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A B S T R A C T   

The development of effective respiratory syncytial virus (RSV) fusion glycoprotein (F protein) inhibitors against 
both wild-type and the D486N-mutant F protein is urgently required. We recently reported a 15-membered 
macrocyclic pyrazolo[1,5-a]pyrimidine derivative 4 that exhibited potent anti-RSV activities against not only 
wild-type, but also D486N-mutant F protein. However, NMR studies revealed that the 15-membered derivative 4 
existed as a mixture of atropisomers. An optimization study of the linker moiety between the 2-position of the 
benzoyl moiety and the 7-position of the pyrazolo[1,5-a]pyrimidine scaffold identified a 16-membered deriva-
tive 42c with an amide linker that showed a rapid interconversion of atropisomers. Subsequent optimization of 
the 5-position of the pyrazolo[1,5-a]pyrimidine scaffold and the 5-position of the benzoyl moiety resulted in the 
discovery of a potent clinical candidate 60b for the treatment of RSV infections.   

1. Introduction 

Human respiratory syncytial virus (RSV) is an RNA virus that is 
classified into the Paramyxovirus genus in the family Pneumoviridae.1 The 
most common disorder caused by human RSV infection is lower respi-
ratory tract infections, such as asthma, pneumonia, and severe 
bronchiolitis,2–8 particularly in infants and young children.9 While 
symptoms of RSV infection are relatively mild in normal adults and older 
children, people with underlying chronic respiratory or heart disease 
and immunocompromised patients are more prone to serious 
illness.10,11 Severe RSV infection often causes bronchitis and pneu-
monia, leading to increased mortality. Currently, RSV has spread all 
over the world and repeatedly infects humans throughout life. 

According to a global systematic review, 33.1 million RSV-related acute 
lower respiratory tract infection (RSV-ALRI) episodes resulted in 
approximately 3.2 million hospitalizations and 59,600 in-hospital 
deaths in 2015.12 Despite the mortality rate being higher for RSV 
infection than for influenza,13 no effective treatment for RSV infection 
currently exists other than supportive care.14–17 Two drugs, palivizumab 
(Synagis®) and ribavirin (Virazole®), have been approved for the 
treatment of RSV infections. Palivizumab is a humanized monoclonal 
antibody that inhibits infection by binding to a fusion glycoprotein (F 
protein) and blocking the binding or fusion of the virus to the host 
cell.14,15,18–21 Not only is the use of palivizumab restricted to prophy-
laxis in high-risk infants, but it is also very expensive. Ribavirin is an 
antiviral agent that has a wide range of antiviral and 
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immunomodulatory effects on DNA or RNA viruses, but its use is limited 
because of concerns regarding efficacy and toxicity.22–28 

The RSV F protein plays a critical role in the fusion of the RSV en-
velope membrane and the host cell membrane, making it an attractive 
target for anti-RSV drug development. Several classes of compounds, 
such as pyrazolo[1,5-a]pyrimidines,29–32 benzimidazoles,33–35 and 
piperazinyl-quinolines,36 have been developed as RSV F protein in-
hibitors. Among these compounds, a pyrazolo[1,5-a]pyrimidine deriv-
ative, presatovir (GS-5806, 1), showed potent anti-RSV effects in clinical 
trials and achieved proof of concept in human RSV challenge studies.29 

In clinical trials, several presatovir-resistant mutants of RSV F protein 
have been isolated.37,38 Among them, the D486N mutant has been 
shown to exhibit cross-resistance to compounds with various chemical 
structures, such as MDT-637 (2) and TMC-353121 (3).39,40 We recently 
reported a potent RSV inhibitor 4 that was effective against not only 
wild-type, but also D486N-mutant F protein, the latter of which is of 
potential concern for human health.41 The improvement of anti-RSV 
activity against the D486N mutant was achieved by cross-linking the 
2-position of the benzoyl moiety in 4 with the 7-position of the pyrazolo 
[1,5-a]pyrimidine scaffold, which constrains the conformation. How-
ever, compounds with a 15-membered macrocyclic ring have been 
found to consist of a mixture of atropisomers, as shown by NMR studies 
(Table 1). Atropisomers are classified into three classes based on their 
rotational energy barriers and interconversion rates, and these classes 
affect the difficulty of drug development.42 Class 2 compounds with 
interconversion half-lives ranging from minutes to days or months can 
be complicated to develop because of the difficulty in quantitatively 
determining the atropisomeric ratio over the time course of drug pro-
duction and patient administration and the half-life in vivo. In fact, no 
class 2 drugs have been launched recently.43,44 Therefore, further opti-
mization of 4 was needed to obtain a developable drug candidate with 
no atropisomer issues. There are three general strategies for avoiding 
atropisomers: 1) increasing the interconversion rate between confor-
mations with barriers to rotation around the chiral axis (transforming 
the compound to class 1, with a rotation half-life of less than a few 
seconds); 2) freezing the rotation (transforming the compound to class 3, 
with a half-life of several years or longer); and 3) eliminating the chiral 
axis through symmetrization around the axis. In the case of our 
macrocyclic derivatives, the steric hindrance to rotation of the amide 
bond between the piperidine ring and the aryl group was considered to 
afford configurationally stable class 2 atropisomers. To avoid the for-
mation of class 2 atropisomers by increasing the rate of rotation around 
the amide bond, the linker moiety connecting the 2-position of the 
benzoyl moiety to the 7-position of the pyrazolo[1,5-a]pyrimidine 
scaffold required optimization. The anti-RSV activity was also expected 
to be improved by optimizing the linker moiety, since the linker moiety 
is involved in the interaction with F protein.41 In the present paper, we 
describe the synthesis and optimization of the linker moiety of macro-
cyclic pyrazolo[1,5-a]pyrimidine derivatives without the formation of 
class 2 atropisomers and the further optimization of substituents on the 

pyrazolo[1,5-a]pyrimidine and benzene ring to obtain orally available 
anti-RSV agents (see Fig 1). 

