H, Ph-H), 6.84 (dd, /= 6.9, 2.0 Hz, 2H, Ph-H), 4.31 (td, /= 8.1, 5.9 Hz, 1H, CH), 3.79 (s,
3H, OCHy), 3.51 (d, /= 16.7 Hz, 1H, SO,NCH), 3.40 (d, /= 16.8 Hz, 1H, SO,NCH), 3.08
(s, 3H, NCH3), 2.80 (dd, /= 13.4, 5.7 Hz, 1H, PhCH), 2.61 — 2.52 (m, 1H, PhCH). 13C
NMR (100 MHz, DMSO-g;) 6§171.15 (C=0), 167.13 (C=0), 158.96, 139.77, 137.64,
137.62, 135.79, 129.51, 129.35, 129.03, 129.01, 128.62, 126.95, 115.00, 55.86, 51.54,
45.12, 38.03, 37.73. HRMS: m/z 516.1351 (M+1)*, 1053.2422 (2M+23)*. Co5H»6CIN305S
[515.1282].
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5.1.5.4 (9)-2-(2-((4-bromophenyl)sulfonamido)acetamido)-N-(4-methoxyphenyl)-N-
meth yl-3-phenylpropanamide (6d).: White solid, yield: 35%. mp: 167-168°C. *H NMR
(400 MHz, DMSO-gg) 6 8.25 (d, /= 7.9 Hz, 1H, NH), 8.00 (s, 1H, SO,NH), 7.74 (d, /= 8.5
Hz, 2H, Ph-H), 7.66 (d, J= 8.5 Hz, 2H, Ph-H), 7.26 — 7.14 (m, 3H, Ph-H), 7.01 — 6.89 (m,
4H, Ph-H), 6.87 — 6.79 (m, 2H, Ph-H), 4.32 (td, /= 8.1, 6.2 Hz, 1H, CH), 3.79 (s, 3H,
OCHy), 3.58 — 3.46 (m, 1H, SO,NCH), 3.40 (dd, J=17.0, 3.6 Hz, 1H, SO,NCH), 3.09 (s,
3H, NCHj3), 2.80 (dd, /= 13.4, 5.7 Hz, 1H, PhCH), 2.60 — 2.52 (m, 1H, PhCH). 13C NMR
(100 MHz, DMSO-gg) 6171.16 (C=0), 167.12 (C=0), 158.96, 140.20, 137.64, 135.78,
132.45, 129.35, 129.13, 129.01, 128.62, 126.95, 126.58, 115.00, 55.87, 51.53, 45.12, 38.05,
37.74. HRMS: m/z 560.0851 (M+1)*, 562.0832 (M+3)*. Co5H26BrN305S [559.0777].

5.1.5.5 (8)-N-(4-methoxyphenyl)-N-methyl-3-phenyl-2-(2-((2,4,6-
triisopropylphenyl)sulf onamido)acetamido)propanamide (6e).: White solid, yield: 38%.
mp: 179-180°C. *H NMR (400 MHz, DMSO-d5) 68.13 (d, J= 8.1 Hz, 1H, NH), 7.53 (t, J=
5.9 Hz, 1H, SO,NH), 7.23 (s, 2H, Ph-H), 7.20 — 7.11 (m, 3H, Ph-H), 6.97 — 6.80 (m, 6H,
Ph-H), 4.40 (g, J= 7.8 Hz, 1H, CH), 4.04 (hept, J= 6.2 Hz, 2H, (CH3),CHx2), 3.78 (s, 3H,
OCHj3), 3.49 — 3.42 (m, 2H, SO,NCH,), 3.05 (s, 3H, NCH3), 2.90 (p, J= 6.8 Hz, 1H,
(CH3),CH), 2.80 (dd, J= 13.3, 6.1 Hz, 1H, PhCH), 2.55 (d, J= 8.2 Hz, 1H, PhCH), 1.23 —
1.17 (m, 18H, C(CH3),%3). 13C NMR (100 MHz, DMSO-g§) §171.09 (C=0), 167.34
(C=0), 158.91, 152.41, 150.05, 137.52, 135.74, 133.67, 129.37, 129.00, 128.58, 126.93,
123.95, 114.99, 55.84, 51.45, 46.06, 38.27, 37.71, 33.78, 29.44, 25.23, 25.20, 23.92, 23.86.
HRMS: m/z 608.3157 (M+1)*, 1237.6070 (2M+23)*. C34H45N305S [607.3080].

5.1.5.6 (S)-N-(4-methoxyphenyl)-2-(2-((4-methoxyphenyl)sulfonamido)acetamido)-N-
me thyl-3-phenylpropanamide (6f).: White solid, yield: 63%. mp: 76-77°C. 1H NMR (400
MHz, DMSO-gg) 68.17 (d, /= 7.9 Hz, 1H, NH), 7.76 — 7.63 (m, 3H, SO,NH+Ph-Hx2),
7.27 -7.16 (m, 3H, Ph-H), 7.05 (d, /= 8.8 Hz, 2H, Ph-H), 7.01 — 6.89 (m, 4H, Ph-H), 6.89 —
6.81 (m, 2H, Ph-H), 4.35 (td, /= 8.0, 5.9 Hz, 1H, CH), 3.80 (s, 3H, OCH3), 3.79 (s, 3H,
OCHg), 3.46 — 3.35 (m, 2H, SO,NCHy), 3.08 (s, 3H, NCH3), 2.81 (dd, /= 13.4, 5.7 Hz, 1H,
PhCH), 2.55 (dd, J=13.6, 8.7 Hz, 1H, PhCH).13C NMR (100 MHz, DMSO-g) 6§171.15
(C=0), 167.31 (C=0), 162.59, 158.95, 137.62, 135.81, 132.34, 129.36, 129.25, 129.02,
128.62, 126.95, 115.01, 114.61, 56.06, 55.86, 51.52, 45.26, 38.09, 37.73. HRMS: m/z
512.1850 (M+1)*, 1045.3434 (2M+23)*. CogH9N30gS [511.1777].

5.1.5.7 (S)-N-(4-methoxyphenyl)-N-methyl-2-(2-((4-
methylphenyl)sulfonamido)acetamid 0)-3-phenylpropanamide (6g).: White solid, yield:
78%. mp: 66-67°C. 1H NMR (400 MHz, DMSO-af) 68.23 (d, J= 7.9 Hz, 1H, NH), 7.81 (t,
J=6.0 Hz, 1H, SO,NH), 7.69 (d, /= 8.1 Hz, 2H, Ph-H), 7.39 (d, /= 8.1 Hz, 2H, Ph-H),
7.33-7.20 (m, 3H, Ph-H), 7.10 — 6.94 (m, 4H, Ph-H), 6.94 — 6.85 (m, 2H, Ph-H), 4.40 (td, J
=8.0, 6.1 Hz, 1H, CH), 3.84 (s, 3H, OCH3), 3.51 - 3.41 (m, 2H, SO,NCH,), 3.13 (s, 3H,
NCHs), 2.86 (dd, J= 13.4, 5.7 Hz, 1H, PhCH), 2.65 — 2.57 (m, 1H, PhCH), 2.41 (s, 3H,
PhCH3). 13C NMR (100 MHz, DMSO-d5) §171.16 (C=0), 167.26 (C=0), 158.95, 143.05,
137.84, 137.62, 135.81, 129.92, 129.35, 129.02, 128.62, 127.10, 126.95, 115.02, 55.87,
51.52, 45.24, 38.08, 37.74, 21.42. HRMS: m/z 496.1898 (M+1)*, 1013.3557 (2M+23)*.
CoH29N305S [495.1828].
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5.1.5.8 (S)-2-(2-((3,5-dimethylphenyl)sulfonamido)acetamido)-N-(4-methoxyphenyl)-

N- methyl-3-phenylpropanamide (6h).: White solid, yield: 57%. mp: 156-157°C. 1H

NMR (400 MHz, DMSO-a5) 68.19 (d, J= 7.9 Hz, 1H, NH), 7.79 (t, /= 6.1 Hz, 1H,
SO,NH), 7.49 — 7.41 (m, 2H, Ph-H), 7.32 (s, 1H, Ph-H), 7.29 — 7.19 (m, 3H, Ph-H), 7.07 -
6.94 (M, 4H, Ph-H), 6.94 — 6.84 (m, 2H, Ph-H), 4.44 (g, J= 8.0 Hz, 1H, CH), 3.84 (s, 3H,
OCHs), 3.53 —3.40 (M, 2H, SO,NCHy), 3.13 (s, 3H, NCH3), 2.86 (dd, J= 13.4, 5.8 Hz, 1H,
PhCH), 2.68 — 2.58 (m, 1H, PhCH), 2.39 (s, 6H, PhCHzx2). 13C NMR (100 MHz, DMSO-
ak) 6171.13 (C=0), 167.32 (C=0), 158.96, 140.52, 139.02, 137.58, 135.80, 134.18, 129.35,
129.03, 128.63, 126.96, 124.53, 115.02, 55.87, 51.50, 45.26, 38.10, 37.73, 21.23. HRMS:
m/z 510.2059 (M+1)*, 1041.3879 (2M+23)*. Cp7H31N30sS [509.1984].

5.15.9 (8)-N-(4-methoxyphenyl)-N-methyl-3-phenyl-2-(2-((2,4,6-
trimethylphenyl)sulfon amido)acetamido)propanamide (6i).: White solid, yield: 34%.
mp: 64-65°C. 1H NMR (400 MHz, DMSO-g) 68.14 (d, J= 8.0 Hz, 1H, NH), 7.63 (t, J=
6.1 Hz, 1H, SO,NH), 7.31 — 7.20 (m, 3H, Ph-H), 7.02 (s, 2H, Ph-H), 6.98 — 6.83 (m, 6H,
Ph-H), 4.34 (q, J= 7.7 Hz, 1H, CH), 3.83 (s, 3H, OCHj3), 3.48 — 3.42 (m, 2H, SO,NCH)),
3.10 (s, 3H, NCH3), 2.81 (dd, J= 13.3, 6.2 Hz, 1H, PhCH), 2.57 (s, 6H, PhCH3x2), 2.50
(dd, J=13.3, 8.0 Hz, 1H, PhCH), 2.25 (s, 3H, PhCH3). 13C NMR (100 MHz, DMSO-d§) &
171.06 (C=0), 167.34 (C=0), 158.90, 141.76, 138.93, 137.54, 135.76, 134.70, 131.96,
129.35, 128.95, 128.61, 126.93, 114.98, 55.85, 51.37, 44.49, 38.25, 37.70, 23.05, 20.83.
HRMS: m/z 524.2215 (M+1)*, 1069.4181 (2M+23)*. CpgH33N305S [523.2141].

5.15.10 (9)-2-(2-((2-fluorophenyl)sulfonamido)acetamido)-N-(4-methoxyphenyl)-N-
meth yl-3-phenylpropanamide (6j).: White solid, yield: 63%. mp: 126-127°C. 1H NMR
(400 MHz, DMSO-ag) 68.26 (d, J= 7.9 Hz, 1H, NH), 8.14 (s, 1H, SO,NH), 7.84 — 7.67 (m,
2H, Ph-H), 7.51 - 7.40 (m, 1H, Ph-H), 7.37 (t, /= 7.6 Hz, 1H, Ph-H), 7.30 — 7.20 (m, 3H,
Ph-H), 6.97 (s, 4H, Ph-H), 6.94 — 6.84 (m, 2H, Ph-H), 4.39 (q, J= 7.9 Hz, 1H, CH), 3.84 (s,
3H, OCHy), 3.61 (q, /= 16.9 Hz, 2H, SO,NCH)y), 3.12 (s, 3H, NCH3), 2.85 (dd, /= 13.4,
5.9 Hz, 1H, PhCH), 2.67 — 2.58 (m, 1H, PhCH). 13C NMR (100 MHz, DMSO-d}) §171.12
(C=0), 167.32 (C=0), 158.92, 158.77 (d, LJcr = 251.9 Hz), 137.61, 135.80, 135.45 (d, 3ok
=8.7 Hz), 129.81, 129.36, 129.02, 128.62, 126.94, 125.02 (d, 4Jcr = 3.4 Hz), 117.50 (d,
2Jep = 21.0 Hz), 115.01, 55.87, 51.51, 45.03, 38.10, 37.73. HRMS: m/z 500.1645 (M+1)*,
1021.3026 (2M+23)*. Co5H6FN305S [499.1577].

