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Abstract

The HIV-1 capsid (CA) protein plays essential roles in both early and late stages of HIV-1
replication and is considered an important, clinically unexploited therapeutic target. As such, small
drug-like molecules that inhibit this critical HIV-1 protein have become a priority for several
groups. Therefore, in this study we explore small molecule targeting of the CA protein, and in
particular a very attractive inter-protomer pocket. We report the design, parallel synthesis, and
anti-HIV-1 activity evaluation of a series of novel phenylalanine derivatives as HIV-1 CA protein
inhibitors synthesized via Cu(l)-catalyzed alkyne-azide 1,3-dipolar cycloaddition (CUAAC)
reaction. We demonstrate robust inhibitory activity over a range of potencies against the HIV-1
NL,4.3 reference strain. In particular, compound 13m exhibited the greatest potency and lowest
toxicity within this new series with an ECs value of 4.33 uM and CCg value of >57.74 uM (Sl >
13.33). These values are very similar to the lead compound PF-74 (ECgsg= 5.95 uM, CCsgq > 70.50
UM, SI > 11.85) in our assay, despite significant structural difference. Furthermore, we
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demonstrate via surface plasmon resonance (SPR) binding assays that 13m interacts robustly with
recombinant HIV-1 CA and exhibits antiviral activity in both the early and late stages of HIV-1
replication. Overall, the novel parallel synthesis and structure-activity relationships (SARS)
identified within this study set the foundation for further rational optimization and discovery of
CA-targeting compounds with improved potency.
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1. Introduction

Acquired immune deficiency syndrome (AIDS), primarily caused by human
immunodeficiency virus type 1 (HIV-1), remains a global problem. Although considerable
progress has been made with regards to improving the quality and length of life of patients
living with HIV with the application of combinatorial antiretroviral therapy (CART)
regimen, current therapies still suffer from adverse side effects and the ever-present
problems of natural and emergent drug resistance[1, 2]. Accordingly, there is a continuing
need for new anti-HIV drugs, especially those acting on novel targets with new scaffolds and
mechanisms of action.

The HIV-1 capsid (CA) protein plays crucial roles in both early (uncoating, nuclear entry,
reverse transcription, integration, efc.) and late stages (maturation and assembly) of the
HIV-1 life cycle [3, 4]. In the early stage, the fusion of the virus with target cell membranes
triggers the disassembly or uncoating of CA protein, which is tightly associated with the
reverse transcription and synthesis of viral cDNA [5, 6]. Although viral uncoating is not
completely understood, the correct spatiotemporal disassembly of the capsid during the
initial stage of infection is necessary for the completion of reverse transcription and, hence,
infectivity. Moreover, in the late stage of HIV-1 replication, CA protein assembly and
maturation are essential for the formation and release of infectious viral particles. Extensive
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mutational analysis has been performed on CA; analysis that has revealed an extreme
genetic fragility, with most changes to the capsid being detrimental for the above processes
and the fitness of the virus [7, 8]. Therefore, the HIV-1 CA protein has emerged as an
attractive antiviral target for the development of small-molecular inhibitors [9-12].

To date, a series of structurally diverse small-molecular compounds have been identified as
HIV-1 CA inhibitors [13-20]. Among them, PF-74 (Fig.1a) is the most widely studied small
molecule targeting the HIV-1 CA protein (Fig.1a). PF-74 was developed by Pfizer, USA, and
has been demonstrated to inhibit the replication of the majority of isolates at low to sub-
micromolar concentrations [11, 13, 21-23]. However, the relatively low inhibitory activity
and poor drug-like qualities, most critically extremely poor metabolic stability [13] indicate
the urgent needs for further structural optimization of PF-74. Recently, the binding mode of
PF-74 in the inter-protomer binding pocket in the CA protein hexamer has been described by
several groups in crystallographic studies using native and disulphide stabilized constructs
[24-26]. The availability of these structures greatly facilitates the structure-based design of
novel compounds based upon the PF-74 scaffold. PF-74 consists of a phenylalanine core
(red part, Fig.1a), an indole substituent (pink part, Fig.1a) and a linker between them (blue
part, Fig.1a). The interprotomer pocket in which PF-74 binds is defined by four a-helices
(H3, H4, H5, and H7) in the NTD interface of one protomer; the phenylalanine core forms
interactions with Asn57, with 1le73, Ala105, Tyr130 and Thr107 (Fig.Ib). The methylindole
ring of PF-74 is oriented towards the CTD interface of the adjacent subunit within the same
hexametric ring and interacts with Argl73, GIn63, and Lys182 (Fig.1b) [24-26]. Of
particular note, the plasticity of the CTD-NTD interface provides additional space for further
modification of the indole substituent and linker of PF-74, as exemplified by compounds |
and 11 with improved potency (Fig.1). Interestingly, in these compounds, the methoxy
moiety was frequently observed in the aniline substituent of phenylalanine core (Fig.1) [27,
28].

Given the attractiveness of the CA protein as a target, and the wealth of structural and
mechanistic information available, we chose PF-74 to focus our optimization efforts upon.
Specifically, in this study, we chose to explore modification of methylindole moiety as this
region has been demonstrated to be quite tolerant to changes [13]. However, unlike previous
studies, we demonstrate the successful implementation of a parallel synthesis strategy using
the facile Cu(l)-catalyzed alkyne-azide 1,3-dipolar cycloaddition (CUAAC) reaction (Fig.1)
[29-32]. This strategy, installs a 1,2,3-triazole unit as a linker in the newly designed
compounds, further diversifying the compounds and, most likely, improving solubility (Fig.
1). We chose not to modulate the phenylalanine core region of PF-74 and its reported
analogues but chose to include the methoxy-bearing aniline substituent present within the
high potency analogues (PF-74).

Therefore, in this novel study, we report the parallel synthesis and antiviral activity of 20
newly designed phenylalanine derivatives. Furthermore, we demonstrate via surface plasmon
resonance (SPR) binding assays that representative compounds from this study interact
robustly with recombinant HIV-1 CA and exhibit antiviral activity in both the early and late
stages of HIV-1 replication. Overall, the novel parallel synthesis and structure-activity
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relationships (SARs) identified within this study set the foundation for further rational
optimization and discovery of CA-targeting compounds with improved potency.

2. Results and discussion

2.1 Chemistry

The straightforward synthetic route towards the target compounds was depicted in Scheme
1. (Tert-butoxycarbonyl)-L-phenylalanine (1) was selected as the starting material. It was
reacted with 4-methoxy-A-methylaniline, followed by removing the Boc protection to
produce the free amine (3). Then, 3 was treated with propiolic acid to yield the key
intermediate 4. Meanwhile, the substituted benzyl bromide (5) or chloride (9) were
converted to azide 6 or 10 by nucleophilic substitution with NaNs, respectively. Further
oxidation of 10 in the presence of 3-chloroperbenzoic acid generated compounds 11 and 12.
Substituted phenylboric acids 7 were reacted with NaN3 by the catalytic CuSO4.5H,0 to
provide the corresponding azides 8. Finally, the target products (13) were obtained by
CuAAC reaction between the azide substituents (6, 8, 11 or 12) and key intermediate 4. The
newly synthesized compounds were characterized by MS and NMR spectra.

2.2 Anti-HIV activity evaluation in MT-4 cells

Having demonstrated the utility of our new parallel synthesis scheme, we next sought to test
the newly synthesized compounds for /n vitro anti-HIV-1 activity in a multicycle assay using
fully infectious HIV-1 NL4_3 virus and MT-4 target cells. PF-74 was included as an in-line
control to allow for direct comparison with the new compounds. Finally, the toxicity of
PF-74 and the new compounds towards the MT-4 cells was also assessed. Table 1 shows the
anti-HIV potency (ECsgg, as measured by a luciferase gene expression assay [33]),
cytotoxicity (CCsp) as well as selectivity index (S, the ratio of CCg¢/ECsg) for each of the
compounds and control.

As shown in the Table 1, it can be observed that some of newly synthesized compounds
exhibited from moderate to excellent activity against HIV-1 NL4.3 virus with ECgq values
ranging from 14.93 pM to 4.33 uM and Sl values between 1.34 and 13.33. Among them,
13m (ECsp = 4.33 £ 0.83 uM, CCgp> 57.74 M), 13p (ECsg = 6.91 + 2.43 uM, CCsp >19.47
M) and 13r (ECsp = 6.65 + 1.47 uM, CCgp> 19.32 uM) turned out to be the most potent
HIV-1 inhibitors, which were equipotent with PF-74 (ECgq = 5.95 + 1.32 pM, CCsgq > 70.50
UM). In particular, 13m also exhibited an equivalent Sl value (13.33) comparable to PF-74
(SI: 11.85).