2. Chemistry 

First, a series of linker parts (7, 11, 17) were synthesized as shown in 
Scheme 1. Compound 6 was synthesized by the addition reaction of 
methyl 5-fluoro-2-hydroxybenzoate with an O-mesylated derivative of 
5, followed by the removal of the tert-butoxycarbonyl (Boc) group to 
obtain linker part 7. In a similar manner, an intermediate 9 was syn-
thesized by the substitution reaction of methyl 5-fluoro-2-hydroxyben-
zoate with an O-mesylated derivative of 8. After the methylation of 
the nitrogen atom of 9 using iodomethane and silver oxide, the Boc 
group was removed to obtain linker part 11. Compound 13 was pre-
pared by an SN2 reaction between 2-bromoethoxy-tert-butyldimethylsi-
lane and tert-butyl N-(2-aminoethyl)-N-methylcarbamate 12. 
Compound 15 was synthesized by protecting the secondary amine 13 
with a Cbz group and removing the tert-butyldimethylsilyl (TBS) group 
with tetrabutylammonium fluoride (TBAF). Linker part 17 was prepared 
from 15 using the same synthetic method as that described for 7. 

Scheme 2 shows the synthesis of amide-type linker parts (23a–c, 28). 
After the alkylation of phenols 19a–c with tert-butyl 2-bromoacetate 18, 
carboxylic acids 21a–c were obtained by removing the tert-butyl group. 
The amidation of carboxylic acids 21a–c with tert-butyl N-(2-amino-
ethyl)-N-methyl-carbamate and the subsequent removal of the Boc 
group provided linker parts 23a–c. Amine 26 was obtained by the 
alkylation of methyl 5-fluoro-2-hydroxybenzoate with benzyl N-(2- 
bromoethyl)carbamate 24 and deprotection of the Cbz group. The 
amidation of amine 26 and 2-[tert-butoxycarbonyl(methyl)amino]acetic 
acid and the subsequent removal of the Boc group afforded linker part 
28. 

Scheme 3 shows the synthesis of the linker parts with amide isosteres 
(31, 37). tert-Butyl N-(2-aminoethyl)-N-methylcarbamate 12 was 
treated with chloromethanesulfonyl chloride and then reacted with 
methyl 5-fluoro-2-hydroxybenzoate to obtain 30; the subsequent 
deprotection of the Boc group yielded linker part 31. Methyl 2-(tert- 
butoxycarbonylamino)-3,3,3-trifluoropropanoate 32 was reduced to 
yield 33; the hydroxyl group of 33 was mesylated, followed by alkyl-
ation with methyl 5-fluoro-2-hydroxybenzoate and deprotection of the 
Boc group to obtain 35. After reductive amination with tert-butyl N- 
methyl-N-(2-oxoethyl)carbamate, the Boc group of 36 was removed to 
obtain linker part 37. 

The synthesis of macrocyclic derivatives 42a–i is shown in Scheme 4. 
The pyrazolo[1,5-a]pyrimidine part 38, which was prepared as 
described in our previous paper,41 was aminated with the linker parts (7, 
11, 17, 23a–c, 28, 31, 37) prepared as shown above, hydrolyzed, and 
subjected to intramolecular condensation under a high-dilution condi-
tion to yield macrocyclic compounds 41a–i. Finally, the desired 
macrocyclic products 42a–i were synthesized by introducing an azeti-
dine under microwave irradiation and basic conditions. 

Fig. 1. Chemical structures of RSV F protein inhibitors investigated during early clinical and preclinical studies.  
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Scheme 1. Synthesis of linker parts. Reagents and conditions: (a) MsCl, Et3N, CHCl3, r.t., (b) methyl 5-fluoro-2-hydroxybenzoate, K2CO3, DMF, 90 ◦C, (c) 4M HCl in 
dioxane, 1,4-dioxane, r.t. (d) MeI, Ag2O, DMF, 90 ◦C, (e) 2-bromoethoxy-tert-butyldimethylsilane, K2CO3, MeCN, 80 ◦C, (f) benzyl chloroformate, Et3N, CHCl3, r.t. (g) 
TBAF, THF, r.t. 

Scheme 2. Synthesis of amide-type linker parts. Reagents and conditions: (a) K2CO3, MeCN, 70 ◦C, (b) TFA, CHCl3, r.t. (c) tert-butyl N-(2-aminoethyl)-N-methyl-
carbamate, HATU, Et3N, DMF, r.t., (d) 4M HCl in dioxane, 1,4-dioxane, r.t. (e) methyl 5-fluoro-2-hydroxybenzoate, NaH, THF, reflux, (f) H2, Pd/C, MeOH, r.t., (g) 2- 
[tert-butoxycarbonyl(methyl)amino]acetic acid, HATU, Et3N, DMF, r.t., 
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Furthermore, the macrocyclic products 44, 45, and 46 were syn-
thesized as shown in Scheme 5 using the intermediates 41c and 42i. 
Compound 44 was synthesized by methylation of the amide moiety of 
41c and the introduction of an azetidine at the 5-position of the pyrazolo 
[1,5-a]pyrimidine scaffold. Compound 45 was prepared from 42i by 
deprotecting the Cbz group, followed by mesylation of the resulting 
amine to obtain 46. 

Scheme 6 shows the synthesis of macrocyclic derivatives with 
modified C-5 substituents of the pyrazolo[1,5-a]pyrimidine scaffold. 
The desired macrocyclic products 47a–d were synthesized from the in-
termediate 41c by introducing appropriate amine parts under micro-
wave irradiation and basic conditions and deprotecting the Boc group, 
as needed. Compound 48 was synthesized from the intermediate 41c 
using the Negishi coupling reaction with an organic zinc reagent, fol-
lowed by deprotection of the Boc group. The racemic mixture 49, which 
was synthesized in the same manner as 48, was separated using a chiral 
column to obtain cis-isomer 50a and trans-isomer 50b. 