5.1.5.11 (9)-2-(2-((3-fluorophenyl)sulfonamido)acetamido)-N-(4-methoxyphenyl)-N-
meth yl-3-phenylpropanamide (6k).: White solid, yield: 57%. mp: 114-115°C. 1H NMR
(400 MHz, DMSO-d) 68.30 (d, J=7.9 Hz, 1H, NH), 8.09 (s, 1H, SO,NH), 7.72 = 7.59 (m,
3H, Ph-H), 7.58 — 7.50 (m, 1H, Ph-H), 7.30 — 7.18 (m, 3H, Ph-H), 7.07 — 6.94 (m, 4H, Ph-
H), 6.94 — 6.85 (m, 2H, Ph-H), 4.40 (g, /= 8.0 Hz, 1H, CH), 3.84 (s, 3H, OCH3), 3.56 (d, J
=16.5 Hz, 1H, SO,NCH), 3.46 (d, J=16.6 Hz, 1H, SO,NCH), 3.13 (s, 3H, NCH3), 2.86
(dd, J=13.4, 5.8 Hz, 1H, PhCH), 2.61 (dd, /= 13.2, 8.2 Hz, 1H, PhCH). 13C NMR (100
MHz, DMSO-dg) 6171.12 (C=0), 167.16 (C=0), 162.11 (d, LJcr = 246.3 Hz), 158.95,
143.01 (d, 3JcF = 6.7 Hz), 137.60, 135.80, 131.83 (d, 3JcF = 7.9 Hz), 129.34, 129.03,
128.62, 126.95, 123.27, 123.24, 119.94 (d, 2Jcg = 21.1 Hz), 115.00, 114.12 (d, 2JcF = 24.2

J Med Chem. Author manuscript; available in PMC 2021 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sunetal.

Page 17

Hz), 55.86, 51.52, 45.15, 38.05, 37.73. HRMS: m/z 500.1650 (M+1)*, 1021.3056 (2M
+23)*. CpsHogFN3OsS [499.1577].

5.15.12 (S)-N-(4-methoxyphenyl)-N-methyl-2-(2-((4-
nitrophenyl)sulfonamido)acetamido) —3-phenylpropanamide (61).: White solid, yield:
39%. mp: 226-227°C. 1H NMR (400 MHz, DMSO-a) 68.33 (d, /= 8.7 Hz, 4H, NH
+SO,NH+Ph-Hx2), 7.95 (d, J= 8.8 Hz, 2H, Ph-H), 7.32 - 7.13 (m, 3H, Ph-H), 7.01 - 6.86
(m, 4H, Ph-H), 6.86 — 6.75 (m, 2H, Ph-H), 4.34 — 4.19 (m, 1H, CH), 3.78 (s, 3H, OCH3),
3.61 (d, /= 16.4 Hz, 1H, SO,NCH), 3.49 (d, J=16.6 Hz, 1H, SO,NCH), 3.06 (s, 3H,
NCH3), 2.80 (dd, J= 13.4, 5.5 Hz, 1H, PhCH), 2.62 — 2.53 (m, 1H, PhCH). 13C NMR (100
MHz, DMSO-gg) 6171.17 (C=0), 167.07 (C=0), 158.96, 149.81, 146.66, 137.67, 135.76,
129.32, 128.97, 128.66, 128.62, 126.95, 124.65, 114.92, 55.83, 51.67, 45.06, 37.91, 37.67.
HRMS: m/z 527.1596 (M+1)*, 1075.2943 (2M+23)*. Co5H26N407S [526.1522].

5.1.5.13 (S)-N-(4-methoxyphenyl)-N-methyl-2-(2-((2-
nitrophenyl)sulfonamido)acetamido) —3-phenylpropanamide (6m).: White solid, yield:
58%. mp: 111-112°C. IH NMR (400 MHz, DMSO-d) 68.30 (d, /= 7.9 Hz, 1H, NH), 8.15
(s, 1H, SO,NH), 8.03 — 7.92 (m, 2H, Ph-H), 7.89 — 7.76 (m, 2H, Ph-H), 7.24 — 7.14 (m, 3H,
Ph-H), 7.02 — 6.88 (m, 4H, Ph-H), 6.88 — 6.79 (m, 2H, Ph-H), 4.35 (g, /= 8.1 Hz, 1H, CH),
3.79 (s, 3H, OCHjy), 3.66 (d, J=16.7 Hz, 1H, SO,NCH), 3.56 (d, J= 16.8 Hz, 1H,
SO,NCH), 3.07 (s, 3H, NCH3), 2.81 (dd, /= 13.4, 5.7 Hz, 1H, PhCH), 2.60 — 2.53 (m, 1H,
PhCH). 13C NMR (100 MHz, DMSO-g) 6171.11 (C=0), 167.16 (C=0), 158.94, 147.88,
137.61, 135.78, 134.33, 133.56, 133.07, 130.15, 129.35, 129.02, 128.62, 126.95, 124.92,
115.02, 55.87, 51.61, 45.29, 38.06, 37.75. HRMS: m/z 527.1593 (M+1)*, 1075.2935 (2M
+23)*. Cy5H26N407S [526.1522].

5.1.5.14 (S)-N-(4-methoxyphenyl)-N-methyl-2-(2-((3-
nitrophenyl)sulfonamido)acetamido) —3-phenylpropanamide (6n).: White solid, yield:
46%. mp: 80-81°C. 1H NMR (400 MHz, DMSO-a) 68.59 — 8.50 (m, 1H, Ph-H), 8.50 —
8.43 (m, 1H, Ph-H), 8.37 - 8.26 (m, 2H, Ph-H), 8.13 (d, /=7.9 Hz, 1H, NH), 7.83 (t, /= 8.0
Hz, 1H, SO,NH), 7.25 - 7.12 (m, 3H, Ph-H), 6.97 — 6.86 (m, 4H, Ph-H), 6.86 — 6.74 (m,
2H, Ph-H), 4.25 (td, J= 8.1, 5.9 Hz, 1H, CH), 3.78 (s, 3H, OCH3), 3.60 (d, /= 16.6 Hz, 1H,
SO,NCH), 3.48 (d, /= 16.8 Hz, 1H, SO,NCH), 3.04 (s, 3H, NCH3), 2.78 (dd, /= 13.4,5.6
Hz, 1H, PhCH), 2.58 — 2.52 (m, 1H, PhCH). 13C NMR (100 MHz, DMSO-a) 6171.06
(C=0), 167.07 (C=0), 158.93, 148.11, 142.64, 137.59, 135.77, 133.23, 131.36, 129.30,
128.99, 128.61, 127.35, 126.95, 122.09, 114.93, 55.85, 51.59, 45.00, 37.91, 37.66. HRMS:
m/z 527.1591 (M+1)*, 1075.2938 (2M+23)*. Co5Ho6N407S [526.1522].

5.1.6 General procedure for the synthesis of compounds (60-6q).—(61-6n;
0.15-0.19 mmol) were dissolved in methanol (5 mL) and dichloromethane (5 mL) and the
solution degassed and stirred at room temperature under Hy over 10% Pd®C (10% w/w; 2h).
The mixture was filtered and concentrated, and the resulting residue were purified by
recrystallization or preparation thin layer chromatography to provide the target compounds
(60-6Q).
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5.1.6.1 (S)-2-(2-((4-aminophenyl)sulfonamido)acetamido)-N-(4-methoxyphenyl)-N-

meth yl-3-phenylpropanamide (60).: Yellow solid, yield: 94%. mp: 90-91°C. IH NMR

(400 MHz, DMSO-ak) 5§8.08 (d, J= 8.0 Hz, 1H, NH), 7.39 (d, J= 8.6 Hz, 2H, Ph-H), 7.29
(t, J= 6.2 Hz, 1H, SO,NH), 7.24 — 7.14 (m, 3H, Ph-H), 7.03 — 6.91 (m, 4H, Ph-H), 6.90 —
6.79 (M, 2H, Ph-H), 6.59 (d, J= 8.7 Hz, 2H, Ph-H), 5.96 (5, 2H, NH), 4.41 (td, J= 8.0, 6.0
Hz, 1H, CH), 3.78 (s, 3H, OCHg), 3.34 — 3.27 (m, 1H, SO,NCH), 3.22 (dd, J= 16.4, 6.3 Hz,
1H, SO,NCH), 3.09 (s, 3H, NCH3), 2.82 (dd, J= 13.3, 5.8 Hz, 1H, PhCH), 2.57 (dd, J=
13.4, 8.3 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-gg) §171.11 (C=0), 167.53 (C=0),
158.95, 153.09, 137.59, 135.79, 129.39, 129.06, 128.62, 126.94, 125.27, 115.05, 113.02,
55.86, 51.40, 45.38, 38.18, 37.75. HRMS: m/z 497.1848 (M+1)*, 1015.3501 (2M+23)*.
C5H2gN405S [496.1780].

5.1.6.2 (9)-2-(2-((2-aminophenyl)sulfonamido)acetamido)-N-(4-methoxyphenyl)-N-
meth yl-3-phenylpropanamide (6p).: White solid, yield: 49%. mp: 78-79°C. 1H NMR
(400 MHz, DMSO-a) §8.17 (d, J=7.9 Hz, 1H, NH), 7.68 (t, /= 6.0 Hz, 1H, SO,NH),
7.51-7.42 (m, 1H, Ph-H), 7.30 - 7.23 (m, 1H, Ph-H), 7.23 - 7.14 (m, 3H, Ph-H), 7.05 -
6.89 (m, 4H, Ph-H), 6.89 — 6.83 (m, 2H, Ph-H), 6.80 (d, /= 8.1 Hz, 1H, Ph-H), 6.59 (t, J=
7.3 Hz, 1H, Ph-H), 5.95 (s, 2H, NH)), 4.39 (td, /= 8.0, 6.0 Hz, 1H, CH), 3.79 (s, 3H,
OCHy), 3.34 - 3.25 (m, 2H, SO,NCHy), 3.08 (s, 3H, NCH3), 2.82 (dd, /= 13.4, 5.8 Hz, 1H,
PhCH), 2.56 (dd, /= 13.4, 8.4 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-g) §171.12
(C=0), 167.34 (C=0), 158.95, 146.79, 137.61, 135.81, 134.05, 129.58, 129.36, 129.05,
128.63, 126.95, 119.66, 117.40, 115.42, 115.04, 55.87, 51.55, 44.77, 38.09, 37.75. HRMS:
m/z 497.1855 (M+1)*, 1015.3449 (2M+23)*. C5HogN405S [496.1780].

