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Abstract

The three pan-genotypic HCV NS3/4A protease inhibitors (PIs) currently in clinical use—

grazoprevir, glecaprevir and voxilaprevir—are quinoxaline-based P2–P4 macrocycles and thus 

exhibit similar drug resistance profiles. Using our quinoxaline-based P1–P3 macrocyclic lead 

compounds as an alternative chemical scaffold, we explored structure-activity relationships 

(SARs) at the P2 and P4 positions to develop pan-genotypic PIs that avoid drug resistance. 

A structure-guided strategy was used to design and synthesize two series of compounds with 

different P2 quinoxalines in combination with diverse P4 groups of varying size and shape, 

with and without fluorine substitutions. Our SAR data and cocrystal structures revealed that 

interplay between the P2 and P4 groups influenced inhibitor binding and overall resistance 

profile. Optimizing inhibitor interactions in the S4 pocket led to PIs with excellent antiviral 

activity against clinically relevant PI-resistant HCV variants and genotype 3, providing potential 

pan-genotypic inhibitors with improved resistance profile.

Graphical Abstract

INTRODUCTION

Hepatitis C virus (HCV) is a leading cause of chronic liver disease, cirrhosis, liver failure, 

and hepatocellular carcinoma.1 HCV is highly diverse with seven genotypes and numerous 

subtypes distributed across different regions; genotypes 1 and 3 are the most prevalent and 

account for 75% of all infections globally.2, 3 The genetic diversity of HCV has presented 

a challenge in developing effective pan-genotypic therapies. The recent approval of 

combination therapies with direct-acting antivirals (DAAs) has remarkably improved HCV 

treatment outcomes with ~95% cure rates for treatment-naive patients.4, 5 However, the 

occurrence of baseline polymorphisms among diverse genotypes and preexisting resistance-

associated substitutions (RASs) can still lead to treatment failure in some patients.6–10 

Nevertheless, the development of pan-genotypic DAAs targeting essential viral proteins 

NS3/4A, NS5A, and NS5B represents a major medicinal chemistry triumph.11

The HCV NS3/4A protease is a major target for developing pan-genotypic DAAs for 

the treatment of HCV infections.12 The earlier generation NS3/4A protease inhibitors 
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(PIs) were not effective against all HCV genotypes and variants with common NS3 

RASs, limiting their use in the clinic.6, 13 Generally, all NS3/4A PIs lose potency due 

to polymorphisms across genotypes and/or RASs in NS3 at positions R155, A156, and 

D168; the D168Q polymorphism is responsible for the reduced inhibitor potency against 

genotype (GT)-3.14–18 Grazoprevir (GZR) (Figure 1) was the first NS3/4A inhibitor to show 

activity against most HCV genotypes and viral variants containing mutations at two of 

the most common NS3 RAS sites R155 and D168; however, GZR is highly susceptible 

to RASs at A156.19 The two recently approved PIs glecaprevir (GLE) and voxilaprevir 

(VOX), which are structurally similar to GZR, exhibit pan-genotypic activity.14, 15 However, 

similar to GZR, GLE and VOX show significantly reduced potency against HCV variants 

with RASs at position A156 and double-mutant variants containing substitutions at 

position D168.14, 20–23 The structural similarity of the three clinically used PIs, which are 

quinoxaline-based P2–P4 macrocycles, poses a major risk of cross-resistance.20 Thus, there 

is a need to develop potent and robust NS3/4A PIs with alternative chemical scaffolds to 

effectively target all HCV genotypes while simultaneously avoiding resistance.

We elucidated the molecular basis of drug resistance against HCV NS3/4A PIs showing 

that disruption of the electrostatic network involving residues R155, D168, and R123, 

which is critical for efficient inhibitor binding, underlies drug resistance due to RASs 

and/or polymorphisms.16–18 The improved potency of GZR against common RASs and 

HCV genotypes was revealed to be due to packing of the P2 quinoxaline moiety on the 

catalytic triad (H57, D81, S139).16 However, the P2–P4 macrocycle, which binds outside 

the substrate binding region (termed the substrate envelope)24–26 sterically clashes with 

RASs A156T/V, resulting in drastically reduced potency.16 To overcome this vulnerability, 

we designed a P1–P3 macrocyclic analogue of GZR, 5172-mcP1P3 (1) (Figure 1), which 

maintains better potency across HCV variants with common RASs including at position 

A156.27 The cocrystal structures showed that the P2 quinoxaline moiety in 1 still packs 

on the catalytic triad and largely avoids direct contacts with residues R155 and A156.28 

Also, the conformational flexibility gained with the P1–P3 macrocyclic scaffold allows 1 to 

better accommodate RASs in the S2 and S4 subsites of the protease, resulting in an overall 

improved resistance profile in comparison to PIs with the P2–P4 macrocyclic scaffold.27, 28

In the HCV NS3/4A protease, the common RAS sites R155, A156, and D168 are located 

around the S2 and S4 subsites.16 The naturally occurring polymorphisms in GT-3a, R123T 

and D168Q, which cause reduced susceptibility to most PIs, are also located around the S4 

subsite.17 Therefore, it is no surprise that modifications at the P2 heterocyclic moiety and P4 

capping group, which bind in close proximity to these RAS sites, have the greatest impact 

on the resistance profile of PIs.27 While the role of the P2 moiety in determining inhibitor 

potency and resistance profile has been characterized, the effect of P4 modifications on 

the resistance profile has not been thoroughly investigated.27 Previous structure-activity 

relationship (SAR) studies in the linear and P1–P3 macrocyclic PIs have explored a variety 

of P4 capping groups;29–33 however, there is limited SAR data on the antiviral activity of 

these PIs against resistant variants.33, 34 In addition, the P4 capping group and part of the 

P2 heterocyclic moiety bind close to each other, but how the interplay between these groups 

impacts potency against resistant variants is not clear.
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The P1–P3 macrocyclic analogue 1 is an ideal scaffold for investigating the impact of 

modifications at the P2 quinoxaline moiety and P4 capping group on antiviral activity 

against drug resistant variants. Our previous SAR studies focusing on the P2 moiety 

elucidated that PIs incorporating small hydrophobic groups at the 3-position of quinoxaline 

maintained excellent potency against drug resistant variants R155K, A156T, and D168A/

V.35 The 3-methylquinoxaline derivative 2 was identified as a promising lead compound 

with exceptional antiviral activity and resistance profile. Recently, we carried out an 

extensive structural study to characterize the impact of cyclic P4 ring size on activity against 

the D168A protease.36 However, in the quinoxaline-based P1–P3 macrocyclic scaffold, the 

impact of P4 modifications on antiviral activity against drug resistant HCV variants and 

GT-3a remain unexplored. Investigation of SARs at the P4 position in combination with 

different P2 quinoxaline moieties can provide insights into how the interplay between the P2 

and P4 moieties impact antiviral activity and resistance profile.

Here, we used a structure-guided design strategy to improve the antiviral activity and 

resistance profile of quinoxaline-based P1–P3 macrocyclic inhibitors against diverse HCV 

genotypes and resistant variants. Two series of inhibitors were explored with different P2 

quinoxaline moieties in combination with diverse P4 capping groups, including acyclic 

and cyclic moieties, with and without fluorine substitutions. Fluorine has unique electronic 

properties and a larger van der Waals (vdW) radius.37–39 Since RASs around the NS3/4A 

protease active site change the shape, contour, and electrostatic properties of the S4 pocket, 

we reasoned that fluorinated motifs could maintain favorable interactions, thereby leading 

to robust pan-genotype PIs that are less susceptible to resistance. Our structure-guided SAR 

approach led to the design of PIs with excellent antiviral activity against drug resistant HCV 

variants D168A and A156T, and GT-3a. The cocrystal structures of four PIs bound to the 

D168A protease variant revealed a strong influence of substituent at the 3-position of P2 

quinoxaline on the binding of P4 capping groups. The results indicate that incorporating 

fluorine substitutions proximal to sites of RASs provides a general strategy to improve 

antiviral activity across HCV genotypes and resistant variants.

RESULTS AND DISCUSSION

In the NS3/4A protease, the S4 subsite is variable across HCV variants, as polymorphisms 

(GT-3) and RASs at positions R155, D/Q168, and A156 both directly and indirectly 

influence the size and shape of the pocket (Figure 2). As a result, minor modifications at the 

P4 capping group significantly impact potency against HCV variants with RASs. Therefore, 

our SAR efforts focused on exploring various approaches to circumvent the effects of 

structural changes in the S4 pocket due to RASs including: (1) enhancing hydrophobic 

packing in the S4 pocket using P4 groups of optimal shape and size, and (2) optimizing 

binding interactions using fluorine substitutions. The selection of P4 groups was informed 

by the prior SAR work on different NS3/4A inhibitor scaffolds, detailed structural analysis 

of analogues of compound 2 bound to WT NS3/4A protease and the D168A variant, and 

molecular modeling.29, 36, 40 We hypothesized that enhanced binding interactions in the 

S4 pocket, in combination with optimal P2 quinoxaline moieties, would improve potency 

against HCV variants with RASs as well as GT-3a.
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To test this hypothesis, we designed and synthesized two series of PIs containing 

3-methyquinoxaline and 3-(trifluoromethyl)-quinoxaline moieties at the P2 position, in 

combination with a range of diverse P4 capping groups. The potency and resistance profiles 

of PIs were evaluated using enzyme inhibition and cell-based replicon assays. Inhibition 

constants (Ki) were determined against the wild-type (WT) GT-1a NS3/4A protease, D168A 

variant, and GT-3a NS3/4A protease. The antiviral potencies (EC50) were determined 

against the WT HCV, resistant variants D168A and A156T, and HCV GT-3a (Table 1 and 

2). GZR and GLE were used as controls in all assays. Generally, and as previously observed, 

all PIs were more potent in replicon assays compared to enzyme inhibition assays.35 In 

replicon assays, the lead compound 2 exhibited improved antiviral activity and resistance 

profile compared to GZR with EC50 values in the low nM range against the A156T (EC50 = 

2.1 nM vs 261 nM for GZR) and D168A (EC50 = 2.2 nM vs 12 nM for GZR) variants. The 

previously reported compound 3 with a 3-(trifluoromethyl)-quinoxaline at the P2 position 

also showed excellent antiviral potency and resistance profiles with EC50 values comparable 

to that of 2 against WT HCV (EC50 = 0.9 nM) and the D168A variant (EC50 = 4.7 nM). 

Although 3 was 5-fold less potent against the A156T variant (EC50 = 12 nM) relative to 

2, both compounds maintained substantially better potency against this variant compared 

to the approved drugs GZR and GLE (EC50 >200 nM). Thus, the quinoxaline-based P1–

P3 macrocyclic analogues 2 and 3 are promising lead compounds for developing robust 

pan-genotypic NS3/4A PIs with improved resistance profile.

Exploring the SAR of P4 with 3-Methylquinoxaline at the P2 Position.

The reduced potency of NS3/4A PIs against GT-3a protease and drug-resistant variants 

mainly results from disruption of the electrostatic network between residues R155, D168, 

and R123, which causes major structural changes in the active site and destabilizes inhibitor 

binding.16, 17 In addition, the direct effects of substitutions at positions 168 and 123 result in 

diminished hydrophobic packing in the S4 pocket. Compound 2 maintains low nM potency 

against common drug-resistant HCV variants, because the flexible P2 quinoxaline moiety 

predominantly interacts with the catalytic residues and avoids direct contacts with RAS 

sites. However, compared to GZR, 2 is less active against the GT-3a protease. Analysis of 

the cocrystal structures of 2 bound to the WT protease (PDB 5VOJ) and D168A variant 

(PDB 6UE3) show that the P4 tert-butyl group loses hydrophobic packing in the mutant 

enzyme.35, 36 Therefore, our goal was to design analogues of 2 that maintain hydrophobic 

packing in the altered S4 pocket while avoiding direct contacts with A156 to improve 

antiviral activity against drug-resistant HCV variants and GT-3a.

Acyclic P4 groups.—To enhance hydrophobic packing in the S4 pocket, asymmetric 

secondary alkyl carbamates were considered to control substituent configuration at P4 and 

orient specific groups into the S4 subsite. This was evident by the reduced inhibitory 

potency of the smaller P4 isopropyl compound 6 against the D168A protease. Replacement 

of the P4 tert-butyl group in 2 with the slightly larger structural isomer 1,2-dimethypropyl, 

bearing methyl and isopropyl groups at the C1-position, provided compounds 7 and 8 
as a pair of P4 stereoisomers. Compounds 7 and 8 were 2-fold more potent against the 

D168A protease, with no preference observed for either of the stereoisomers (Table 1). 

This lack of chiral preference was also observed in antiviral data, as both stereoisomers 
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7 and 8 exhibited similar antiviral activity, with EC50 values against WT HCV and 

the D168A variant comparable to that of 2. However, these analogues experienced a 

3-fold loss in antiviral activity against the A156T variant. Next, we compared isopropyl 

versus cyclopropyl at the C1-position by preparing compounds 9 and 10 containing the 

(S)- and (R)-1-cyclopropylethyl P4 groups. These compounds also showed comparable 

inhibition of the D168A protease. However, in replicon assays 9 and 10 displayed distinct 

resistance profiles depending on the configuration of the P4 group. The P4 (S)-epimer 9 
was significantly less potent across the panel of HCV replicons tested compared to the 

(R)-epimer 10, which exhibited similar potency as 2, except against the A156T variant. 

The C1-cyclopropyl group in the (S)-configuration (9) is likely orientated toward residue 

156, and the reduced conformational flexibility of cyclopropyl compared to isopropyl (7) 

leads to lower overall potency. The closely related primary carbamate analogue 11, where 

the C1-methyl group is moved to the C2-position, displayed similar potency to that of 

7 and 8 in both biochemical and replicon assays. These results indicate that asymmetric 

secondary alkyl carbamates allow control of the binding conformations of P4 substituents to 

enhance hydrophobic packing in the variable S4 subsite. However, larger P4 groups that bind 

more deeply into the S4 pocket may also interact with residue A156 increasing inhibitor 

vulnerability to RASs at this position.

In addition to optimizing hydrophobic packing in the S4 subsite, we explored hydrogen to 

fluorine substitutions as a general strategy to improve antiviral activity against drug-resistant 

HCV variants and GT-3a. Due to the high lipophilicity, non-polarizability, and larger vdW 

radius, fluorine is unique in its ability to influence inhibitor conformation, cell permeability, 

potency, and pharmacokinetic properties.37–39 The multifaceted properties of fluorine make 

it an ideal substitution to investigate binding in the dynamic and variable S4 pocket of the 

NS3/4A protease, as fluorine is able to participate in favorable hydrophobic and electrostatic 

interactions. Since the S4 subsite is the location of major RASs and polymorphisms between 

GT-1a and GT-3a, we hypothesized that introducing fluorine atoms at the P4 moiety would 

allow the inhibitors to adapt to the topology and electrostatic changes in the pocket.

To test this hypothesis, we explored fluorine substitutions in a variety of P4 groups. In 

compound 2, substitution of a methyl group with trifluoromethyl in P4 tert-butyl provided 

analogue 12, which displayed excellent antiviral activity against WT HCV and resistant 

variants A156T and D168A with EC50 values < 5 nM. Compound 12 also showed improved 

inhibitory activity against the GT-3a protease and was comparable to GZR in GT-3a replicon 

assays (GT-3a EC50 = 160 nM vs 65 nM for GZR). A recently reported cocrystal structure 

of the WT NS3/4A protease with BMS-986144 (PDB 7D5L), which contains the same 

P4 group, shows that the trifluoromethyl group makes favorable interactions with residues 

D168, R123, and V158 in the S4 pocket.41 The trifluoro tert-butyl group in 12 likely binds 

in a similar conformation, and the trifluoromethyl group, while avoiding direct contacts with 

A156, provides enhanced interactions with key variable residues in the S4 pocket that are 

beneficial to activity against resistant variants and GT-3a.

Next, methyl to trifluoromethyl substitution in the P4 isopropyl analogue 6 was explored. 

Compounds 13 and 14, prepared as P4 stereoisomers, showed improved biochemical 

potency against the WT protease relative to both 2 and 12, but only 14 was more potent 
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against the D168A protease. In replicon assays with WT HCV and the resistant variant 

D168A, both 13 and 14 exhibited EC50 values comparable to that of 2, but lost potency 

against the A156T variant. Interestingly, while 13 maintained an excellent overall potency 

profile with EC50 value < 10 nM against the resistant variants, 14 exhibited 2-fold better 

potency against the D168A variant, in line with the improvement in the biochemical 

potency. The improved potency of 14 against the D168A variant with concomitant loss 

in potency against the A156T variant indicates that the trifluoromethyl group is binding 

close to residues 168 and 156. However, compound 14 showed slightly lower GT-3a potency 

relative to 12, indicating relatively less favorable interactions in the S4 pocket. Similarly, 

in compound 11 containing the (1-methylcyclopropyl)methyl carbamate at P4, substitution 

of the C2-methyl with a trifluoromethyl group to provide analogue 15 also resulted in 

improvement in antiviral activity compared to the parent compound. Compound 15 exhibited 

an excellent potency profile with WT EC50 of 0.1 nM and the D168A EC50 of 1.4 nM. 

However, 15 showed 2-fold lower activity against GT-3a in both enzyme and replicon assays 

relative to 12. Finally, substitution of the C3-methylene hydrogens of P4 cyclopropyl in 11 
with fluorine atoms to generate 16, which was prepared as a mixture of stereoisomers, led to 

a 5-fold improvement in inhibitory potency against the D168A protease variant; however, in 

replicon assays 16 showed similar antiviral activity as the parent 11. These results indicate 

that fluorine substitutions at the P4 capping group generally results in improvements in both 

biochemical and antiviral potency. Moreover, specific orientation of the fluorinated groups 

in the S4 subsite is crucial to form favorable intermolecular interactions to improve potency 

against GT-3a.