Scheme 7 shows the synthesis of macrocyclic derivatives in which 
the 3-hydroxycyclobutyl group was introduced into the 5-position of the 

pyrazolo[1,5-a]pyrimidine scaffold. 3-Benzyloxycyclobutanecarboxylic 
acid 51 and potassium 3-ethoxy-3-oxopropanoate were treated with 
1,1′-carbonyldiimidazole in the presence of magnesium chloride to 
obtain a ketoester 52. An aminopyrazole derivative 53, which was 
prepared as described in our previous paper,45 was reacted with 52 in 
acetic acid, followed by Boc protection of the amino group to obtain an 
intermediate 54. After the chlorination of 54 with phosphorus oxy-
chloride and 4-(N,N-dimethylamino)pyridine (DMAP) in pyridine, the 
resulting cis/trans mixture was separated using silica gel column chro-
matography to obtain 55a,b. The cis-intermediate 55a was obtained 
preferentially from 54 over the trans-intermediate 55b. Rather than 
synthesizing cis-isomers 59a-c and trans-isomers 60a-c from their cor-
responding intermediates, respectively, it took a few steps to synthesize 
59a-c and 60a-c by a single reaction route with Mitsunobu inversion. 
The cis-isomer 55a was aminated with linker parts 23a–c, followed by 
hydrolyzation and deprotection of the Boc group, then subjected to 
intramolecular condensation under a high-dilution condition to yield 
macrocyclic compounds 58a–c. Finally, the desired cis-isomers 59a–c 
were synthesized by removing the benzyl group of 58a–c. The desired 

Scheme 3. Synthesis of linker parts with amide isosteres. Reagents and conditions: (a) chloromethanesulfonyl chloride, Et3N, CHCl3, 0 ◦C, (b) methyl 5-fluoro-2- 
hydroxybenzoate, K2CO3, DMF, 80 ◦C, (c) 4M HCl in dioxane, 1,4-dioxane, r.t. (d) LiBH4, THF, r.t., (e) MsCl, Et3N, CHCl3, r.t., (f) methyl 5-fluoro-2-hydroxybenzoate, 
K2CO3, DMF, 90 ◦C, (g) 4M HCl in dioxane, 1,4-dioxane, r.t. (h) tert-butyl N-methyl-N-(2-oxoethyl)carbamate, NaHB(OAc)3, CHCl3, r.t. 

Scheme 4. Synthesis of macrocyclic derivatives. Reagents and conditions: (a) Et3N, EtOH, 70 ◦C, (b) 1M NaOH aq., THF, 2-propanol, 80 ◦C. (c) HATU, Et3N, DMF, r. 
t. (d) azetidine, Et3N, NMP, microwave 150 ◦C 

T. Yamaguchi-Sasaki et al.                                                                                                                                                                                                                   



Bioorganic & Medicinal Chemistry 28 (2020) 115818

5

trans-isomers 60a–c were synthesized from cis-isomers 59a–c through a 
Mitsunobu inversion reaction. 

3. Results and discussion 

The interconversion rates of individual atropisomers of a compound 

with a 15-membered ring were determined using NMR spectra at the 
temperature range from room temperature (25 ◦C) to 90 ◦C. Because 
lead compound 4 was unstable under high-temperature conditions, its 
analogue 42a was used for the NMR experiments. Two-dimensional 
exchange spectroscopy (EXSY) is an effective approach for studying 
dynamic processes using NMR. The EXSY spectra of 42a showed no 

Scheme 5. Synthesis of macrocylic derivatives. Reagents and conditions: (a) NaH, MeI, DMF, r.t. (b) azetidine, Et3N, NMP, microwave 150 ◦C, (c) H2, Pd/C, MeOH, 
r.t., (d) MsCl, Et3N, CHCl3, r.t. 

Scheme 6. Synthesis of pyrazolo[1,5-a]pyrimidin-2-yl derivatives with modified C-5 substituents. Reagents and conditions: (a) amine, Et3N, NMP, microwave 150 
◦C, then TFA, CHCl3, r.t. (only for compounds possessing Boc group), (b) CuI, PdCl2(dppf), DMA, 85 ◦C, (c) TFA, CHCl3, r.t. (d) chiral colomn separation 
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exchange in signals at 25 ◦C; however, exchange signals were observed 
at 80 ◦C. The interconversion rate and the rotation half-life of 42a at 
each temperature were calculated from the ratios of the EXSY signal 
intensities, and the rotation half-life at 25 ◦C was extrapolated from the 
interconversion rates at 60 ◦C, 70 ◦C, 80 ◦C, and 90 ◦C. As a result, the 
rotation half-life of 42a for interconversion between two atropisomers 
was determined to be about 5 min at 25 ◦C, which was consistent with a 
class 2 atropisomer (Table 1). Increasing the macrocyclic ring size of the 
15-membered macrocyclic compound 42a seemed a plausible strategy 
for changing the class 2 compound to class 1 compounds with smaller 
rotation barriers, which would have appropriate developability profiles. 
This process was expected to improve the rotation rate by decreasing the 
rotation barrier of 42a due to the tightness of the ring. Our previous 
studies indicated that compounds with a 16-membered ring maintained 
potent anti-RSV activity, while the activity of compounds with a 17- 
membered ring was greatly reduced.41 Therefore, the optimization 
study of macrocyclic compounds was mainly focused on 16-membered 
ring. 