The exploratory SARs analysis was derived from the results. Firstly, our attention was
focused on the SAR of the substituted benzyls (13a-13n). When making a comparison
between 13m and 13n with a terminal - and a-substituted naphthalene group in their
structures, respectively, 13m is far more active than 13n in inhibiting HIV-1 NL4_3,
indicating that S-substituted naphthalene might form a better interaction with the CTD of
CA protein. Similarly, variation of the position of identical substituent in the benzyl (from
the ortho-position to the para-position) resulted in different inhibitory activity (13a (2-Me) >
13b (3-Me) and 13c (4-Me); 13i (4-CN) =~ 13h (3-CN) > 13g (2-CN); 13j (2-NO,) > 13k (3-
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NO,) and 131 (4-NO5)), with the exception of compounds that were endowed with
chlorinated benzyl (13d/13e/13f). These results indicated that benzyl with different positions
of the same substituent would have a great influence on the inhibitory activity against HIV-1
NL4.3 virus. In addition, it was noteworthy that different substituents at the same position
demonstrated significant effects on the activity results, as suggested by comparison of
13a/13d/139/13j, 13b/13e/13h/13k and 13c¢/13f/13i/13l.

Next, we turned our attention to the SAR of synthesized compounds with substituted
benzenes (130/13p). Detailed comparison of the activities of 130 with 13p suggested that
one more flexible substituent at the benzene (13p) might strengthen the interaction with the
CTD binding site compared to substituent bearing with rigid construction (130). Further
optimization of phenylalanine derivatives was focused on incorporating a group including S
atom or its oxidation groups to the linker. Comparing the anti-HIV-1 (NL4.3) activity
between 13q, 13r and 13s reveals that had certain influence on the antiviral activity (Table
1). Among compounds above, 13r exhibited the best inhibitory activity with the ECsg value
of 6.65 £ 1.47 uM, which is comparable to the reference agent PF-74.

Finally, the commercially available zidovudine unit was introduced as one CTD substituent,
resulting in the compound 13t with moderate activity toward HIV-1 NL4_3 (ECgq = 10.45
+3.08 uM).

On the whole, preliminary SAR studies of these newly designed compounds revealed that
the anti-HIV-1(NL4.3) activities of phenylalanine derivatives were not only sensitive to types
of CTD substituents but also affected by different linkage positions. The biological
evaluation results and the SAR analysis described above will be beneficial to further design
of CA protein inhibitors targeting the conformationally dynamic CTD-NTD interface.

2.3 Binding to HIV-1 CA protein

We next sought to demonstrate that the newly synthesized and designed compounds retained
target specificity to the HIV-1 CA protein. We chose to perform this analysis on three of our
highest potency compounds, 13m, 13p, and 13r. The successful use of surface plasmon
resonance (SPR) to quantify the binding interactions of CA-targeting small molecules has
been previously reported [13-16]. Therefore, we chose this methodology for our studies.

Moreover, to ascertain whether or not there was any oligomeric preference of the
compounds, we chose three different available CA protein constructs; the CA NTD,
monomeric CA, and hexameric CA. Again, PF-74 was utilized as the reference compound.
Figure 2 shows the results of this analysis.

As depicted in Fig. 2A, compounds 13m, 13p, 13r, and PF-74 all bind to the three different
CA protein constructs (NTD, monomer and hexamer). PF-74 interacts the tightest overall,
with equilibrium dissociation constant (Kp) values for the NTD, monomer, and hexamer, of
3.6 UM, 2.7 UM and 64.3 nM, respectively. These values are consistent with the previous
affinity studies reported in the literature [13, 24, 26] and demonstrate that PF-74 has a
preference for binding to the hexameric form of the CA protein. This result, again, is
consistent with the structural information regarding the binding mode of PF-74 in which the
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molecule makes contact with two adjacent protomers in the CA hexamer. In contrast to the
oligomeric preference shown by PF-74, compounds 13m, 13p, and 13r, display comparable
affinities to all of the CA protein constructs used, with the exception of 13r that appears to
prefer the monomeric form of CA. Moreover, compounds 13m, 13p, and 13r have a
markedly different kinetic signatures to PF-74, having rapid on- and off-rates, compared to
the rapid on- but relatively slow off-rate of the parental compound. Taken together, this
analysis demonstrates that the novel 1,2,3-triazole-containing phenylalanine derivatives
retain the target specificity of the parental PF-74 and can be classified as HIV-1 CA
inhibitors. Moreover, the use of SPR to determine not only an affinity but a kinetic signature
for the compounds may provide a rapid method of screening for higher potency analogues.
A recent study has demonstrated that the antiviral potency of a small series of HIV-1 entry
inhibitors can be best correlated with the off-rate parameter of their interaction with their
protein target [34]. As such, next-generation analogues in this series could be prioritized via
a rapid off-rate screening strategy.

2.5 Determination of the action stage of 13m

2.5.

The observation that all of the new compounds interact with both monomeric and hexameric
forms of the HIV-1 CA protein has implications for the stage at which they exert there
antiviral effect. PF-74 binds to both CA monomer and hexamer and inhibits HIV-1
replication in the early, infective stages, and the late, assembly stages of the virus lifecycle
[11]. We, therefore, sought to see if this dual-stage mode of action was true for our new
compounds and chose to focus on 13m as the most potent representative of our derivatives.
To achieve this, we utilized the modular nature of the single round infection assay, in which
singly-round infective HIV-1 particles are generated recombinantly in HEK293T cells, and
then used to infect U87.CD4.CCR5 cells: this allows for the separation of early and late
stages of the replication cycle [35].

Effects on post-integration and assembly events were identified by producing Env
pseudotyped viruses in the absence or presence of various concentrations of 13m. HIV-1g41
Env pseudotyped virus (which encodes for firefly luciferase as a reporter gene) were diluted
ten-fold and used to infect U87.CD4.CCRS5 target cells. Compound-induced late-stage
effects were demonstrated by a decrease in infectivity in the target cells, compared to the
control virus that was generated without the compound present. Compound-induced early-
stage effects were observed by using virus produced in the absence of compound to infect
U87.CD4.CCRG5 target cells in the absence or presence of various concentrations of 13m. As
can be seen in Table 2, 13m displays effects in both the post-integration, assembly and pre-
integration, infective stages of the HIV-1 life-cycle. The control compound PF-74 also
exhibits this dual-stage inhibition profile. These preliminary mechanism-of-action studies set
the stage for more rigorous studies with these and higher potency compounds.

Molecular Dynamics (MD) simulation

To better understand the activity results and find the potential binding modes of this series of
molecules, the representative compound 13m was analyzed by MD simulation to find its
binding to the active site of CA HIV-1 monomer. Figure 3A shows the root mean square
deviation (RMSD) of the protein amino acid residues for all heavy atoms during the 1us MD

Eur J Med Chem. Author manuscript; available in PMC 2019 October 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wu et al.

Page 7

simulation. It is clear from the figure that the protein structure has deviated from the starting
X-ray structure 5SHGL. Furthermore, the figure shows that the protein structure could exist in
different conformational ensembles due to the different RMSD values. To further investigate
the deviation of the protein from the starting X-ray structure, the root mean squares
fluctuation (RMSF) of residues was calculated and plotted in Figure 3B. This figure shows
that most amino acid residues have deviated from the starting structure, which also indicates
the presence of the protein in other conformational forms. The presence of the protein
structure in different conformational forms could be accompanied with different binding
modes of 13m. Accordingly, RMSD of 13m heavy atoms was calculated in reference to the
first frame of the MD simulation and plotted in Figure 3C. Indeed, it is obvious from the
figure that 13m is present in different structural clusters, which potentially indicate binding
to the active site in different modes.

According to the RMSD and RMSF results, the entire trajectory has been clustered based on
13m (no fit), after alignment of protein residues, to see the binding modes of 13m in the
active site. The clustering procedure yielded nine different structural clusters with two most
populated. Figure 4 shows representative structures of the two most populated clusters with
their corresponding expanded views for 13m binding to the active site. According to the
clustering results, it is clear that CA HIV-1 monomer exists in two different conformational
ensembles with RMSD between the representative structures of 6.4 A. This high RMSD
value indicates that they are totally different. Inspection of the expanded views of the first
and second clusters in the figure shows that in the most populated cluster 13m binds in
similar way to PF-74 structure, 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. On the other hand, in the
second most populated cluster, the core of 13m is oriented to the outside of the active site
and the substituent is oriented to the inside of the active site, which is in contrast to the
binding of PF-74. According to these results, the binding of 13m in two different binding
modes could potentially induce the two different conformations of CA HIV-1 monomer.
Furthermore, binding of 13m in two different binding modes could enhance its activity due
to the increased chance of binding to the active site.

Interaction of 13m with CA HIV-1 monomer fixed it to the open conformation as shown by
Jacques et. alin 5SHGL X-ray structure[21], Figures 5 A and C show that GLN50 (in both
clusters) is kept far from PRO1, HIS12, THR48 and ASN51 triad, which is important to
form hydrogen bond to induce the close conformation. This could fix the hexamer to one
conformation and disables its function. In the first conformational cluster 13m binds in
similar mode of PF-74 but with different amino acid residues. Where, the phenyl ring of the
core region could form hydrophobic interaction with LY S70 similar to PF-74. Furthermore,
13m forms hydrophobic interactions with MET66 and LEU56. It also forms aliphatic
hydrogen boning with ASN74 through its methoxy group in the core region, and hydrogen
bond with ASN57 at the substituent region. 13m in the other binding mode, which is
different from the binding mode of PF-74, forms hydrophobic interaction with LYS70
through its substituent region in contrast to the first binding mode. Also, it forms
hydrophobic interactions with MET66 and ALA64 through its core region. Interaction of
13m with CA HIV-1 monomer in different binding modes involves more amino acids, which
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increases the possibility of inhibiting this protein and could accounts for its high inhibitory
activity.