Cyclic P4 groups.—Following the investigation of the skeletal isomers of tert-butyl group 

in 2, cyclic P4 capping groups of various ring sizes were explored. Our prior SAR effort 

on the P1–P3 macrocyclic scaffold only showed a slight improvement in potency with the 

cyclopentyl (4) compared to the tert-butyl (2) P4 capping group.35 Following that work, 

we undertook a detailed structural study of PIs with cyclic P4 capping groups focusing on 

elucidating the impact of P4 ring size on the inhibitory activity against the D168A protease 

variant.36 Detailed structural analysis of compounds 4, 17–20 and 22–23, all designed based 

on the parent inhibitor 4, emphasized that shape complementarity of the P4 group to the 

S4 pocket, rather than the ring size, is critical for enhancing hydrophobic interactions to 

improve inhibitory potency against the D168A protease variant (Figure 3).36 Here these 

compounds were further evaluated, and inhibitory activity against the GT-3a protease and 

antiviral activity against our panel of HCV replicons were determined.

The P4 cyclopentyl compound 4 has an excellent potency profile with EC50 values similar 

to that of 2. Compound 17 with a larger cyclohexyl group at the P4 position maintained 

antiviral activity against the D168A variant but was 2-fold less active against the A156T 

variant. Structural analysis of 4 and 17 bound the D168A protease variant showed that 

the cyclohexyl ring adopted a boat conformation with portion of the ring shifted toward 

solvent. To accommodate the larger cyclohexyl group, the R123 side chain is flipped out 

of the S4 pocket (Figure 3A). These observations provided an indication to the optimal 

size of lipophilic group in the S4 pocket and guided the design of additional cyclic P4 

analogues. Next, we explored the effect of C1-methyl substitution to orient the cyclopentyl 
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group deeper into the S4 pocket. Compound 18 was less active than the parent 4 in 

replicon assays, particularly against the A156T variant. The lower antiviral activity observed 

with 18 is somewhat surprising, as cyclopentyl rings in both compounds adopted similar 

conformations, with only a slight change in the ring pucker (Figure 3A). To understand 

the impact of ring pucker on activity, we generated 19, replacing methyl with ethyl at 

the C1-position of the cyclopentyl group. The 1-ethyl derivative 19 exhibited improved 

antiviral activity against the A156T variant relative to 18. The cocrystal structures showed 

that the cyclopentyl ring in 19 adopted a conformation similar to the unsubstituted ring in 

4, likely allowing the inhibitor to maintain activity against the A156T variant relative to the 

1-methyl analogue 18. Thus, the binding conformation and packing of the cyclopentyl ring 

is important for maintaining activity against both D168A and A156T variants.

Our previous structural analysis showed that the fused bicyclic P4 moiety of compound 20 
contoured the topology, optimally filling the S4 subsite of the NS3/4A protease, thereby 

avoiding the formation of a frustrated pocket (Figure 3B). The enhanced packing in the 

S4 pocket led to improved potency in replicon assays. Compound 20 exhibited exceptional 

antiviral activity with EC50 values of 0.1 and 0.5 nM against WT HCV and the D168A 

variant, respectively, and maintained low nM activity against the A156T variant. This 

derivative also showed improved inhibitory activity against the GT-3a protease comparable 

to that of GZR; however, in GT3a replicon assays 20 was significantly less active than GZR. 

The P4 cyclobutyl analogue 21 also displayed an excellent antiviral activity profile with 

EC50 values < 5 nM against the resistant variants tested. The corresponding 1-methylbutyl 

analogue 22 also showed an excellent antiviral activity profile. The P4 1-methylcyclopropyl 

compound 23 was equipotent to 22 against WT HCV and the D168A variant but was 3-fold 

less active against the A156T variant. Overall, our SAR results in the cyclic P4 series 

indicate that P4 ring size has minimal impact on antiviral activity and resistance profile.

To investigate the effects of fluorine substitutions on potency and resistance profile in cyclic 

P4 capping groups, we first designed and synthesized 24 and 25, with a trifluoromethyl 

moiety at the C1-position and a single fluorine substitution at the C2-position of the 

cyclopentyl group. Converting C1-methyl to C1-trifluoromethyl of the cyclopentyl P4 

capping group of 18 provided 24 with a 2-fold improvement in potency against the 

D168A variant in both biochemical and replicon assays relative to the parent 18. Also, 

24 showed an 8-fold improvement in antiviral activity against the A156T variant. The 

improved potency of 24 against the A156T variant was surprising; the C1-trifluoromethyl 

substitution is possibly causing cyclopentyl ring to adopt an alternate conformation relative 

to the C1-methyl derivative. More significantly, 24 showed potent antiviral activity against 

GT-3a with an EC50 value comparable to that of GZR (EC50 = 130 nM vs 65 nM for GZR). 

A significant improvement in inhibitory potency against the D168A protease variant was 

also realized by replacing the 1-methycyclobutyl P4 group in 22 with a 1-(trifluoromethyl)-

cyclobutyl (26). Analogue 26 had a 4-fold improvement in potency compared to the non-

fluorinated parent inhibitor 22. Introducing fluorine atoms at the C3-methylene position of 

the cyclobutyl P4 capping group did not affect the overall potency profile of the resulting 

analogue 27 compared to the parent compound 21. Of the P4 fluorinated PIs, all but one 

(25) maintained excellent antiviral activity against the resistant variants. Compared to the 
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C1-methyl derivatives, C1-trifluoromethyl substitution provided compounds with improved 

overall antiviral activity including against GT-3a.

Exploring the SAR of P4 with 3-(Trifluoromethyl)-quinoxaline at the P2 Position.

To investigate how the interplay between the P2 quinoxaline moiety and the P4 capping 

group might affect antiviral activity and resistance profile, we designed and synthesized 

analogues of the 3-(trifluoromethyl)-quinoxaline inhibitor 3 with diverse P4 capping groups 

(Table 2). In our previous SAR studies, compounds with a 3-(trifluoromethyl)-quinoxaline 

moiety at the P2 position generally exhibited slightly lower antiviral activities compared 

to the corresponding 3-methylquinoxaline analogues, particularly against the A156T 

variant.35 At that time, our efforts to co-crystallize the NS3/4A protease complex with a 

3-(trifluoromethyl)-quinoxaline analogue were unsuccessful. Hence the reduced potency of 

these compounds could not be explained by molecular modeling alone, where the P2 moiety 

was predicted to bind similarly with a slight shift towards the catalytic histidine (H57).35

The results from the current SAR studies in the 3-(trifluoromethyl)-quinoxaline series 

showed a stronger influence of variations at the P4 capping group on antiviral activity 

compared to the 3-methylquinoxaline series. Based on the modeling, these potency 

differences were not expected to arise from subtle differences in the binding conformation 

of the two quinoxaline moieties. The trifluoromethyl group at the 3-position of the P2 

quinoxaline was likely influencing the binding mode of the P4 capping groups, and as a 

result, significantly impacting antiviral activity against the D168A and A156T variants. To 

understand the binding of 3-(trifluoromethyl)-quinoxaline compounds, we again attempted, 

and while this manuscript was in preparation, succeeded in determining cocrystal structures 

of compound 3 and three new analogues bound to the D168A protease variant. To our 

surprise, the structures revealed that the P2 quinoxaline moiety has the methoxy group 

at the 6-position rather than the 7-position. In our previous work, we had described the 

substitution pattern on the quinoxaline moiety in 3 to be 7-methoxy-3-(trifluoromethyl). 

This discrepancy resulted from the inadvertent mistake of assuming the 7-methoxy-3-

(trifluoromethyl)-quinoxaline, rather than the 6-methoxy-3-(trifluoromethyl)-quinoxaline, 

as the major regioisomer in the condensation reaction between 4-methoxybenzene-1,2-

diamine and ethyl trifluoropyruvate. While the other 3-substituted-quinoxalines (3-methyl, 

ethyl, isopropyl) we synthesized had the 3susbtituted-7-methoxy-quinoxaline as the major 

regioisomer.

Comparison of the D168A NS3/4A protease cocrystal structures with 2 and 3 showed 

overall similar binding conformations, with major structural differences occurring only at 

the quinoxaline moiety (Figure 4). The 6-methoxy-3-(trifluoromethyl)-quinoxaline moiety in 

3 is shifted towards the catalytic histidine (H57) relative to the position of the 7-methoxy-3-

methylquinoxaline in 2 (Figure 4B). The lateral shift of the quinoxaline moiety in 3 is also 

evident when compared to the quinoxaline moiety in GZR bound to the D168A protease 

variant (Figure 4C). Even with this lateral shift, the quinoxaline moieties in 2 and 3 maintain 

similar stacking interactions with the catalytic residues. The 3-trifluoromethyl group of 3 
occupies a similar position in space as the 3-methyl group of 2, despite the shift of the 

quinoxaline. Therefore, the trifluoromethyl substituent contributes to greater hydrophobic 
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contacts due to the larger vdW radius of fluorine relative to hydrogen; however, we did 

not observe fluorine-specific molecular interactions in the cocrystal structure with 3. The 

increased vdW contacts of the trifluoromethyl group are beneficial for potency against WT 

and D168A variants, but detrimental against the A156T variant due to a potential steric 

clash with the threonine. The shift in the position of the quinoxaline also avoids a steric 

clash between the 6-methoxy substituent and residues V78 and Y56, which are located 

directly above the catalytic H57, forming part of the hydrophobic binding site for the 

quinoxaline moiety. This structural analysis also explains the observed potency profiles of 

the 3-(trifluoromethyl)-quinoxaline compounds (3 and 5) in our previous SAR studies.35 

Although the analogues of 2 and 3 with modified P4 groups are not exact matched pairs, the 

SAR analysis provides valuable insights into the interplay between the P2 and P4 moieties 

and its impact on potency against resistant variants.

Acyclic P4 groups.

Replacement of the P4 tert-butyl group in 3 with slightly larger structural derivatives 

generally resulted in improvement in inhibitory activity against the D168A protease variants 

but antiviral activity against resistant variants varied depending on the shape of the P4 group. 

Compound 28 with a slightly larger tert-pentyl carbamate showed improved biochemical 

potency but 2-fold lower antiviral activity against the D168A variant in replicon assays. 

However, 28 maintained similar antiviral activity as 3 against the A156T variant. In contrast, 

the P4 pentan-3-yl compound 29 was 7-fold less potent against the A156T variant compared 

to both 3 and 28, indicating that the P4 group of 29 may bind too deeply into the S4 pocket, 

making contact with A156 in the WT protease, hence becoming readily susceptible to RASs 

at this position.

Next, similar to the 3-methylquinoxaline series, we explored configurational control to 

orient the hydrophobic substituents into the S4 subsite. Secondary alkyl carbamates bearing 

asymmetric substituents at the C1 position provided pairs of P4 stereoisomers. The P4 

1,2-dimethypropyl derivatives 30 and 31, bearing a methyl and an isopropyl group at the 

C1-position, exhibited comparable antiviral potencies against WT replicon and D168A 

variant but differed in loss of potency against the replicon with A156T substitution. The 

analogue 31 with the (R)-configuration at the P4 group was 2-fold less active compared to 

the (S)-stereoisomer 30 against both WT and D168A replicons. Additionally, 31 was 5-fold 

less active against the A156T replicon, indicating that the (R)-1,2-dimethypropyl group 

is directed towards position 156, while the corresponding (S)-stereoisomer in 30 is likely 

oriented in the opposite direction. Notably, enzyme inhibition data showed a preference for 

the (R)-stereoisomer at P4, with 31 showing a 2-fold improvement in Ki values compared 

to the (S)-epimer 30. Similar trends were observed for compounds 32 and 33, containing 

the (S)- and (R)-enantiomers of 1-cyclcopropylethyl group at the P4 position, respectively. 

While both analogues showed similar antiviral potency against the WT and D168A variants, 

32, with the (S)-configuration at P4, maintained better potency against the A156T variant 

than the (R)-epimer 33. Interestingly, compounds in the 3-(trifluoromethyl)-quinoxaline 

series (30–33) showed different trends in EC50 values against the A156T variant than 

the corresponding analogues in the 3-methylquinoxaline series (7–10). Comparison of the 

A156T EC50 data suggests that the trifluoromethyl substitution on the quinoxaline is likely 
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affecting the binding conformation of the P4 capping groups. The 3-methylquinoxaline 

compounds 7 and 8 showed similar potencies against the resistant variants, but the 

corresponding 3-(trifluoromethyl)-quinoxaline analogues 30 and 31 diverged from each 

other. The analogue 31 is 6-fold more susceptible to the A156T RAS compared to 8, 

indicating that the substituent at the 3-position of quinoxaline plays a role in orienting the 

P4 capping group. The trifluoromethyl group may form additional hydrophobic interactions 

with the 1,2-dimethylpropyl P4 group in WT protease above position 156, making 31 
susceptible to the A156T RAS, while the methyl substituent in 8 may not form these 

contacts due to the smaller vdW surface area and lower hydrophobicity.38, 39

In contrast, both series of compounds with a 1-cyclcopropylethyl group at the P4 

position showed different antiviral potencies against the A156T variant depending on the 

configuration of the P4 group. From the reduced potency of 9 against the A156T variant 

relative to 10, we can conclude that the cyclopropyl ring in the (S)-stereoisomer of the P4 

group is packing closer to residue 156. However, the 3-trifluoromethyl substituent on the 

quinoxaline, which generally increases inhibitor susceptibility to A156T due to increased 

interaction with the larger 156 side chain, seems to prevent the (S)-stereoisomer (32) from 

interacting with residue 156. The larger 3-trifluoromethyl group may be forcing the P4 

capping group of 32 to adopt an alternate binding conformation relative to the corresponding 

3-methylquinoxaline analogue (9) resulting in much lower susceptibility to A156T. Thus, 

for the 3-(trifluoromethyl)-quinoxaline series, as the size of the P4 groups increases, the 

potential for steric clash between these two proximal moieties seem to promote an alternate 

binding for the P4 capping group, which could be exploited to avoid inhibitor susceptibility 

to A156T.

Reducing the size of the acyclic P4 group also proved to be detrimental to antiviral potency. 

The P4 isobutyl analogue 34 was less potent against the D168A and A156T variants than 

30 and 31, which contain a methyl group at the C1-position. The corresponding neopentyl 

carbamate 35, with similar antiviral potency against WT HCV and the D168A variant as 

34, experienced further loss in potency against the A156T variant. Among the primary 

alkyl carbamates, the (1-methylcyclopropyl)methyl derivative 36 exhibited better antiviral 

potency against both the A156T and D168A variants. Together, these data showed that in 

the 3-(trifluoromethyl)-quinoxaline series, inhibitor potency was more sensitive to minor 

changes at the P4 capping group compared to the 3-methylquinoxaline series.

Introduction of fluorine substitutions at the P4 position in the 3-(trifluoromethyl)-

quinoxaline series resulted in distinct potency profiles depending on the location of the 

fluorine atoms. The P4 trifluoro tert-butyl analogue 37 exhibited an excellent potency profile 

in replicon assays with EC50 values similar to that of 3 against the WT HCV (EC50 = 

1.0 nM), A156T (EC50 = 10 nM), and D168A (EC50 = 4.3 nM) variants. However, this 

analogue was less active against the GT-3a relative to its 3-methylquinoxaline counterpart 

12. The cocrystal structure of 37 with the D168A protease variant showed a similar 

binding conformation of the P2 quinoxaline moiety as observed for 3 (Figure 5A). The 

P4 trifluoro tert-butyl group adopts a binding conformation identical to that of the P4 group 

in BMS-986155 (PDB 7D5L). One of the P4 geminal methyl groups is oriented toward the 

trifluoromethyl group of the P2 quinoxaline, while the other points away from the protein 
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surface. The trifluoromethyl group is positioned in the S4 pocket interacting with residues 

D168, R123, and V158 (Figure 5A). The enhanced interactions in the S4 pocket are likely 

contributing to the excellent antiviral activity of 37 against drug-resistant HCV variants.

The P4 1-(trifluoromethyl)ethyl derivatives 38 and 39 exhibited distinct potency profiles 

depending on the stereochemistry at the P4 group. Compound 39, with the (R)-configuration 

at P4, was at least 2-fold more potent in both biochemical and replicon assays than 

38, which has the (S)-configuration at P4. Interestingly, in both the 3-methylquinoxaline 

and 3-(trifluoromethyl)-quinoxaline series, compounds with the (R)-1-(trifluoromethyl)ethyl 

carbamate at P4 (14 and 39) were more potent against WT HCV and the D168A variant, 

relative to the epimeric congeners (13 and 38). While the same trend was observed 

for antiviral potency against the A156T variant for 38 and 39, the preference for (R)-

configuration at P4 was reversed in 13 and 14, where the (S)-configuration was preferred 

instead. The reversed preference for the (R)-stereoisomer in the 3-(trifluoromethyl)-

quinoxaline compounds is likely due to repulsive interactions between trifluoromethyl 

groups at the 3-position of the P2 quinoxaline and the P4 group.

Substitution of the P4 C2-methyl group in 36 with trifluoromethyl provided the (1-

(trifluoromethyl)cyclopropyl)methyl compound 40, which was 2-fold more active in 

replicon assays against WT HCV and the D168A variant, without loss in potency against 

the A156T variant. Compound 41, which was generated by replacing the C3-methylene 

hydrogens of the P4 cyclopropyl group in 36 with fluorine atoms, prepared as a P4 racemic 

mixture, also showed 2-fold improvement in antiviral activity against WT HCV. However, 

analogue 41, while equipotent to 36 against the D168A variant, lost 3-fold potency against 

the A156T variant.

Cyclic P4 groups.

After exploring different design strategies with acyclic P4 carbamates, we used a 

similar approach to identify cyclic carbamate moieties that can be combined with the 

3-(trifluoromethyl)-quinoxaline P2 moiety to optimally target the S4 subsite. We have 

previously shown that relative to 3, the P4 cyclopentyl analogue 5 was less potent against 

WT HCV and the A156T variant, though it maintained similar potency against the D168A 

variant. The reduced potency of 5, particularly against the A156T variant, likely results 

from the larger size of the P4 group. This was further supported by the observed potency 

profile of the corresponding 1-methylcyclocpentyl analogue 42, which showed further loss 

in potency across the three HCV replicons tested. In contrast to reduced potency in replicon 

assays, 42 showed improved potency in biochemical assays relative to 5, even against 

the GT-3a protease. The fused bicyclic P4 analogue 43 showed a different trend, with 

comparable antiviral activity against WT and a 3-fold improvement in potency against the 

D168A variant. However, similar to analogues with a large cyclic P4 group, 43 experienced 

significant loss in antiviral potency against the A156T variant. The cocrystal structure of 43 
bound to the D168A protease variant showed a shift in the position of the P2 quinoxaline 

compared to the corresponding 3-methylquinoxaline compound 20, but the bicyclic P4 

group in both compounds bound in a similar conformation (Figure 6). Similar to 20, 

compound 43 showed significantly improved Ki values against the WT, D168A, and GT-3a 
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proteases. The improved biochemical and antiviral potency of 43 relative to 5 is likely due 

to enhanced hydrophobic interactions in the S4 subsite. However, the SAR data show that 

larger cyclic P4 groups that bind deeply into the S4 pocket are detrimental to antiviral 

activity against the A156T variant, and the C1-methyl substitution results in a further loss of 

potency against this variant.