The inhibition of the cytopathic effect (CPE) induced by RSV infec-
tion was used to evaluate the antiviral activities of the synthesized 
compounds. Table 2 shows the anti-RSV A2 activities of 4 and macro-
cyclic compounds (42a–c, 42f–h, 44–46) with a modified linker moiety 
connecting the 2-position of the benzoyl moiety and the 7-position of the 
pyrazolo[1,5-a]pyrimidine scaffold. The previous studies only showed 
the SAR of compounds with a hydrocarbon linker moiety; therefore, the 

effect of the incorporation of a polar group into the linker moiety was 
investigated in this study with the expectation of obtaining an additional 
interaction as a proton donor or a proton acceptor. The introduction of 
an oxygen atom into the linker moiety of 42a (EC50: 17 nM) produced no 
change in anti-RSV activity (42b, EC50: 17 nM). Compound 45 con-
taining a nitrogen atom in the linker moiety exhibited an improved anti- 
RSV activity (EC50: 1.4 nM) by more than 10-fold, compared with 42a. 
Furthermore, 42c possessing an amide group in the linker moiety had a 
highly potent anti-RSV activity (EC50: 0.33 nM), which led us to inves-
tigate the activity of analogues of 42c containing an amide linker. The N- 
methylation of the amide group (44) and the change in the position of 
the carbonyl group (42f) reduced the anti-RSV activities by 4.2- and 7.6- 
fold [EC50: 1.4 nM (44), 2.5 nM (42f)] compared with 42c, respectively. 
The introduction of trifluoroethylamine as an amide isostere markedly 
reduced the anti-RSV activity (42 g, EC50: 21 nM). In addition, the anti- 
RSV activities of 46 and 42 h with a sulfonamide group were markedly 
attenuated compared with 42c [EC50: 4.6 nM (46), 54 nM (42 h)]. 
Among the compounds containing a 16-membered ring with a variety of 
linker structures, compound 42c exhibited the most potent anti-RSV 
activity, exceeding that of 4 with a 15-membered ring [EC50: 2.0 nM 
(4)].41 

To investigate the effect of ring expansion on the rate of atropisomer 
interconversion, an EXSY analysis of 42c was performed. Compound 
42c showed a clear exchange of signals at 25 ◦C; the rotation half-life of 
42c for interconversion between two atropisomers was determined to be 

Scheme 7. Synthesis of pyrazolo[1,5-a]pyrimidin-2-yl derivatives with modified C-5 substituents. Reagents and conditions: (a) potassium 3-ethoxy-3-oxopropa-
noate, CDI, MgCl2, THF, 65 ◦C, (b) AcOH, 100 ◦C, then, Boc2O, Et3N, CHCl3, r.t., (c) POCl3, DMAP, pyridine, 65 ◦C, (d) Et3N, DMF, 80 ◦C, (e) 1M NaOH aq., 
THF, MeOH, 60 ◦C, (f) 4M HCl in 1,4-dioxane, 1,4-dioxane, r.t., (g) HATU, Et3N, DMF [0.02 M], r.t., (h) TMSCl, NaI, MeCN, 65 ◦C, (i) p-nitrobenzoic acid, bis(2- 
methoxyethyl)azodicarboxylate, PPh3, THF, 60 ◦C, (j) 1M NaOH aq., THF, r.t. 
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about 2 s, indicating that 42c was classified as a class 1 non-atropisomer 
(Table 1). 

As expected, increasing the macrocyclic ring size proved to be an 
effective strategy for changing a class 2 compound (42a, 15-membered 
ring) into a class 1 compound (42c, 16-membered ring). 

To further enhance the anti-RSV activity, our subsequent SAR study 
was focused on optimizing the 5-position (R1) of the pyrazolo[1,5-a] 
pyrimidine scaffold of 42c. Table 3 shows the anti-RSV A2 activity of 
42c derivatives with 5-position substituents. Previous SAR studies of a 
variety of pyrazolo[1,5-a]pyrimidine derivatives revealed that a basic 
group such as aminopyrrolidine at the 5-position improved the anti-RSV 
A2 activity because of the formation of a hydrogen bond between the 
basic group and the Asp486 residue in the F protein. These findings have 
been applied to a study of a series of non-macrocyclic derivatives45,46 

and macrocyclic derivatives such as 4 with a hydrocarbon linker,41 

which motivated us to introduce mainly basic functional groups into the 
5-position of the pyrazolo[1,5-a]pyrimidine scaffold. Compound 47a 
with a hydroxyl group at the 3-position of an azetidine ring exhibited a 
potent anti-RSV activity comparable to that of 42c [EC50: 0.33 nM (42c), 
0.81 nM (47a)], whereas 47b and 47c with an amino group and a 
methylamino group, respectively, showed attenuated activities [EC50: 
2.7 nM (47b), 7.0 nM (47c)]. The substitution of the 3-aminoazetidin-1- 
yl group of 47b with a (3S)-3-aminopyrrolidin-1-yl group (47d), i.e., 
ring expansion, slightly improved the activity (47d, EC50: 2.1 nM). A 
regioisomer (48) of 42c, in which the azetidine ring was reversed, 
showed a decreased activity by 5.2-fold (48, EC50: 1.7 nM). Unlike the 
previously reported SAR as mentioned above,41,45,46 the anti-RSV A2 
activity of the derivatives with an amide linker was not improved by the 
introduction of basic groups. Among compounds containing a basic 
group at the 5-position of the pyrazolo[1,5-a]pyrimidine scaffold, 50a 
(cis-isomer) and 50b (trans-isomer) possessing a 3-aminocyclobutyl 
group showed the highest potency, with EC50 values around 1 nM 
[EC50: 0.87 nM (50a), 1.1 nM (50b)]. The replacement of the amino 
groups of 50a and 50b with hydroxyl groups [59a (cis-isomer) and 60a 
(trans-isomer)] did not affect the anti-RSV activity [EC50: 1.1 nM (59), 
0.74 nM (60a)]. In each case, there was no significant difference in the 
anti-RSV activity between the cis and trans isomers. A series of com-
pounds with basic functional groups at the 5-position of the pyrazolo 

[1,5-a]pyrimidine scaffold, such as 47b, 47d, 48, 50a, and 50b, showed 
potent activities; however, all of these compounds had relatively low 
membrane permeabilities in a parallel artificial membrane permeability 
assay (PAMPA), suggesting that the introduction of a basic group was 
not preferable for oral administration. 