3. Conclusions

In brief, taking the most studied HIV CA inhibitor PF-74 as lead compound, we designed
and expeditiously synthesized a series of 1,2,3-triazole-containing phenylalanine derivatives
via CUAAC reaction. Among them, 13m exhibited the best anti-HIV-1 activity (ECgq = 4.33
UM, SI > 13.33), being similar to the lead PF-74 (ECsp = 5.95 UM, SI > 11.85). Direct
binding studies using SPR demonstrated that this series of phenylalanine derivatives interact
with the HIV-1 CA protein, irrespective of its oligomeric status. In-line with this
observation, we have demonstrated the compound 13m inhibits the replication of HIV-1 in
both the early and late stages. Finally, through molecular dynamics simulation, we can
conclude that 13m potentially has two different binding modes to HIV-1 CA monomer,
which has implication for the precise manner of CA protein inhibition in each of the discrete
stages of replication. We envisioned that the conformationally dynamic CTD-NTD interface
still have ample space for further modification to form potential interaction with nearby
hotpot residues. Ongoing studies regarding the further development of these novel capsid
inhibitors from our lab will be reported in due course.

4. Experimental section

4.1. Chemistry

All melting points of the compounds were determined on a micro melting point apparatus
and were uncorrected. TH-NMR and 13C-NMR spectra were obtained viaa Bruker
Avance-400 NMR-spectrometer in DMSO or CDClI3 using TMS as internal reference.
Chemical shifts were expressed in & units (ppm) and Jvalues were presented in hertz (Hz).
Related mass spectra dates were determined by a LC Autosampler Device: Standard
G1313A instrument. TLC was performed on Silica Gel GF254 for TLC and spots were
visualized by irradiation with UV light (1 = 254 nm). Meanwhile, flash column
chromatography was performed on column packed with Silica Gel 60 (200-300 mesh).
Rotary evaporator under reduced pressure condition was used to concentrate the reaction
solutions. Solvents were of reagent grade and purified with standard methods when
necessary.

4.1.1 Tert-butyl(S)-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo-3-
phenylpropan-2-yl)carba mate (2)—A solution of (tert-butoxycarbonyl)-L-
phenylalanine (1, 8.75 mmol, 2.3 g) in 15 mL dichloromethane was added PyBop (10.9
mmol, 5.7 g) at 0°C, and the mixture stirred for 0.5 h. Subsequently, DIEA (21.87 mmol,
3.61 mL) and 4-methoxy-A-methylaniline (7.29 mmol, 1.0 g) were added to the mixture and
then stirred at room temperature for another 8-9 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 50 mL), dried over anhydrous Na,SOy,,
filtered, and concentrated under reduced pressure to afford corresponding crude intermediate
2 as yellow oil with a yield of 94%. IH NMR (400 MHz, DMSO-g46 7.21 (d, J= 8.4 Hz,
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3H), 7.15 (d, J= 7.1 Hz, 2H), 7.02 (d, /= 8.4 Hz, 2H), 6.85 — 6.75 (m, 2H), 4.15 (q, /= 5.4
Hz, 1H), 3.80 (s, 3H), 3.12 (5, 3H), 2.81-2.54 (m, 2H), 1.30 (s, 9H). 13C NMR (100 MHz,
DMSO0) & 172.21, 158.98, 155.74, 138.53, 136.13, 129.28, 128.47, 126.70, 115.21, 78.33,
55.94, 53.53, 37.86, 37.10, 28.65. ESI-MS: m/z 385.4 (M + 1)*, CooHgN,04 (384.2).

4.1.2 (S)-2-amino-N-(4-methoxyphenyl)-N-methyl-3-phenylpropanamide (3)—
Trifluoroacetate (34.2 mmol, 5.0 eq) was added dropwise to intermediate 2 (2.63 g, 6.84
mmol, 1.0 eq) in 30 mL dichloromethane and stirred at room temperature for 6-7 h. Then,
the resulting mixture solution was alkalized to pH = 9 with saturated sodium bicarbonate
solution, and then extracted with dichloromethane (3 x 20 mL). The combined organic layer
was dried over anhydrous Na,SOy, filtered, and concentrated under reduced pressure to
yield the crude product, which was purified by flash column chromatography to afford
compound 3 as yellow oil with the yield of 84%. IH NMR (400 MHz, DMSO-dj) 6 7.34-
7.15 (m, 3H), 6.90 (m, 6H), 3.77 (s, 3H), 3.35 (t, /= 6.9 Hz, 1H), 3.06 (s, 3H), 2.76 (dd, J=
12.9, 6.8 Hz, 1H), 2.46 (dd, /= 12.9, 7.1 Hz, 1H). 13C NMR (100 MHz, DMSO) & 174.96,
158.76, 139.02, 136.36, 129.51, 128.93, 128.46, 126.54, 115.03, 55.83, 53.38, 42.25, 37.45.
ESI-MS: m/z 285.3 (M + 1)*, C17>HyoN5,0; (284.1).

4.1.3 (S)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo-3-phenylpropan-2-
yl)propiolamide (4)—Propiolic acid (4.22 mmol, 0.3 g) and HATU (5.28 mmol, 2.0 g)
were mixed in dichloromethane and stirred in an ice bath for 1 h. Then, the intermediate 3
(6.33 mmol, 1.80 g) and DIEA (7.03 mmol, 1.16 mL) were added to the above solution
slowly at 0°C. The reaction system was then stirred at room temperature for additional 12 h.
The solvent was removed under reduced pressure and then 1N HCI (30 mL) was added,
extracted with ethyl acetate (3 x 30 mL). The combined organic layer was washed with
saturated sodium bicarbonate (3 x 50 mL). The resulting organic layer was washed with
saturated salt water, dried over anhydrous NaySQOy, filtered, and concentrated under reduced
pressure to afford corresponding crude product, which was purified by flash column
chromatography to yield compound 4 as yellow oil with the yield of 38%. 1H NMR (400
MHz, DMSO-gg) 6 9.16 (d, J= 7.8 Hz, 1H), 7.17 (td, /= 7.0, 4.5 Hz, 5H), 7.00 (d, /= 8.9
Hz, 2H), 6.85 - 6.82 (m, 2H), 4.45 (ddd, J=9.7, 7.7, 4.5 Hz, 1H), 3.79 (s, 3H), 3.12 (s, 3H),
2.91-2.71 (m, 2H), 2.69 (s, 1H). 133C NMR (100 MHz, DMSO0) & 170.90, 159.10, 151.91,
137.93, 135.87, 129.19, 128.63, 126.96, 115.17, 78.37, 76.80, 55.91, 52.53, 37.85, 36.86.
ESI-MS: m/z 337.6 (M + 1)*, CooHpgN203 (336.1).

4.1.4 General procedure for the synthesis of azide substituents

4.1.4.1 General procedure for the synthesis of azide substituents (6 and 10): Benzyl
bromide (5, 1 g, 1 eq) and sodium azide (NaNs, 1.5 eq) were dissolved in 10 mL N, A-
dimethylformamide (DMF). The mixture was added 20 mL water after stirred at room
temperature for 12-13 h, and then extracted by ethyl acetate (3 x 20 mL). The organic phase
was combined, dried over anhydrous Na,SOy, filtered, and concentrated to yield the crude
azide substituent 6, which was used for the next step without further purification. The
abovementioned method was applied to the substituent (azidomethyl)(phenyl)sulfane (10,
C7H7N3S). 1H NMR (400 MHz, DMSO-ag) & 7.52-7.47 (m, 2H), 7.42-7.35 (m, 2H), 7.33 -
7.27 (m, 1H), 4.87 (s, 2H).
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4.1.4.2 General procedure for the synthesis of azide substituents (8): Different
substituted phenylboronic acid compounds (7, 1 g, 1 eq), sodium azide (NaN3, 1.5 eq) and
copper sulfate pentahydrate (CuSO4-5H5, 0.1 eq) were mixed in the 10 mL methanol and
then stirred at room temperature for 8-9 h. Subsequently, the reaction solvent was removed
under reduced pressure and 20 mL of water was added. Aqueous solution was extracted by
ethyl acetate (3 x 20 mL), the combined phase was dried over anhydrous Na,SOy, filtered,
and concentrated to afford the crude azide substituents 8 which was used for the next step
directly.