Next, we investigated reducing ring size at the P4 position, and found the cyclobutyl group 

to be optimal for maintaining antiviral potency against resistant variants. Compound 44 
showed an excellent potency profile with EC50 values against WT HCV and the D168A 

variant similar to that of 5, but 4-fold better potency against the A156T variant. A similar 

trend was observed for the 1-methylcyclobutyl analogue 45, which was equipotent to 

44 against the D168A variant with a 2-fold improvement in potency against the A156T 

variant relative to 5. Further reducing the ring size at P4 to cyclopropyl, as in 46, proved 

to be detrimental to biochemical potency. A slight loss in antiviral potency against the 

D168A variant was also observed. The addition of a methyl group at the C1 position of 

cyclopropyl to provide analogue 47 did not improve antiviral activity against the D168A 

variant and led to a further loss in potency against the A156T variant. Together, the SAR 

data for the cyclic P4 inhibitors indicates that in the 3-methylquinoxaline series increasing 

lipophilic bulk at the P4 position was mostly beneficial to antiviral potency. However, in the 

3-(trifluoromethyl)-quinoxaline series a smaller cyclobutyl ring was preferred to maintain 

potency against resistance variants. This data provides further evidence for the interplay 

between the substituent at the 3-position of the P2 quinoxaline and the P4 capping group.

Fluorine substitution in cyclic P4 groups generally maintained or, in some cases, improved 

potency against WT HCV and resistant variants. Compared to the 1-methylcyclocpentyl 

compound (42) the 1-(trifluoromethyl)-cyclopentyl analogue 48 was significantly more 

potent in replicon assays against WT HCV and exhibited 3-fold better potency against the 

resistant variants D168A and A156T. The improved potency profile of 48 indicates that the 

trifluoromethyl group at the 3-position of P2 quinoxaline may be causing the P4 moiety 

to adopt an alternate conformation relative to the P4 group in 42, resulting in enhanced 

interactions in the S4 pocket while reducing contacts with residue 156. The increased 

interactions of 48 in the S4 pocket are also likely responsible for the improved potency 

against GT-3a.

Next, the trans-2-fluorocyclopentyl analogue 49 was designed to further evaluate the 

interplay between the P2 and P4 moieties. Interestingly, 49 exhibited an exceptional potency 

profile with EC50 values comparable to that of 2 and 3. Notably, 49 was significantly 

more potent against the A156T variant relative to the P4 cyclopentyl analogue 5. The 

1-(trifluoromethyl)cyclobutyl analogue 50, generated by substitution of the C1-methyl in 

45 with trifluoromethyl group, displayed a similar potency profile in replicon assays as the 

parent compound. Compound 50 was more active against GT-3a protease relative to 48 
but exhibited lower antiviral activity. Hydrogen to fluorine substitution at C3-position of 

P4 cyclobutyl group in 44, leading to 51, did not affect potency in both biochemical and 

replicon assays. Thus, fluorine substitution in cyclic P4 groups was generally beneficial to 

potency, particularly against the A156T variant.
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We also determined the cocrystal structure of 50 bound the D168A protease variant (Figure 

5B). Overall, the binding mode of 50 is similar to that of 37. The P4 1-trifluoromethyl 

cyclobutyl group is orientated such that both the cyclobutyl moiety and fluorine atoms 

interact with residues in the S4 pocket. One of the 1-trifluoromethyl fluorine atoms is 

nested directly above the alanine side chain at position 168, another is orientated towards 

the guanidinium group of R123, and the third points at the 3-trifluoromethyl substituent on 

the P2 quinoxaline. Moreover, part of the cyclobutyl moiety forms hydrophobic packing 

interactions with V158. Essentially, the 1-trifluoromethyl cyclobutyl P4 group is optimally 

oriented to complement the contour of the S4 pocket. Surprisingly, in the cocrystal structure, 

the side chain of R155 samples a rotamer not observed in other cocrystal structures with 3-

methylquinoxaline containing inhibitors, indicating a potential favorable interaction between 

the arginine guanidinium group and fluorine.

Overall, compounds in the 3-(trifluoromethyl)-quinoxaline series generally showed 

lower antiviral activity against the A156T and D168A variants compared to the 3-

methylquinoxaline analogues. The larger trifluoromethyl group at the 3-position of 

P2 quinoxaline has increased interaction with residue 156, causing susceptibility to 

substitutions at this position. While potency loss against the D168A variant was addressed 

by enhancing hydrophobic packing in the S4 pocket and fluorine substitutions, maintaining 

potency against the A156T variant was more challenging. Also, in this series improving 

potency against GT-3a proved to be challenging. However, fluorine substitutions in the 

tert-butyl and cyclopentyl P4 groups decreased susceptibility to A156T RAS, providing PIs 

with improved potency against resistant variants and GT-3a.

CHEMISTRY

The P1–P3 macrocyclic NS3/4A PIs with 3-methyl- and 3-(trifluoromethyl)- quinoxalines 

as P2 moieties and diverse P4 capping groups were synthesized using the reaction sequence 

outlined in Scheme 1. The key Boc-protected P2 intermediates 55 and 56 were prepared 

from the corresponding 3-substituted quinoxalin-2-ones 53 and 54 by a cesium carbonate-

mediated nucleophilic substitution reaction with the activated cis-hydroxyproline derivative 

52 as described previously.35 The target P1–P3 macrocyclic inhibitors were assembled 

from the P2 intermediates using a sequence of deprotection and peptide coupling steps 

followed by the ring-closing metathesis (RCM) reaction. Briefly, removal of the Boc 

group in 55 and 56 using 4 N HCl in 1,4-dioxane provided the amine salts 57 and 58, 

which were coupled with the (S)-2-((tert-butoxycarbonyl)amino)non-8-enoic acid 59 using 

HATU and diisopropylethylamine (DIEA) in DMF to yield the P2–P3 ester intermediates 

60 and 61. These esters were treated with LiOH.H2O in a 1:1 mixture of THF and H2O 

to afford of carboxylic acids 62 and 63 in quantitative yield. Reaction of the P2–P3 

acid intermediates with the P1–P1’ acyl sulfonamide intermediate 64,42, 43 which was 

synthesized following reported methods, under HATU/DIEA coupling conditions provided 

the bis-olefin intermediates 65 and 66. The P1–P3 macrocyclization of the bis-olefin 

intermediates was accomplished using a highly efficient RCM catalyst Zhan Catalyst-1B 

in anhydrous 1,2-dichloroethane at 70 °C for 6 h and provided the P1–P3 macrocyclic 

inhibitors 2 and 3 in 70% yield. Finally, deprotection of Boc group and reaction of the 
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resulting amine salts 67 and 68 with chloroformate or carbonates 69a–x in the presence 

of DIEA in acetonitrile provided the target compounds 6–51. The carbonate intermediates 

69a–x were synthesized from the corresponding alcohols by reaction with p-nitrophenyl 

chloroformate in the presence of pyridine in dichloromethane (see Supporting Information 

for details).

CONCLUSIONS

The structure-activity relationships of quinoxaline-based P1–P3 macrocyclic NS3/4A PIs 

were explored to identify compounds with improved resistance profiles and GT-3a potency. 

The P2 quinoxaline moiety and P4 capping group significantly impacted inhibitor potency 

and resistance profile, suggesting the interplay between these groups likely influenced 

the binding conformation of the P4 group. Compounds in the 3-methylquinoxaline series 

exhibited excellent potency profiles with EC50 values < 5 nM against the D168A variant, 

and nearly all compounds maintained low nM antiviral potency against the A156T 

variant, significantly better than the two clinically approved drugs GZR and GLE. In the 

3-(trifluoromethyl)-quinoxaline series, the P4 modifications significantly impacted antiviral 

potency against both the A156T and D168A variants. In both quinoxaline series, the PIs 

that maintain hydrophobic packing in the S4 pocket exhibited improved antiviral activity 

against drug-resistant HCV variants and GT-3a. However, larger P4 groups that bind too 

deeply into the S4 pocket were susceptible to RASs at position 156. Notably, PIs containing 

the fluorinated P4 groups trifluoro tert-butyl (12 and 37) and 1-(trifluoromethyl)-cyclopentyl 

(24 and 48) displayed excellent antiviral potency across HCV variants including against 

GT-3a. Moreover, the improved potency profiles of PIs in both series indicate that these 

fluorinated P4 groups are unique in their ability to maintain favorable interactions in the S4 

pocket. Thus, our strategy of using fluorinated motifs to target the variable S4 pocket has 

proven effective in improving potency against common resistant variants (D168A, A156T) 

and GT-3a. Overall, our SAR results demonstrate that optimal P4 modifications can improve 

potency across drug-resistant HCV variants and GT-3a, providing compounds with potential 

pan-genotypic potency profiles.

EXPERIMENTAL SECTION

General.

All reactions were performed in oven-dried round-bottom flasks fitted with rubber septa 

under argon atmosphere unless otherwise noted. All reagents and solvents, including 

anhydrous solvents, were purchased from commercial sources and used as received. Flash 

column chromatography was performed on an automated Teledyne ISCO CombiFlash Rf+ 

system equipped with a UV-vis detector using disposable Redisep Gold high performance 

silica gel columns or was performed manually using silica gel (230−400 mesh, EMD 

Millipore). Thin- layer chromatography (TLC) was performed using silica gel (60 F254) 

coated aluminum plates (EMD Millipore), and spots were visualized by exposure to 

ultraviolet light (UV), exposure to iodine adsorbed on silica gel, and/or staining with 

alcohol solutions of phosphomolybdic acid (PMA) and ninhydrin followed by brief heating. 
1H NMR and 13C NMR spectra were acquired on a Bruker Avance III HD 500 MHz 
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NMR instrument. Chemical shifts are reported in ppm (δ scale) with the residual solvent 

signal used as a reference and coupling constant (J) values are reported in hertz (Hz). 

Data are presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd 

= doublet of doublet, dd = doublet of triplet, t = triplet, m = multiplet, br s = broad 

singlet), coupling constant in Hz, and integration. High-resolution mass spectra (HRMS) 

were recorded on a Thermo Scientific Orbitrap Velos Pro mass spectrometer coupled with 

a Thermo Scientific Accela 1250 UPLC and an autosampler using electrospray ionization 

(ESI) in the positive mode. The purity of final compounds was determined by analytical 

HPLC and was found to be ≥95% pure. HPLC was performed on an Agilent 1200 system 

equipped with a multiple wavelength detector and a manual injector under the following 

conditions: column, Phenomenex Hypersil-BDS-5u-C18 (5 μm, 4.6 mm × 250 mm, 130 Å); 

solvent A, H2O containing 0.1% trifluoroacetic acid (TFA); solvent B, CH3CN containing 

0.1% TFA; gradient, 20% B to 100% B over 15 min followed by 100% B over 5 min; 

injection volume, 20 μL; flow rate, 1 mL/min. The wavelengths of detection were 254 nm 

and 280 nm. Retention times and purity data for each target compound are provided in the 

Experimental Section.

Isopropyl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (6).

A solution of the amine salt 67 (0.10 g, 0.15 mmol) in anhydrous CH2Cl2 (10 mL) 

was treated with Et3N (0.083 mL, 0.60 mmol) followed by slow addition of isopropyl 

chloroformate solution (1M in toluene) (0.30 mL, 0.30 mmol). The reaction mixture was 

stirred at room temperature for 12 h, then concentrated under reduced pressure and dried 

under high vacuum. The residue was purified by flash column chromatography (RediSep 

Gold column, 12 g, gradient elution with 50–90% EtOAc/hexanes) to provide the target 

compound 6 (0.073 g, 66%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.12 (s, 1 H), 

7.80 (d, J = 9.5 Hz, 1 H), 7.21−7.15 (m, 2 H), 6.90 (s, 1 H), 5.92 (br s, 1 H), 5.71 (q, J = 8.5 

Hz, 1 H), 5.22 (d, J = 7.0 Hz, 1 H), 5.00 (t, J = 9.5 Hz, 1 H), 4.73−4.65 (m, 1 H), 4.62 (t, J 
= 7.5 Hz, 1 H), 4.43 (d, J = 11.5 Hz, 1 H), 4.31 (t, J = 7.5 Hz, 1 H), 4.06 (dd, J = 11.0, 4.0 

Hz, 1 H), 3.95 (s, 3 H), 2.75−2.66 (m, 1 H), 2.64−2.47 (m, 5 H), 2.30 (q, J = 8.5 Hz, 1 H), 

1.97−1.74 (m, 4 H), 1.62−1.22 (m, 12 H), 1.15−1.07 (m, 6 H), 0.86−0.76 (m, 2 H) ppm; 13C 

NMR (125 MHz, CDCl3) δ 177.21, 173.25, 166.99, 160.42, 155.60, 155.46, 144.80, 141.10, 

136.31, 134.45, 129.12, 125.03, 118.94, 106.17, 74.83, 68.78, 59.60, 55.86, 53.21, 52.38, 

44.85, 36.60, 34.68, 32.79, 29.87, 27.33, 27.16, 26.19, 22.38, 22.16, 21.07, 19.94, 18.34, 

14.64, 12.72 ppm.

(S)-3-Methylbutan-2-yl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (7).

A solution of the amine salt 67 (0.20 g, 0.29 mmol) in anhydrous CH3CN (10 mL) 

was treated with DIEA (0.35 mL, 2.0 mmol) and (S)-3-methylbutan-2-yl (4-nitrophenyl) 

carbonate 69c (0.081 g, 0.32 mmol). The reaction mixture was stirred at room temperature 
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for 36 h, then concentrated under reduced pressure and dried under high vacuum. The 

residue was purified by flash column chromatography (RediSep Gold column, 24 g, gradient 

elution with 50–90% EtOAc/hexanes) to provide the target compound 7 (0.20 g, 90%) as 

a white solid. 1H NMR (500 MHz, CDCl3) δ 10.14 (s, 1 H), 7.80 (d, J = 10.0 Hz, 1 H), 

7.22−7.14 (m, 2 H), 6.93 (s, 1 H), 5.92 (br s, 1 H), 5.69 (q, J = 8.5 Hz, 1 H), 5.23 (d, J = 

7.5 Hz, 1 H), 5.00 (t, J = 9.5 Hz, 1 H), 4.62 (t, J = 7.5 Hz, 1 H), 4.44 (d, J = 11.5 Hz, 1 H), 

4.40 (t, J = 6.0 Hz, 1 H), 4.32 (t, J = 7.5 Hz, 1 H), 4.05 (dd, J = 11.0, 4.0 Hz, 1 H), 3.94 

(s, 3 H), 2.74−2.64 (m, 1 H), 2.63−2.48 (m, 5 H), 2.30 (q, J = 9.0 Hz, 1 H), 1.94−1.75 (m, 

4 H), 1.73−1.25 (m, 13 H), 1.05 (d, J = 6.0 Hz, 3 H), 0.84−0.75 (m, 7 H), 0.63−0.60 (m, 1 

H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.29, 173.24, 167.10, 160.45, 155.92, 155.47, 

144.72, 141.15, 136.32, 134.26, 128.89, 125.02, 118.99, 106.18, 76.25, 74.89, 59.57, 55.86, 

53.21, 52.39, 44.82, 36.60, 34.71, 32.86, 32.77, 29.83, 27.33, 27.17, 26.23, 22.35, 21.04, 

19.86, 18.32, 18.06, 17.95, 16.87, 14.63, 12.69 ppm; HRMS (ESI) m/z: [M + H]+ calcd for 

C38H53N6O9S, 769.3589; found 769.3553; Anal. HPLC: tR 12.16 min, purity 99.6%.

(R)-3-Methylbutan-2-yl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (8).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.20 g, 0.29 mmol) in CH3CN (10 mL) was treated with DIEA (0.35 mL, 2.0 mmol) and 

(R)-3-methylbutan-2-yl (4-nitrophenyl) carbonate 69d (0.081 g, 0.32 mmol) to provide the 

target compound 8 (0.21 g, 94%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.13 (s, 

1 H), 7.80 (d, J = 10.0 Hz, 1 H), 7.22−7.16 (m, 2 H), 6.89 (s, 1 H), 5.92 (br s, 1 H), 5.70 (q, 

J = 8.5 Hz, 1 H), 5.27 (d, J = 7.5 Hz, 1 H), 5.00 (t, J = 9.5 Hz, 1 H), 4.61 (t, J = 7.5 Hz, 1 

H), 4.44 (d, J = 11.5 Hz, 1 H), 4.41 (t, J = 6.0 Hz, 1 H), 4.34 (t, J = 7.5 Hz, 1 H), 4.06 (dd, J 
= 11.0, 4.0 Hz, 1 H), 3.95 (s, 3 H), 2.73−2.65 (m, 1 H), 2.63−2.49 (m, 5 H), 2.31 (q, J = 9.0 

Hz, 1 H), 1.95−1.76 (m, 4 H), 1.71−1.26 (m, 13 H), 1.03 (d, J = 6.0 Hz, 3 H), 0.88−0.76 (m, 

8 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.23, 173.20, 167.03, 160.45, 155.88, 155.46, 

144.69, 141.15, 136.34, 134.31, 128.94, 125.03, 118.99, 106.17, 76.34, 74.88, 59.56, 55.87, 

53.21, 52.38, 44.84, 38.75, 36.60, 34.70, 32.83, 29.84, 27.31, 27.18, 26.21, 22.41, 21.06, 

19.88, 18.33, 18.13, 17.96, 16.74, 14.64, 12.71 ppm; HRMS (ESI) m/z: [M + H]+ calcd for 

C38H53N6O9S, 769.3589; found 769.3561; Anal. HPLC: tR 11.96 min, purity 99.6%.