5.1.6.3 (9)-2-(2-((3-aminophenyl)sulfonamido)acetamido)-N-(4-methoxyphenyl)-N-
meth yl-3-phenylpropanamide (6q).: White solid, yield: 73%. mp: 74-75°C. 1H NMR
(400 MHz, DMSO-a§) 68.14 (d, J= 7.9 Hz, 1H, NH), 7.63 (t, /= 6.1 Hz, 1H, SO;NH),
7.27 —7.11 (m, 4H, Ph-H), 7.08 — 6.90 (m, 5H, Ph-H), 6.90 — 6.81 (m, 3H, Ph-H), 6.79 —
6.71 (m, 1H, Ph-H), 5.58 (s, 2H, NH5), 4.41 (g, J= 7.9 Hz, 1H, CH), 3.79 (s, 3H, OCHs),
3.35-3.23 (m, 2H, SO;NCHS,), 3.08 (s, 3H, NCH3), 2.82 (dd, J= 13.3, 5.7 Hz, 1H, PhCH),
2.58 (dd, J=13.4, 8.5 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-a) §171.17 (C=0),
167.40 (C=0), 158.96, 149.79, 140.98, 137.61, 135.80, 129.96, 129.38, 129.07, 128.63,
126.95, 117.69, 115.05, 113.64, 111.55, 55.87, 51.53, 45.37, 38.08, 37.76. HRMS: m/z
497.1855 (M+1)+. Co5H2gN4O5S [496.1780].

5.1.7 (S)-2-(2-bromoacetamido)-N-(4-methoxyphenyl)-N-methyl-3-
phenylpropanamid e (7).—Bromoacetic acid (117 mg, 0.84 mmol, 1.2 eq.) and HATU
(401 mg, 1.06 mmol, 1.5 eq.) were mixed in 15 mL dichloromethane and stirred in an ice
bath for 1 h. Then, the intermediate 3 (200 mg, 0.70 mmol, 1 eq.) and DIEA (232 uL, 1.41
mmol, 2 eq.) were added to the above solution slowly at 0 °C. The reaction system was then
stirred at room temperature for additional 6 h. The reaction was filtered, and concentrated
under reduced pressure to afford corresponding crude product 7 as white oil with the yield of
68%. ESI-MS: m/z 405.4 (M+l)+. C19H21BrN,O3 [404.1].
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5.1.8 General procedure for the synthesis of 8a-8f.—Under ice bath, the key
intermediate 7 (1 eq.), corresponding 7-substituted 2 #-benzo[€][1,2,4]thiadiazin-3(4 H)-one
1,1-dioxide (1 eq.), Na,CO3 (1 eq.) were dissolved in the solution of DMF (5 mL). The
resulting mixture was then stirred at 40°C (monitored by TLC). Then the reaction mixture
was extracted with ethyl acetate (30 mL), and the combined organic phase was washed with
saturated NaCl solution (30 mL), dried over anhydrous Na,SOy, filtered, and concentrated
under reduced pressure to give the corresponding crude target product, which was purified
by recrystallization or preparation thin layer chromatography to afford product 8a-8f.

5.1.8.1 (8)-2-(2-(1,1-dioxido-3-0x0-3,4-dihydro-2H-benzo[e][1,2.4]thiadiazin-2-
yl)acetam ido)-N-(4-methoxyphenyl)-N-methyl-3-phenylpropanamide (8a).: White
solid, yield: 19%. mp: 197-198°C. 1H NMR (400 MHz, DMSO-a) 611.42 (s, 1H, PhNH),
8.61 (d, /=8.0 Hz, 1H, NH), 7.83 (d, /= 7.9 Hz, 1H, Ph-H), 7.73 (t, /= 7.8 Hz, 1H, Ph-H),
7.39—7.27 (m, 2H, Ph-H), 7.19 (d, /= 6.5 Hz, 3H, Ph-H), 7.01 (d, /= 7.6 Hz, 2H, Ph-H),
6.91 (d, /=8.9 Hz, 2H, Ph-H), 6.89 — 6.79 (m, 2H, Ph-H), 4.46 — 4.22 (m, 3H, CH+NCH),),
3.75 (s, 3H, OCHp3), 3.09 (s, 3H, NCH3), 2.85 (dd, J=13.4, 5.4 Hz, 1H, PhCH), 2.63 (dd, J
=13.4, 8.6 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-d§) §171.11 (C=0), 165.54
(C=0), 158.93, 149.91 (C=0), 137.66, 135.76, 135.23, 134.96, 129.32, 129.01, 128.62,
126.92, 123.86, 122.69, 122.41, 117.63, 115.10, 55.82, 51.87, 42.02, 38.01, 37.75. HRMS:
m/z 523.1644 (M+1)+. CogH26N406S [522.1573].

5.1.8.2 (S)-N-(4-methoxyphenyl)-N-methyl-2-(2-(7-methyl-1,1-dioxido-3-0x0-3,4-
dihydro —2H-benzo[€][1,2,4]thiadiazin-2-yl)acetamido)-3-phenylpropanamide

(8b).: Yellow solid, yield: 36%. mp: 126-127°C.XH NMR (400 MHz, DMSO-a) §11.29 (s,
1H, PhNH), 8.58 (d, J= 7.9 Hz, 1H, NH), 7.64 (s, 1H, Ph-H), 7.54 (d, J= 8.3 Hz, 1H, Ph-
H), 7.19 (d, J= 8.1 Hz, 4H, Ph-H), 7.01 (d, J= 7.7 Hz, 2H, Ph-H), 6.91 (d, J= 8.9 Hz, 2H,
Ph-H), 6.89 — 6.84 (m, 2H, Ph-H), 4.46 — 4.25 (m, 3H, CH+NCH,), 3.75 (s, 3H, OCH3),
3.09 (s, 3H, NCHj3), 2.85 (dd, J=13.4, 5.5 Hz, 1H, PhCH), 2.63 (dd, /= 13.4, 8.5 Hz, 1H,
PhCH), 2.36 (s, 3H, PhCH3). 13C NMR (100 MHz, DMSO-d5) §171.12 (C=0), 165.60
(C=0), 158.93, 149.94 (C=0), 137.67, 135.91, 135.77, 133.62, 132.62, 129.32, 129.01,
128.61, 126.91, 122.54, 121.83, 117.56, 115.09, 55.80, 51.87, 41.96, 38.01, 37.75, 20.50.
HRMS: m/z 537.1802 (M+1)*, 1095.3346 (2M+23)*. C7HgN406S [536.1730].

5.1.8.3 (9)-2-(2-(7-methoxy-1,1-dioxido-3-0x0-3,4-dihydro-2H-benzo[€]
[1,2,4]thiadiazin- 2-yl)acetamido)-N-(4-methoxyphenyl)-N-methyl-3-
phenylpropanamide (8c).: White solid, yield: 12%. mp: 114-115°C. 1H NMR (400 MHz,
DMSO-gg) §11.22 (s, 1H, PhNH), 8.58 (d, /= 7.9 Hz, 1H, NH), 7.34 (dd, /=8.9, 2.7 Hz,
1H, Ph-H), 7.28 (d, /= 2.6 Hz, 1H, Ph-H), 7.24 (d, /= 8.9 Hz, 1H, Ph-H), 7.22 — 7.15 (m,
3H, Ph-H), 7.02 (d, J= 7.7 Hz, 2H, Ph-H), 6.92 (d, /= 8.9 Hz, 2H, Ph-H), 6.89 — 6.84 (m,
2H, Ph-H), 4.47 — 4.23 (m, 3H, CH+NCH,), 3.83 (s, 3H, OCHj3), 3.75 (s, 3H, OCHy3), 3.09
(s, 3H, NCH3), 2.86 (dd, /= 13.4, 5.4 Hz, 1H, PhCH), 2.63 (dd, J= 13.4, 8.6 Hz, 1H,
PhCH). 13C NMR (100 MHz, DMSO-g) 6171.13 (C=0), 165.63 (C=0), 158.94, 155.39,
149.81 (C=0), 137.68, 135.77, 129.33, 129.02, 128.62, 128.48, 126.92, 123.24, 122.98,
119.45, 115.10, 104.99, 56.50, 55.81, 51.89, 42.03, 38.00, 37.75. HRMS: m/z 553.1755 (M
+1)*, 1127.3273 (2M+23)*. Co7H2gN407S [552.1679].
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5.1.84 (252'S)-2,2’-((2,2’-(7-fluoro-1,1-dioxido-3-0x0-2H-benzo[€]

[1,2 4]thiadiazine-2,4(3H)-diyl)bis(acetyl))bis(azanediyl))bis(N-(4-methoxyphenyl)-N-
methyl-3-phenylpropanamide) (8d).: Yellow solid, yield: 39%. mp: 119-120°C. IH NMR
(400 MHz, DMSO-gg) 68.72 (d, /= 8.3 Hz, 1H, NH), 8.61 (d, /= 8.0 Hz, 1H, NH), 7.84
(dd, J=17.0, 2.9 Hz, 1H, Ph-H), 7.54 (td, /= 8.9, 2.8 Hz, 1H, Ph-H), 7.42 - 6.70 (m, 18H,
Ph-H), 4.73 — 4.18 (m, 6H, CHx2+NCH,x2), 3.75 (s, 6H, OCH3x2), 3.11 (s, 3H, NCHy),
3.08 (s, 3H, NCHj3), 2.87 (ddd, J=22.2, 13.4, 5.4 Hz, 2H, PhCHx2), 2.72 — 2.57 (m, 2H,
PhCHx2). 13C NMR (100 MHz, DMSO-ds) 6171.14, 171.05, 166.04, 165.32, 158.98,
158.92, 156.58, 150.42, 137.73, 137.59, 135.79, 135.74, 133.33, 133.31, 129.39, 129.34,
129.05, 128.99, 128.67, 128.62, 126.94, 126.92, 126.03, 125.95, 122.17, 121.95, 120.21,
115.16, 115.11, 109.48, 109.21, 55.83, 55.80 , 51.80, 51.74, 48.07, 43.97, 38.22, 38.12,
37.76. HRMS: m/z 865.3021 (M+1)*. C45H45FNgOgS [864.2953].

5.1.85 (252’S)-2,2’-((2,2’-(7-chloro-1,1-dioxido-3-0x0-2H-benzo[€]
[1,2,4]thiadiazine-2,4(3H)-diyl)bis(acetyl))bis(azanediyl))bis(N-(4-methoxyphenyl)-N-
methyl-3-phenylp ropanamide) (8e).: White solid, yield: 11%. mp: 115-116°C. 1H NMR
(400 MHz, DMSO-dk) 68.71 (d, J= 8.2 Hz, 1H, NH), 8.66 — 8.55 (m, 1H, NH), 7.96 (d, J=
2.3 Hz, 1H, Ph-H), 7.69 (dd, J= 9.0, 2.2 Hz, 1H, Ph-H), 7.30 — 7.14 (m, 6H, Ph-H), 7.06 (d,
J=8.1Hz, 2H, Ph-H), 7.04 - 6.97 (m, 2H, Ph-H), 6.93 (t, /= 8.0 Hz, 5H, Ph-H), 6.90 —
6.84 (M, 4H, Ph-H), 4.74 — 4.24 (m, 6H, CHx2+NCH,x2), 3.75 (s, 6H, OCH3x2), 3.11 (s,
3H, NCHs), 3.09 (s, 3H, NCH3), 2.88 (ddd, /= 19.8, 13.4, 5.4 Hz, 2H, PhCHx2), 2.74 —
2.57 (m, 2H, PhCHx2). 13C NMR (100 MHz, DMSO-af) §171.12, 171.04, 165.94, 165.44,
165.28, 158.98, 158.93, 150.40, 137.72, 137.58,135.78, 135.73, 135.58, 135.22, 134.53,
129.39, 129.34, 129.04, 128.99, 128.67, 128.62, 128.44, 127.65, 126.91, 126.24, 121.79,
119.85, 115.15, 115.11, 55.82, 55.81, 51.80, 51.74, 47.93, 44.06, 38.21, 38.13, 37.76.
HRMS: m/z 881.2727 (M+1)*, 883.2799 (M+3)*, 903.2544 (M+23)*. C45H45CINgOgS
[880.2657].