4.1.4.3 General procedure for the synthesis of azide substituents (11 and 12): Under
ice cooling, after a solution of 3-chloroperbenzoic acid (mCPBA, 580 mg, 75%, 1.26 mmol)
in CH,Cl, (1.0 mL) was added dropwise to a solution of the intermediate (azidomethyl)
(phenyl)sulfane (10, 168 pL, 1.17 mmol) in dry CH,Cl, (10 mL), the mixture was stirred at
room temperature for 15 h. Then saturated sodium bicarbonate solution was poured into the
reaction mixture and extracted with ethyl acetate (3 x 50 mL). The combined organic phase
was dried over anhydrous sodium sulphate and then evaporated. The residue was purified
using flash chromatography with n-hexane/ethylacetate to afford azide substituent
((azidomethyl)sulfinyl)benzene (12, C7H7N305S). *H NMR (400 MHz, Chloroform-d) &
8.00 - 7.94 (m, 2H), 7.77 = 7.70 (m, 1H), 7.63 (dd, J= 8.4, 7.1 Hz, 2H), 4.31 (s, 2H, CH)).

This method was also applied to synthesize substituent ((azidomethyl)sulfinyl)benzene (11,
C7H7N30S). Compared to the synthesis of azide substituent ((azidomethyl)sulfinyl)benzene
(12), the only difference of ((azidomethyl)sulfinyl)benzene (11) synthesis is that the reaction
would be finished after reacting with 77CPBA at 0°C merely for 1 h. 1TH NMR (400 MHz,
Chloroform-d) 6 7.64-7.56 (m, 2H), 7.52-7.35 (m, 3H), 4.21 (d, /= 12.0 Hz, 1H), 3.97 (d, J
=119 Hz, 1H)

4.1.5 General procedure for the synthesis of target compounds (13a-13t)—
The key intermediate 4 (1.0 eq), azide substituents (6, 8, 10, 11 and 12, 1.1 eq), ascorbic
acid sodium (0.6 eq) and CuSQO4.5H,0 (0.3 eq) were dissolved in the solution of
tetrahydrofuran/water (v:v = 1:1). The resulting mixture was stirred at 30-60°C for 4-6 h.
Then the reaction mixture was extracted with ethyl acetate (3 x 10 mL), and the combined
organic phase was washed with saturated salt water (3 x 10 mL), dried over anhydrous
MgSOy, filtered, and concentrated under reduced pressure to give the corresponding crude
target product, which was purified by flash column chromatography to afford product
13a-13t. Yield: 30%-80%.

4.15.1 (S)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-1-(2-
methyl benzyl)-1H-1,2,3-triazole-4-carboxamide (13a).: White solid, yield: 70%. mp:
60-62°C. 1H NMR (400 MHz, DMSO-a) & 8.49 (s, 1H), 8.35 (d, /= 8.0 Hz, 1H), 7.31 -
7.12 (m, 8H), 7.08 (d, /= 7.5 Hz, 1H), 7.00 (d, /= 8.4 Hz, 2H), 6.92 — 6.82 (m, 2H), 5.66 (s,
2H), 4.66 (q, J= 7.4 Hz, 1H), 3.80 (s, 3H), 3.12 (s, 3H), 2.81 (m, 2H), 2.30 (s, 3H). 13C
NMR (100 MHz, DMSO-ag) & 171.28, 159.56, 159.07, 142.56, 137.98, 136.76, 135.93,
134.20, 130.94, 129.35, 129.24, 129.12, 128.93, 128.60, 127.04, 126.89, 126.79, 115.19,
55.92, 51.76, 51.68, 37.88, 37.27, 19.09. ESI-MS: m/z 484.5 (M + 1)*, 506.4 (M + 23)*,
CogH29N503 (483.2).
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4.1.5.2 (S)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-0xo0-3-phenylpropan-2-yl)-1-(3-
methyl benzyl)-1H-1,2,3-triazole-4-carboxamide (13b).: Yellow solid, yield: 30%. mp:
58-60°C. 1H NMR (400 MHz, DMSO-ak) & 8.59 (s, 1H), 8.34 (d, /= 8.0 Hz, 1H), 7.23 -
7.12 (m, 8H), 7.01 (d, J= 8.2 Hz, 3H), 6.88 (d, /= 6.8 Hz, 2H), 5.60 (s, 2H), 4.67 (q, /= 6.0
Hz, 1H), 3.81 (s, 3H), 3.12 (d, J= 4.9 Hz, 3H), 2.89 (d, J= 7.1 Hz, 2H), 2.29 (s, 3H). 13C
NMR (100 MHz, DMSO-g) 6 171.28, 159.56, 159.08, 142.57, 137.97, 136.77, 135.93,
134.19, 130.94, 129.35, 129.23, 129.13, 128.93, 128.60, 127.03, 126.89, 126.79, 115.19,
55.91, 51.75, 51.69, 37.88, 37.31, 19.09. ESI-MS: m/z 484.5 (M + 1)*, 506.4 (M + 23)*,
CpgH2gN503 (483.2).

4.1.5.3 (S)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-1-(4-
methyl benzyl)-1H-1,2,3-triazole-4-carboxamide (13c).: Yellow solid, yield: 55%. mp:
63-65°C. IH NMR (400 MHz, DMSO-d) & 8.56 (s, 1H), 8.32 (d, /= 8.0 Hz, 1H), 7.36 —
7.08 (m, 9H), 7.00 (d, /= 8.4 Hz, 2H), 6.92 - 6.83 (m, 2H), 5.58 (s, 2H), 4.66 (g, /= 7.3 Hz,
1H), 3.80 (s, 3H), 3.12 (s, 3H), 2.88 (d, /= 7.1 Hz, 2H), 2.28 (s, 3H). 13C NMR (100 MHz,
DMSO-gg) § 171.27, 159.58, 159.07, 142.67, 138.12, 137.98, 135.92, 133.09, 129.80,
129.34, 129.24, 128.60, 128.47, 126.90, 115.19, 55.91, 53.34, 51.73, 37.88, 37.27, 21.17.
ESI-MS: m/z 484.5 (M + 1)*, 506.4 (M + 23)*, CogHo9N503 (483.2).

4.1.5.4 (S)-1-(2-chlorobenzyl)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo0-3-
phenylpropa n-2-yl)-1H-1,2,3-triazole-4-carboxamide (13d).: Yellow solid, yield: 60%.
mp: 162-164°C. 1H NMR (400 MHz, DMSO-a) & 8.56 (s, 1H), 8.38 (d, J= 8.0 Hz, 1H),
7.54 (dd, J= 7.6, 1.7 Hz, 1H), 7.40 (pd, J= 7.5, 1.7 Hz, 2H), 7.29 - 7.11 (m, 6H), 7.01 (d, J
=8.5 Hz, 2H), 6.94 - 6.75 (m, 2H), 5.76 (s, 2H), 4.67 (q, /= 7.3 Hz, 1H), 3.80 (s, 3H), 3.12
(s, 3H), 2.89 (d, J= 7.0 Hz, 2H). 13C NMR (100 MHz, DMSO-d) 6 171.28, 159.52, 159.08,
142.50, 137.99, 135.93, 133.30, 133.12, 131.07, 130.87, 130.15, 129.35, 129.24, 128.60,
128.26, 127.45, 126.89, 115.19, 55.92, 51.78, 51.41, 37.88, 37.25. ESI-MS: m/z 504.3 (M
+1)*,526.4 (M + 23)*, C57H6CIN503 (503.1).

4.155 (S)-1-(3-chlorobenzyl)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo0-3-
phenylpropa n-2-yl)-1H-1,2,3-triazole-4-carboxamide (13e).: White solid, yield: 65%.
mp: 288-290°C. IH NMR (400 MHz, DMSO-d) 6 8.64 (s, 1H), 8.36 (d, /= 8.0 Hz, 1H),
7.42 (dd, J=6.0, 2.9 Hz, 3H), 7.37 - 7.25 (m, 1H), 7.23 - 7.10 (m, 5H), 7.01 (d, /= 8.4 Hz,
2H), 6.93 — 6.80 (m, 2H), 5.67 (s, 2H), 4.67 (g, /= 7.3 Hz, 1H), 3.80 (s, 3H), (s, 3H), 2.89
(d, J= 7.0 Hz, 2H). 13C NMR (100 MHz, DMSO-a) & 171.26, 159.54, 159.07, 142.77,
138.44, 138.00, 135.92, 133.78, 131.24, 129.35, 129.25, 128.75, 128.60, 128.37, 127.27,
127.18, 126.89, 115.19, 55.92, 52.75, 51.78, 37.88, 37.24. ESI-MS: m/z 504.3 (M + 1)*,
526.3 (M + 23)*, Co7H,6CIN5O5 (503.1).