To obtain orally available anti-RSV inhibitors, a subsequent opti-
mization study on substituents (R2) of the aryl moiety was performed 
using 42c and 60a as lead compounds with potent anti-RSV A2 activities 
and good membrane permeabilities (Table 4). Previous studies have 
shown that compounds with a chlorine atom or a methyl group at R2 also 
possessed good anti-RSV activities.45 However, no improvement of ac-
tivity was observed when replacing the fluorine atom by a chlorine atom 
(42d) or a methyl group (42e) on the benzene ring of 42c with an 
azetidine moiety [EC50: 0.33 nM (42c), 0.47 nM (42d), 0.64 nM (42e)]. 
Conversely, in the case of the derivatives of 60a with a 3-hydroxycyclo-
butyl moiety, the replacement of the fluorine atom by a chlorine atom 
(60b) at the 5-position of the benzene ring of 60a showed improved 
anti-RSV activity, compared with that of 60a [EC50 values: 0.74 nM 
(60a), 0.27 nM (60b)]. The anti-RSV activity of 60c with a methyl group 
as an R2 substituent was found to be comparable to that of 60a [EC50 
value: 0.77 nM (60c)]. The in vitro ADMET studies of 42c, 42d, 42e, 
60a, 60b, and 60c showed that 42e and 60c containing a methyl group 
at the 5-position of the benzene ring had a relatively strong CYP3A 
metabolism-dependent inhibition (MDI). Compounds 42c and 60b, 
which showed more potent anti-RSV activities against A2 than other 
compounds, also exhibited potent activities against the clinically iso-
lated D486N mutant, with EC50 values of 3.1 nM and 0.70 nM, respec-
tively. The EC50 value of 60b was in the sub-nanomolar range, and the 
difference in the EC50 values of activities against A2 and the D486N 
mutant was only 2.6-fold. Compound 60b exhibited preferred protein 
binding in human and mouse plasma. To investigate the rate of atro-
pisomer interconversion, an EXSY analysis of 60b was performed. 
Compound 60b showed clear signals at 25 ◦C; the rotation half-life of 
60b for interconversion between two atropisomers was determined to be 
about 2 s, indicating that 60b was also classified as a class 1 non- 
atropisomer (Table 1). 

Fig. 2 shows the binding model of compound 60b with the crystal-
lographic structure of RSV A2 F protein (Protein Data Bank entry 5EA3). 

Table 1 
Structures and rotation half-lives of representative pyrazolo[1,5-a]pyrimidine derivatives.  

Compound Structure Ring size Rotation t1/2 

(DMSO‑d6, 25 ◦C) 
Atropisomer classification 

main minor 

42a 15 4.92 mina 6.30 mina Class 2 

42c 16 1.90 s 2.21 s Class 1 

60b 16 2.31 s 2.35 s Class 1  

a The rotation half-lives were extrapolated from the interconversion rates at high temperatures. 
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Three characteristic interactions are seen in the interface of 60b and A2: 
(1) the pyrazolo[1,5-a]pyrimidine ring is sandwiched between two 
Phe488 residues of the F protein trimer to form π–π interactions; (2) the 3- 
hydroxycyclobutyl group forms hydrogen bonds with the carboxyl 
group of Asp486; and (3) an intramolecular hydrogen bond is formed 
between the amide linker moiety and the nitrogen atom at the 1-position 
of the pyrazolo[1,5-a]pyrimidine scaffold. The intramolecular hydrogen 
bond is a new interaction that was not observed in the previous com-
pounds with a hydrocarbon linker, such as 4.41 Therefore, the intra-
molecular hydrogen bond of 60b appears to be a critical factor in the 
highly potent anti-RSV activities against both A2 and the D486N mutant 
by enabling suitable conformations of 60b on the surface of both 
proteins. 

Table 2 
Structures and antiviral activities of pyrazolo[1,5-a]pyrimidine derivatives with 
a series of linkers.  

Compound Structure Anti-RSV activity   

EC50 (nM)a A2 

4 2.0 

42a 17 

42b 17 

42c 0.33 

42f 2.5 

42g 21 

42h 54 

44 1.4 

45 1.4 

46 4.6  

Table 2 (continued ) 

Compound Structure Anti-RSV activity   

EC50 (nM)a A2 

a EC50 values of the CPE inhibitory activities of all the compounds were 
evaluated in HEp-2 cells infected with RSV A2. 

Table 3 
Structures and antiviral activities of pyrazolo[1,5-a]pyrimidine derivatives with 
a substituent R1.  

Compound 

R1 Anti-RSV activity  
EC50 (nM)a A2 

PAMPA pH 6.2 
(10-6 cm/s) 

42c 0.33 80 

47a 0.81 8.0 

47b 2.7 3.3 

47c 7.0 5.9 

47d 2.1 0.3 

48 1.7 0 

50a 0.87 0 

50b 1.1 0 

59a 1.1 28 

60a 0.74 27  

a EC50 values of the CPE inhibitory activities of all the compounds were 
evaluated in HEp-2 cells infected with RSV A2. 
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4. Conclusion 

The present NMR studies clarified the presence of atropisomers of the 
15-membered macrocyclic compound 42a with a rotation half-life of 
about 5 min at 25 ◦C, consistent with a class 2 atropisomer with a very 
low developability profile. To improve the developability profile of the 
subsequent series of compounds, we investigated the possibility of using 

ring size expansion along with linker structure optimization. These ef-
forts led to the discovery of a class 1 compound 42c with a 16-membered 
ring with an amide moiety, which showed an atropisomer rotation half- 
life of about 2 s at 25 ◦C. Among compounds with different linker 
structures, 42c showed the most potent anti-RSV activity against the A2. 
The molecular dynamics studies of 42c suggested that the amide linker 
forms an intramolecular hydrogen bond with the pyrazolo[1,5-a]py-
rimidine scaffold. This intramolecular hydrogen bond appears to 
contribute to the enhanced anti-RSV activity. Subsequent optimization 
of the R1 and R2 groups of the pyrazolo[1,5-a]pyrimidine and benzene 
ring, respectively, led to the discovery of a promising macrocyclic 
compound 60b, which showed potent anti-RSV activities against both 
the wild-type and D486N mutant F proteins. Compound 60b has been 
selected as a clinical candidate, and further detailed evaluations of its 
therapeutic potential are underway. 