5.1.8.6 (252’S)-2,2’-((2,2’-(7-bromo-1,1-dioxido-3-0x0-2H-benzo[€]
[1.2.4]thiadiazine-2,4 (3H)-diyl)bis(acetyl))bis(azanediyl))bis(N-(4-methoxyphenyl)-N-
methyl-3-phenylpropanamide) (8f).: Yellow solid, yield: 7%. mp: 120-121°C. I1H NMR
(400 MHz, DMSO-dk) 68.72 (d, J= 8.2 Hz, 1H, NH), 8.61 (d, /= 8.0 Hz, 1H, NH), 8.04 (d,
J=2.1Hz, 1H, Ph-H), 7.85 - 7.76 (m, 1H, Ph-H), 7.31 — 6.79 (m, 19H, Ph-H), 4.72 - 4.18
(m, 6H, CHx2+NCH,x2), 3.75 (s, 6H, OCH3x2), 3.09 (d, J= 8.7 Hz, 6H, NCH3x2), 2.87
(ddd, J=20.0, 13.4, 5.5 Hz, 2H, PhCHx2), 2.72 — 2.55 (m, 2H, PhCHx2). 13C NMR (100
MHz, DMSO-¢a;) §171.11, 171.04, 165.92, 165.27, 158.98, 158.93, 150.39, 137.72, 137.58,
137.37, 135.95, 135.78, 135.73, 131.70, 129.39, 129.33, 129.10, 129.04, 128.99, 128.67,
128.62, 126.91, 126.49, 124.44, 120.05, 115.88, 115.15, 115.12, 55.82, 55.81, 51.80, 51.75,
47.88, 38.20, 38.14 , 37.76. HRMS: m/z 925.2222 (M+1)*, 927.2210 (M+3)*.
CasH45BrNgOgS [924.2152].

5.1.9 Tert-butyl (S)-4-(2-((1-((4-methoxyphenyl)(methyl)amino)-1-oxo-3-
phenylpropan-2-yl)amin 0)-2-oxoethyl)-3-oxopiperazine-1-carboxylate (9).—
Under ice bath, the key intermediate 7 (700 mg, 1.73 mmol, 1 eq.), 1-Boc-3-oxopiperazine
(415 mg, 2.07 mmol, 1.2 eq.), K,CO3 (477 mg, 3.45 mmol, 2 eq.) were dissolved in the
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solution of DMF (6 mL). The resulting mixture was then stirred at 40°C (monitored by
TLC). Then the reaction mixture was extracted with ethyl acetate (20 mL), and the
combined organic phase was washed with saturated NaCl solution (3 x 20 mL), dried over
anhydrous NaySOy, filtered, and concentrated under reduced pressure to give the
corresponding crude product 9 as white solid with the yield of 40%. mp: 138-139°C. ESI-
MS: m/z 523.09 (M-1)". CogH3sN40g [524.62].

5.1.10 (S)-N-(4-methoxyphenyl)-N-methyl-2-(2-(2-oxopiperazin-1-
yl)acetamido)-3-phen ylpropanamide (10).—Trifluoroacetic acid (2 mL) was added
dropwise to intermediate 9 (158 mg, 0.30 mmol) in 5 mL dichloromethane and stirred at
room temperature for 4 h. Then, the resulting mixture solution was alkalized to pH ~7 with
saturated sodium bicarbonate solution and then extracted with dichloromethane (20 mL).
Then, the combined organic layer was washed with saturated sodium bicarbonate (3 x 20
mL), dried over anhydrous NaySQy, filtered, and concentrated under reduced pressure to
afford corresponding crude product 10 as yellow oil with the yield of 63%. ESI-MS: m/z
425.4 (M+1)*, 447.4 (M+23)*. Co3HogN40, [424.5].

5.1.11 General procedure for the synthesis of 11a-11k.—Under ice bath, the key
intermediate 10 (1 eq.), corresponding substituted benzenesulfonyl chloride (1.5 eq.), TEA
(2 eq.) were dissolved in the solution of dichloromethane (10 mL). The resulting mixture
was then stirred at room temperature (monitored by TLC). Then the reaction mixture was
extracted with dichloromethane (20 mL), and the combined organic phase was washed with
saturated NaCl solution (3 x 20 mL), dried over anhydrous Na,SOy, filtered, and
concentrated under reduced pressure to give the corresponding crude product, which was
purified by recrystallization or preparation thin layer chromatography to afford product
11a-11k.

5.1.11.1 (S)-N-(4-methoxyphenyl)-N-methyl-2-(2-(2-ox0-4-
(phenylsulfonyl)piperazin-1-yl) acetamido)-3-phenylpropanamide (11a).: White solid,
yield: 49%. mp: 84-85°C. 1H NMR (400 MHz, DMSO-a) §8.38 (d, /= 7.9 Hz, 1H, NH),
7.87-7.73 (m, 3H, Ph-H), 7.68 (t, J= 7.5 Hz, 2H, Ph-H), 7.22 - 7.14 (m, 3H, Ph-H), 7.11
(d, J= 8.1 Hz, 2H, Ph-H), 6.97 (d, /= 8.8 Hz, 2H, Ph-H), 6.87 — 6.77 (m, 2H, Ph-H), 4.43
(td, /= 8.8, 5.1 Hz, 1H, CH), 3.88 — 3.80 (m, 2H, piperazine-CHy), 3.78 (s, 3H, OCHj3), 3.55
(d, J=16.2 Hz, 1H, piperazine-CH), 3.49 (d, /= 16.2 Hz, 1H, piperazine-CH), 3.25 - 3.11
(m, 4H, piperazine-CHyx2), 3.09 (s, 3H, NCH3), 2.83 (dd, J= 13.5, 4.8 Hz, 1H, PhCH),
2.62 (dd, J=13.4, 9.5 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-a%) §171.36 (C=0),
167.32 (C=0), 163.62 (C=0), 159.00, 137.90, 135.99, 134.83, 134.18, 130.12, 129.28,
129.12,128.59, 128.12, 126.88, 115.13, 55.89, 51.82, 48.99, 48.41, 46.95, 43.20, 37.77,
37.68. HRMS: m/z 565.2112 (M+1)*, 1151.3958 (2M+23)*. CogH3oN40gS [564.2043].

5.1.11.2 (9)-2-(2-(4-((4-fluorophenyl)sulfonyl)-2-oxopiperazin-1-yl)acetamido)-N-(4-
meth oxyphenyl)-N-methyl-3-phenylpropanamide (11b).: White solid, yield: 35%. mp:
199-200°C. 1H NMR (400 MHz, DMSO-a) 68.38 (d, J= 7.9 Hz, 1H, NH), 7.90 (dd, J=
8.6, 5.2 Hz, 2H, Ph-H), 7.52 (t, /= 8.7 Hz, 2H, Ph-H), 7.24 — 7.14 (m, 3H, Ph-H), 7.11 (d, J
=8.0 Hz, 2H, Ph-H), 6.97 (d, /= 8.7 Hz, 2H, Ph-H), 6.90 - 6.75 (m, 2H, Ph-H), 4.43 (td, J=
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8.7,5.1 Hz, 1H, CH), 3.88 (d, /= 16.5 Hz, 1H, piperazine-CH), 3.85 (d, /= 16.4 Hz, 1H,
piperazine-CH), 3.79 (s, 3H, OCHys), 3.58 (d, /= 16.3 Hz, 1H, piperazine-CH), 3.52 (d, J=
16.2 Hz, 1H, piperazine-CH), 3.28 — 3.18 (m, 2H, piperazine-CHy), 3.16 (m, 2H, piperazine-
CH,), 3.10 (s, 3H, NCH3), 2.84 (dd, J= 13.4, 4.7 Hz, 1H, PhCH), 2.62 (dd, J= 13.4, 9.5 Hz,
1H, PhCH). 13C NMR (100 MHz, DMSO-a) §171.37 (C=0), 167.32 (C=0), 165.41 (d,

L Jer = 250.9 Hz), 163.62 (C=0), 159.00, 137.90, 135.89, 131.35 (2xC), 131.25, 129.28
(2xC), 129.12 (2xC), 128.59 (2xC), 126.88, 117.45, 117.22, 115.12 (2xC), 55.88, 51.82,
48.93, 48.40, 46.91, 43.13, 37.76, 37.69. HRMS: m/z 583.2020 (M+1)*, 1187.3740 (2M
+23)*. CygH31FN4OgS [582.1948].

5.1.11.3 (9)-2-(2-(4-((3-fluorophenyl)sulfonyl)-2-oxopiperazin-1-yl)acetamido)-N-(4-
meth oxyphenyl)-N-methyl-3-phenylpropanamide (11c).: White solid, yield: 41%. mp:
182-183°C. 1H NMR (400 MHz, DMSO-a) §8.38 (d, /= 7.9 Hz, 1H, NH), 7.81 - 7.57 (m,
4H, Ph-H), 7.24 - 7.14 (m, 3H, Ph-H), 7.11 (d, J= 7.9 Hz, 2H, Ph-H), 6.97 (d, /= 8.7 Hz,
2H, Ph-H), 6.82 (d, J= 6.6 Hz, 2H, Ph-H), 4.43 (td, /= 8.7, 5.3 Hz, 1H, CH), 3.88 (d, /=
16.6 Hz, 1H, piperazine-CH), 3.83 (d, /= 16.8 Hz, 1H, piperazine-CH), 3.79 (s, 3H, OCHy),
3.62 (d, J=16.2 Hz, 1H, piperazine-CH), 3.56 (d, J= 16.3 Hz, 1H, piperazine-CH), 3.29 —
3.21 (m, 2H, piperazine-CHy>), 3.20 — 3.12 (m, 2H, piperazine-CHy), 3.10 (s, 3H, NCHj3),
2.84 (dd, J=13.5, 4.7 Hz, 1H, PhCH), 2.62 (dd, /= 13.4, 9.5 Hz, 1H, PhCH). 13C NMR
(100 MHz, DMSO-g) 6171.37 (C=0), 167.33 (C=0), 163.60 (C=0), 162.47 (d, LJcr =
247.6 Hz), 159.00, 137.90, 137.12 (d, 3Jcr = 6.8 Hz), 135.90, 132.48 (d, 3Jc = 7.9 Hz),
129.28, 129.13, 128.59, 126.88, 124.41 (d, *Jcg = 3.0 Hz), 121.35 (d, 2Jcg = 21.0 Hz),
115.34, 115.13, 55.88, 51.83, 48.89, 48.42, 46.95, 43.17, 37.76, 37.68. HRMS: m/z
583.2017 (M+1)*, 1187.3844 (M+23)*. CogH31FN4OgS [582.1948].