4.15.6 (S)-1-(4-chlorobenzyl)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-0xo0-3-
phenylpropa n-2-yl)-1H-1,2,3-triazole-4-carboxamide (13f).: White solid, yield: 50%.
mp: 172-174°C. 'H NMR (400 MHz, DMSO-a) & 8.61 (s, 1H), 8.34 (d, J= 8.1 Hz, 1H),
7.51-7.42 (m, 2H), 7.35 (d, J= 8.3 Hz, 2H), 7.26 — 7.09 (m, 5H), 7.01 (d, J= 8.8 Hz, 2H),
6.93 - 6.81 (m, 2H), 5.65 (s, 2H), 4.67 (g, J= 7.3 Hz, 1H), 3.80 (s, 3H), 3.12 (s, 3H), 2.89
(d, J= 7.0 Hz, 2H). 13C NMR (100 MHz, DMSO-a) 6 171.26, 159.54, 159.08, 142.75,
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137.98, 135.93, 135.08, 133.47, 130.40, 129.34, 129.28, 129.24, 128.60, 127.16, 126.89,
115.20, 55.92, 52.73, 51.75, 37.88, 37.26. ESI-MS: m/z 504.3 (M + 1)*, 526.3 (M + 23)*,
Cy7H26CIN503 (503.1).

4.1.5.7 (S)-1-(2-cyanobenzyl)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-ox0-3-
phenylpropan-2-yl)-1H-1,2,3-triazole-4-carboxamide (13g).: Light yellow solid, yield:
58%. mp: 168-170°C. 1H NMR (400 MHz, DMSO-a) & 8.62 (s, 1H), 8.39 (d, /= 8.0 Hz,
1H), 7.93 (dd, J= 7.7, 1.3 Hz, 1H), 7.77 - 7.70 (m, 1H), 7.61 — 7.55 (m, 1H), 7.38 (d, J=
Hz, 1H), 7.17 (dt, /= 13.7, 7.5 Hz, 5H), 7.01 (d, /= 8.5 Hz, 2H), 6.91 - 6.84 (m, 2H), 5.87
(s, 2H), 4.67 (g, J= 7.2 Hz, 1H), 3.81 (s, 3H), 3.13 (s, 3H), 2.90 (d, /= 6.9 Hz, 2H). 13C
NMR (100 MHz, DMSO-a5) 6 171.25, 159.47, 159.08, 142.63, 138.84, 137.99, 135.92,
134.36, 133.91, 129.94, 129.79, 129.35, 129.25, 128.60, 127.65, 126.89, 117.38, 115.20,
111.66, 55.93, 51.79, 51.76, 37.89, 37.24. ESI-MS: m/z 495.4 (M + 1)*, 512.5 (M + 18)*,
517.4 (M + 23)*, CogHo6NgO3 (494.2).

4.15.8 (S)-1-(3-cyanobenzyl)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-0xo0-3-
phenylpropan-2-yl)-1H-1,2,3-triazole-4-carboxamide (13h).: White solid, yield: 62%.
mp: 168-170°C. 1H NMR (400 MHz, DMSO-a) & 8.65 (s, 1H), 8.35 (d, J= 8.0 Hz, 1H), -
7.81 (m, 2H), 7.62 (dt, /= 15.3, 7.8 Hz, 2H), 7.17 (dt, J=13.8, 7.6 Hz, 5H), 7.01 (d, /=8.5
Hz, 2H), 6.93 - 6.82 (m, 2H), 5.72 (s, 2H), 4.67 (q, /= 7.3 Hz, 1H), 3.81 (s, 3H), 3.12 (s,
3H), 2.89 (d, J= 7.0 Hz, 2H). 13C NMR (100 MHz, DMSO-a) & 171.24, 159.50, 159.08,
142.82, 137.97, 137.57, 135.93, 133.45, 132.59, 132.25, 130.60, 129.35, 129.23, 128.60,
127.37, 126.89, 118.85, 115.20, 112.22, 55.92, 52.60, 51.73, 37.88, 37.31. ESI-MS: m/z
495.4 (M + 1)*,517.5 (M + 23)*, CogHo5NgO3 (494.2).

4.15.9 (S)-1-(4-cyanobenzyl)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-ox0-3-
phenylpropan-2-yl)-1H-1,2,3-triazole-4-carboxamide (13i).: White solid, yield: 45%. mp:
190-192°C. IH NMR (400 MHz, DMSO-ds) & 8.65 (s, 1H), 8.37 (d, /= 8.0 Hz, 1H), 7.91 -
7.81 (m, 2H), 7.47 (d, /= 8.0 Hz, 2H), 7.17 (dt, /= 13.7, 7.6 Hz, 5H), 7.07 — 6.96 (m, 2H),
6.94 - 6.82 (m, 2H), 5.77 (s, 2H), 4.68 (g, J= 7.2 Hz, 1H), 3.81 (s, 3H), 3.13 (s, 3H), 2.90
(d, J= 7.0 Hz, 2H). 13C NMR (100 MHz, DMSO-a) 6 171.26, 159.53, 159.08, 142.82,
141.51, 138.01, 135.92, 133.25, 129.34, 129.25, 129.20, 128.61, 127.54, 126.89, 118.97,
115.20, 111.51, 55.92, 52.90, 51.80, 37.88, 37.20. ESI-MS: m/z 495.4 (M + 1)*,517.5 (M

+ 23)+, CogH2eNgO3 (494.2).

4.1.5.10 (S)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-0x0-3-phenylpropan-2-yl)-1-
(2-nitrobe nzyl)-1H-1,2 3-triazole-4-carboxamide (13j).: Yellow solid, yield: 60%. mp:
63-65°C. I1H NMR (400 MHz, DMSO-g 6 8.57 (s, 1H), 8.41 (d, /= 8.0 Hz, 1H), 8.16 (d, J
=8.0 Hz, 1H), 7.76 (t, /= 7.6 Hz, 1H), 7.66 (t, /= 7.8 Hz, 1H), 7.18 (dt, /= 13.2, 6.8 Hz,
5H), 7.09 (d, J=7.7 Hz, 1H), 7.01 (d, J= 8.4 Hz, 2H), 6.94 — 6.83 (m, 2H), 6.02 (s, 2H),
4.68 (q, J= 7.2 Hz, 1H), 3.81 (s, 3H), 3.13 (s, 3H), 2.91 (d, /= 6.9 Hz, 2H). 13C NMR (100
MHz, DMSO-gp) 6 171.28, 159.51, 159.09, 148.01, 142.64, 138.00, 135.94, 134.93, 130.82,
130.69, 130.26, 129.35, 129.25, 128.61, 127.89, 126.90, 125.63, 115.20, 55.92, 51.80,
50.80, 37.88, 37.25. ESI-MS: m/z 515.5 (M + 1)*, 537.4 (M + 23)*, Co7H26NgOs (514.2).
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4.15.11 (S)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-1-
(3-nitrobe nzyl)-1H-1,2,3-triazole-4-carboxamide (13Kk).: Light yellow solid, yield: 67%.
mp: 61-63 °C. 'H NMR (400 MHz, DMSO-a§) & 8.69 (s, 1H), 8.37 (d, /= 8.0 Hz, 1H), 8.25
(t, J= 2.0 Hz, 1H), 8.22 (d, J= 8.3 Hz, 1H), 7.78 (d, J= 7.7 Hz, 1H), 7.69 (t, J= 7.9 Hz,
1H), 7.18 (dd, J= 18.4, 7.9 Hz, 5H), 7.01 (d, J= 8.4 Hz, 2H), 6.92 — 6.83 (m, 2H), 5.83 (s,
2H), 4.67 (g, J= 7.2 Hz, 1H), 3.80 (s, 3H), 3.12 (s, 3H), 2.89 (d, J= 6.9 Hz, 2H). 13C NMR
(100 MHz, DMSO-gg) 6 171.24, 159.50, 159.08, 148.37, 142.83, 138.11, 137.98, 135.93,
135.23, 130.94, 129.34, 129.24, 128.59, 127.44, 126.89, 123.73, 123.38, 115.20, 55.92,
52.51, 51.77, 37.88, 37.25. ESI-MS: m/z 515.5 (M + 1)*, 537.4 (M + 23)*, C57H»6NgO5
(514.2).

4.15.12 (S)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-1-
(4-nitrobe nzyl)-1H-1,2,3-triazole-4-carboxamide (13l).: Light yellow solid, yield: 57%.
mp: 65-67°C. 1H NMR (400 MHz, DMSO-a) & 8.67 (s, 1H), 8.38 (d, /= 8.0 Hz, 1H), 8.29
—-8.20 (m, 2H), 7.54 (d, J= 8.6 Hz, 2H), 7.17 (dt, J=13.8, 7.7 Hz, 5H), 7.01 (d, /= 8.8 Hz,
2H), 6.93 — 6.84 (m, 2H), 5.84 (s, 2H), 4.68 (g, /=12 Hz, 1H), 3.81 (s, 3H), 3.13 (s, 3H),
2.90 (d, J= 7.0 Hz, 2H). 13C NMR (100 MHz, DMSO-a) & 171.25, 159.51, 159.09, 147.77,
143.44, 142.85, 137.99, 135.93, 129.53, 129.34, 129.24, 128.61, 127.60, 126.89, 124.42,
115.21, 55.93, 52.64, 51.78, 37.88, 37.25. ESI-MS: m/z 515.4 (M + 1)*, Co7H26NgOs5
(514.2).