5. Experimental section 

5.1. Chemistry 

All solvents and reagents were purchased from commercial suppliers 
and used without purification or were prepared according to published 
procedures. The 1H NMR and 13C NMR spectra of compounds synthe-
sized in this study were recorded using a JNM-ECA600, JNM-ECA500 
(JEOL Ltd., Tokyo, Japan), or Avance III HD 400 (Bruker Corp., Billerica, 
MA, USA), and the chemical shifts were expressed in δ (:) values, with 
tetramethylsilane as the internal standard (s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, and brs = broad singlet). Two sets of 
NMR signals were observed because of structural variations of the cis- 
and trans-amide rotamers. Mass spectra were recorded on a Micromass 
Platform LC (Micromass Ltd., Manchester, UK) or Shimadzu LCMS- 
2010EV (Shimadzu Corp., Kyoto, Japan). High-resolution (HR) mass 
spectral data were acquired using an LCMS-IT-TOF equipped with an 
electrospray ionization (ESI)/atmospheric pressure chemical ionization 
(APCI) dual ion source (Shimadzu Corp.). Intermediates and final 
compounds were purified using preparative HPLC and an Agilent 1260 
Infinity/Agilent 6130 (Agilent Technologies Inc., Santa Clara, CA, USA) 
or a GX-281, UV/VIS-155, 331 PUMP, 332 PUMP, or SOFTA Model 300S 

Table 4 
Structures and antiviral activities of pyrazolo[1,5-a]pyrimidine derivatives with 
substituents R1 and R2.  

Compound 

R1 R2 EC50 

(nM)a 

A2 

EC50 

(nM)a 

D486N 

CYP3A 
MDI 
(%) 
@10 μM 

Protein 
binding 
(human/ 
mouse) 
(%) 

42c F  0.33 3.1 − 4.7 87.0/98.0 

42d Cl  0.47 NT − 2.9 NT 

42e Me  0.64 NT 60.1 93.6/96.9 

60a F  0.74 NT 0.4 NT 

60b Cl  0.27 0.70 − 1.4 90.7/85.5 

60c Me  0.77 NT 57.0 88.8/77.8  

a EC50 values of the CPE inhibitory activities of all the compounds were 
evaluated in HEp-2 cells infected with RSV A2 or D486N. 

Fig. 2. Molecular dynamics model of 60b binding to the RSV A2 F protein. Molecular dynamics model showing 60b (orange) binding to the RSV A2 F protein (gray). 
The hydrogen bonds are depicted as a dashed light green line. The π–π interactions are depicted as dashed pink lines. 
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ELSD (Gilson Inc., Middleton, WI, USA) under the following conditions: 
column, Sunfire prep C18 OBD (5.0 μm, 30 mm × 50 mm) (Waters Corp., 
Milford, MA, USA), YMC-Actus Triart C18 (5.0 μm, 30 mm × 50 mm) 
(YMC Co., Ltd., Kyoto, Japan), Xbridge Prep C18 OBD (5.0 μm, 30 mm ×
50 mm) (Waters Corp.), or XSelect CSH C18 (5.0 μm, 30 mm × 50 mm) 
(Waters Corp.); flow, 50 mL/min; linear gradient, 10%− 95% acetoni-
trile in water containing 0.1% formic acid for 7.5–11.5 min; detection 
wavelength, 254 nm. The purity of the synthesized compounds was 
determined using an LC-MS system (Agilent 1290 Infinity, Agilent 
Technologies Inc.) under the following conditions: column, ACQUITY 
UPLC CSH C18 (1.7 μm, 2.1 × 50 mm) (Waters Corp.); flow, 0.8 mL/ 
min; linear gradient, 20%–99% acetonitrile in water containing 0.1% 
formic acid in 1.2 min; detection wavelength, 254 nm. All final com-
pounds had a purity of ≥ 95%. 

5.2. Synthesis of key compounds 

5.2.1. Methyl 2-[2-[2-[[5-chloro-2-[(2S)-2-piperidyl]pyrazolo[1,5-a]pyri-
midin-7-yl]-methyl-amino]ethylamino]-2-oxo-ethoxy]-5-fluorobenzoate 
(39c) 

To a solution of 38 (0.43 g, 1.25 mmol) in ethanol (12 mL) was added 
23a (0.44 g, 1.37 mmol, 1.1 eq) and triethylamine (1.7 mL, 12.5 mmol, 
10 eq), and the mixture was stirred at 70 ◦C for 0.5 h. The reaction 
mixture was poured into saturated aqueous sodium bicarbonate and 
extracted with chloroform. The organic layer was washed with brine, 
dried over magnesium sulfate, filtered, and concentrated under reduced 
pressure. The residue was purified using silica gel column chromatog-
raphy (NH 70% ethyl acetate in hexane) to obtain 39c (0.36 g, 0.694 
mmol, 56%) as a colorless amorphous substance. 