5.1.11.4 (9)-2-(2-(4-((2-fluorophenyl)sulfonyl)-2-oxopiperazin-1-yl)acetamido)-N-(4-
meth oxyphenyl)-N-methyl-3-phenylpropanamide (11d).: White solid, yield: 44%. mp:
170-171°C. 1H NMR (400 MHz, DMSO-a) §8.39 (d, /= 7.9 Hz, 1H, NH), 7.91 - 7.75 (m,
2H, Ph-H), 7.60 — 7.50 (m, 1H, Ph-H), 7.47 (t, J= 7.6 Hz, 1H, Ph-H), 7.23 - 7.15 (m, 3H,
Ph-H), 7.12 (d, J= 7.8 Hz, 2H, Ph-H), 6.98 (d, J= 8.7 Hz, 2H, Ph-H), 6.88 — 6.80 (m, 2H,
Ph-H), 4.45 (td, /= 8.7, 5.2 Hz, 1H, CH), 3.91 (d, J= 16.5 Hz, 1H, piperazine-CH), 3.86 (d,
J=16.6 Hz, 1H, piperazine-CH), 3.80 (s, 3H, OCH3), 3.73 (d, /= 16.3 Hz, 1H, piperazine-
CH), 3.70 (d, /= 16.2 Hz, 1H, piperazine-CH), 3.38 (t, /= 4.9 Hz, 2H, piperazine-CHy),
3.24 - 3.13 (m, 2H, piperazine-CHj>), 3.11 (s, 3H, NCH3), 2.85 (dd, /= 13.5, 4.8 Hz, 1H,
PhCH), 2.63 (dd, J=13.4, 9.5 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-a) §171.37
(C=0), 167.34 (C=0), 163.69 (C=0), 159.00, 158.82 (d, LJjcr = 252.5 Hz), 137.91, 136.92
(d, 3Jcg = 8.7 Hz), 135.91, 131.44, 129.28, 129.13, 128.59, 126.88, 125.81 (d, 4Jcr = 3.5
Hz), 124.15 (d, 2Jce = 14.5 Hz), 118.24 (d, 2JcF = 21.5 Hz), 115.14, 55.89, 51.83, 48.47,
48.43, 47.11, 42.79, 37.77, 37.70. HRMS: m/z 583.2017 (M+1)*, 1187.3790 (2M+23)*.
CogH31FN4O6S [582.1948].

5.1.11.5 (S)-2-(2-(4-((4-chlorophenyl)sulfonyl)-2-oxopiperazin-1-yl)acetamido)-N-(4-
meth oxyphenyl)-N-methyl-3-phenylpropanamide (11e).: White solid, yield: 44%. mp:
203-204°C. 'H NMR (400 MHz, DMSO-a) 68.38 (d, J= 8.0 Hz, 1H, NH), 7.83 (d, /= 8.6
Hz, 2H, Ph-H), 7.74 (d, /= 8.6 Hz, 2H, Ph-H), 7.25 -7.14 (m, 3H, Ph-H), 7.11 (d, /= 8.0
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Hz, 2H, Ph-H), 6.97 (d, /= 8.8 Hz, 2H, Ph-H), 6.88 — 6.74 (m, 2H, Ph-H), 4.44 (td, /=8.7,
5.2 Hz, 1H, CH), 3.88 (d, J=16.5 Hz, 1H, piperazine-CH), 3.83 (d, /= 16.6 Hz, 1H,
piperazine-CH), 3.79 (s, 3H, OCHj3), 3.59 (d, /= 16.2 Hz, 1H, piperazineCH), 3.53 (d, J=
16.2 Hz, 1H, piperazineCH), 3.28 — 3.18 (m, 2H, piperazine-CHy), 3.18 — 3.12 (m, 2H,
piperazine-CHy), 3.10 (s, 3H, NCH3), 2.84 (dd, J= 13.4, 4.8 Hz, 1H, PhCH), 2.62 (dd, J=
13.4, 9.5 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-g) 6171.37 (C=0), 167.32 (C=0),
163.59 (C=0), 159.00, 139.16, 137.90, 135.89, 133.91, 130.25, 130.05, 129.28, 129.12,
128.59, 126.88, 115.13, 55.88, 51.81, 48.87, 48.43, 46.94, 43.09, 37.77, 37.69. HRMS: m/z
599.1725 (M+1)*, 1219.3204 (2M+23)*. CogH31CIN4OgS [598.1653].

5.1.11.6 (S)-2-(2-(4-((4-bromophenyl)sulfonyl)-2-oxopiperazin-1-yl)acetamido)-N-(4-
meth oxyphenyl)-N-methyl-3-phenylpropanamide (11f).: White solid, yield: 31%. mp:
204-205°C. 'H NMR (400 MHz, DMSO-ds) §8.42 (d, J= 8.0 Hz, 1H, NH), 7.94 (d, /= 8.5
Hz, 2H, Ph-H), 7.80 (d, J= 8.5 Hz, 2H, Ph-H), 7.30 - 7.20 (m, 3H, Ph-H), 7.17 (d, /= 8.0
Hz, 2H, Ph-H), 7.03 (d, /= 8.8 Hz, 2H, Ph-H), 6.94 — 6.83 (m, 2H, Ph-H), 4.50 (td, /= 8.7,
5.2 Hz, 1H, CH), 3.94 (d, J= 16.5 Hz, 1H, piperazine-CH), 3.89 (d, /= 16.7 Hz, 1H,
piperazine-CH), 3.84 (s, 3H, OCHj3), 3.65 (d, /= 16.2 Hz, 1H, piperazineCH), 3.59 (d, J=
16.2 Hz, 1H, piperazineCH), 3.33 — 3.24 (m, 2H, piperazine-CHy), 3.24 — 3.19 (m, 2H,
piperazine-CHy), 3.15 (s, 3H, NCH3), 2.90 (dd, /= 13.5, 4.8 Hz, 1H, PhCH), 2.68 (dd, /=
13.4, 9.4 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-g) 6171.37 (C=0), 167.32 (C=0),
163.59 (C=0), 159.00, 137.90, 135.89, 134.30, 133.19, 130.10, 129.28, 129.13, 128.59,
128.25, 126.88, 115.13, 55.89, 51.82, 48.86, 48.43, 46.95, 43.08, 37.77, 37.68. HRMS: m/z
643.1224 (M+1)*, 645.1202 (M+3)*. CogH31BrN4OgS [642.1148].

5.1.11.7 (S)-N-(4-methoxyphenyl)-2-(2-(4-((4-methoxyphenyl)sulfonyl)-2-
oxopiperazin-1- yl)acetamido)-N-methyl-3-phenylpropanamide (11g).: White solid,
yield: 40%. mp: 199-200°C. IH NMR (400 MHz, DMSO-d) 6 8.38 (d, J= 8.0 Hz, 1H,
NH), 7.75 (d, /= 8.8 Hz, 2H, Ph-H), 7.25 - 7.14 (m, 5H, Ph-H), 7.11 (d, J= 7.8 Hz, 2H, Ph-
H), 6.98 (d, /= 8.8 Hz, 2H, Ph-H), 6.88 — 6.78 (m, 2H, Ph-H), 4.44 (td, /= 8.7, 5.1 Hz, 1H,
CH), 3.95 - 3.83 (m, 5H, PhOCH3+piperazine-CHy), 3.79 (s, 3H, OCH3), 3.51 (d, /= 16.2
Hz, 1H, piperazine-CH), 3.45 (d, /= 16.2 Hz, 1H, piperazine-CH), 3.22 — 3.15 (m, 2H,
piperazine-CHy), 3.15 — 3.12 (m, 2H, piperazine-CHj), 3.10 (s, 3H, NCH3), 2.84 (dd, /=
13.5, 4.8 Hz, 1H, PhCH), 2.63 (dd, J= 13.4, 9.4 Hz, 1H, PhCH). 13C NMR (100 MHz,
DMSO-a;) §171.36 (C=0), 167.33 (C=0), 163.71, 163.62 (C=0), 159.00, 137.90, 135.89,
130.47, 129.28, 129.12, 128.59, 126.87, 126.09, 115.26, 115.13, 56.25, 55.88, 51.81, 49.08,
48.39, 46.93, 43.23, 37.77, 37.70. HRMS: m/z 595.2226 (M+1)*, 1211.4210 (2M+23)™.
C3pH34N407S [594.2148].

5.1.11.8 (S)-N-(4-methoxyphenyl)-N-methyl-2-(2-(2-ox0-4-tosylpiperazin-1-
ylacetamido)- 3-phenylpropanamide (11h).: White solid, yield: 65%. mp: 206-207°C. 1H
NMR (400 MHz, DMSO-ds) 68.35 (d, J= 8.0 Hz, 1H, NH), 7.70 (d, /= 8.1 Hz, 2H, Ph-H),
7.48 (d, /J=8.1 Hz, 2H, Ph-H), 7.21 — 7.14 (m, 3H, Ph-H), 7.10 (d, /= 7.9 Hz, 2H, Ph-H),
6.97 (d, /= 8.8 Hz, 2H, Ph-H), 6.87 - 6.76 (m, 2H, Ph-H), 4.44 (td, /= 8.7, 5.1 Hz, 1H,
CH), 3.87 (d, /= 16.5 Hz, 1H, piperazine-CH), 3.82 (d, /= 17.7 Hz, 1H, piperazine-CH),
3.78 (s, 3H, OCH3), 3.52 (d, /= 16.2 Hz, 1H, piperazine-CH), 3.46 (d, J= 16.2 Hz, 1H,
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piperazine-CH), 3.21 — 3.12 (m, 4H, piperazine-CH»x2), 3.09 (s, 3H, NCH3), 2.83 (dd, /=
13.5, 4.9 Hz, 1H, PhCH), 2.62 (dd, J= 13.4, 9.4 Hz, 1H, PhCH), 2.42 (s, 3H, PhCH3). 13C
NMR (100 MHz, DMSO-a;) 6171.35 (C=0), 167.32 (C=0), 163.65 (C=0), 158.99,
144.72, 137.90, 135.89, 131.80, 130.55, 129.28, 129.12, 128.58, 128.20, 126.87, 115.13,
55.88, 51.80, 49.01, 48.41, 46.94, 43.21, 37.76, 37.70, 21.53. HRMS: m/z 579.2275 (M+1)*,
1179.4327 (2M+23)*. C39H34N406S [578.2199].

5.1.11.9 (S)-N-(4-methoxyphenyl)-N-methyl-2-(2-(4-((4-nitrophenyl)sulfonyl)-2-

oxopipera zin-1-yl)acetamido)-3-phenylpropanamide (11i).: White solid, yield: 68%. mp:

212-213°C. 'H NMR (400 MHz, DMSO-a%) §8.45 (d, J= 8.7 Hz, 2H, Ph-H), 8.38 (d, /=
7.9 Hz, 1H, NH), 8.10 (d, J= 8.7 Hz, 2H, Ph-H), 7.23 - 7.16 (m, 3H, Ph-H), 7.10 (d, /=7.9
Hz, 2H, Ph-H), 6.97 (d, J= 8.7 Hz, 2H, Ph-H), 6.88 — 6.79 (m, 2H, Ph-H), 4.44 (td, J= 8.6,
5.3 Hz, 1H, CH), 3.90 (d, /= 16.4 Hz, 1H, piperazine-CH), 3.83 (d, /= 16.0 Hz, 1H,
piperazine-CH), 3.79 (s, 3H, OCHj3), 3.68 (d, /= 16.5 Hz, 1H, piperazineCH), 3.63 (d, J=
16.4 Hz, 1H, piperazineCH), 3.34 — 3.26 (m, 2H, piperazine-CH>), 3.18 (t, /= 5.0 Hz, 2H,
piperazine-CHy), 3.10 (s, 3H, NCH3), 2.84 (dd, /= 13.5, 4.8 Hz, 1H, PhCH), 2.62 (dd, /=
13.4, 9.4 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-g) §171.34 (C=0), 167.29 (C=0),
163.44 (C=0), 158.99, 150.75, 140.99, 137.89, 135.88, 129.71, 129.28, 129.10, 128.59,
126.88, 125.32, 115.12, 55.88, 51.81, 48.69, 48.40, 46.92, 43.06, 37.76, 37.72. HRMS: m/z
610.1961 (M+1)*, 632.1739 (M+23)*. CogH31N50gS [609.1893].