4.1.5.13 (S)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-1-
(naphthal en-2-ylmethyl)-1H-1,2,3-triazole-4-carboxamide (13m).: White solid, yield:
65%. mp: 72-74°C. IH NMR (400 MHz, DMSO-a) & 8.66 (s, 1H), 8.34 (d, /= 8.0 Hz,
1H), 7.93 (dd, J= 8.9, 4.9 Hz, 3H), 7.87 (s, 1H), 7.54 (dd, /= 6.5, 3.1 Hz, 2H), 7.49 - 7.41
(m, 1H), 7.24 - 7.12 (m, 5H), 7.00 (d, /= 8.4 Hz, 2H), 6.94 — 6.82 (m, 2H), 5.82 (s, 2H),
4.67 (q, J= 7.4 Hz, 1H), 3.80 (s, 3H), 3.12 (s, 3H), 2.88 (d, /= 7.0 Hz, 2H). 13C NMR (100
MHz, DMSO-gg) 6 171.26, 159.57, 159.08, 142.74, 137.97, 135.93, 133.57, 133.21, 133.01,
129.35, 129.23, 129.05, 128.60, 128.31, 128.09, 127.46, 127.19, 127.07, 126.98, 126.88,
126.11, 115.20, 55.91, 53.73, 51.73, 37.88, 37.31. ESI-MS: m/z 520.4 (M + 1)*, 542.4 (M

+ 23)+, C31H29N503 (519.2).

4.15.14 (S)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo0-3-phenylpropan-2-yl)-1-
(naphthal en-I-ylmethyl)-1H-1,2,3-triazole-4-carboxamide (13n).: White solid, yield:
68%. mp: 78-80°C. NMR (400 MHz, DMSO-¢) 6 8.54 (s, 1H), 8.33 (d, /= 8.0 Hz, 1H), (d,
J=8.1Hz, 1H), 7.99 (t, /= 8.5 Hz, 2H), 7.57 (ddt, /= 20.7, 14.9, 7.3 Hz, 3H), 7.43 (d, J=
7.1 Hz, 1H), 7.24 - 7.09 (m, 5H), 6.99 (d, /= 8.4 Hz, 2H), 6.91 — 6.80 (m, 2H), 6.15 (s, 2H),
4.64 (q, J= 7.6 Hz, 1H), 3.79 (s, 3H), 3.10 (s, 3H), 2.87 (d, /= 5.3 Hz, 2H). 13C NMR (100
MHz, DMSO-¢) & 171.25, 159.50, 159.06, 142.56, 137.95, 135.91, 133.84, 131.54, 130.99,
129.67, 129.33, 129.21, 128.58, 127.85, 127.35, 127.12, 126.88, 126.69, 126.05, 123.59,
115.17, 55.91, 51.72, 51.54, 37.86, 37.29. ESI-MS: m/z 520.4 (M + 1)*, 542.4 (M + 23)*,
C31H29N503 (519.2).

4.15.15 (S)-1-(benzo[d][1,3]dioxol-5-yI)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-
0x0-3-phenylpropan-2-yl)-1H-1,2,3-triazole-4-carboxamide (130).: White solid, yield:
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65%. mp: 136-138°C. 1H NMR (400 MHz, DMSO-a; & 9.10 (s, 1H), 8.42 (d, /= 8.0 Hz,
1H), 7.53 (d, J= 2.2 Hz, 1H), 7.41 (dd, J= 8.4, 2.2 Hz, 1H), 7.25 — 7.10 (m, 6H), 7.06 —
7.00 (m, 2H), 6.95 — 6.89 (m, 2H), 6.16 (s, 2H), 4.72 (q, J= 7.2 Hz, 1H), 3.81 (s, 3H), 3.14
(s, 3H), 2.94 (d, J= 6.9 Hz, 2H). 13C NMR (100 MHz, DMSO-d) 6 171.20, 159.36, 159.10,
148.64, 148.29, 143.20, 137.94, 135.94, 131.05, 129.40, 129.26, 128.62, 126.92, 125.40,
115.22, 114.89, 109.11, 102.71, 55.93, 51.79, 37.92, 37.34. ESI-MS: m/z 500.3 (M + 1)*,
522.4 (M + 23)*, Co7H25N505 (499.1).

4.15.16 Methyl(S)-3-(4-((1-((4-methoxyphenyl)(methyl)amino)-1-o0x0-3-
phenylpropan-2-yl)carbamoyl)-1H-1,2,3-triazol-1-yl)benzoate (13p).: White solid, yield:
80%. mp: 170-172°C. 1H NMR (400 MHz, DMSO-a) & 9.37 (s, 1H), 8.52 (d, J= 8.0 Hz,
1H), 8.50 - 8.43 (m, 1H), 8.27 — 8.20 (m, 1H), 8.09 (dt, /= 7.8, 1.3 Hz, 1H), 7.78 (t, /= 8.0
Hz, 1H), 7.29 - 7.13 (m, 5H), 7.02 (d, /= 8.4 Hz, 2H), 6.99 - 6.88 (m, 2H), 4.73 (q, /=7.2
Hz, 1H), 3.92 (s, 3H), 3.82 (s, 3H), 3.15 (s, 3H), 2.95 (d, J= 6.9 Hz, 2H). 13C NMR (100
MHz, DMSO-a;) 6 171.19, 165.67, 159.23, 159.11, 143.57, 137.96, 136.98, 136.65, 135.94,
131.09, 130.00, 129.40, 129.26, 128.63, 126.92, 125.59, 125.49, 121.25, 115.22, 55.93,
53.07, 51.86, 37.93, 37.34. ESI-MS: m/z 514.3 (M + 1)*, 536.4 (M + 23)*, CogH»7N505
(513.2).

4.1.5.17 (S)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo0-3-phenylpropan-2-yl)-1-
((phenylth io)methyl)-1H-1,2,3-triazole-4-carboxamide (13q).: Yellow solid, yield: 32%.
mp: 64-66°C. IH NMR (400 MHz, DMSO-ag) 6 8.43 (s, 1H), 8.38 (d, /= 8.0 Hz, 1H), 7.42
(d, J= 7.3 Hz, 2H), 7.34 (q, J= 8.2, 7.5 Hz, 3H), 7.22 (d, J= 7.9 Hz, 2H), 7.15 (d, /= 6.4
Hz, 3H), 7.01 (d, J= 8.4 Hz, 2H), 6.86 (d, J= 6.7 Hz, 2H), 5.99 (s, 2H), 4.64 (q, J= 7.4 Hz,
1H), 3.81 (s, 3H), 3.13 (s, 3H), 2.88 (d, /= 6.9Hz, 2H). 13C NMR (100 MHz, DMSO-a) &
171.25, 159.37, 159.08, 142.64, 138.02, 135.93, 132.43, 131.29, 129.83, 129.32, 129.26,
128.59, 128.41, 126.89, 126.55, 115.20, 55.93, 52.57, 51.88, 37.89, 37.09. ESI-MS: m/z
502.3 (M + 1)*, 524.4 (M + 23)*, Co7H,7N503S (501.1).

4.1.5.18 N-((S)-1-((4-methoxyphenyl)(methyl)amino)-1-oxo-3-phenylpropan-2-yl)-1-
((phenylsu Ifinyl)methyl)-1H-1,2,3-triazole-4-carboxamide (13r).: White solid, yield:
45%. mp: 77-79°C. 1H NMR (400 MHz, DMSO-a) & 8.46 (t, J= 9.6 Hz, 1H), 8.34 (d, J=
25.1 Hz, 1H), 7.56 (d, /= 12.2 Hz, 5H), 7.37 — 7.10 (m, 5H), 7.03 (d, /= 8.4 Hz, 2H), 6.87
(d, /= 6.8 Hz, 2H), 6.00 (d, /= 13.4 Hz, 1H), 5.77 (dd, J= 13.4, 3.6 Hz, 1H), 4.66 (q, /=
7.4 Hz, 1H), 3.82 (s, 3H), 3.14 (s, 3H), 2.90 (d, J= 6.8 Hz, 2H). 13C NMR (100 MHz,
DMSO-a; 6 171.31, 159.26, 159.10, 142.07, 142.01, 140.50, 140.42, 138.08, 135.95,
132.17,129.74, 129.71, 129.32, 128.59, 128.28, 128.13, 126.89, 124.89, 124.84, 115.22,
68.55, 55.94, 51.97, 37.91, 37.03. ESI-MS: m/z 518.4 (M + 1)*, 540.4 (M + 23)*,
Co7H27N504S (517.1).

4.15.19 (S)-N-(1-((4-methoxyphenyl)(methyl)amino)-1-oxo0-3-phenylpropan-2-yl)-1-
((phenylsu Ifonyl)methyl)-1H-1,2,3-triazole-4-carboxamide (13s).: Light greeen solid,
yield: 56%. mp: 68-70°C. IH NMR (400 MHz, DMSO-g) 6 8.57 (d, /= 7.9 Hz, 1H), 8.50
(s, 1H), 7.85 — 7.59 (m, 5H), 7.34 — 7.12 (m, 5H), 7.09 — 6.99 (m, 2H), 6.91 — 6.80 (m, 2H),
6.40 (s, 2H), 4.65 (q, /= 7.2 Hz, 1H), 3.81 (s, 3H), 3.14 (s, 3H), 2.90 (d, J= 6.6 Hz, 2H).