(S)-1-Cyclopropylethyl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (9).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.20 g, 0.29 mmol) in CH3CN (10 mL) was treated with DIEA (0.35 mL, 2.0 mmol) 

and (S)-1-cyclopropylethyl (4-nitrophenyl) carbonate 69e (0.08 g, 0.32 mmol) to provide the 

target compound 9 (0.20 g, 90%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.19 (s, 

1 H), 7.79 (d, J = 10.0 Hz, 1 H), 7.22−7.16 (m, 2 H), 7.07 (s, 1 H), 5.90 (br s, 1 H), 5.70 

(q, J = 8.5 Hz, 1 H), 5.51 (d, J = 8.0 Hz, 1 H), 5.00 (t, J = 9.5 Hz, 1 H), 4.62 (t, J = 7.5 

Hz, 1 H), 4.46 (d, J = 11.0 Hz, 1 H), 4.31 (t, J = 8.0 Hz, 1 H), 4.04 (dd, J = 11.5, 4.0 Hz, 
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1 H), 3.98−3.95 (m, 1 H), 3.94 (s, 3 H), 2.72−2.63 (m, 1 H), 2.62−2.47 (m, 5 H), 2.32 (q, 

J = 8.5 Hz, 1 H), 1.93−1.68 (m, 5 H), 1.63−1.54 (m, 1 H), 1.52−1.26 (m, 10 H), 1.18 (d, 

J = 6.5 Hz, 3 H), 0.87−0.79 (m, 3 H), 0.49−0.33 (m, 2 H), 0.19−0.12 (m, 2 H) ppm; 13C 

NMR (125 MHz, CDCl3) δ 177.39, 173.13, 167.10, 160.42, 155.72, 155.46, 144.70, 141.12, 

136.30, 134.33, 128.95, 125.05, 118.94, 106.15, 76.45, 74.91, 59.65, 55.85, 53.15, 52.41, 

44.87, 38.75, 36.59, 34.71, 32.72, 29.77, 27.24, 26.26, 22.37, 20.95, 20.15, 19.88, 18.32, 

16.58, 14.64, 12.68, 3.68, 2.64 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C38H51N6O9S, 

767.3433; found 767.3408; Anal. HPLC: tR 11.37 min, purity 100%.

(R)-1-Cyclopropylethyl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (10).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.20 g, 0.29 mmol) in CH3CN (10 mL) was treated with DIEA (0.35 mL, 2.0 mmol) 

and (R)-1-cyclopropylethyl (4-nitrophenyl) carbonate 69f (0.080 g, 0.32 mmol) to provide 

the target compound 10 (0.21 g, 94%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.14 

(s, 1 H), 7.80 (d, J = 9.5 Hz, 1 H), 7.22−7.16 (m, 2 H), 6.97 (s, 1 H), 5.91 (br s, 1 H), 

5.71 (q, J = 8.0 Hz, 1 H), 5.37 (d, J = 7.5 Hz, 1 H), 5.00 (t, J = 9.0 Hz, 1 H), 4.63 (t, J = 

7.5 Hz, 1 H), 4.42 (d, J = 11.5 Hz, 1 H), 4.33 (t, J = 7.5 Hz, 1 H), 4.06 (dd, J = 11.0, 3.5 

Hz, 1 H), 4.03−3.97 (m, 1 H), 3.94 (s, 3 H), 2.73−2.65 (m, 1 H), 2.63−2.48 (m, 5 H), 2.31 

(q, J = 8.5 Hz, 1 H), 1.97−1.77 (m, 4 H), 1.72−1.55 (m, 2 H), 1.52−1.26 (m, 10 H), 1.16 

(d, J = 6.0 Hz, 3 H), 0.89−0.79 (m, 3 H), 0.50−0.38 (m, 2 H), 0.30−0.13 (m, 2 H) ppm; 
13C NMR (125 MHz, CDCl3) δ 177.25, 173.05, 167.05, 160.45, 155.73, 155.46, 144.65, 

141.14, 136.31, 134.33, 128.94, 125.04, 119.01, 106.17, 76.37, 74.91, 59.59, 55.87, 53.18, 

52.40, 44.83, 38.75, 36.60, 34.73, 32.86, 29.81, 27.35, 27.19, 26.23, 22.38, 21.01, 20.03, 

19.90, 18.34, 16.40, 14.64, 12.70, 3.55, 2.60 ppm; HRMS (ESI) m/z: [M + H]+ calcd for 

C38H51N6O9S, 767.3433; found 767.3409; Anal. HPLC: tR 11.42 min, purity 100%.

(1-Methylcyclopropyl)methyl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (11).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.20 g, 0.29 mmol) in CH3CN (10 mL) was treated with DIEA (0.35 mL, 2.0 mmol) and 

(1-methylcyclopropyl)methyl (4-nitrophenyl) carbonate 69g (0.08 g, 0.32 mmol) to provide 

the target compound 11 (0.18 g, 81%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.14 

(s, 1 H), 7.81 (d, J = 10.0 Hz, 1 H), 7.21−7.16 (m, 2 H), 6.98 (s, 1 H), 5.92 (br s, 1 H), 5.70 

(q, J = 9.0 Hz, 1 H), 5.40 (d, J = 7.5 Hz, 1 H), 5.00 (t, J = 9.5 Hz, 1 H), 4.63 (t, J = 8.0 Hz, 

1 H), 4.40 (d, J = 11.5 Hz, 1 H), 4.33 (t, J = 7.0 Hz, 1 H), 4.06 (dd, J = 11.5, 4.0 Hz, 1 H), 

3.95 (s, 3 H), 3.69 (s, 2 H), 2.72−2.65 (m, 1 H), 2.63−2.49 (m, 5 H), 2.31 (q, J = 8.5 Hz, 1 

H), 1.95−1.57 (m, 6 H), 1.53−1.26 (m, 10 H), 1.03 (s, 3 H), 0.86−0.79 (m, 2 H), 0.40−0.33 

(m, 2 H), 0.32−0.26 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.26, 173.06, 167.07, 

160.56, 156.18, 155.48, 144.60, 141.20, 136.30, 134.26, 128.71, 125.02, 119.16, 106.18, 

74.97, 73.12, 59.60, 55.88, 53.21, 52.46, 44.82, 38.75, 36.61, 34.71, 32.74, 29.81, 27.37, 
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27.18, 26.23, 22.35, 20.96, 19.72, 18.33, 15.42, 14.64, 12.70, 11.42, 11.33 ppm; HRMS 

(ESI) m/z: [M + H]+ calcd for C38H51N6O9S, 767.3433; found 767.3405; Anal. HPLC: tR 

11.55 min, purity 100%.

1,1,1-Trifluoro-2-methylpropan-2-yl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (12).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.25 g, 0.36 mmol) in CH3CN (12 mL) was treated with DIEA (0.45 mL, 2.58 mmol) 

and 4-nitrophenyl (1,1,1-trifluoro-2-methylpropan-2-yl) carbonate 69h (0.11 g, 0.37 mmol) 

to provide the target compound 12 (0.28 g, 96%) as a white solid. 1H NMR (500 MHz, 

CDCl3) δ 10.16 (s, 1 H), 7.79 (d, J = 10.0 Hz, 1 H), 7.19−7.16 (m, 2 H), 7.03 (s, 1 H), 

5.87 (br s, 1 H), 5.72−5.64 (m, 2 H), 4.97 (t, J = 9.5 Hz, 1 H), 4.61 (t, J = 8.0 Hz, 1 H), 

4.48 (d, J = 11.5 Hz, 1 H), 4.26−4.22 (m, 1 H), 4.02 (dd, J = 11.5, 4.0 Hz, 1 H), 3.94 (s, 

3 H), 2.66−2.63 (m, 2 H), 2.59−2.50 (m, 4 H), 2.30 (q, J = 9.0 Hz, 1 H), 1.89−1.73 (m, 4 

H), 1.60−1.22 (m, 18 H), 0.84−0.80 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.28, 

172.28, 167.14, 160.43, 155.40, 153.35, 141.61, 141.10, 136.42, 134.39, 129.01, 125.05 (q, 

J = 281.0 Hz), 124.97, 118.94, 106.16, 79.78 (q, J = 29.3 Hz), 74.99, 59.70, 55.84, 53.27, 

52.28, 44.81, 36.60, 34.82, 32.66, 29.62, 27.27, 27.21, 26.28, 22.20, 20.94, 19.88, 19.49, 

19.43, 18.29, 14.64, 12.68 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C37H48F3N6O9S+, 

809.3150; found 809.3128; Anal. HPLC: tR 12.08 min, purity 100%.

(S)-1,1,1-Trifluoropropan-2-yl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (13).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.20 g, 0.29 mmol) in CH3CN (10 mL) was treated with DIEA (0.35 mL, 2.0 mmol) and 

(S)-4-nitrophenyl (1,1,1-trifluoropropan-2-yl) carbonate 69i (0.09 g, 0.32 mmol) to provide 

the target compound 13 (0.20 g, 87%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.13 

(s, 1 H), 7.80 (d, J = 9.5 Hz, 1 H), 7.21−7.16 (m, 2 H), 6.96 (s, 1 H), 5.91 (br s, 1 H), 

5.70 (q, J = 8.5 Hz, 1 H), 5.61 (d, J = 7.5 Hz, 1 H), 5.02−4.94 (m, 2 H), 4.63 (t, J = 8.0 

Hz, 1 H), 4.39−4.31 (m, 2 H), 4.06 (dd, J = 11.5, 4.0 Hz, 1 H), 3.95 (s, 3 H), 2.71−2.60 

(m, 2 H), 2.55−2.48 (m, 4 H), 2.29 (q, J = 8.5 Hz, 1 H), 1.97−1.82 (m, 2 H), 1.80−1.58 

(m, 4 H), 1.52−1.34 (m, 10 H), 1.29 (d, J = 6.5 Hz, 3 H), 0.86−0.80 (m, 2 H) ppm; 13C 

NMR (125 MHz, CDCl3) δ 177.17, 172.40, 167.08, 160.54, 155.39, 153.83, 144.47, 141.15, 

136.34, 134.25, 128.90, 124.93, 124.18 (q, J = 280.5 Hz), 119.14, 106.17, 74.93, 67.76 (q, 

J = 33.7 Hz), 59.66, 55.87, 53.28, 52.59, 44.76, 38.75, 36.62, 34.78, 32.53, 29.77, 27.43, 

27.12, 26.25, 22.18, 20.93, 19.80, 18.30, 14.65, 13.80, 12.68 ppm; 19F NMR (470 MHz, 

CDCl3) δ −79.01 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C36H46F3N6O9S, 795.2994; 

found 795.2961; Anal. HPLC: tR 11.17 min, purity 100%.

(R)-1,1,1-Trifluoropropan-2-yl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
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dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (14).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.20 g, 0.29 mmol) in CH3CN (10 mL) was treated with DIEA (0.35 mL, 2.0 mmol) and 

(R)-4-nitrophenyl (1,1,1-trifluoropropan-2-yl) carbonate 69j (0.09 g, 0.32 mmol) to provide 

the target compound 14 (0.20 g, 87%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.15 

(s, 1 H), 7.87 (d, J= 9.0 Hz, 1 H), 7.23−7.18 (m, 2 H), 7.08 (s, 1 H), 5.92 (br s, 1 H), 

5.76−5.64 (m, 2 H), 5.02−4.93 (m, 2 H), 4.64 (t, J = 8.0 Hz, 1 H), 4.40 (d, J = 11.5 Hz, 

1 H), 4.36−4.29 (m, 1 H), 4.05 (dd, J = 11.5, 4.0 Hz, 1 H), 3.95 (s, 3 H), 2.72−2.60 (m, 

2 H), 2.58−2.48 (m, 4 H), 2.29 (q, J= 9.0 Hz, 1 H), 1.94−1.73 (m, 5 H), 1.64−1.57 (m, 1 

H), 1.52−1.25 (m, 13 H), 0.85−0.79 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.16, 

172.34, 167.05, 160.68, 155.50, 153.92, 144.57, 141.25, 136.31, 128.52, 125.00, 124.08 (q, 

J = 278.7 Hz), 119.33, 106.18, 75.09, 67.92 (q, J = 33.7 Hz), 59.63, 55.90, 53.22, 52.59, 

44.77, 38.76, 36.61, 34.73, 32.55, 29.67, 27.37, 27.16, 26.23, 22.28, 20.83, 19.41, 18.31, 

14.64, 13.80, 12.72 ppm; 19F NMR (470 MHz, CDCl3) δ −78.88 ppm; HRMS (ESI) m/z: 

[M + H]+ calcd for C36H46F3N6O9S, 795.2994; found 795.2958; Anal. HPLC: tR 11.31 min, 

purity 100%.

(1-(Trifluoromethyl)cyclopropyl)methyl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (15).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.15 g, 0.22 mmol) in ACN (10 mL) was treated with DIEA (0.27 mL, 1.55 mmol) and 

4-nitrophenyl ((1-(trifluoromethyl)cyclopropyl)methyl) carbonate 69k (0.073 g, 0.24 mmol) 

to provide the target compound 15 (0.14 g, 78%) as a white solid. 1H NMR (500 MHz, 

CDCl3) δ 10.15 (s, 1 H), 7.81 (d, J = 9.5 Hz, 1 H), 7.21−7.16 (m, 2 H), 7.01 (s, 1 H), 5.90 

(br s, 1 H), 5.69 (q, J = 8.5 Hz, 1 H), 5.52 (d, J = 7.5 Hz, 1 H), 4.99 (t, J = 9.0 Hz, 1 H), 

4.63 (t, J = 7.5 Hz, 1 H), 4.40 (d, J = 11.0 Hz, 1 H), 4.33−4.27 (m, 1 H), 4.04 (dd, J = 

11.5, 4.0 Hz, 1 H), 3.99 (d, J = 10.5 Hz, 2 H), 3.95 (s, 3 H), 2.71−2.59 (m, 2 H), 2.58−2.47 

(m, 4 H), 2.30 (q, J = 8.5 Hz, 1 H), 1.96−1.55 (m, 6 H), 1.53−1.24 (m, 10 H), 1.03−0.93 

(m, 2 H), 0.86−0.79 (m, 2 H), 0.74−0.62 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) 

δ 177.24, 172.77, 167.06, 160.48, 155.47, 144.70, 141.14, 136.31, 134.07, 128.89, 126.48 

(q, J = 272.5 Hz), 125.01, 119.04, 106.18, 74.94, 65.52, 59.65, 55.86, 53.23, 52.54, 44.82, 

38.75, 36.61, 34.73, 32.63, 29.78, 27.35, 27.15, 26.22, 22.95 (q, J = 33.0 Hz), 22.30, 20.98, 

19.83, 18.32, 14.65, 12.70, 8.20 ppm; 19F NMR (470 MHz, CDCl3) δ −69.68 ppm; HRMS 

(ESI) m/z: [M + H]+ calcd for C38H48F3N6O9S, 821.3150; found 821.3120; Anal. HPLC: tR 

11.48 min, purity 99.5%.

(2,2-Difluoro-1-methylcyclopropyl)methyl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
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dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (16).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.15 g, 0.22 mmol) in CH3CN (10 mL) was treated with DIEA (0.27 mL, 1.55 mmol) 

and (2,2-difluoro-1-methylcyclopropyl)methyl (4-nitrophenyl) carbonate 69l (0.069 g, 0.24 

mmol) to provide the target compound 16 (1:1 mixture of P4 stereoisomers) (0.13 g, 74%) 

as a white solid. 1H NMR (500 MHz, CDCl3) (mixture of P4 stereoisomers) δ 10.14 (s, 0.5 

H), 10.13 (s, 0.5 H), 7.82 (d, J = 9.8 Hz, 1 H), 7.22−7.16 (m, 2 H), 6.98 (s, 0.5 H), 6.95 (s, 

0.5 H), 5.91 (br s, 1 H), 5.75−5.66 (m, 1 H), 5.49 (d, J = 7.6 Hz, 0.5 H), 5.45 (d, J = 7.4 Hz, 

0.5 H), 5.02−4.95 (m, 1 H), 4.63 (t, J = 7.8 Hz, 1 H), 4.44−4.36 (m, 1 H), 4.32 (td, J = 9.8, 

3.4 Hz, 1 H), 4.13−4.03 (m, 2 H), 3.95 (s, 3 H), 3.76 (t, J = 11.8 Hz, 1 H), 2.82−2.59 (m, 

2 H), 2.61−2.47 (m, 4 H), 2.30 (q, J = 8.5 Hz, 1 H), 1.97−1.58 (m, 6 H), 1.58−1.20 (m, 11 

H), 1.18−1.13 (m, 3 H), 1.09−1.00 (m, 1 H), 0.86−0.78 (m, 2 H) ppm; 13C NMR (125 MHz, 

CDCl3) (mixture of P4 stereoisomers) δ 177.24 (177.21), 172.83, 167.05, 160.58 (160.54), 

155.63 (155.57), 155.48 (155.46), 144.68 (144.54), 141.19, 136.33 (136.30), 128.77, 125.02 

(124.99), 119.20 (119.13), 106.19, 74.97, 66.21, 59.63, 55.88, 53.24, 52.51, 44.82 (44.81), 

38.76, 36.61, 34.73, 32.72 (32.68), 29.81 (29.80), 27.40 (27.37), 27.16, 26.23, 25.77−25.37 

(m), 22.31 (22.30), 21.23−20.77 (m), 19.72, 18.32, 14.87−14.72 (m), 14.65, 12.70 ppm; 
19F NMR (470 MHz, CDCl3) δ −138.81, −138.87 ppm; HRMS (ESI) m/z: [M + H]+ calcd 

for C38H49F2N6O9S, 803.3244; found 803.3206; Anal. HPLC: tR 11.15 (11.25) min, purity 

99%.