5.1.11.10 (S)-N-(4-methoxyphenyl)-N-methyl-2-(2-(4-((3-nitrophenyl)sulfonyl)-2-
oxopipera zin-1-yl)acetamido)-3-phenylpropanamide (11j).: White solid, yield: 71%.
mp: 159-160°C. 1H NMR (400 MHz, DMSO-g) 68.62 — 8.53 (m, 1H, Ph-H), 8.50 — 8.42
(m, 1H, Ph-H), 8.39 (d, /= 7.9 Hz, 1H, NH), 8.26 (d, J= 7.9 Hz, 1H, Ph-H), 7.97 (t, /= 8.0
Hz, 1H, Ph-H), 7.26 — 7.14 (m, 3H, Ph-H), 7.11 (d, J= 7.9 Hz, 2H, Ph-H), 6.97 (d, /= 8.8
Hz, 2H, Ph-H), 6.87 — 6.76 (m, 2H, Ph-H), 4.43 (td, J=8.7, 5.3 Hz, 1H, CH), 3.90 (d, J=
16.4 Hz, 1H, piperazine-CH), 3.83 (d, /= 16.7 Hz, 1H, piperazine-CH), 3.79 (s, 3H, OCHy),
3.70 (d, J=16.3 Hz, 1H, piperazine-CH), 3.64 (d, J= 16.4 Hz, 1H, piperazine-CH), 3.34 -
3.26 (m, 2H, piperazine-CHy), 3.19 (t, /= 5.1 Hz, 2H, piperazine-CH,), 3.10 (s, 3H, NCHy),
2.84 (dd, J=13.5, 4.9 Hz, 1H, PhCH), 2.62 (dd, J= 13.4, 9.4 Hz, 1H, PhCH). 13C NMR
(100 MHz, DMSO-gg) 6171.35 (C=0), 167.30 (C=0), 163.48 (C=0), 158.99, 148.74,
137.89, 136.83, 135.89, 134.01, 132.15, 129.28, 129.11, 128.63, 128.59, 126.88, 122.86,
115.12, 55.89, 51.82, 48.74, 48.36, 46.92, 43.11, 37.76, 37.71. HRMS: m/z 610.1970 (M
+1)*, 1241.3681 (2M+23)*. CogH31N50gS [609.1893].

5.1.11.11 (S)-N-(4-methoxyphenyl)-N-methyl-2-(2-(4-((2-nitrophenyl)sulfonyl)-2-
oxopipera zin-1-yl)acetamido)-3-phenylpropanamide (11Kk).: White solid, yield: 59%.

mp: 160-161°C. IH NMR (400 MHz, DMSO-d) 68.40 (d, /= 8.0 Hz, 1H, NH), 8.09 (d, J
=7.6 Hz, 1H, Ph-H), 8.04 (d, /= 7.7 Hz, 1H, Ph-H), 7.95 (t, /= 7.3 Hz, 1H, Ph-H), 7.88 (t, J
=7.4 Hz, 1H, Ph-H), 7.23 - 7.15 (m, 3H, Ph-H), 7.12 (d, /= 8.1 Hz, 2H, Ph-H), 6.98 (d, /=
8.8 Hz, 2H, Ph-H), 6.84 (d, J= 7.1 Hz, 2H, Ph-H), 4.46 (td, /= 8.7, 5.2 Hz, 1H, CH), 3.94
(d, J=16.5 Hz, 1H, piperazine-CH), 3.88 (d, /= 16.6 Hz, 1H, piperazine-CH), 3.85 (s, 2H,
piperazine-CHy), 3.79 (s, 3H, OCH3), 3.49 (t, /= 5.2 Hz, 2H, piperazine-CH,), 3.20 (t, J=
5.1 Hz, 2H, piperazine-CHy), 3.11 (s, 3H, NCH3), 2.86 (dd, /= 13.5, 4.8 Hz, 1H, PhCH),
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2.64 (dd, J=13.4, 9.4 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-a) §171.36 (C=0),
167.34 (C=0), 163.60 (C=0), 159.00, 148.34, 137.91, 135.90, 135.65, 133.08, 131.07,
129.29, 129.21, 129.13, 128.60, 126.89, 124.88, 115.14, 55.89, 51.83, 48.54, 48.47, 47.26,
43.00, 37.77, 37.73. HRMS: m/z 610.1965 (M+1)*, 1241.3695 (2M+23)*. CogH31N50gS
[609.1893].

5.1.12 General procedure for the synthesis of compounds 111-11n.—(11i-11k,
150 mg, 0.246 mmol), 10% Pd®C (10% w/w, 20 mg) were dissolved in methanol (5 mL)
and dichloromethane (5 mL) and the solution degassed and stirred at room temperature for
2h under H,. The mixture was filtered and concentrated, and the resulting residue were
purified by recrystallization or preparation thin layer chromatography to provide the target
compounds (111-11n).

5.1.12.1 (9)-2-(2-(4-((4-aminophenyl)sulfonyl)-2-oxopiperazin-1-yl)acetamido)-N-(4-
meth oxyphenyl)-N-methyl-3-phenylpropanamide (111).: White solid, yield: 61%. mp:
128-129°C. H NMR (400 MHz, DMSO-a) 68.37 (d, /= 7.9 Hz, 1H, NH), 7.42 (d, /= 8.6
Hz, 2H, Ph-H), 7.30 — 7.15 (m, 3H, Ph-H), 7.12 (d, J= 7.9 Hz, 2H, Ph-H), 6.98 (d, /= 8.8
Hz, 2H, Ph-H), 6.88 — 6.79 (m, 2H, Ph-H), 6.68 (d, /= 8.7 Hz, 2H, Ph-H), 6.20 (s, 2H,
NH,), 4.44 (td, J= 8.8, 5.2 Hz, 1H, CH), 3.86 (s, 2H, piperazine-CH), 3.79 (s, 3H, OCHy),
3.46 — 3.36 (m, 2H, piperazineCHy), 3.23 — 3.12 (m, 2H, piperazine-CHy), 3.10 (s, 3H,
NCHzg), 3.07 — 2.95 (m, 2H, piperazine-CH,), 2.84 (dd, /= 13.5, 4.8 Hz, 1H, PhCH), 2.63
(dd, J=13.4, 9.5 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-a) §171.38 (C=0), 167.38
(C=0), 163.98 (C=0), 158.99, 154.17, 137.91, 135.90, 130.31, 129.29, 129.14, 128.58,
126.88, 118.49, 115.14, 113.30, 55.88, 51.83, 49.30, 48.38, 46.94, 43.32, 37.77, 37.66.
HRMS: m/z 580.2228 (M+1)*, 1181.4192 (2M+23)*. CogH33N506S [579.2152].

5.1.12.2 (9)-2-(2-(4-((3-aminophenyl)sulfonyl)-2-oxopiperazin-1-yl)acetamido)-N-(4-
meth oxyphenyl)-N-methyl-3-phenylpropanamide (11m).: White solid, yield: 71%. mp:
106-107°C. 1H NMR (400 MHz, DMSO-a) 68.39 (d, /= 8.0 Hz, 1H, NH), 7.28 (t, /= 7.9
Hz, 1H, Ph-H), 7.24 — 7.15 (m, 3H, Ph-H), 7.12 (d, /=7.7 Hz, 2H, Ph-H), 7.02 — 6.93 (m,
3H, Ph-H), 6.93 - 6.79 (m, 4H, Ph-H), 5.71 (s, 2H, NH,), 4.44 (td, J= 8.8, 5.2 Hz, 1H, CH),
3.86 (s, 2H, piperazine-CHy), 3.79 (s, 3H, OCHj3), 3.50 (d, /= 16.2 Hz, 1H, piperazine-CH),
3.45 (d, J=16.3 Hz, 1H, piperazine-CH), 3.23 — 3.11 (m, 4H, piperazine-CH»x2), 3.10 (s,
3H, NCH3), 2.84 (dd, J=13.5, 4.7 Hz, 1H, PhCH), 2.63 (dd, /= 13.4, 9.5 Hz, 1H, PhCH).
13C NMR (100 MHz, DMSO-d5) 6 171.37 (C=0), 167.35 (C=0), 163.72 (C=0), 159.00,
150.26, 137.91, 135.90, 134.84, 130.43, 129.28, 129.14, 128.59, 126.88, 118.83, 115.14,
114.54,112.15, 55.88, 51.83, 49.15, 48.44, 47.00, 43.31, 37.77, 37.66. HRMS: m/z
580.2220 (M+1)*, 1181.4181 (2M+23)*. CogH33N506S [579.2152].

5.1.12.3 (9)-2-(2-(4-((2-aminophenyl)sulfonyl)-2-oxopiperazin-1-yl)acetamido)-N-(4-
meth oxyphenyl)-N-methyl-3-phenylpropanamide (11n).: White solid, yield: 80%. mp:
95-96°C. 'H NMR (400 MHz, DMSO-a) 68.37 (d, /= 8.0 Hz, 1H, NH), 7.44 (d, /= 7.9
Hz, 1H, Ph-H), 7.36 (t, /= 7.6 Hz, 1H, Ph-H), 7.22 - 7.15 (m, 3H, Ph-H), 7.12 (d, J= 7.7

Hz, 2H, Ph-H), 6.98 (d, /= 8.8 Hz, 2H, Ph-H), 6.90 (d, /= 8.3 Hz, 1H, Ph-H), 6.87 — 6.79
(m, 2H, Ph-H), 6.68 (t, /= 7.5 Hz, 1H, Ph-H), 6.14 (s, 2H, NH>), 4.45 (td, /= 8.7, 5.2 Hz,
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1H, CH), 3.86 (s, 2H, piperazine-CHy), 3.79 (s, 3H, OCHy), 3.61 (d, /= 16.3 Hz, 1H,
piperazine-CH), 3.56 (d, /= 16.3 Hz, 1H, piperazine-CH), 3.29 — 3.20 (m, 2H, piperazine-
CHy), 3.20 — 3.13 (m, 2H, piperazine-CHy), 3.10 (s, 3H, NCH3), 2.84 (dd, /= 13.5, 4.8 Hz,
1H, PhCH), 2.64 (dd, J= 13.4, 9.5 Hz, 1H, PhCH). 13C NMR (100 MHz, DMSO-d) &
171.37 (C=0), 167.36 (C=0), 163.85 (C=0), 159.00, 148.26, 137.91, 135.90, 135.17,
130.39, 129.28, 129.13, 128.58, 126.88, 118.02, 115.92, 115.14, 114.39, 55.89, 51.83,
48.91, 48.42, 46.94, 43.14, 37.77, 37.68. HRMS: m/z 580.2225 (M+1)*, 1181.4212 (2M
+23)*. CogH33N506S [679.2152].

5.2 In Vitro Anti-HIV-1 Assay in TZM-bl Cells and Cytotoxicity Assay3!

Inhibition of HIV-1 infection was measured as a reduction in the level of luciferase gene
expression after a single round of virus infection of TZM-bl cells as described previously.
Briefly, 800 TCIDsq of virus (NL4-3) was used to infect TZM-bl cells in the presence of
various concentrations of compounds. One day after infection, the culture medium was
removed from each well, and 100 uL of Bright Glo reagent (Promega, San Luis Obispo, CA)
was added to the cells to measure luminescence using a Victor 2 luminometer. The effective
concentration (ECsq) against HIV-1 strains was defined as the concentration that caused a
50% decrease in luciferase activity (relative light units) compared to that of virus control
wells.

A CytoTox-Glo™ cytotoxicity assay (Promega) was used to determine the cytotoxicity of the
synthesized compounds. Parallel to the antiviral assays, TZM-bl cells were cultured in the
presence of various concentrations of the compounds for 1 day. The percent of viable cells
was determined by following the protocol provided by the manufacturer. The 50% cytotoxic
concentration (CCsg) was defined as the concentration that caused a 50% reduction in cell
viability.