Eur J Med Chem. Author manuscript; available in PMC 2019 October 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wu et al.

4.2.

4.3.

Page 15

13C NMR (100 MHz, DMSO-ag) & 171.27, 159.11, 159.07, 142.60, 138.06, 136.27, 135.94,
135.47, 130.08, 129.31, 128.99, 128.60, 128.50, 126.90, 115.22, 67.46, 55.94, 52.05, 37.90,
37.02. ESI-MS: m/z 534.3 (M + 1)*, 556.3 (M + 23)*, Co7H7N505S (533.1).

4.1.5.20 1-(2-(hydroxymethyl)-5-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
yltetrahydrofuran-3-yl)-N-((S)-1-((4-methoxyphenyl)(methyl)amino)-1-ox0-3-
phenylpropan-2-yl)-1H-1,2,3-triazole-4-carboxamide (13t).: White solid, yield: 50%. mp:
143-145°C. 'H NMR (400 MHz, DMSO-a%) 6 11.37 (s, 1H), 8.73 (s, 1H), 8.35 (d, /= 8.1
Hz, 1H), 7.89 — 7.76 (m, 1H), 7.18 (dt, /= 15.1, 8.1 Hz, 5H), 7.02 (d, J= 8.4 Hz, 2H), 6.95 —
6.80 (m, 2H), 6.42 (t, J= 6.6 Hz, 1H), 5.43 (dt, /= 8.6, 5.5 Hz, 1H), 5.28 (t, J= 5.2 Hz, 1H),
4.70 (q, J= 7.3 Hz, 1H), 4.23 (q, J= 4.0 Hz, 1H), 3.81 (s, 3H), 3.74 — 3.54 (m, 2H), 3.13 (s,
3H), 2.91 (d, J= 7.0 Hz, 2H), 2.83 — 2.59 (m, 2H), 1.81 (s, 3H). 13C NMR (100 MHz,
DMSO-ag;) 6 171.25, 164.19, 159.52, 159.09, 150.89, 142.69, 137.98, 136.72, 135.92,
129.35, 129.25, 128.62, 126.90, 126.69, 115.22, 110.11, 84.73, 84.29, 61.09, 60.06, 55.93,
51.73, 37.90, 37.60, 37.29, 12.73. ESI-MS: m/z 604.5 (M + 1)*, 621.7 (M + 18)*, 626.5 (M
+ 23)+, C3gH33N707 (603.2).

In vitro anti-HIV assay

4.2.1 Assessment of Inhibitory Activity on HIV-1 Replication in MT-4 Cells—
Inhibitory activity of compounds against HIV-1 infection in MT-4 Cells was measured as the
reduction in luciferase gene expression after multiple rounds of virus infection of the cells
similar to that described previously[36]. Briefly, 200 TCID50 of virus (NL4.3) was used to
infect MT-4 cells in the presence of various concentrations of compounds. Two days after
infection, the culture medium was removed from each well and 100 pL of Bright Glo
reagent (Promega, Luis Obispo, CA) was added to the cells for measurement of
luminescence using a Victor 2 luminometer. The effective concentration (ECsg) against
HIV-1 strains was defined as the concentration that caused a 50% reduction of luciferase
activity (Relative Light Units) compared to virus control wells.

4.2.2 Cytotoxicity Assay[37]—A CytoTox-Glo cytotoxicity assay (Promega) was used
to determine the cytotoxicity of the synthesized compounds. Parallel to the antiviral assays,
MT-4 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.

Binding to CA Proteins Analysis via Surface Plasmon Resonance (SPR)

All binding assays were performed on a ProteOn XPR36 SPR Protein Interaction Array
System (Bio-Rad Laboratories, Hercules, CA). The instrument temperature was set at 25°C
for all kinetic analyses. ProteOn GLH sensor chips were preconditioned with two short
pulses each (10 seconds) of 50 MM NaOH, 100 mM HCI, and 0.5% sodium dodecyl sulfide.
Then the system was equilibrated with PBS-T buffer (20 mM sodium phosphate, 150 mM
NaCl, and 0.005% polysorbate 20, pH 7.4). The surface of a GLH 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
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activation, the HIV-1 NL,4_3 capsid protein constructs, purified as in Xu e/ al. [16], were
prepared at a concentration of 100 pg/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 ul/min. A
reference surface was similarly created by immobilizing a non-specific protein (IgG b12 anti
HIV-1 gp120; was obtained through the NIH AIDS Reagent Program, Division of AIDS,
NIAID, NIH: Anti-HIV-1 gp120 Monoclonal (IgG1 b12) from Dr. Dennis Burton and Carlos
Barbas) and was used as a background to correct non-specific binding.

To prepare a compound for direct binding analysis, compound stock solutions, along with
100% DMSO, and totaling 30ul was made to a final volume of 1 ml by addition of sample
preparation buffer (PBS, pH 7.4). Preparation of analyte in this manner ensured that the
concentration of DMSO was matched with that of running buffer with 3% DMSO. Serial
dilutions were then prepared in the running buffer (PBS, 3% DMSO, 0.005% polysorbate
20, pH 7.4) and injected at a flow rate of 100 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.

4.4. Molecular Dynamics Simulation

4.4.1. |Initial Structure Preparation—The initial X-ray structure of hexameric HIV-1
CA was downloaded from the protein databank (PDB code 5SHGL with a resolution of 3.1
A) [21]. Only one monomer of the hexameric structure was used for the entire MD study.
This structure, which is used in the binding assay, has four mutated amino acids (M185A,
E45C, A14C and W184A). SHGL structure misses amino acids Ala88, Gly89, Pro90, 11e91,
Ala92, Pro93, Gly94, GIn95, Lys182, Asn183, Alal84, and Alal85. Accordingly, we used
HIV-1 CA X-ray structure 3GV2 to extract the missed amino acids with their corresponding
tertiary structure and add them to SHGL structure after their alignment using discovery
studio software [39]. Then, the whole system was energy minimized to remove any strains
due to the added amino acid residues, which is then used for further study.

13m structure was sketched by discovery studio in the S-configuration, and no ionizable
groups were detected. Then, its conformers were generated by OMEGA module of
OPENEYE Scientific Software Inc. using default parameters [40, 41]. 13p conformers were
docked into the active site of the modeled SHGL structure using OPENEYE Scientific
Software Inc. module OEDOCKING 3.0.1 with chemgauss4 scoring function [42-45]. The
docking procedure resulted in only one docked conformer to the active site of the X-ray
structure. We used this structure, i.e the docked 13m to the modified SHGL, in the
subsequent molecular dynamics simulation.
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4.4.2. Molecular Dynamics Simulation Production—Atomic point charges for 13m
were derived from AM1-BCC charge model with ANTECHAMBER module of AMBER14
[46]. Coordinate and topology parameters were prepared using ff14sb force field for HIV-1
CA monomer and GAFF force field for 13m. The whole system was solvated in explicit
water TIP3PBOX octahedral solvent box model with 9A cut, and the system was neutralized
by Na* ions. Water was minimized for 10000 cycles using steepest descent and then
conjugate gradient algorithms. The whole system was then minimized for 5000 cycles using
steepest descent followed by conjugate gradient algorithms. Then, water was equilibrated for
20 ps at constant volume and periodic boundaries with weak strength restraints on the whole
system through the equilibrium stage, a force constant of 10 A as position restraint. The
whole system was then equilibrated for 40 ps using constant pressure periodic boundaries
with no restraints. The minimized and equilibrated structure was used in the molecular
dynamics simulation for 1 s at constant temperature (300 K) and constant pressure (1 atm).
Non-bonded forces were calculated at a Cutoff distance of 10 A. H Mass Repartition was
used to shift the mass of all hydrogen atoms of solute to 3.024 Da [47]. This allowed us to
use an integration time step of 4 fs during MD [47]. SHAKE bond length constraint
involving hydrogen atoms was turned on.

4.4.3. Clustering—All frames were imaged and then water molecules and Na* ions were
stripped off. All frames were aligned against the first frame of the MD production using
protein residues only. They were then clustered by DBSCAN algorithm [48] implemented in
CPPTRAJ of AMBER14 on 13m using minimum points of 3 and epsilon of 2.5 with no
frame orientation (no fit), which clustered all frames according to 13m to explore the
binding site of 5SHGL.