1H NMR (400 MHz, CDCl3) δ ppm 1.46–1.71 (m, 4H), 1.79–1.92 (m, 
1H), 1.95–2.03 (m, 1H), 2.75–2.83 (m, 1H), 3.14–3.21 (m, 1H), 3.23 (s, 
3H), 3.74 (q, J = 6.07 Hz, 2H), 3.80–3.86 (m, 4H), 4.34 (s, 2H), 4.40 (t, 
J = 5.99 Hz, 2H), 5.90 (s, 1H), 6.23 (s, 1H), 6.74–6.82 (m, 1H), 
7.16–7.24 (m, 1H), 7.54–7.60 (m, 1H), 8.35–8.44 (m, 1H), MS (ESI/ 
APCI dual) m/z: 519 [M + H]+

5.2.2. (18aS)-13-Chloro-2-fluoro-11-methyl-8,9,10,11,19,20,21,22- 
octahydro-18aH,24H-18,15-(metheno)pyrido[2,1-l]pyrimido[6,1-h] 
[1,4,7,9,10,13]benzoxapentaazacyclohexadecine-7,24(6H)-dione (41c) 

To a solution of 39c (0.36 mg, 0.694 mmol) in THF (7.0 mL) and 2- 
propanol (7.0 mL) was added 1 M aqueous sodium hydroxide (14 mL, 
13.9 mmol, 20 eq), and the mixture was stirred at 80 ◦C for 0.5 h. The 
reaction mixture was acidified with 1 M aqueous hydrochloric acid and 
extracted with chloroform. The organic layer was dried through a phase 
separator and concentrated under reduced pressure to obtain 2-[2-[2- 
[[5-chloro-2-[(2S)-2-piperidyl]pyrazolo[1,5-a]pyrimidin-7-yl]-methyl- 
amino]ethylamino]-2-oxo-ethoxy]-5-fluorobenzoic acid (40c) (0.40 g, 
0.792 mmol, quant.) as a colorless amorphous substance. This com-
pound was used in the next reaction without further purification. 

To a solution of 40c (0.40 g, 0.792 mmol) in N,N-dimethylforma-
mide (79 mL, 0.01 M) was added triethylamine (0.55 mL, 3.96 mmol, 
5.0 eq) and 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] 
pyridinium 3-oxide hexafluorophosphate (0.45 g, 1.19 mmol, 1.5 eq). 
After stirring at room temperature for 15 h, the reaction mixture was 
poured into saturated aqueous sodium bicarbonate and extracted with 
ethyl acetate/toluene (1:1). The organic layer was washed with brine, 
dried over magnesium sulfate, filtered, and concentrated under reduced 
pressure. The residue was purified using silica gel column chromatog-
raphy (OH 85% ethyl acetate in hexane to 7% methanol in chloroform) 
to obtain 41c (0.25 g, 0.518 mmol, 65%) as a yellow amorphous 
substance. 

1H NMR (400 MHz, CDCl3) δ ppm 1.41–2.21 (m, 5H), 2.31–2.42 (m, 
0.4H), 2.85–2.99 (m, 0.6H), 3.01–3.33 (m, 6.3H), 4.21–4.58 (m, 3.1H), 
4.75–4.85 (m, 0.6H), 4.97–5.03 (m, 0.6H), 5.03–5.15 (m, 0.4H), 
5.16–5.28 (m, 0.6H), 6.06 (s, 0.6H), 6.11 (s, 0.4H), 6.21 (s, 0.6H), 
6.30–6.37 (m, 0.4H), 6.56 (s, 0.4H), 6.80–6.89 (m, 1H), 6.98–7.11 (m, 

2H), 7.65–7.78 (m, 0.4H), 8.69–8.81 (m, 0.6H), 13C NMR (151 MHz, 
DMSO‑d6) δ ppm 19.7, 24.7, 29.8, 36.3, 37.3, 43.5, 46.9, 48.9, 54.0, 
70.6, 79.1, 91.0, 113.8, 116.4, 119.3, 130.1, 149.5, 150.2, 150.3, 150.8, 
155.2, 165.6, 167.3, MS (ESI/APCI dual) m/z: 487 [M + H]+

5.2.3. (18aS)-13-(Azetidin-1-yl)-2-fluoro-11-methyl- 
8,9,10,11,19,20,21,22-octahydro-18aH,24H-18,15-(metheno)pyrido[2,1- 
l]pyrimido[6,1-h][1,4,7,9,10,13]benzoxapentaazacyclohexadecine-7,24 
(6H)-dione (42c) 

To a solution of 41c (0.10 g, 0.205 mmol) in 1-methyl-2-pyrrolidone 
(1.5 mL) was added triethylamine (0.57 mL, 4.11 mmol, 20 eq) and 
azetidine (0.14 mL, 2.05 mmol, 10 eq). After stirring at 150 ◦C under 
microwave irradiation for 30 min, the reaction mixture was purified 
using reverse-phase preparative HPLC to obtain 42c (53 mg, 0.104 
mmol, 51%) as a colorless powder. 

1H NMR (600 MHz, DMSO‑d6) δ ppm 1.39–1.77 (m, 4H), 1.81–1.98 
(m, 1H), 2.05–2.12 (m, 0.7H), 2.15–2.21 (m, 0.3H), 2.26–2.35 (m, 2H), 
2.83 (s, 0.9H), 2.89 (s, 2.1H), 2.97–3.20 (m, 2.7H), 3.35–3.42 (m, 0.3H), 
3.80–3.89 (m, 0.3H), 3.93–4.10 (m, 6H), 4.47–4.55 (m, 1.7H), 
4.63–4.76 (m, 1.7H), 5.30 (s, 0.7H), 5.37 (m, 0.3H), 5.87 (s, 0.7H), 
5.96–6.00 (m, 0.3H), 6.08 (s, 0.3H), 7.09–7.15 (m, 0.7H), 7.15–7.28 (m, 
1.6H), 7.30–7.37 (m, 0.7H), 7.48–7.57 (m, 0.3H), 8.97 (d, J = 6.61 Hz, 
0.7H) 

13C NMR (151 MHz, DMSO‑d6) δ ppm 15.6, 19.8, 24.7, 29.5, 36.4, 
37.9, 43.6, 46.9, 48.3, 50.1, 54.0, 71.2, 78.0, 89.4, 113.7, 116.5, 120.0, 
130.7, 149.6, 150.3, 151.6, 153.4, 156.9, 158.5, 165.4, 167.5; HRMS 
ESI/APCI dual m/z calcd for C26H30FN7O3 [M + H]+ 508.2467, found 
508.2444 