1-(Trifluoromethyl)cyclopentyl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (24).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.15 g, 0.22 mmol) in CH3CN (10 mL) was treated with DIEA (0.27 mL, 1.55 mmol) 

and 4-nitrophenyl (1-(trifluoromethyl)cyclopentyl) carbonate 69u (0.076 g, 0.24 mmol) to 

provide the target compound 24 (0.15 g, 82%) as a white solid. 1H NMR (500 MHz, CDCl3) 

δ 10.10 (s, 1 H), 7.80 (d, J = 9.5 Hz, 1 H), 7.22−7.16 (m, 2 H), 6.85 (s, 1 H), 5.88 (br s, 

1 H), 5.70 (q, J = 8.5 Hz, 1 H), 5.63 (d, J = 8.0 Hz, 1 H), 5.00 (t, J = 9.5 Hz, 1 H), 4.60 

(t, J = 8.0 Hz, 1 H), 4.47 (d, J = 11.5 Hz, 1 H), 4.33−4.26 (m, 1 H), 4.04 (dd, J = 11.5, 4.0 

Hz, 1 H), 3.95 (s, 3 H), 2.72−2.61 (m, 2 H), 2.59−2.49 (m, 4 H), 2.32 (q, J = 8.5 Hz, 1 H), 

2.00−1.82 (m, 7 H), 1.81−1.73 (m, 2 H), 1.70−1.25 (m, 15 H), 0.86−0.79 (m, 2 H) ppm; 13C 

NMR (125 MHz, CDCl3) δ 177.18, 172.77, 166.99, 160.46, 155.36, 153.25, 144.50, 141.09, 

136.42, 134.45, 129.07, 125.82 (q, J = 281.2 Hz), 124.97, 119.02, 106.16, 89.34 (q, J = 

28.7 Hz), 74.98, 59.72, 55.85, 53.39, 52.29, 44.85, 36.61, 34.84, 32.98, 32.90, 32.77, 29.69, 

27.29, 27.20, 26.27, 25.69, 25.51, 22.25, 21.02, 19.82, 18.33, 14.66, 12.72 ppm; 19F NMR 

(470 MHz, CDCl3) δ −80.56 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C39H50F3N6O9S, 

835.3307; found 835.3276; Anal. HPLC: tR 12.95 min, purity 100%.

(1R,2R)-2-Fluorocyclopentyl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
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dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (25).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.20 g, 0.29 mmol) in CH3CN (10 mL) was treated with DIEA (0.35 mL, 2.0 mmol) and 

(1R,2R)-2-fluorocyclopentyl (4-nitrophenyl) carbonate 69v (0.086 g, 0.32 mmol) to provide 

the target compound 25 (0.19 g, 83%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.11 

(s, 1 H), 7.88 (d, J = 9.0 Hz, 1 H), 7.22−7.18 (m, 2 H), 6.88 (s, 1 H), 5.93 (br s, 1 H), 5.71 

(q, J = 8.0 Hz, 1 H), 5.23 (d, J = 7.5 Hz, 1 H), 5.00 (t, J = 9.5 Hz, 1 H), 4.93−4.77 (m, 2 

H), 4.63 (t, J = 7.5 Hz, 1 H), 4.40 (d, J = 11.5 Hz, 1 H), 4.31 (t, J = 7.5 Hz, 1 H), 4.06 (dd, 

J = 11.5, 4.0 Hz, 1 H), 3.95 (s, 3 H), 2.75−2.67 (m, 1 H), 2.65−2.49 (m, 5 H), 2.29 (q, J = 

8.5 Hz, 1 H), 2.02−1.27 (m, 22 H), 0.86−0.78 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) 

δ 177.16, 172.92, 166.94, 160.68, 155.53, 155.01, 144.59, 141.25, 136.30, 128.53, 125.00, 

119.33, 106.19, 97.56 (d, J = 176.2 Hz), 79.81 (d, J = 30.0 Hz), 75.02, 59.61, 55.91, 53.18, 

52.50, 44.84, 38.32, 36.62, 34.68, 32.66, 30.64 (d, J = 21.2 Hz), 29.97, 29.86, 27.36, 27.13, 

26.20, 22.30, 21.26, 21.05, 19.53, 18.33, 14.65, 12.73 ppm; 19F NMR (470 MHz, CDCl3) 

δ −181.06 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C38H50FN6O9S, 785.3339; found 

785.3305; Anal. HPLC: tR 11.14 min, purity 98.7%.

1-(Trifluoromethyl)cyclobutyl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (26).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.15 g, 0.22 mmol) in CH3CN (10 mL) was treated with DIEA (0.27 mL, 1.55 mmol) 

and 4-nitrophenyl (1-(trifluoromethyl)cyclobutyl) carbonate 69w (0.073 g, 0.24 mmol) to 

provide the target compound 26 (0.15 g, 83%) as a white solid. 1H NMR (500 MHz, CDCl3) 

δ 10.11 (s, 1 H), 7.79 (d, J = 10.0 Hz, 1 H), 7.22−7.16 (m, 2 H), 6.90 (s, 1 H), 5.89 (br s, 1 

H), 5.70 (q, J = 8.0 Hz, 1 H), 5.55 (d, J = 7.5 Hz, 1 H), 5.00 (t, J = 9.0 Hz, 1 H), 4.61 (t, J 
= 7.5 Hz, 1 H), 4.44 (d, J = 11.5 Hz, 1 H), 4.33−4.26 (m, 1 H), 4.05 (dd, J = 11.5, 4.0 Hz, 

1 H), 3.95 (s, 3 H), 2.72−2.63 (m, 2 H), 2.58−2.50 (m, 6 H), 2.43−2.33 (m, 2 H), 2.31 (q, 

J = 8.5 Hz, 1 H), 1.94−1.72 (m, 6 H), 1.64−1.56 (m, 1 H), 1.54−1.25 (m, 11 H), 0.86−0.79 

(m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.19, 172.64, 167.06, 160.43, 155.38, 

153.18, 144.63, 141.08, 136.37, 134.40, 129.01, 125.00 (q, J = 282.0 Hz), 124.99, 118.98, 

106.16, 78.83 (q, J = 31.2 Hz), 74.92, 59.69, 55.85, 53.31, 52.29, 44.81, 38.75, 36.61, 34.82, 

32.69, 29.72, 28.70, 27.31, 27.18, 26.27, 22.23, 21.00, 19.83, 18.31, 14.65, 13.21, 12.70 

ppm; 19F NMR (470 MHz, CDCl3) δ −82.93 ppm; HRMS (ESI) m/z: [M + H]+ calcd for 

C38H48F3N6O9S, 821.3150; found 821.3112; Anal. HPLC: tR 12.08 min, purity 100%.

3,3-Difluorocyclobutyl ((2R,6S,13aS,14aR,16aS,Z)-2-((7-methoxy-3-
methylquinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (27).

The same procedure was used as described above for compound 7. A solution of amine salt 

67 (0.20 g, 0.29 mmol) in CH3CN (10 mL) was treated with DIEA (0.35 mL, 2.0 mmol) 
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and 3,3-difluorocyclobutyl (4-nitrophenyl) carbonate 69x (0.087 g, 0.32 mmol) to provide 

the target compound 27 (0.21 g, 92%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.14 

(s, 1 H), 7.81 (d, J = 8.5 Hz, 1 H), 7.21−7.16 (m, 2 H), 6.98 (s, 1 H), 5.90 (br s, 1 H), 5.70 

(q, J = 8.5 Hz, 1 H), 5.37 (d, J = 7.0 Hz, 1 H), 4.98 (t, J = 9.5 Hz, 1 H), 4.71−4.64 (m, 1 

H), 4.63 (t, J = 8.0 Hz, 1 H), 4.36 (d, J = 11.0 Hz, 1 H), 4.29 (t, J = 7.5 Hz, 1 H), 4.04 

(dd, J = 11.5, 4.5 Hz, 1 H), 3.94 (s, 3 H), 2.95−2.79 (m, 2 H), 2.69−2.44 (m, 8 H), 2.28 (q, 

J = 8.5 Hz, 1 H), 1.95−1.55 (m, 6 H), 1.52−1.26 (m, 10 H), 0.86−0.79 (m, 2 H) ppm; 13C 

NMR (125 MHz, CDCl3) δ 177.20, 172.59, 167.08, 160.47, 155.41, 154.79, 144.67, 141.12, 

136.28, 134.35, 128.99, 124.98, 119.02, 118.15 (dd, J = 280.0, 268.7 Hz), 106.18, 74.85, 

59.63, 59.61 (dd, J = 17.5, 5.0 Hz), 55.85, 53.22, 52.43, 44.77, 43.32 (t, J = 23.0 Hz), 43.07 

(t, J = 23.2 Hz), 38.75, 36.62, 34.75, 32.60, 29.84, 27.42, 27.11, 26.22, 22.25, 21.01, 19.90, 

18.31, 14.65, 12.68 ppm; 19F NMR (470 MHz, CDCl3) δ −85.03 (d, J = 200 Hz), −96.80 (d, 

J = 200 Hz) ppm; HRMS (ESI) m/z: [M + H]+ calcd for C37H47F2N6O9S, 789.3088; found 

789.3054; Anal. HPLC: tR 10.74 min, purity 99.8%.

tert-Pentyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (28).

A solution of the amine salt 68 (0.20 g, 0.27 mmol) in anhydrous CH3CN (10 mL) was 

treated with DIEA (0.33 mL, 1.90 mmol) and 4-nitrophenyl tert-pentyl carbonate 69a 
(0.075 g, 0.30 mmol). The reaction mixture was stirred at room temperature for 36 h, 

then concentrated under reduced pressure and dried under high vacuum. The residue was 

purified by flash column chromatography (RediSep Gold column, 24 g, gradient elution with 

50–90% EtOAc/hexanes) to provide the target compound 28 (0.19 g, 86%) as a white solid. 
1H NMR (500 MHz, CDCl3) δ 10.13 (s, 1 H), 7.83 (d, J = 9.5 Hz, 1 H), 7.48 (dd, J = 9.5, 

3.0 Hz, 1 H), 7.43 (d, J = 3.0 Hz, 1 H), 6.91 (s, 1 H), 5.91 (br s, 1 H), 5.69 (q, J = 9.0 Hz, 

1 H), 5.13 (d, J = 8.0 Hz, 1 H), 4.99 (t, J = 9.5 Hz, 1 H), 4.63−4.57 (m, 2 H), 4.25−4.18 (m, 

1 H), 4.02 (dd, J = 11.5, 3.5 Hz, 1 H), 3.94 (s, 3 H), 2.71−2.52 (m, 3 H), 2.32 (q, J = 8.5 

Hz, 1 H), 1.93−1.76 (m, 4 H), 1.58−1.23 (m, 14 H), 1.15 (s, 6 H), 0.86−0.79 (m, 2 H), 0.75 

(t, J = 7.5 Hz, 3 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.16, 173.46, 167.02, 159.60, 

155.08, 151.94, 138.43, 137.14, 136.38, 134.48 (q, J = 36.8 Hz), 128.15, 125.67, 125.11, 

120.70 (d, J = 275.7 Hz), 107.60, 82.31, 75.75, 59.61, 56.02, 52.89, 52.06, 44.95, 36.58, 

34.78, 33.58, 33.03, 29.73, 27.21, 27.15, 26.22, 25.65, 25.51, 22.43, 21.11, 18.34, 14.65, 

12.71, 8.28 ppm; 19F NMR (470 MHz, CDCl3) δ −67.76 ppm; HRMS (ESI) m/z: [M + H]+ 

calcd for C38H50F3N6O9S, 823.3307; found 823.3279; Anal. HPLC: tR 13.54 min, purity 

98.9%.

Pentan-3-yl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (29).

The same procedure was used as described above for compound 28. A solution of amine 

salt 68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 

mmol) and 4-nitrophenyl pentan-3-yl carbonate 69b (0.083 g, 0.30 mmol) to provide the 
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target compound 29 (0.19 g, 86%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.16 (s, 

1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.48 (dd, J = 9.0, 2.5 Hz, 1 H), 7.42 (d, J = 3.0 Hz, 1 H), 

7.00 (s, 1 H), 5.94 (br s, 1 H), 5.69 (q, J = 9.0 Hz, 1 H), 5.32 (d, J = 8.5 Hz, 1 H), 4.99 (t, 

J = 9.0 Hz, 1 H), 4.61 (t, J = 8.0 Hz, 1 H), 4.56 (d, J = 11.5 Hz, 1 H), 4.29−4.19 (m, 2 H), 

4.01 (dd, J = 11.5, 3.5 Hz, 1H), 3.94 (s, 3 H), 2.71−2.51 (m, 3 H), 2.30 (q, J= 9.0 Hz, 1 H), 

1.94−1.77 (m, 4 H), 1.58−1.23 (m, 16 H), 0.86−0.77 (m, 5 H), 0.71 (t, J = 7.5 Hz, 3 H) ppm; 
13C NMR (125 MHz, CDCl3) δ 177.18, 173.25, 167.06, 159.58, 156.07, 151.99, 138.46, 

137.17, 136.34, 134.68 (q, J = 35.8 Hz), 128.16, 125.62, 125.14, 120.78 (d, J = 275.4 Hz), 

107.58, 77.81, 75.68, 59.57, 56.01, 52.86, 52.33, 44.93, 36.58, 34.67, 32.91, 29.74, 27.16, 

26.57, 26.50, 26.17, 22.48, 21.07, 18.33, 14.63, 12.70, 9.52, 9.42 ppm; 19F NMR (470 MHz, 

CDCl3) δ −67.78 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C38H50F3N6O9S, 823.3307; 

found 823.3281; Anal. HPLC: tR 13.56 min, purity 99.5%.

(S)-3-Methylbutan-2-yl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (30).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and (S)-3-methylbutan-2-yl (4-nitrophenyl) carbonate 69c (0.075 g, 0.30 mmol) to provide 

the target compound 30 (0.19 g, 86%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.16 

(s, 1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.48 (dd, J = 9.0, 2.5 Hz, 1 H), 7.42 (d, J = 2.5 Hz, 1 H), 

6.92 (s, 1 H), 5.94 (br s, 1 H), 5.70 (q, J = 8.5 Hz, 1 H), 5.19 (d, J = 8.0 Hz, 1 H), 5.01 (t, 

J = 9.5 Hz, 1 H), 4.62 (t, J = 8.0 Hz, 1 H), 4.57 (d, J = 12.0 Hz, 1 H), 4.26−4.18 (m, 2 H), 

3.99 (dd, J = 11.5, 3.5 Hz, 1 H), 3.94 (s, 3 H), 2.70−2.52 (m, 3 H), 2.31 (q, J = 8.5 Hz, 1 

H), 1.94−1.77 (m, 4 H), 1.61−1.23 (m, 13 H), 1.01 (d, J = 6.5 Hz, 3 H), 0.85−0.79 (m, 2 H), 

0.76 (d, J = 7.0 Hz, 3 H), 0.73 (d, J = 6.5 Hz, 3 H) ppm; 13C NMR (125 MHz, CDCl3) δ 
177.23, 173.24, 167.08, 159.57, 155.83, 152.03, 138.45, 137.17, 136.33, 134.71 (q, J = 36.5 

Hz), 128.16, 125.61, 125.15, 120.78 (d, J = 275.2 Hz), 107.57, 76.13, 75.67, 59.60, 55.99, 

52.80, 52.32, 44.93, 36.58, 34.65, 32.84, 32.81, 29.78, 27.16, 26.19, 22.45, 21.14, 18.33, 

18.11, 17.87, 16.59, 14.63, 12.69 ppm; 19F NMR (470 MHz, CDCl3) δ −67.81 ppm; HRMS 

(ESI) m/z: [M + H]+ calcd for C38H50F3N6O9S, 823.3307; found 823.3279; Anal. HPLC: tR 

13.69 min, purity 98.8%.

(R)-3-Methylbutan-2-yl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (31).

The same procedure was used as described above for compound 28. A solution of amine 

salt 68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 

mmol) and (R)-3-methylbutan-2-yl (4-nitrophenyl) carbonate 69d (0.075 g, 0.30 mmol) to 

provide the target compound 31 (0.18 g, 81%) as a white solid. 1H NMR (500 MHz, CDCl3) 

δ 10.16 (s, 1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.48 (dd, J = 9.0, 2.5 Hz, 1 H), 7.42 (d, J = 

2.5 Hz, 1 H), 6.96 (s, 1 H), 5.94 (br s, 1 H), 5.69 (q, J = 8.5 Hz, 1 H), 5.27 (d, J = 8.0 

Hz, 1 H), 5.01 (t, J = 9.0 Hz, 1 H), 4.61 (t, J = 8.0 Hz, 1 H), 4.56 (d, J = 11.5 Hz, 1 H), 
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4.28−4.19 (m, 2 H), 4.00 (dd, J = 11.5, 3.5 Hz, 1 H), 3.94 (s, 3 H), 2.70−2.52 (m, 3 H), 2.30 

(q, J = 9.0 Hz, 1 H), 1.93−1.76 (m, 4 H), 1.65−1.24 (m, 13 H), 0.93 (d, J = 6.0 Hz, 3 H), 

0.86−0.78 (m, 8 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.21, 173.19, 167.14, 159.57, 

155.80, 151.99, 138.47, 137.17, 136.36, 134.68 (q, J = 35.5 Hz), 128.14, 125.60, 125.13, 

120.78 (d, J = 275.5 Hz), 107.59, 76.28, 75.68, 59.55, 56.00, 52.85, 52.29, 44.89, 36.57, 

34.67, 32.91, 32.73, 29.72, 27.17, 26.19, 22.49, 21.05, 18.32, 17.99, 17.83, 16.68, 14.62, 

12.69 ppm; 19F NMR (470 MHz, CDCl3) δ −67.78 ppm; HRMS (ESI) m/z: [M + H]+ calcd 

for C38H50F3N6O9S, 823.3307; found 823.3282; Anal. HPLC: tR 13.51 min, purity 99.1%.

(S)-1-Cyclopropylethyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (32).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and (S)-1-cyclopropylethyl (4-nitrophenyl) carbonate 69e (0.080 g, 0.30 mmol) to provide 

the target compound 32 (0.20 g, 90%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.20 

(s, 1 H), 7.83 (d, J = 9.5 Hz, 1 H), 7.48 (dd, J = 9.0, 2.5 Hz, 1 H), 7.42 (d, J = 3.0 Hz, 1 H), 

6.93 (s, 1 H), 5.93 (br s, 1 H), 5.70 (q, J = 9.0 Hz, 1 H), 5.60 (d, J = 8.0 Hz, 1 H), 5.00 (t, J 
= 9.0 Hz, 1 H), 4.64 (d, J = 11.5 Hz, 1 H), 4.59 (t, J = 8.0 Hz, 1 H), 4.23−4.17 (m, 1 H), 3.98 

(dd, J = 11.5, 3.5 Hz, 1 H), 3.95 (s, 3 H, overlapping), 3.76−3.69 (m, 1 H), 2.71−2.54 (m, 3 

H), 2.33 (q, J = 8.5 Hz, 1 H), 1.91−1.77 (m, 4 H), 1.58−1.21 (m, 12 H), 1.16 (d, J = 6.5 Hz, 

3 H), 0.86−0.79 (m, 2 H), 0.78−0.72 (m, 1 H), 0.53−0.25 (m, 2 H), 0.11−0.08 (m, 2 H) ppm; 
13C NMR (125 MHz, CDCl3) δ 177.39, 173.25, 166.97, 159.58, 155.68, 152.05, 138.41, 

137.16, 136.33, 134.77 (q, J = 35.4 Hz), 128.14, 125.64, 125.17, 120.77 (d, J = 275.3 Hz), 

107.52, 76.46, 75.74, 59.76, 56.01, 52.74, 52.30, 45.08, 36.57, 34.67, 32.63, 29.70, 27.28, 

26.95, 26.24, 22.48, 21.02, 19.86, 18.34, 16.62, 14.67, 12.68, 3.72, 2.59 ppm; 19F NMR 

(470 MHz, CDCl3) δ −67.97 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C38H48F3N6O9S, 

821.3150; found 821.3124; Anal. HPLC: tR 12.79 min, purity 100%.