Determination of the action link of compound 13m

4.5.1. Cells—Human embryonic kidney 293T cells (a gift from Dr. Irwin Chaiken,
Drexel University, Philadelphia, PA) were cultured in Dulbecco's Modified Eagle’s Medium
(DMEM), 10% Fetal Bovine Serum (FBS), 100 U/ml penicillin, 100 pg/ml streptomycin and
2mM L-glutamine. Human astroglioma U87 cells stably expressing CD4/CCR5 (obtained
from Professor Hongkui Deng, Peking University, and Prof. Dan Littman, New York
University, USA, through the AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID, NIH)[35, 49, 50] were cultured in DMEM supplemented with 10% FBS, 100
U/ml penicillin, 100 pg/ml streptomycin and 2 mM L-glutamine, 300ug/ml G418 (Thermo
Scientific, Waltham, MA) and 1 pg/ml Puromycin (Thermo Scientific). All cells were
incubated, unless otherwise stated, at 37°C in a humidified in a 5% CO, air environment
chamber.

4.5.2. Production of pseudotyped viruses—A dual transfection of two plasmids
(3:4 ratio of the viral backbone vector to the viral envelope vector) in HEK293T cells
(0.8%x106 cells/well) produced single-round infectious HIV-1B41 pseudotyped luciferase-
reporter virusesl. The viral backbone vector is an Env-deficient HIV-1 pNL4-3-LucR+E-
plasmid that carries the luciferase-reporter gene [51]. The viral envelope vector is a plasmid
expressing the HIV-1 gp160B41 envelope [52, 53]. A calcium phosphate transfection
(ProFection Mammalian Transfection System, Promega, Madison, WI) was used to co-
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transfect these two plasmids. Following a 5-hour incubation, the media containing the
transfection reagents and the DNA was removed, the cells were washed with DMEM, and
fresh culture media was added. 72 hours post-transfection, the pseudovirus containing
supernatants were clarified, filtered, and stored at —80°C.

4.5.3. Single-round infection assay—The details of the single-round HIV-1 infection
assay for detecting viral infectivity have been published previously [51, 54, 55]. Briefly,
U87.CD4.CCR5 (1.2 x 104 cells/well) target cells were seeded in 96-well luminometer-
compatible tissue culture plates (Greiner bio-one). After a 24-hour incubation at 37°C, the
compound or a DMSO vehicle control (Sigma) was mixed with pseudotyped virus and the
mixture was added to the target cells. After a 48-hour 37°C incubation, the media was
removed from each well and the cells were lysed by adding 50 pl/well of luciferase lysis
buffer (Promega). Following one freeze-thaw cycle, 50ul/well of luciferase assay substrate
(Promega) was added and a GloMax 96 microplate luminometer (Promega) was used to
measure the luciferase activity of each well. Luciferase activity of virus produced with
compound were normalized to the luciferase activity of virus produced from DMSO vehicle
control treated cells. The compound-induced effects are manifested as a decrease in
normalized luciferase activity which indicates a decrease in infectivity in the target cells
when the compound was present.

4.5.4. Viral late-stage infection assay—Single-round infectious envelope-
pseudotyped luciferase-reporter viruses were produced from 293T cells[35] in the presence
of the compound (from 100 pM to 0.01 uM with the same DMSO concentration) or DMSO
vehicle control (Sigma) and incubated for 72 hours at 37°C. The resulting pseudovirus-
containing supernatants were clarified, filtered, and underwent one freeze-thaw cycle before
being diluted ten-fold and used to infect U87.CD4.CCR5 target cells. Target cells with
pseudotyped viruses were incubated for 48 hours at 37°C. Following the 48-hour incubation,
the media was removed from each well and the cells were lysed by adding 50 pl/well of
luciferase lysis buffer (Promega). Following one freeze-thaw cycle, 50ul/well of luciferase
assay substrate (Promega) was added and a GloMax 96 microplate luminometer (Promega)
was used to measure the luciferase activity of each well. Luciferase activity of virus
produced with compound were normalized to the luciferase activity of virus produced from
DMSO vehicle control treated cells. The compound-induced effects are manifested as a
decrease in normalized luciferase activity which indicates a decrease in infectivity in the
target cells when the compound was present.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. 20 new compounds designed and synthesized using a parallel “click”
chemistry approach
. Most potent new compounds are equipotent to PF-74 in assay utilized.

. New compounds retain binding specificity to HIV-1 CA

. Most potent compound inhibits HIV-1 in both early and late stages of
replication.
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SPR results of compounds 13m (B), 13p (C) and 13r (D) binding to three kinds of CA
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A) RMSD (all heavy atoms) of amino acid residues of CA HIV-1 monomer in reference to
the first frame of the 1us MD simulation. B) RMSF of the backbone Ca atoms for residues
of CA HIV-1 monomer during the 1us MD simulation. C) RMSD (all heavy atoms) of the

bound 13m during the 1ps of the MD simulation based on the first frame of the simulation.
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(B)

Fig. 4.
Representative structures of the first (A) and second (C) conformational clusters and their

corresponding expanded views of 13m binding to the first (B) and second clusters (D).
Protein part of the representative structures was illustrated as surface to show the binding
site and conformations.
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Ilustration of the open form conformation of CA HIV-1 monomer in first (A) and second
(C) clusters. Binding interactions of 13m to the first (B) and second clusters (D).
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13a-13t

The synthetic route of phenylalanine derivatives (13a-13t). Reagents and Conditions. (i) 4-
methoxy- A-methylaniline, PyBop, DIEA, CH,Cly, r.t., 8-9h; (ii): CF3COOH; CH,Cly, r.t.,

6-7h; (iii) propiolic acid, HATU, DIEA, CH,Cl,, r.t., 12h; (iv): NaN3

, DMF, r.t., 12-13h; (v):

NaN3, CuSO4-5H,0, CH30H; (vi): 3-Chloroperbenzoic acid, CH,Cly, 0°C,1h; (vii): 3-
chloroperbenzoic acid, CH,Cl,, 15h at r.t.; (viii): CuSO4-5H,0, L-ascorbic acid sodium salt,

THF/H,0 (V:V = 1:1), 30-60°C, 4-6h.
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Table 1.

Anti-HIV-1 activity and cytotoxicity of the novel phenylalanine derivatives in MT-4 cells infected with the

HIV-1 NL4.3 virus.

O/
/\j\oj/N\
rR-N T N
NN i
13a-13t
Compounds R ECso2 (M) CC50b (uM) Sl
e
13a é/CHB 8.00 +2.37 >20.68 > 258
Y
13b é\ NAS NAS np?
CHj
o
13c (é NAC NAC np?
CHj
"LLC
13d Cl >19.84 >19.84 np?
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O/
/\j\o N\
R-N “‘,I N
v A
13a-13t
Compounds R ECso2 (M) CC50b (M) sl
2
13e é\ NAC NAC np?
13f Eé >19.84 >19.84 np?
2
13g {5/0“] > 2153 > 2153 np?
13h é\ 9.11+2.88 >2153  >2.36
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O/
o Os N
R‘_N/%IT)I\N
N H
13a-13t
Compounds R ECso2 (M) CC50b (M) sl
i
13i 8.98 £3.10 >2153 >2.40
S
13 é/ NO, 10.16 £ 2.22 >19.43 >191
2
13k é\ NAS NAS np?
NO,
e
13| Eé >19.43 >19.43 np?
NO,
13m 4.33+0.83 >57.74 >13.33
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O/
/\‘j)\o N\
R-N “‘,I N
N H
13a-13t
Compounds R ECso2 (M) CC50b (M) Sl
13n >19.25 >19.25 np?
0 2
130 < 14.93 + 3.94 >20.02 >1.34
0]
O
~ M
13p 9] 6.91 % 2.43 >19.47 >2.82
S X
13q NAC NAS np?
Q
S .
13r ~ 6.65+1.47 >19.32 >2.91
?
S -
13s T NAC >1874  np?
OH
ff?
" :
13t O l 10.45 + 3.08 > 16.56 >1.59
o] N (o]
H
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o Oj,N\
-n H

RhN‘
M
13a-13t
Compounds R ECso2 (M) CC50b (M) sl
PF-74 - 5.95+1.32 >70.50 >11.85

a . . . . . . . .
EC50: the concentration of the compound required to achieve 50% protection of MT-4 cells against HIV-1-induced cytopathic effect, determined
in at least triplicate against HIV-1 in MT-4 cells; values are the mean + SD of at least two parallel tests.

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 MT-4 cells; values were averaged from at least four independent experiments.

C . - . .
NA: No anti-HIV-1 activity or cytotoxicity at the test concentration.

dND: Not determined.
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Table 2.

Early and late stage anti-HIV-1 activity and cytotoxicity of 13m and PF-74 using HIV-1 Env-pseudotyped
virus.

Therapeutic

Compounds 1Csg Early Stage  1Cs, Late Stage CCsq Index
(M) (M) (M) (CCso/ICs0)
PF-74 0.1+0.02 83+43 73+15 17.3
13m 70+0.8 31+11 548 +2 2.8

1C50: the concentration of the compound required to achieve 50% infection of HIV-1 Env-pseudotyped virus in U87.CD4.CCRS5 target cells. SD of
3 parallel tests are indicated.

CCs0: the concentration of the compound required to reduce the viability of treated cells by 50%. SD of 3 parallel tests are indicated.

Therapeutic Index: defined as the CC50/IC50. The IC50 used was the average of the early and late stage 1C5(Q values.
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