5.3 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 x final
concentration) of test compounds were added in 25 pL volumes to two series of triplicate
wells so as 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 in flat-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 pL) at 100-300 CCIDsgq (50 % cell culture infectious doses) or
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 compound on uninfected
cells in order to assess the cytotoxicity of the test compounds. Exponentially growing MT-4
cells were centrifuged for 5 minutes at 220 g and the supernatant was discarded. The MT-4
cells were resuspended at 6 x 10° cells/mL and 50 pL 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 colored 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (Acros Organics) by mitochondrial dehydrogenase activity in metabolically active
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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 (CCsg) was defined as the
concentration of the test compound that reduced the absorbance (OD540) of the mock-
infected control 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

(ECsp).

5.4 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 maintained
at 25°C for all kinetic analyses. ProteOn GLH sensor chips were preconditioned with two
short pulses each (10 seconds) of 50 mM NaOH, 100 mM HCI, and 0.5% sodium dodecy!
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 sensorchip 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- A-hydroxysuccinimide (0.05 M).
Immediately after chip activation, the HIV-1NL4-3 capsid protein constructs, purified as in
Xu et al.3" were prepared at a concentration of 100 ug/ml in 10 mM sodium acetate, pH 5.0
and injected across ligand flow channels for 5 min at a flow rate of 30 pl/min. Then, after
unreacted protein had been washed out, excess active ester groups on the sensor surface
were capped by a 5 minute injection of 1 M ethanolamine HCI (pH 8.0) at a flow rate of 5
pl/min. A reference surface was similarly created by immobilizing a non-specific protein
(1gG 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 totaling 30 puL was made to a final volume of 1 ml by addition of sample
preparation buffer (PBS, pH 7.4). The 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 prepared in the running buffer (PBS, 3% DMSO, 0.005% polysorbate 20, pH
7.4) and injected at a flow rate of 100 pl/min, for a 1 minute association phase, followed by
up to a 5 minutes dissociation phase using the “one shot kinetics” capability of the Proteon
instrument.38 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. The equilibrium dissociation constant (Kp) for
the interactions, and derived from a minimum of three experiments, were calculated in
ProteOn Manager Version 3.1.0.6 (Bio-Rad, Hercules, CA), using the equilibrium analysis
function.

5.5 Action Stage Determination of 11l

Please refer to our previously published research for methodology.23
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5.6 ELISA-based Quantification of Capsid (p24) Content?8

5.7

An ELISA plate was coated with 50 ng of mouse anti-p24 (Abcam, ab9071) per well for 2
hours at room temperature, blocked with 3% BSA for 2 hours at room temperature and
washed with PBST buffer (0.1% Tween-20 in PBS). Pseudovirus stocks were lysed with
0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) at 37°C for 1 hour and added to the
plate overnight at 4°C. Simultaneously, p24 protein was added for the generation of a
standard curve. Following the overnight incubation, the plate was washed with PBST buffer,
and 1:5000 dilution of rabbit anti-p24 (Abcam, ab63913) was added for 2 hours at room
temperature. After washing the unbound rabbit anti-p24 off the plate with PBST buffer, goat
anti-rabbit-HRP at a 1:5000 dilution was added for 1 hour at room temperature. The plate
was then extensively washed with PBST buffer. Subsequently, a solution of 0.4 mg/ml o-
phenylenediamine in a phosphate-citrate buffer with sodium perborate (Sigma-Aldrich) was
added and incubated in the dark for 30 minutes. Optical densities were then obtained at 450
nm in a Multiskan™ GO Microplate Spectrophotometer (Thermo Scientific).

In Vitro Capsid Assembly Assay?8

Briefly, 1.0 pl of concentrated compound (10 mM) in 100% DMSO was added to a 74-pl
aqueous solution (the solution was made by mixing 2 ml of 5 M NaCl with 1 ml of 200 mM
NaH,PO,4, pH 8.0). To initiate the assembly reaction, 25 ul of purified capsid protein (120
uM) was added. An identical reaction mixture was prepared, omitting the compound (i.e.,
just DMSO as vehicle control). Readings were taken at 350 nm every one minute for 19
minutes. Capsid was used at a final concentration of 30 pM. PF-74 (positive control) and
compounds at 50 M (3% DMSO final).

5.8 Recombinant HIV-1 RT Inhibitory Assay

The Reverse Transcriptase Assay was performed using the colorimetric assay developed by
Roche (Reverse Transcriptase Assay, Roche Cat. No. 11468120910) (149). 4 ng
recombinant HIV-1 RT in 20 L lysis buffer (50 mM Tris, 80 mM potassium chloride, 2.5
mM DTT, 0.75 mM EDTA and 0.5% Triton X-100, pH 7.8) was incubated with 20 pL of
200 nM inhibitor (111) or 0.73 nM of TMC278 (TMC278 was obtained through the NIH
AIDS Reagent Program, Division of AIDS, NIAID, NIH: Rilpivirine (Cat # 12147) from
Tibotec Pharmaceuticals, Inc.), and 20 uL reaction mixture (containing template/primer
hybrid, digoxigenin-labeled nucleotides and biotin labeled nucleotides) at 37°C for 1 hour.
After the incubation, the reaction mixtures were transferred to microplate wells coated with
streptavidin and incubated at 37°C for 1 hour. 200 uL of sheep anti-digoxigenin-peroxidase
working solution was added per well, and incubated at 37°C for 1 hour. The entire solution
was removed and rinsed five times with 250 pL of washing buffer per well. 200 pL of 2,2’-
azino-bis(3-ethylbenzothiazoline-6- sulphonic acid) (ABTS) substrate solution was added
per well, and the reaction mixture was incubated for another 15 minutes until color
development and measured in a Multiskan™ GO Microplate Spectrophotometer (Thermo
Scientific) at 405 nM. Inhibitory activity of compound 111 was calculated as percent
inhibition as compared to a DMSO (1%) sample.
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5.9 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.23

5.10 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 will be
adjusted to 7.4 + 0.1 if required. Preparation of compounds: 1 mM intermediate solution was
prepared by diluting 10 pL of the stock solution with 90 uL. DMSQO; 1 mM intermediate of
positive control Propantheline was prepared by diluting 10 uL of the stock solution with 90
UL ultrapure water. 100 pM dosing solution was prepared by diluting 20 pL of the
intermediate solution (1 mM) with 180 pL 45% MeOH/H,0. 98 pL of blank plasma was
spiked with 2 uL of dosing solution (100 pM) to achieve 2 uM of the final concentration in
triplicate and samples were incubated at 37°C in a water bath. At each time point (0,10, 30,
60 and 120 min), 400 uL of stop solution (200 ng/mL tolbutamide and 200 ng/mL Labetalol
in 50% ACN/MeOH) was added to precipitate protein and mixed thoroughly. Centrifuged
sample plates at 4,000 rpm for 10 min. An aliquot of supernatant (50 pL) was transferred
from each well and mixed with 100 uL ultra pure water. The samples were shaken at 800
rpm for about 10 min before submitting to LC-MS/MS analysis.

5.11 Metabolic Stability in Human Liver Microsomes

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

5.12 Pharmacokinetics Assay

The oral bioavailability of 111 was examined in male Sprague-Dawley rats, which were
randomly divided into 2 groups to receive intravenous (2 mg-kg™1) or oral administration (20
mg-kg™1). The animals were kept in an air-conditioned rat room and used to determine the
kinetic profiles. Solutions of 111 were prepared in a mixture of polyethylene glycol (PEG)
400/normal saline/DMSO (40/57/3, viviV) before the experiment. Blood samples (200 uL
each time) from the intravenous or oral administration group were collected from the sinus
jugularis into heparinized centrifugation tubes at 5 min, 15 min, 30 min, 1 h, 2 h,4h,6 h, 8
h, and 12 h after dosing. Plasma samples were obtained by centrifugation at 8000 rpm, 8 °C
for 5 min and immediately frozen (—80 °C). LC-MS analysis was used to determine the
concentration of 111 in plasma. Standard curves for 111 in blood were generated by the
addition of various concentrations together with an internal standard to blank plasma.
Details of the analytical method are given in the Supporting Information. Pharmacokinetic
parameters were calculated using DAS2.0 software. The research protocol complied strictly
with the institutional guidelines of the Animal Care and Use Committee at the New Drug
Evaluation Center of Shandong Academy of Pharmaceutical Sciences.

5.13 Acute Toxicity Experiment

Kunming mice (17-20 g) were purchased from the animal experimental center of Shandong
University. The research protocol complied strictly with the institutional guidelines of the
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Animal Care and Use Committee at Shandong University. 111 was suspended in a mixture of

polyethylene glycol (PEG) 400/normal saline (70/30, v/V) up to 100 mg/mL and

administered intragastrically by gavage to mice that had been fasted for 12 h. Dosages of
1000 mg-kg~1 were administered to 10 mice per group (5 males, 5 females). Death, body
weight, tremor, convulsion, body jerks, hypoactivity, hunched posture, and piloerection were

monitored.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Chemical structures of reported representative HIV-1 CA inhibitors. Polyphenyl core
moieties in structures of PF74, GS-CA1 and GS-6207 compounds were shown in magenta.
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Figure 2.
The illustration of the co-crystal structure of PF-74/CA hexamer (PF-74 in magenta, PDB

ID: 5HGL) was generated using PyMOL (www.pymol.org). Red dashed lines indicate
hydrogen-bond interactions.
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Design pipeline of novel phenylalanine derivatives as HIV-1 CA inhibitors.
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Figure 4.
The effect of compounds 6k, 8a, 111, and PF-74 on viral production. Standard deviation

represents 2 replicates performed in duplicate. Performed with NL4-3 Env pseudo-typed
HIV-1 virus at 10 uM compound concentration.
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Figure 5.
The effect of compounds 6k (green line), 8a (black line), 111 (red line), and PF-74 (blue

line) on the NL4-3 capsid assembly /n vitro at 3M NaCl. Apo Capsid NL4-3 as control
(cyan line). (A) Capsid assembly was monitored by an increase in turbidity using a
spectrophotometer at 350 nm over 19 minutes. Capsid was used at a final concentration of
30 uM, and compounds 6k, 8a, 111 and PF-74 at a final concentration of 50 uM. (B) Slope/
velocity quantification of capsid assembly during the first 2 minutes. Experiments were
performed in triplicate. (AU) Absorption unit.
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Figure 6.
Effect of compound 111 on RT activity /n vitro. Compound 111 (0.2 pM) does not affect RT

activity as compared to the DMSO control (1%). TMC278/Rilpivirine was used as a positive
control at 0.73 nM (ICsp). The assay was performed using a calorimetric RT assay
developed by Roche. The experiment was performed in triplicate with error bars depicting
the standard deviation.
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Figure 7.

(A) RMSD (heavy atoms) of amino acids of CA HIV-1 monomer in reference to the first
frame of the MD simulation. (B) RMSF of the backbone Ca atoms for amino acids of CA
HIV-1 monomer. (C) RMSD (heavy atoms) of the bound 111 in reference to the docked
conformer.
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Figure 8.
(A) Expanded view of the representative structures of the first clusters. (B) Binding

interactions of 111 in the most populated cluster.
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Figure 9.
Result summary of human plasma stability assay. Experiments were performed in triplicate.