(R)-1-Cyclopropylethyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (33).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and (R)-1-cyclopropylethyl (4-nitrophenyl) carbonate 69f (0.080 g, 0.30 mmol) to provide 

the target compound 33 (0.19 g, 86%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.18 

(s, 1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.48 (dd, J = 9.0, 2.5 Hz, 1 H), 7.41 (d, J = 3.0 Hz, 1 

H), 7.02 (s, 1 H), 5.94 (br s, 1 H), 5.69 (q, J = 8.5 Hz, 1 H), 5.46 (d, J = 8.0 Hz, 1 H), 5.00 

(t, J = 9.5 Hz, 1 H), 4.62 (t, J = 7.5 Hz, 1 H), 4.55 (d, J = 11.5 Hz, 1 H), 4.23 (t, J = 8.0 

Hz, 1 H), 4.00 (dd, J = 11.5, 3.5 Hz, 1 H), 3.94 (s, 3 H), 3.85−3.79 (m, 1 H), 2.73−2.51 

(m, 3 H), 2.31 (q, J = 9.0 Hz, 1 H), 1.91−1.77 (m, 4 H), 1.58−1.23 (m, 12 H), 1.06 (d, 

J= 6.5 Hz, 3 H), 0.88−0.77 (m, 3 H), 0.50−0.37 (m, 2 H), 0.30−0.16 (m, 2 H) ppm; 13C 

NMR (125 MHz, CDCl3) δ 177.25, 173.08, 167.06, 159.59, 155.67, 152.00, 138.48, 137.16, 
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136.31, 134.67 (q, J = 36.2 Hz), 128.14, 125.63, 125.15, 120.77 (d, J = 275.4 Hz), 107.58, 

76.50, 75.71, 59.59, 56.02, 52.80, 52.31, 44.94, 36.57, 34.69, 32.84, 29.71, 27.20, 27.15, 

26.20, 22.47, 21.00, 19.92, 18.33, 16.23, 14.64, 12.70, 3.31, 2.56 ppm; 19F NMR (470 MHz, 

CDCl3) δ −67.78 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C38H48F3N6O9S, 821.3150; 

found 821.3130; Anal. HPLC: tR 12.94 min, purity 99.8%.

Isobutyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (34).

A solution of the amine salt 68 (0.20 g, 0.27 mmol) in anhydrous CH2Cl2 (10 mL) 

was treated with Et3N (0.24 mL, 1.60 mmol) followed by slow addition of isobutyl 

chloroformate (0.077 g, 0.56 mmol). The reaction mixture was stirred at room temperature 

for 12 h, then concentrated under reduced pressure and dried under high vacuum. The 

residue was purified by flash column chromatography (RediSep Gold column, 12 g, gradient 

elution with 50–90% EtOAc/hexanes) to provide the target compound 34 (0.15 g, 69%) as a 

white solid. 1H NMR (500 MHz, CDCl3) δ 10.12 (s, 1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.48 

(dd, J = 9.0, 2.5 Hz, 1 H), 7.42 (d, J = 3.0 Hz, 1 H), 6.78 (s, 1 H), 5.96 (br s, 1 H), 5.71 (q, 

J = 8.5 Hz, 1 H), 5.19 (d, J = 8.0 Hz, 1 H), 5.02 (t, J = 9.0 Hz, 1 H), 4.61 (t, J = 8.0 Hz, 1 

H), 4.52 (d, J = 11.5 Hz, 1 H), 4.27−4.21 (m, 1 H), 4.00 (dd, J = 11.5, 3.5 Hz, 1 H), 3.94 

(s, 3 H), 3.58−3.51 (m, 2 H), 2.73−2.51 (m, 3 H), 2.31 (q, J = 9.0 Hz, 1 H), 1.97−1.70 (m, 5 

H), 1.58−1.23 (m, 12 H), 0.86−0.72 (m, 8 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.20, 

173.12, 167.04, 159.61, 156.05, 151.98, 138.49, 137.16, 136.32, 134.68 (q, J = 36.3 Hz), 

128.15, 125.65, 125.12, 120.78 (d, J= 274.8 Hz), 107.59, 75.63, 71.29, 59.61, 56.00, 52.87, 

52.34, 44.92, 36.58, 34.65, 32.75, 29.76, 27.94, 27.19, 27.16, 26.18, 22.47, 21.11, 19.04, 

19.00, 18.33, 14.64, 12.70 ppm; 19F NMR (470 MHz, CDCl3) δ −67.80 ppm; HRMS (ESI) 

m/z: [M + H]+ calcd for C37H48F3N6O9S, 809.3150; found 809.3121; Anal. HPLC: tR 13.11 

min, purity 99.3%.

Neopentyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (35).

The same procedure was used as described above for compound 34. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH2Cl2 (10 mL) was treated with Et3N (0.24 mL, 1.60 mmol) and 

neopentyl chloroformate (0.077 g, 0.56 mmol) to provide the target compound 35 (0.12 g, 

54%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.14 (s, 1 H), 7.83 (d, J = 9.0 Hz, 1 

H), 7.48 (dd, J = 9.0, 2.5 Hz, 1 H), 7.42 (d, J = 2.5 Hz, 1 H), 6.87 (s, 1 H), 5.95 (br s, 1 H), 

5.70 (q, J = 9.0 Hz, 1 H), 5.23 (d, J = 8.5 Hz, 1 H), 5.01 (t, J = 9.0 Hz, 1 H), 4.62 (t, J = 8.0 

Hz, 1 H), 4.52 (d, J = 11.5 Hz, 1 H), 4.28−4.22 (m, 1 H), 4.00 (dd, J = 11.5, 3.5 Hz, 1 H), 

3.94 (s, 3 H), 3.47−3.42 (m, 2 H), 2.70−2.51 (m, 3 H), 2.32 (q, J = 8.5 Hz, 1 H), 1.95−1.77 

(m, 4 H), 1.59−1.24 (m, 12 H), 0.86−0.79 (m, 11 H) ppm; 13C NMR (125 MHz, CDCl3) δ 
177.20, 173.11, 167.06, 159.61, 156.16, 151.98, 138.49, 137.18, 136.34, 134.69 (q, J = 35.7 

Hz), 128.15, 125.65, 125.11, 120.78 (d, J = 275.2 Hz), 107.58, 75.63, 74.49, 59.59, 55.99, 

52.87, 52.36, 44.90, 36.58, 34.66, 32.79, 31.40, 29.79, 27.22, 27.14, 26.37, 26.19, 22.46, 
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21.13, 18.32, 14.64, 12.70 ppm; 19F NMR (470 MHz, CDCl3) δ −67.77 ppm; HRMS (ESI) 

m/z: [M + H]+ calcd for C38H50F3N6O9S, 823.3307; found 823.3283; Anal. HPLC: tR 13.75 

min, purity 97.9%.

(1-Methylcyclopropyl)methyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (36).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and (1-methylcyclopropyl)methyl (4-nitrophenyl) carbonate 69g (0.075 g, 0.30 mmol) to 

provide the target compound 36 (0.17 g, 77%) as a white solid. 1H NMR (500 MHz, CDCl3) 

δ 10.12 (s, 1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.49 (dd, J = 9.0, 3.0 Hz, 1 H), 7.43 (d, J = 2.5 

Hz, 1 H), 6.80 (s, 1 H), 5.96 (br s, 1 H), 5.70 (q, J = 9.5 Hz, 1 H), 5.36 (d, J = 7.5 Hz, 1 H), 

5.00 (t, J = 9.5 Hz, 1 H), 4.60 (t, J = 8.0 Hz, 1 H), 4.54 (d, J = 11.5 Hz, 1 H), 4.27−4.21 (m, 

1 H), 4.00 (dd, J = 11.5, 3.5 Hz, 1 H), 3.95 (s, 3 H), 3.56 (q, J = 11.0 Hz, 2 H), 2.73−2.52 

(m, 3 H), 2.31 (q, J = 9.0 Hz, 1 H), 1.95−1.74 (m, 4 H), 1.60−1.25 (m, 12 H), 1.00 (s, 3 

H), 0.86−0.78 (m, 2 H), 0.38−0.22 (m, 4 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.34, 

173.02, 167.12, 159.60, 156.12, 151.97, 138.46, 137.16, 136.30, 134.67 (q, J = 36.5 Hz), 

128.13, 125.65, 125.12, 120.76 (d, J = 275.3 Hz), 107.56, 75.68, 73.03, 59.66, 56.00, 52.85, 

52.32, 44.92, 36.56, 34.66, 32.66, 29.66, 27.23, 27.14, 26.24, 22.43, 20.97, 20.85, 18.31, 

15.36, 14.63, 12.67, 11.42, 11.28 ppm; 19F NMR (470 MHz, CDCl3) δ −67.82 ppm; HRMS 

(ESI) m/z: [M + H]+ calcd for C38H48F3N6O9S, 821.3150; found 821.3124; Anal. HPLC: tR 

12.94 min, purity 99.7%.

1,1,1-Trifluoro-2-methylpropan-2-yl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (37).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and 4-nitrophenyl (1,1,1-trifluoro-2-methylpropan-2-yl) carbonate 69h (0.087 g, 0.30 mmol) 

to provide the target compound 37 (0.19 g, 82%) as a white solid. 1H NMR (500 MHz, 

CDCl3) δ 10.13 (s, 1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.49 (dd, J = 9.5, 2.5 Hz, 1 H), 7.43 (d, 

J = 2.5 Hz, 1 H), 6.96 (s, 1 H), 5.91 (br s, 1 H), 5.72−5.62 (m, 2 H), 4.99 (t, J = 9.0 Hz, 1 

H), 4.59 (t, J = 8.0 Hz, 1 H), 4.55 (d, J = 11.5 Hz, 1 H), 4.23−4.16 (m, 1 H), 4.01 (dd, J = 

11.5, 3.5 Hz, 1 H), 3.95 (s, 3 H), 2.66 (dd, J = 8.0, 2.5 Hz, 2 H), 2.63−2.53 (m, 1 H), 2.31 

(q, J = 8.5 Hz, 1 H), 1.93−1.75 (m, 4 H), 1.58−1.22 (m, 18 H), 0.86−0.79 (m, 2 H) ppm; 
13C NMR (125 MHz, CDCl3) δ 177.13, 172.78, 167.05, 159.67, 153.28, 151.91, 138.42, 

137.11, 136.45, 134.56 (q, J = 35.9 Hz), 128.13, 125.77, 125.05, 125.04 (q, J = 282.7 Hz), 

120.75 (d, J = 275.2 Hz), 107.55, 79.79 (q, J = 29.4 Hz), 75.80, 59.65, 56.04, 52.96, 52.21, 

44.88, 36.58, 34.79, 32.81, 29.56, 27.20, 27.18, 26.27, 22.26, 20.97, 19.44, 19.20, 18.32, 

14.64, 12.71 ppm; 19F NMR (470 MHz, CDCl3) δ −67.81, −83.78 ppm; HRMS (ESI) m/z: 

[M + H]+ calcd for C37H45F6N6O9S, 863.2867; found 863.2844; Anal. HPLC: tR 13.41 min, 

purity 99.8%.
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(S)-1,1,1-Trifluoropropan-2-yl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (38).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and (S)-4-nitrophenyl (1,1,1-trifluoropropan-2-yl) carbonate 69i (0.082 g, 0.30 mmol) to 

provide the target compound 38 (0.19 g, 83%) as a white solid. 1H NMR (500 MHz, CDCl3) 

δ 10.12 (s, 1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.50 (dd, J = 9.5, 3.0 Hz, 1 H), 7.42 (d, J = 3.0 

Hz, 1 H), 6.81 (s, 1 H), 5.95 (br s, 1 H), 5.85 (d, J = 7.0 Hz, 1 H), 5.69 (q, J = 9.5 Hz, 1 

H), 4.99 (t, J = 9.0 Hz, 1 H), 4.81−4.75 (m, 1 H), 4.60−4.53 (m, 2 H), 4.23−4.17 (m, 1 H), 

3.97 (d, J = 11.5, 3.5 Hz, 1 H), 3.94 (s, 3 H, overlaping), 2.66 (dd, J = 8.5, 2.5 Hz, 2 H), 

2.63−2.54 (m, 1 H), 2.30 (q, J= 8.5 Hz, 1 H), 1.92−1.77 (m, 4 H), 1.57−1.31 (m, 12 H), 

1.29 (d, J = 6.5 Hz, 3 H), 0.86−0.79 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.13, 

172.68, 166.91, 159.76, 153.86, 151.94, 138.55, 137.20, 136.38, 134.62 (q, J = 35.7 Hz), 

128.11, 125.87, 125.06, 124.15 (q, J = 280.0 Hz), 120.85 (d, J = 275.2 Hz), 107.43, 75.77, 

67.57 (q, J = 33.2 Hz), 59.79, 56.00, 52.89, 52.54, 44.97, 36.58, 34.73, 32.53, 29.62, 27.17, 

27.08, 26.22, 22.32, 21.05, 18.32, 14.67, 13.44, 12.70 ppm; 19F NMR (470 MHz, CDCl3) 

δ −67.81, −79.03 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C36H43F6N6O9S, 849.2711; 

found 849.2684; Anal. HPLC: tR 12.58 min, purity 100%.

(R)-1,1,1-Trifluoropropan-2-yl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (39).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and (R)-4-nitrophenyl (1,1,1-trifluoropropan-2-yl) carbonate 69j (0.082 g, 0.30 mmol) to 

provide the target compound 39 (0.20 g, 87%) as a white solid. 1H NMR (500 MHz, CDCl3) 

δ 10.12 (s, 1 H), 7.83 (d, J = 9.5 Hz, 1 H), 7.49 (dd, J = 9.5, 3.0 Hz, 1 H), 7.44 (d, J = 3.0 

Hz, 1 H), 6.94 (s, 1 H), 5.95 (br s, 1 H), 5.70 (q, J = 8.5 Hz, 1 H), 5.64 (d, J = 8.0 Hz, 1 H), 

5.00 (t, J = 9.5 Hz, 1 H), 4.87−4.78 (m, 1 H), 4.62 (t, J = 8.0 Hz, 1 H), 4.47 (d, J = 11.5 Hz, 

1 H), 4.29−4.23 (m, 1 H), 4.01 (dd, J = 11.5, 3.5 Hz, 1 H), 3.95 (s, 3 H), 2.71−2.62 (m, 2 

H), 2.59−2.50 (m, 1 H), 2.28 (q, J = 9.0 Hz, 1 H), 1.93−1.75 (m, 4 H), 1.58−1.24 (m, 12 H), 

1.21 (d, J = 6.5 Hz, 3 H), 0.86−0.79 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.16, 

172.28, 167.33, 159.63, 153.88, 151.94, 138.49, 137.11, 136.31, 134.76 (q, J = 36.1 Hz), 

128.11, 125.66, 125.13 (q, J = 280.4 Hz), 125.10, 120.68 (d, J = 275.2 Hz), 107.52, 75.77, 

67.96 (q, J = 33.3 Hz), 59.57, 56.00, 52.93, 52.49, 44.70, 36.56, 34.63, 32.50, 29.43, 27.27, 

27.13, 26.20, 22.33, 20.67, 18.27, 14.56, 13.77, 12.69 ppm; 19F NMR (470 MHz, CDCl3) 

δ −68.04, −79.04 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C36H43F6N6O9S, 849.2711; 

found 849.2683; Anal. HPLC: tR 12.61 min, purity 99.8%.

(1-(Trifluoromethyl)cyclopropyl)methyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
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dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (40).

The same procedure was used as described above for compound 28. A solution of amine 

salt 68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 

mmol) and 4-nitrophenyl ((1-(trifluoromethyl)cyclopropyl)methyl) carbonate 69k (0.083 g, 

0.30 mmol) to provide the target compound 40 (0.20 g, 85%) as a white solid. 1H NMR 

(500 MHz, CDCl3) δ 10.17 (s, 1 H), 7.83 (d, J = 9.5 Hz, 1 H), 7.49 (dd, J = 9.0, 3.0 Hz, 

1 H), 7.42 (d, J = 2.5 Hz, 1 H), 6.93 (s, 1 H), 5.93 (br s, 1 H), 5.75−5.65 (m, 2 H), 5.00 

(t, J = 9.0 Hz, 1 H), 4.60 (t, J = 8.0 Hz, 1 H), 4.56 (d, J = 11.5 Hz, 1 H), 4.23−4.17 (m, 1 

H), 3.98 (dd, J = 11.5, 3.5 Hz, 1 H), 3.95 (s, 3 H, overlaping), 3.87 (q, J = 12.5 Hz, 2 H), 

2.74−2.51 (m, 3 H), 2.31 (q, J= 8.5 Hz, 1 H), 1.94−1.77 (m, 4 H), 1.59−1.23 (m, 12 H), 

1.02−0.90 (m, 2 H), 0.86−0.78 (m, 2 H), 0.72−0.53 (m, 2 H) ppm; 13C NMR (125 MHz, 

CDCl3) δ 177.26, 172.88, 167.00, 159.66, 155.54, 152.01, 138.43, 137.16, 136.34, 134.71 

(q, J = 35.8 Hz), 128.16, 126.78 (q, J = 211.4 Hz), 125.71, 125.09, 120.79 (d, J = 275.2 Hz), 

107.51, 75.77, 65.28, 59.72, 56.01, 52.84, 52.44, 44.97, 36.57, 34.64, 32.52, 29.65, 27.19, 

27.10, 26.21, 22.91 (q, J= 33.0 Hz), 22.39, 21.04, 18.32, 14.65, 12.69, 8.21, 8.00 ppm; 19F 

NMR (470 MHz, CDCl3) δ −67.86, −69.67 ppm; HRMS (ESI) m/z: [M + H]+ calcd for 

C38H45F6N6O9S, 875.2867; found 875.2839; Anal. HPLC: tR 12.82 min, purity 99.5%.

(2,2-Difluoro-1-methylcyclopropyl)methyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (41).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and (2,2-difluoro-1-methylcyclopropyl)methyl (4-nitrophenyl) carbonate 69l (0.085 g, 0.30 

mmol) to provide the target compound 41 (1:1 mixture of P4 stereoisomers) (0.20 g, 86%) 

as a white solid. 1H NMR (500 MHz, CDCl3) (mixture of P4 stereoisomers) δ 10.16 (s, 0.5 

H), 10.15 (s, 0.5 H), 7.83 (d, J = 10.0 Hz, 0.5 H), 7.82 (d, J = 9.9 Hz, 0.5 H), 7.48 (dt, J = 

9.2, 2.5 Hz, 1 H), 7.42 (t, J = 2.9 Hz, 1 H), 6.96 (s, 0.5 H), 6.94 (s, 0.5 H), 5.95 (s, 0.5 H), 

5.94 (s, 0.5 H), 5.75−5.65 (m, 1 H), 5.59 (d, J = 8.2 Hz, 0.5 H), 5.54 (d, J = 7.9 Hz, 0.5 H), 

5.04−4.96 (m, 1 H), 4.61 (td, J = 8.0, 2.8 Hz, 1 H), 4.56−4.48 (m, 1 H), 4.24 (ddd, J = 19.9, 

10.9, 2.9 Hz, 1 H), 4.03−3.90 (m, 2 H), 3.94 (s, 3 H), 3.66 (d, J = 11.7 Hz, 0.5 H), 3.63 (d, 

J = 11.4 Hz, 0.5 H), 2.74−2.50 (m, 3 H), 2.36−2.25 (m, 1 H), 1.94−1.72 (m, 4 H), 1.58−1.23 

(m, 13 H), 1.14 (d, J = 14.4 Hz, 3 H), 1.02 (ddd, J = 28.0, 16.8, 7.7 Hz, 1 H), 0.87−0.78 (m, 

2 H) ppm; 13C NMR (125 MHz, CDCl3) (mixture of P4 stereoisomers) δ 177.22 (177.19), 

172.89, 167.03, 159.69 (159.64), 155.63 (155.53), 151.99 (151.92), 138.51, 137.18 (137.16), 

136.35 (136.31), 134.59 (q, J = 36.2 Hz), 128.14 (128.10), 125.76 (125.71), 125.12 (125.09), 

120.80 (d, J = 272.4 Hz) (120.67 (d, J = 273.0 Hz)), 114.02 (d, J = 287.7 Hz), 107.59 

(107.55), 75.71 (75.69), 66.13 (d, J = 21.3 Hz) (65.95 (d, J = 21.2 Hz)), 59.68 (59.66), 

53.57, 52.97, 52.87, 52.42 (52.39), 44.93 (44.92), 36.58, 34.67 (34.64), 32.76, 32.65, 29.72, 

27.18 (27.15), 26.22 (26.19), 25.63 (t, J = 8.1 Hz) (25.48 (t, J = 8.3 Hz)), 22.43, 21.08, 21.02 

(20.94), 18.32, 14.71 (d, J = 4.2 Hz), 14.63, 14.57 (d, J = 4.2 Hz), 12.70 ppm; 19F NMR 

(470 MHz, CDCl3) δ −67.74 (−67.84), −138.67 (d, J = 116 Hz), −138.70 (d, J = 105 Hz) 
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ppm; HRMS (ESI) m/z: [M + H]+ calcd for C38H46F5N6O9S, 857.2962; found 857.2922; 

Anal. HPLC: tR 12.35 (12.46) min, purity 99%.

1-Methylcyclopentyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (42).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and 1-methylcyclopentyl (4-nitrophenyl) carbonate 69n (0.078 g, 0.30 mmol) to provide the 

target compound 42 (0.20 g, 89%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.14 (s, 

1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.48 (dd, J = 9.5, 3.0 Hz, 1 H), 7.43 (d, J = 2.5 Hz, 1 H), 6.89 

(s, 1 H), 5.91 (br s, 1 H), 5.70 (q, J = 8.5 Hz, 1 H), 5.14 (d, J = 8.0 Hz, 1 H), 5.00 (t, J = 9.0 

Hz, 1 H), 4.63−4.55 (m, 2 H), 4.26−4.19 (m, 1 H), 4.02 (dd, J = 11.5, 3.5 Hz, 1 H), 3.94 (s, 

3 H), 2.70−2.52 (m, 3 H), 2.33 (q, J = 9.0 Hz, 1 H), 1.94−1.75 (m, 6 H), 1.58−1.23 (m, 18 

H), 1.25 (s, 3 H), 0.86−0.79 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.19, 173.33, 

167.08, 159.59, 155.23, 151.93, 138.43, 137.15, 136.38, 134.54 (q, J = 35.9 Hz), 128.15, 

125.66, 125.10, 120.76 (d, J = 275.2 Hz), 107.58, 89.55, 75.72, 59.61, 56.02, 52.87, 52.05, 

44.91, 39.39, 39.04, 36.58, 34.77, 33.00, 29.71, 27.22, 27.17, 26.24, 24.53, 23.85, 23.80, 

22.40, 21.09, 18.33, 14.63, 12.70 ppm; 19F NMR (470 MHz, CDCl3) δ −67.76 ppm; HRMS 

(ESI) m/z: [M + H]+ calcd for C39H50F3N6O9S, 835.3307; found 835.3282; Anal. HPLC: tR 

13.99 min, purity 99.9%.

(1R,3R,5S)-Bicyclo[3.1.0]hexan-3-yl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (43).

The same procedure was used as described above for compound 28. A solution of amine 

salt 68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 

mmol) and (1R,3R,5S)-bicyclo[3.1.0]hexan-3-yl (4-nitrophenyl) carbonate 69p (0.078 g, 

0.30 mmol) to provide the target compound 43 (0.19 g, 85%) as a white solid. 1H NMR (500 

MHz, CDCl3) δ 10.14 (s, 1 H), 7.82 (d, J = 9.0 Hz, 1 H), 7.48 (dd, J = 9.0, 2.5 Hz, 1 H), 

7.43 (d, J = 3.0 Hz, 1 H), 6.89 (s, 1 H), 5.94 (br s, 1 H), 5.69 (q, J = 8.5 Hz, 1 H), 5.10 

(d, J = 8.0 Hz, 1 H), 5.00 (t, J = 9.5 Hz, 1 H), 4.79 (t, J = 7.0 Hz, 1 H), 4.61 (t, J = 7.5 

Hz, 1 H), 4.51 (d, J = 11.5 Hz, 1 H), 4.24−4.17 (m, 1 H), 4.00 (dd, J = 12.0, 4.0 Hz, 1 H), 

3.94 (s, 3 H), 2.74−2.49 (m, 3 H), 2.30 (q, J = 9.0 Hz, 1 H), 2.08−2.01 (m, 1 H), 2.00−1.74 

(m, 6 H), 1.70−1.16 (m, 15 H), 0.86−0.79 (m, 2 H), 0.40 (dd, J = 13.0, 8.0 Hz, 1 H), 0.23 

(q, J = 4.0 Hz, 1 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.18, 173.17, 167.02, 159.61, 

155.36, 151.99, 138.49, 137.15, 136.34, 134.69 (q, J = 36.3 Hz), 128.15, 125.63, 125.11, 

120.77 (d, J = 273.8 Hz), 107.57, 75.63, 59.62, 56.03, 52.83, 52.28, 44.93, 36.58, 35.81, 

35.60, 34.64, 32.75, 29.77, 27.17, 26.18, 22.45, 21.15, 18.33, 16.84, 16.75, 14.64, 12.71, 

10.53 ppm; 19F NMR (470 MHz, CDCl3) δ −67.76 ppm; HRMS (ESI) m/z: [M + H]+ calcd 

for C39H48F3N6O9S, 833.3150; found 833.3158; Anal. HPLC: tR 13.39 min, purity 97.1%.
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Cyclobutyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (44).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and cyclobutyl (4-nitrophenyl) carbonate 69q (0.066 g, 0.30 mmol) to provide the target 

compound 44 (0.19 g, 87%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.16 (s, 1 H), 

7.83 (d, J = 9.5 Hz, 1 H), 7.48 (dd, J = 9.0, 2.5 Hz, 1 H), 7.44 (d, J = 2.5 Hz, 1 H), 6.93 (s, 1 

H), 5.95 (br s, 1 H), 5.70 (q, J = 9.0 Hz, 1 H), 5.44 (d, J = 8.0 Hz, 1 H), 5.00 (t, J = 10.0 Hz, 

1 H), 4.63−4.55 (m, 2 H), 4.51 (d, J = 11.5 Hz, 1 H), 4.25−4.18 (m, 1 H), 3.99 (dd, J = 11.5, 

3.5 Hz, 1 H), 3.95 (s, 3 H), 2.70−2.51 (m, 3 H), 2.32 (q, J = 8.5 Hz, 1 H), 2.20−2.13 (m, 1 

H), 2.07−1.98 (m, 1 H), 1.94−1.75 (m, 6 H), 1.73−1.23 (m, 14 H), 0.86−0.79 (m, 2 H) ppm; 
13C NMR (125 MHz, CDCl3) δ 177.25, 173.00, 167.01, 159.64, 155.14, 151.96, 138.53, 

137.17, 136.31, 134.69 (q, J = 35.0 Hz), 128.16, 125.67, 125.10, 120.78 (d, J = 272.5 Hz), 

107.55, 75.61, 69.17, 59.65, 56.03, 52.81, 52.19, 44.96, 36.57, 34.65, 32.70, 30.68, 30.19, 

29.74, 29.42, 27.20, 27.15, 26.22, 22.41, 21.05, 18.33, 14.65, 13.24, 12.70 ppm; 19F NMR 

(470 MHz, CDCl3) δ −67.88 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C37H46F3N6O9S, 

807.2994; found 807.2966; Anal. HPLC: tR 12.45 min, purity 99.3%.

1-Methylcyclobutyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (45).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and 1-methylcyclobutyl (4-nitrophenyl) carbonate 69r (0.074 g, 0.30 mmol) to provide the 

target compound 45 (0.19 g, 86%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.16 (s, 

1 H), 7.82 (d, J = 9.5 Hz, 1 H), 7.48 (dd, J = 9.0, 2.5 Hz, 1 H), 7.43 (d, J = 3.0 Hz, 1 H), 

6.99 (s, 1 H), 5.92 (br s, 1 H), 5.70 (q, J = 9.0 Hz, 1 H), 5.34 (d, J = 8.0 Hz, 1 H), 5.00 (t, 

J = 9.5 Hz, 1 H), 4.60 (t, J = 7.5 Hz, 1 H), 4.52 (d, J = 11.5 Hz, 1 H), 4.28−4.22 (m, 1 H), 

4.03 (dd, J = 11.5, 3.5 Hz, 1 H), 3.94 (s, 3 H), 2.70−2.52 (m, 3 H), 2.33 (q, J = 9.0 Hz, 1 H), 

2.14−2.04 (m, 2 H), 1.93−1.75 (m, 6 H), 1.58−1.31 (m, 14 H), 1.28 (s, 3 H, overlapping), 

0.86−0.79 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.18, 173.15, 167.07, 159.62, 

154.51, 151.89, 138.44, 137.13, 136.35, 134.52 (q, J = 35.7 Hz), 128.15, 125.69, 125.10, 

120.75 (d, J = 276.3 Hz), 107.58, 79.54, 75.66, 59.59, 56.03, 52.89, 52.01, 44.91, 36.58, 

35.33, 35.24, 34.75, 32.99, 29.71, 27.23, 27.19, 26.26, 23.39, 22.38, 21.02, 18.33, 14.64, 

13.66, 12.70 ppm; 19F NMR (470 MHz, CDCl3) δ −67.75 ppm; HRMS (ESI) m/z: [M + H]+ 

calcd for C38H48F3N6O9S, 821.3150; found 821.3126; Anal. HPLC: tR 13.04 min, purity 

99.8%.

Cyclopropyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
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dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (46).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and cyclopropyl (4-nitrophenyl) carbonate 69s (0.066 g, 0.30 mmol) to provide the target 

compound 46 (0.18 g, 84%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.17 (s, 1 H), 

7.83 (d, J = 9.0 Hz, 1 H), 7.48 (dd, J = 9.5, 3.0 Hz, 1 H), 7.42 (d, J = 2.5 Hz, 1 H), 7.01 

(s, 1 H), 5.97 (br s, 1 H), 5.69 (q, J = 8.5 Hz, 1 H), 5.43 (d, J = 8.0 Hz, 1 H), 4.98 (t, J = 

9.0 Hz, 1 H), 4.61 (t, J = 8.0 Hz, 1 H), 4.51 (d, J = 11.5 Hz, 1 H), 4.30−4.23 (m, 1 H), 4.02 

(dd, J = 11.5, 3.5 Hz, 1 H), 3.94 (s, 3 H), 3.78−3.72 (m, 1 H), 2.70−2.51 (m, 3 H), 2.30 (q, 

J= 9.0 Hz, 1 H), 1.92−1.77 (m, 4 H), 1.59−1.23 (m, 12 H), 0.87−0.79 (m, 2 H), 0.60−0.47 

(m, 4 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.22, 172.87, 167.07, 159.63, 156.21, 

151.96, 138.52, 137.15, 136.29, 134.64 (q, J = 35.5 Hz), 128.15, 125.66, 125.08, 120.79 (d, 

J = 275.0 Hz), 107.58, 75.57, 59.61, 56.02, 52.88, 52.31, 49.41, 44.89, 36.58, 34.67, 32.65, 

29.72, 27.21, 27.17, 26.21, 22.38, 20.99, 18.32, 14.63, 12.69, 5.03, 4.98 ppm; 19F NMR 

(470 MHz, CDCl3) δ −67.75 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C36H44F3N6O9S, 

793.2837; found 793.2809; Anal. HPLC: tR 11.45 min, purity 100%.

1-Methylcyclopropyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (47).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and 1-methylcyclopropyl (4-nitrophenyl) carbonate 69t (0.078 g, 0.30 mmol) to provide the 

target compound 47 (0.18 g, 83%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.10 (s, 

1 H), 7.83 (d, J = 9.5 Hz, 1 H), 7.48 (dd, J = 9.0, 2.5 Hz, 1 H), 7.43 (d, J = 3.0 Hz, 1 H), 

6.80 (s, 1 H), 5.95 (br s, 1 H), 5.70 (q, J = 8.5 Hz, 1 H), 5.19 (d, J = 7.5 Hz, 1 H), 5.00 (t, J = 

9.0 Hz, 1 H), 4.62−4.55 (m, 2 H), 4.27−4.20 (m, 1 H), 4.03 (dd, J = 11.5, 4.0 Hz, 1 H), 3.94 

(s, 3 H), 2.75−2.52 (m, 3 H), 2.30 (q, J = 9.0 Hz, 1 H), 1.96−1.75 (m, 4 H), 1.58−1.23 (m, 

12 H), 1.26 (s, 3 H), 0.86−0.79 (m, 2 H), 0.73−0.63 (m, 2 H), 0.51−0.40 (m, 2 H) ppm; 13C 

NMR (125 MHz, CDCl3) δ 177.10, 173.20, 166.97, 159.61, 155.43, 151.95, 138.48, 137.15, 

136.34, 134.57 (q, J = 34.2 Hz), 128.14, 125.66, 125.09, 120.20 (d, J = 274.6 Hz), 107.62, 

75.61, 59.60, 56.69, 56.03, 52.87, 52.25, 44.94, 36.59, 34.77, 32.87, 29.73, 27.17, 27.14, 

26.18, 22.39, 21.28, 21.00, 18.34, 14.64, 12.91, 12.83, 12.73 ppm; 19F NMR (470 MHz, 

CDCl3) δ −67.65 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C37H46F3N6O9S, 807.2994; 

found 807.2968; Anal. HPLC: tR 12.01 min, purity 99.8%.

1-(Trifluoromethyl)cyclopentyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (48).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 
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and 4-nitrophenyl (1-(trifluoromethyl)cyclopentyl) carbonate 69u (0.094 g, 0.30 mmol) to 

provide the target compound 48 (0.18 g, 75%) as a white solid. 1H NMR (500 MHz, CDCl3) 

δ 10.11 (s, 1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.49 (dd, J = 9.0, 2.5 Hz, 1 H), 7.43 (d, J = 2.5 

Hz, 1 H), 6.86 (s, 1 H), 5.91 (br s, 1 H), 5.69 (q, J = 9.0 Hz, 1 H), 5.64 (d, J = 7.5 Hz, 1 

H), 4.99 (t, J = 9.0 Hz, 1 H), 4.60 (t, J = 8.0 Hz, 1 H), 4.53 (d, J = 11.5 Hz, 1 H), 4.27−4.21 

(m, 1 H), 4.03 (dd, J = 11.5, 3.5 Hz, 1 H), 3.95 (s, 3 H), 2.66 (dd, J = 8.0, 2.5 Hz, 2 H), 

2.63−2.52 (m, 1 H), 2.33 (q, J = 8.5 Hz, 1 H), 2.05−1.76 (m, 8 H), 1.73−1.23 (m, 16 H), 

0.86−0.79 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.12, 172.75, 167.02, 159.69, 

153.20, 151.85, 138.49, 137.10, 136.45, 134.56 (q, J = 35.9 Hz), 128.15, 125.79, 125.04 

(q, J = 282.7 Hz), 125.02, 120.75 (d, J = 275.2 Hz), 107.59, 89.24 (q, J = 29.4 Hz), 75.77, 

59.73, 56.04, 53.11, 52.19, 44.88, 36.58, 34.82, 32.88, 32.84, 32.76, 29.54, 27.22, 27.19, 

26.30, 25.56, 25.47, 22.26, 21.01, 18.32, 14.64, 12.71 ppm; 19F NMR (470 MHz, CDCl3) 

δ −67.89, −80.60 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C39H47F6N6O9S, 889.3024; 

found 889.3030; Anal. HPLC: tR 14.21 min, purity 99.3%.