% remaining = 100 x (PAR at appointed incubation time/PAR at time Tp). 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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Figure 10.
Plasma concentration—time profiles in rats following oral administration (111, 20 mg/kg, A)

and intravenous administration (111, 2 mg/kg, B).
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Figure 11.
Bodyweight of all mice in four groups (g)-time (day).
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0. N (o) N
v o ~ = . o] N
_v, R_@ H j/ 6f R=4-CH0 . vi R @ H j/ :
S/N\)J\ "y 6g R=4-CH, ; 6-6n ! s N o

2 N ! " N N i
oo H @ 6h R=3,5-dimethyl E oo H '
6i R=2,4,6-dimethyl i 60-6q :

6a-6n 6j R=2-F 1 ;

- H 60 R1=4'NH2
e e BRN
=4-NO, : 6q Ry=3-NH,
6m R=2-N02 H |
6n R=3-NO, e

Scheme 1. Preparation of 6a-6¢2
@Reagents and conditions: (i) 4-methoxy-A-methylaniline, PyBop, DIEA, dichloromethane,

0°C to r.t.; (ii) trifluoroacetic acid, dichloromethane, r.t.; (iii) Boc-glycine, HATU, DIEA,
dichloromethane, 0°C to r.t.; (iv) trifluoroacetic acid, dichloromethane, r.t.; (v)
corresponding substituted benzenesulfonyl chloride, TEA, dichloromethane, 0°C to r.t.; (vi)
H,, 10% Pd®C, dichloromethane, methanol, r.t..
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Scheme 2. Preparation of 8a-8f2
@Reagents and conditions: (i) bromoacetic acid, HATU, DIEA, dichloromethane, 0°C to r.t.;

(ii) corresponding 7-substituted 2 4-benzo[€][1,2,4]thiadiazin-3(4 H)-one 1,1-dioxide,
Na,CO3, DMF, 40°C.
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Scheme 3. Preparation of 11a-11n2

@Reagents and conditions: (i) 1-Boc-3-oxopiperazine, KoCO3, DMF, 55°C; (ii)
trifluoroacetic acid, dichloromethane, r.t.; (iii) corresponding substituted benzenesulfonyl
chloride, TEA, dichloromethane, 0°C to r.t.; (iv) Hy, 10% Pd@C, dichloromethane,
methanol, r.t..
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Anti-HIV-1 activity and cytotoxicity of Series | in TZM-bl cells infected with the HIV-1 NL4-3 virus.

Table 1.

I T mmEmmm__—_—_————— \
' |
[ = \
|
. Series | O !
: |
| I
i |
' |
I |
I |
I |
' |
I |
' |
. O _N_
' (@) N
|
' R- H .
I
| P ‘, I
- N
|
| 0// N H |
I
: |
| |
i |
; |
I |
|
I ]
T o o o e e e e e e e e e e e e e e e e e e e e e e e e e e
Compounds R ECs,2uM) CCa(uM) s1°
6a H 6.23+1.20 >41.53 >6.67
6b 4-F 6.81+1.48 >40.04 >5.88
6C 4-Cl 9.88+3.30 >38.76 >3.92
6d 4-Br 8.21+2.50 >35.69 >4.35
6e 2,4,6-tri(isopropyl) 7.90£3.13 >32.91 >4.17
6f 4-CH30 10.36+3.71 >39.09 >3.77
69 4-CHs 6.26+2.22 >40.36 >6.45
6h 3,5-dimethyl 9.22+3.53 >39.25 >4.26
6i 2,4,6-trimethyl 10.69+3.06 >38.19 >3.57
6j 2-F 10.81+2.20 >40.04 >3.70
6k 3-F 5.61+1.54 >40.04 >7.14
6l 4-NO, >37.98 >37.98 -
6m 2-NO, 8.74+2.47 >37.98 >4.35
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Series |

T e o o Em Em Em o EE o EE Em o e EE e o e e Em e e e o s s mm s O
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T o o o e e e e e e e e e e e e e e e e e e e e e e e e e e
Compounds R ECs2(uM) CCa’(uM) sI°
6n 3-NO, 8.93+1.82 >37.98 >4.26

60 4-NH, 6.65+2.42 >40.28 >6.06

6p 2-NH, 9.06+2.62 >40.28 >4.44

6q 3-NH, 8.26+2.82 >40.28 >4.88
PF-74 - 0.52+0.18 >47.00 >90.91

aEC50: the concentration of the compound required to achieve 50% protection of TZM-bl cells against HIV-1-induced cytopathic effect,

determined in at least triplicate against HIV-1 in TZM-bl cells.

Page 50

bCC5o: the concentration of the compound required to reduce the viability of uninfected cells by 50%, determined in at least triplicate against
HIV-1 in TZM-bl cells; values were averaged from at least three independent experiments.

CSI: selectivity index, the ratio of CC50/EC5(.
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Table 2.

Anti-HIV-1 activity and cytotoxicity of Series Il in TZM-bl cells infected with the HIV-1 NL4-3 virus.

Page 51
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Compounds Ry R, ECso(uM) CCsob(uM) si®

8a H - 2.11+0.48 >38.27 >18.18

8b CH3 - 5.96+2.05 >37.27 >6.25

8c CH30 - 4.89+1.01 >36.19 >7.41

8d - F 3.82+0.82 >23.12 >6.06

8e - Cl 4.77+0.99 >22.69 >4.76

8f - Br 5.62+1.84 >21.60 >3.85

PF-74 - - 0.52+0.18 >47.00 >90.91

aEC50: the concentration of the compound required to achieve 50% protection of TZM-bl cells against HIV-1-induced cytopathic effect,

determined in at least triplicate against HIV-1 in TZM-bl cells.

CCps0: the concentration of the compound required to reduce the viability of uninfected cells by 50%, determined in at least triplicate against
HIV-1 in TZM-bl cells; values were averaged from at least three independent experiments.

CSI: selectivity index, the ratio of CC50/EC5Q.

J Med Chem. Author manuscript; available in PMC 2021 May 14.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sunetal.

Table 3.
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Anti-HIV-1 activity and cytotoxicity of the Series 11l in TZM-bl cells infected with the HIV-1 NL4-3 virus.

Series lll

o8

,0

\S/

N °N O ~
R~
/ N N r ,/
H
0
___________________________________ i

Compounds R ECs3(1M) CCso(uM) sI°
11a H 0.37£0.12 >35.42 >05,22
11b 4-F 1.06+0.26 25.74+2.23 24.20
1lc 3-F 0.45+0.15 >34.33 >76.96
11d 2-F 0.48+0.09 >34.33 >71.36
1le 4-Cl 1.05+0.37 >33.38 >31.73
11f 4-Br 0.36+0.11 >31.08 >87.05
119 4-CH30 0.64+0.13 >33.63 >52.63
11h 4-CHs 0.50+0.23 >34.56 >68.98
11i 4-NO, 0.30£0.09 >32.81 >111.21
11j 3-NO, 0.67£0.23 >32.81 >48.75
11k 2-NO, 1.00+0.38 >32.81 >32.81
111 4-NH, 0.09+0.03 >34.50 >383.36
11m 3-NH, 0.33£0.08 >34.50 >105.19
11n 2-NH, 0.54+0.12 >34.50 >64.49
PF-74 - 0.52+0.18 >47.00 >90.91
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aEC5o: the concentration of the compound required to achieve 50% protection of TZM-bl cells against HIV-1-induced cytopathic effect,
determined in at least triplicate against HIV-1 in TZM-bl cells.

CCps(: the concentration of the compound required to reduce the viability of uninfected cells by 50%, determined in at least triplicate against
HIV-1 in TZM-bl cells; values were averaged from at least three independent experiments.

CSI: selectivity index, the ratio of CC50/EC5Q.
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Antiviral activity against HIV-1 (I11g) and HIV-2 (ROD) replicating in MT-4 cells. Corresponding cytotoxicity,

and selectivity indices are also given.

Table 4.

Compounds ECsoa(uM) CCsob(uM) si°

111b ROD 1B ROD

6k 24.48+8.73  20.06+4.44  136.28+5.26 5.57 6.79

8a 6.07+£2.93 2.72+1.09 129.72+4.88  21.37 47.69
1la 0.71£0.37  0.032£0.009 108.54+17.00 152.87 3391.88

11i 4.90+1.87 0.16+0.05 8.89+1.94 181 55.56
111 0.21£0.03  0.031+0.012 178.81+1.21 851.48 5768.06
PF-74 0.87+0.31 3.69£0.59  145.18+38.05 166.87  39.34

a . . . . . . - .
EC50: concentration of compound required to achieve 50% protection of MT-4 cell cultures against HIV-1-induced cytotoxicity, as determined by

the MTT method.

bCC5o: concentration required to reduce the viability of mock-infected cell cultures by 50%, as determined by the MTT method.

CSI: selectivity index, the ratio of CC50/EC5(.
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Table 5.

SPR results of representative compounds and PF-74 binding to monomeric and hexameric CA constructs.

Compound Ko' (M) ratio®
Monomer Hexamer

6a 15.50+1.76 11.80+0.30 131

6k 22.10+12.00 7.99+0.08 2.77

8a 6.63+1.46 1.19+0.05 5.57

8d 0.20+0.07 1.30+0.22 0.15

11i 11.50+5.92 4.45%0.32 2.58

111 13.60+7.86 2.63+0.14 5.17

11m 10.00+4.38 3.02+0.13 331
PF-74 2.80£1.40 0.093+£0.005  30.11

a . .
All values represent the average response from at least 3 replicates. Error bars represent standard deviation.

bKDMonomer/KDHexamer ratio.
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Antiviral activity in early-, late-stages of representative compounds using HIV-1 Env-pseudotyped virus.

Table 6.

Compound ICsoa (M) Ratiob
Early Stage Late Stage
6k 8.22 +0.99 4.20+2.51 0.51
8a 1.94 +0.48 2.44 +1.52 1.26
111 896 +0.43nM 0.24+0.11 26.79
PF-74 56 17 nM 0.23+0.17 411

Page 56

a . . . . . -
the concentration of the compound required to achieve 50% infection of HIV-1 Env-pseudotyped virus in U87.CD4.CCRS target cells. SD of 3

parallel tests is indicated.

b|C5OLate/|C50Early ratio.
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Hydrogen bond analysis and their corresponding frequencies for the whole 1 pus MD trajectory.

Table 7.

Residues involved

Frequency

Gly106
GIn50
Asn74
111-09

111-017

111-N7

111-N7
111-040
111-H21
111-H21

50.6
31.4
35
56.4
3.8
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Table 8.

Metabolic Stability Assay in Human Liver Microsomes

Page 58

HLM (Final concentration of 0.5 mg protein/mL)

T mt mPew  Cme’ el Fmanne o R
111 0.9863 4.1 342.0 307.8 0.0% 93.4%
PF-74 0.9761 1.3 1080.3 972.3 0.3% 93.1%
Testosteron®  0.9973 146 95.2 85.7 6.1% 84.0%
Diclofenac 0.9972 14.8 93.6 84.3 5.9% 94.8%
Propafenon® 09722 6.9 201.4 181.2 0.3% 100.0%

ao. . . . . A A . .
R2 is the correlation coefficient of the linear regression for determination of the kinetic constant (see raw data worksheet in the Supporting

Information).

le/z is half-life, and CLint(mic) is the intrinsic clearance.
CCLint(miC) = (0.693/half-life)/mg microsome protein per mL.

dCLint(nver) = CLint(mic) x mg microsomal protein/g liver weight x g liver weight/kg body weight.

eNCF: no cofactor. No NADPH regenerating system was added to the NCF sample (replaced by buffer) during the 60 min incubation. If the

remaining amount is less than 60%, then non-NADPH dependent reaction occurs.
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Table 9.
Pharmacokinetic Profile of 111°
Parameter Unit 1l (po)b 1 (iv)c
Mean * SD Mean =+ SD
T (h) 12 £ 04 1.0 + 03
Tmax (h) 025 + 00 0083 + 00
Crnax (ng/mL) 838 + 379 12808 =+ 649
AUCo  (h*ng/mL) 1163 =+ 510 5056 + 1100
AUCyp.  (h*ng/mL) 1206 + 509 5115 + 1094
\Y (mL/kg) NA =+ NA 57524 + 12921
CL (mL/mkg) NA £ NA 40623 + 884.6
MRTg-c0 (h) 18 + 08 07 + 03
F (%) 23.0

aPK parameters (mean + SD, n = 5).

bDosed orally at 20 mg/kg.

cDosed intravenously at 2 mg/kg.
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