(1R,2R)-2-Fluorocyclopentyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (49).

The same procedure was used as described above for compound 28. A solution of amine 

salt 68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 

mmol) and (1R,2R)-2-fluorocyclopentyl (4-nitrophenyl) carbonate 69v (0.080 g, 0.30 mmol) 

to provide the target compound 49 (0.19 g, 84%) as a white solid. 1H NMR (500 MHz, 

CDCl3) δ 10.10 (s, 1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.48 (dd, J = 9.0, 2.5 Hz, 1 H), 7.45 (d, J 
= 2.5 Hz, 1 H), 6.77 (s, 1 H), 5.96 (br s, 1 H), 5.72 (q, J = 8.5 Hz, 1 H), 5.15 (d, J = 8.0 Hz, 

1 H), 5.02 (t, J = 9.0 Hz, 1 H), 4.86−4.71 (m, 2 H), 4.61 (t, J = 8.0 Hz, 1 H), 4.46 (d, J = 11.5 

Hz, 1 H), 4.29−4.21 (m, 1 H), 4.01 (dd, J = 12.0, 4.0 Hz, 1 H), 3.94 (s, 3 H), 2.72−2.60 (m, 2 

H), 2.59−2.40 (m, 1 H), 2.29 (q, J= 8.5 Hz, 1 H), 1.96−1.63 (m, 8 H), 1.58−1.23 (m, 14 H), 

0.86−0.79 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.10, 172.82, 167.00, 159.63, 

154.83, 151.92, 138.57, 137.13, 136.31, 134.64 (q, J = 35.9 Hz), 128.09, 125.72, 125.08, 

120.79 (d, J = 275.1 Hz), 107.66, 97.31 (d, J = 176.3 Hz), 79.58 (d, J = 30.6 Hz), 75.60, 

59.60, 56.03, 52.90, 52.36, 44.88, 36.59, 34.66, 32.78, 30.59 (d, J = 21.7 Hz), 29.91, 29.78, 

27.26, 27.12, 26.17, 22.39, 21.24, 21.20, 18.32, 14.64, 12.70 ppm; 19F NMR (470 MHz, 

CDCl3) δ −67.78, −181.12 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C38H47F4N6O9S, 

839.3056; found 839.3025; Anal. HPLC: tR 12.59 min, purity 98.6%.

1-(Trifluoromethyl)cyclobutyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (50).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and 4-nitrophenyl (1-(trifluoromethyl)cyclobutyl) carbonate 69w (0.090 g, 0.30 mmol) to 

provide the target compound 50 (0.21 g, 89%) as a white solid. 1H NMR (500 MHz, CDCl3) 

δ 10.13 (s, 1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.48 (dd, J = 9.5, 3.0 Hz, 1 H), 7.42 (d, J = 
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3.0 Hz, 1 H), 6.96 (s, 1 H), 5.93 (br s, 1 H), 5.69 (q, J = 8.5 Hz, 1 H), 5.58 (d, J = 8.0 

Hz, 1 H), 5.00 (t, J = 9.5 Hz, 1 H), 4.60 (t, J = 8.0 Hz, 1 H), 4.50 (d, J = 11.5 Hz, 1 

H), 4.28−4.22 (m, 1 H), 4.03 (dd, J = 11.5, 4.0 Hz, 1 H), 3.94 (s, 3 H), 2.65 (dd, J = 8.0, 

3.0 Hz, 2 H), 2.60−2.45 (m, 3 H), 2.37−2.29 (m, 3 H), 1.92−1.70 (m, 6 H), 1.58−1.23 (m, 

12 H), 0.86−0.79 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) δ 177.11, 172.59, 167.14, 

159.67, 153.07, 151.85, 138.46, 137.10, 136.40, 134.45 (q, J = 36.1 Hz), 128.12, 125.76, 

125.04, 124.95 (q, J = 282.1 Hz), 120.76 (d, J = 275.2 Hz), 107.55, 78.75 (q, J = 31.9 Hz), 

75.71, 59.67, 56.03, 53.01, 52.21, 44.82, 36.58, 34.79, 32.77, 29.60, 28.64, 28.51, 27.24, 

27.19, 26.28, 22.24, 20.95, 18.31, 14.62, 13.13, 12.69 ppm; 19F NMR (470 MHz, CDCl3) 

δ −67.85, −83.02 ppm; HRMS (ESI) m/z: [M + H]+ calcd for C38H45F6N6O9S, 875.2867; 

found 875.2840; Anal. HPLC: tR 13.33 min, purity 100%.

3,3-Difluorocyclobutyl ((2R,6S,13aS,14aR,16aS,Z)-2-((6-methoxy-3-
(trifluoromethyl)quinoxalin-2-yl)oxy)-14a-(((1-methylcyclopropyl)sulfonyl)carbamoyl)-5,16-
dioxo-1,2,3,5,6,7,8,9,10,11,13a,14,14a,15,16,16a-hexadecahydrocyclopropa[e]pyrrolo[1,2-a]
[1,4]diazacyclopentadecin-6-yl)carbamate (51).

The same procedure was used as described above for compound 28. A solution of amine salt 

68 (0.20 g, 0.27 mmol) in CH3CN (10 mL) was treated with DIEA (0.33 mL, 1.90 mmol) 

and 3,3-difluorocyclobutyl (4-nitrophenyl) carbonate 69x (0.081 g, 0.30 mmol) to provide 

the target compound 51 (0.19 g, 83%) as a white solid. 1H NMR (500 MHz, CDCl3) δ 10.11 

(s, 1 H), 7.83 (d, J = 9.0 Hz, 1 H), 7.49 (dd, J = 9.0, 2.5 Hz, 1 H), 7.44 (d, J = 2.5 Hz, 1 H), 

6.79 (s, 1 H), 5.94 (br s, 1 H), 5.71 (q, J = 9.5 Hz, 1 H), 5.23 (d, J = 8.0 Hz, 1 H), 5.00 (t, J 
= 9.0 Hz, 1 H), 4.61 (t, J = 8.0 Hz, 1 H), 4.55−4.46 (m, 2 H), 4.20−4.13 (m, 1 H), 3.97 (dd, J 
= 11.5, 3.5 Hz, 1 H), 3.95 (s, 3 H), 2.95−2.84 (m, 1 H), 2.71−2.61 (m, 3 H), 2.60−2.46 (m, 2 

H), 2.45−2.34 (m, 1 H), 2.28 (q, J = 8.5 Hz, 1 H), 1.93 (dd, J = 8.0, 6.0 Hz, 1 H), 1.90−1.76 

(m, 3 H), 1.58−1.24 (m, 12 H), 0.86−0.79 (m, 2 H) ppm; 13C NMR (125 MHz, CDCl3) δ 
177.19, 172.61, 167.18, 159.67, 154.75, 151.96, 138.50, 137.17, 136.30, 134.67 (q, J = 34.3 

Hz), 128.12, 125.75, 125.12, 120.77 (d, J = 270.1 Hz), 118.17 (dd, J = 283.1, 268.3 Hz), 

107.48, 75.70, 59.64, 59.43 (dd, J = 19.0, 9.0 Hz), 56.00, 52.84, 52.33, 44.85, 43.35 (t, J 
= 21.4 Hz), 42.85 (t, J = 22.9 Hz), 36.57, 34.66, 32.61, 29.73, 27.18, 27.12, 26.19, 22.38, 

21.08, 18.29, 14.63, 12.64 ppm; 19F NMR (470 MHz, CDCl3) δ −67.77, −85.01 (d, J = 200 

Hz), −97.19 (d, J = 200 Hz) ppm; HRMS (ESI) m/z: [M + H]+ calcd for C37H44F5N6O9S, 

843.2805; found 843.2773; Anal. HPLC: tR 11.98 min, purity 99.4%.

Enzyme Inhibition Assays.

The enzyme inhibition assays were performed as previously described.27, 35 Briefly, for each 

assay, 2 nM of NS3/4A protease (WT GT-1a, D168A variant, and GT-3a) was pre-incubated 

at room temperature for 1 h with increasing concentration of inhibitors in assay buffer (50 

mM Tris, 5% glycerol, 10 mM DTT, 0.6 mM LDAO, and 4% DMSO, pH 7.5). Inhibition 

assays were performed in non-binding surface 96-well black half-area plates (Corning) in a 

reaction volume of 60 μL. The proteolytic reaction was initiated by the injection of 5 μL of 

HCV NS3/4A protease substrate, Ac-DE-D(Edans)-EE-Abu-c-[COO]-AS-K(Dabcyl)-NH2 

(AnaSpec), to a final concentration of 200 nM and kinetically monitored using a Perkin 

Elmer EnVision plate reader (excitation at 485 nm, emission at 530 nm). Three independent 

data sets were collected for each inhibitor with each protease construct. Each inhibitor 
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titration included at least 12 inhibitor concentration points, which were globally fit to the 

Morrison equation to obtain the Ki value. GZR was used as a control in all assays.

Antiviral Activity Assays in HCV GT-1 Replicons.

Antiviral activity of PIs was assessed using HCV Con1 (GT-1b) reporter replicon 

containing the H77 (GT-1a) NS3 protease region. Mutations (A156T and D168A) were 

introduced into the WT H77 NS3 protease region of the Con1 (GT-1b) replicon using 

the “megaprimer” method of site-directed mutagenesis.44 Huh7 cells, previously cured for 

optimal HCV replicon replication, were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 0.1 mM 

non-essential amino acids (DMEM – 10% FBS). Huh7 cells were transfected with replicon 

RNA transcripts using electroporation and maintained in the absence or presence of serially 

diluted protease inhibitors. Replicon replication was then assessed by measuring luciferase 

activity (relative light units) 96 h post electroporation. The drug concentrations required to 

inhibit replicon replication by 50% (EC50) were calculated directly from the drug inhibition 

curves.

Antiviral Activity Assays in HCV GT-3a Replicon.

Huh7.5 cells harboring the HCV GT-3a replicon, S52/SG-Feo SHI,45 were seeded into a 

96-well plate at the density of 8,000 cells per well. The next day, the cells were exposed 

to different concentrations of protease inhibitors and incubated for another 72 h. The cells 

were then lysed with 1X Passive Lysis Buffer (Promega) according to the manufacturer’s 

recommendations and the luciferase activity was measured with the Luciferase Assay 

System (Promega) using Varioskan Lux (ThermoFisher Scientific). The drug concentrations 

required to inhibit replicon replication by 50% (EC50) were calculated directly from the drug 

inhibition curves.

Crystallization and Structure Determination.

Protein expression and purification were carried out as previously described with slight 

modifications.16 Briefly, the Histrap purified NS3/4A D168A protease variant was thawed, 

concentrated to 3 mg/mL, and loaded on a HiLoad Superdex75 16/60 column equilibrated 

with gel filtration buffer (25 mM MES, 500 mM NaCl, 10% glycerol, and 2 mM DTT, pH 

6.5). The protease containing fractions were pooled and concentrated to 25 mg/mL with an 

Amicon Ultra-15 10 kDa filter unit (Millipore). The concentrated samples were incubated 

for 1 h with 3:1 or 6:1 molar excess of inhibitor. Diffraction-quality crystals were obtained 

within 2 days by mixing equal volumes of concentrated protein solution with precipitant 

solution (20–30% PEG-3350, 0.1 M sodium MES buffer, 1–7% ammonium sulfate, pH 6.5) 

at RT or 15 °C in 24-well VDX hanging drop trays. Crystals were harvested and data was 

collected at 100 K in cryogenic conditions containing the precipitant solution supplemented 

with 15% glycerol or ethylene glycol. Although the inhibitors were in excess, the crystals 

obtained were solved as apo HCV NS3/4A D168A protease variant structures. To obtain 

electron density for the inhibitors, the apo crystals were soaked overnight in cryogenic 

conditions supplemented with 10–20 mM concentration of inhibitor in DMF.
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X-ray diffraction data were collected in-house using our Rigaku X-ray system with a 

Saturn 944 detector. All datasets were processed using HKL-3000.46 Structures were 

solved by molecular replacement using PHASER.47 Model building and refinement were 

performed using Coot and PHENIX, respectively.48, 49 The final structures were evaluated 

with MolProbity50 prior to deposition in the PDB. To limit the possibility of model bias 

throughout the refinement process, 5% of the data were reserved for the free R-value 

calculation.51 Structure analysis, superposition and figure generation were done using 

PyMOL.52 X-ray data collection and crystallographic refinement statistics are presented 

in Table S1.

Structural Analysis.

Superpositions were performed in PyMol using the Cα atoms of active site residues 137–

139 and 154–160 of the NS3 protease. The cocrystal structure of inhibitor 2 in complex with 

the D168A protease variant (PDB 6UE3) was used as a reference structure for alignments.

Molecular Modeling.

Molecular modeling was carried out using MacroModel (Schrödinger, LLC, New York, 

NY).53 Briefly, inhibitors were modeled into the active site of WT-1a and D168A proteases 

using the WT-2 (PDB 5VOJ) and D168A-2 (PDB 6UE3) complex structures.35, 36 Structures 

were prepared using the Protein Preparation tool in Maestro. Two-dimensional chemical 

structures were modified with the appropriate changes using the Build tool in Maestro. 

Once modeled, molecular energy minimizations were performed for each inhibitor−protease 

complex using the PRCG method with 2500 maximum iterations and 0.05 gradient 

convergence threshold. PDB files of modeled complexes were generated in Maestro for 

structural analysis in PyMOL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

Boc tert-butoxycarbonyl

DAAs direct-acting antivirals

DIEA N,N-diisopropylethylamine

Rao et al. Page 36

J Med Chem. Author manuscript; available in PMC 2022 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

GZR grazoprevir

GLE glecaprevir

GT genotype

HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate

FRET fluorescence resonance energy transfer

PDB protein data bank

PIs protease inhibitors

SAR structure-activity relationship

RAS resistance-associated substitutions

VOX voxilaprevir

WT wild-type
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Figure 1. 
(A) Structures of FDA approved P2–P4 macrocyclic HCV NS3/4A protease inhibitors 

grazoprevir, glecaprevir, and voxilaprevir; (B) structures of the P1–P3 macrocyclic analogue 

5172-mcP1P3 (1) and lead compound 2. The common P2 quinoxaline moiety is in blue and 

the positions modified are highlighted in cyan and purple, respectively.
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Figure 2. 
The variability of the HCV NS3/4A protease S4 subsite. The cocrystal structures of 

grazoprevir with the (A) GT-1a wild-type NS3/4A protease (PDB 3SUD), (B) GT-1a3a 

chimera (PDB 6P6Q), (C) R155K (PDB 3SUE), and (D) D168A (PDB 3SUF) protease 

variants. The catalytic triad (yellow) and residues comprising the S4 pocket (R/T123, R/

K155, A156, A157, V158, S/C159, and D/A168 are shown as sticks. The surface of the S4 

pocket is outlined in grey.
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Figure 3. 
Comparison of the binding conformations of cyclic P4 groups in the S4 subsite. 

Superposition of the D168A NS3/4A protease complexes with compounds (A) 17 (PDB 

6PIW), 18 (PDB 6PJ1), and 19 (PDB 6PJ), (B) 18 (PDB 6PJ1) and 20 (PDB 6PIV), and 

(C) 22 (PDB 6PIY) and 23 (PDB 6PIZ), focusing on the differences at the P4 group. The 

residue R123 is colored according to the respective bound inhibitor, while the other residues 

comprising the S4 pocket are shown as white sticks. The carved surface shows the depth and 

topology of the S4 pocket.
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Figure 4. 
(A) Crystal structure of D168A NS3/4A protease variant in complex with compound 3. (B) 

Comparison of the binding conformations of compound 3 with (B) 2 (PDB 6UE3) and (C) 

grazoprevir (PDB 3USF) in the active site of D168A NS3/4A protease, focusing on the 

differences at P2 quinoxaline. The protease is in ribbon representation with bound inhibitors 

3 (orange), 2 (blue), and grazoprevir (green) shown as sticks. The side chains of the catalytic 

triad (D81, H57, S139) and resistance-associated substitutions and/or natural polymorphism 

residues (R123, R155, A156, and D168) are shown as sticks.
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Figure 5. 
Crystal structures of compounds (A) 37 and (B) 50 in complex with the D168A NS3/4A 

protease variant. The protease active site is shown as a light grey surface with bound 

inhibitors 37 and 50 shown as orange sticks. The catalytic triad is highlighted in yellow, and 

residues comprising the S4 pocket, R123, R155, A156, A157, V158, S159, and DA168A, 

are shown as white sticks.
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Figure 6. 
(A) Crystal structure of compound 43 in complex with the D168A NS3/4A protease variant. 

Comparison of the binding conformations of compound 43 with (B) 20 (PDB 6PJ1) in 

the active site of D168A NS3/4A protease, focusing on the differences at P2 quinoxaline 

containing and (C) stacking interactions with the catalytic residues. Both compounds contain 

the same fused bicyclic P4 group but different P2 quinoxaline moieties. The protease is in 

ribbon representation with bound inhibitors 43 (orange) and 20 (blue). The side chains of 

the catalytic triad (D81, H57, S139) and resistance-associated substitutions and/or natural 

polymorphism residues (R123, R155, A156, and D168) are shown as sticks.
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Scheme 1. 
Synthesis of P1–P3 Macrocyclic HCV NS3/4A Protease Inhibitors 6–51
Reagents and Conditions: (a) Cs2CO3, NMP, 55 °C, 6 h; (b) 4 N HCl in dioxane, CH2Cl2, 

RT, 3 h; (c) HATU, DIEA, DMF, RT, 4 h; (d) LiOH.H2O, THF, H2O, RT, 24 h; (e) HATU, 

DIEA, DMF, RT, 2 h; (f) Zhan catalyst-1B, 1,2-DCE, 70 °C, 6 h; (g) 4 N HCl in dioxane, 

RT, 3 h; (h) R3OCOCl, CH2Cl2, RT, 12 h; (i) R3O-(4-nitrophenyl) carbonate 69a–x, DIEA, 

CH3CN, RT, 36 h.
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Table 1.

Enzyme and antiviral activity of HCV NS3/4A protease inhibitors 6–27
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Table 2.

Enzyme and antiviral activity of HCV NS3/4A protease inhibitors 28–51
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