5.2.4. Ethyl 3-(3-benzyloxycyclobutyl)-3-oxo-propanoate (52) 
To a solution of 3-benzyloxycyclobutanecarboxylic acid (5.3 g, 26 

mmol) in THF (86 mL) was added 1,1′-carbonyldiimidazole (6.3 g, 39 
mmol, 1.5 eq). After stirring at room temperature for 2.5 h, the reaction 
mixture was added to potassium 3-ethoxy-3-oxo-propanoate (8.7 g, 51 
mmol, 2.0 eq) and magnesium chloride (4.9 g, 51 mmol, 2.0 eq). After 
stirring at 65 ◦C for 2.5 h, the reaction mixture was cooled to room 
temperature and filtered through a pad of Celite®, and the filtrate was 
concentrated under reduced pressure. The residue was purified using 
silica gel column chromatography (OH 5%–20% ethyl acetate in hex-
ane) to obtain 52 (3.1 g, 11.5 mmol, 45%) as a colorless oil. 

1H NMR (400 MHz, CDCl3) δ ppm 1.23–1.32 (m, 3H), 2.14–2.34 (m, 
2H), 2.39–2.59 (m, 2H), 2.82–2.95 (m, 1H), 3.38–3.45 (m, 2H), 
3.93–4.05 (m, 1H), 4.13–4.24 (m, 2H), 4.37–4.47 (m, 2H), 7.27–7.37 
(m, 5H), MS (ESI/APCI dual) m/z: 277 [M + H]+

5.2.5. tert-Butyl (2S)-2-[5-(3-benzyloxycyclobutyl)-7-oxo-4H-pyrazolo 
[1,5-a]pyrimidin-2-yl]piperidine-1-carboxylate (54) 

To a solution of 52 (3.1 g, 11 mmol, 1.2 eq) in acetic acid (23 mL) 
was added tert-butyl (2S)-2-(5-amino-1H-pyrazol-3-yl)piperidine-1- 
carboxylate (2.5 g, 9.4 mmol). After stirring at 100 ◦C for 2.5 h, the 
reaction mixture was cooled to room temperature and was concentrated 
under reduced pressure. To a solution of the resulting residue in chlo-
roform (31 mL) was added triethylamine (2.6 mL, 19 mmol, 2.0 eq) and 
di-tert-butyl dicarbonate (2.0 g, 9.4 mmol, 1.0 eq). After stirring for 2 h 
at room temperature, the reaction mixture was poured into 0.5 M 
aqueous hydrochloric acid and extracted with chloroform. The organic 
layer was dried through a phase separator and concentrated under 
reduced pressure. The residue was purified using silica gel column 
chromatography (OH 50%–100% ethyl acetate in hexane) to obtain 54 
(4.0 g, 8.3 mmol, 88%) as a colorless amorphous substance. 

1H NMR (400 MHz, CDCl3) δ ppm 1.31–1.80 (m, 13H), 2.12–2.26 (m, 
2H), 2.42–2.56 (m, 0.8H), 2.57–2.88 (m, 3.4H), 3.01–3.17 (m, 0.8H), 
3.45–3.59 (m, 0.2H), 3.89–4.30 (m, 2.8H), 4.39–4.52 (m, 2H), 
5.34–5.46 (m, 1H), 5.51 (s, 0.8H), 5.60–5.81 (m, 1.2H), 7.28–7.43 (m, 
5H), 10.51–11.37 (m, 1H), MS (ESI/APCI dual) m/z: 479 [M + H]+
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5.2.6. tert-Butyl (2S)-2-{5-[(1 s,3R)-3-(benzyloxy)cyclobutyl]-7- 
chloropyrazolo[1,5-a]pyrimidin-2-yl}piperidine-1-carboxylate (55a) and 
tert-butyl (2S)-2-{5-[(1r,3S)-3-(benzyloxy)cyclobutyl]-7-chloropyrazolo 
[1,5-a]pyrimidin-2-yl}piperidine-1-carboxylate (55b) 

A solution of 4-dimethylaminopyridine (1.8 g, 15.0 mmol, 1.1 eq) in 
pyridine (68 mL) was cooled to 0 ◦C, and phosphorus oxychloride (8.7 
mL, 95.5 mmol, 7.0 eq) and 54 (6.5 g, 13.6 mmol) were added. After 
stirring at 65 ◦C for 0.5 h, the reaction mixture was cooled to room 
temperature and concentrated under reduced pressure. The residue was 
purified using silica gel column chromatography (OH ethyl acetate) and 
(OH 15% ethyl acetate in hexane) to obtain 55a (3.8 g, 7.76 mmol, 65%) 
as a pale yellow oil and 55b (0.90 g, 1.80 mmol, 15%) as a pale yellow 
oil. 

55a: 1H NMR (400 MHz, CDCl3) δ ppm 1.37–1.71 (m, 13H), 
1.82–1.96 (m, 1H), 2.34 (q, J = 9.01 Hz, 2H), 2.50 (d, J = 13.20 Hz, 1H), 
2.66–2.76 (m, 2H), 2.91 (t, J = 11.80 Hz, 1H), 3.07–3.20 (m, 1H), 
4.02–4.18 (m, 2H), 4.49 (s, 2H), 5.62 (brs, 1H), 6.49 (s, 1H), 6.80 (s, 
1H), 7.27–7.40 (m, 5H), 13C NMR (151 MHz, DMSO‑d6) δ ppm 19.3, 
24.7, 27.8, 28.0, 31.8, 35.7, 35.8, 68.1, 69.0, 78.9, 95.0, 107.3, 127.4, 
127.6, 128.1, 137.1, 138.3, 149.7, 154.5, 158.2, 163.3, MS (ESI/APCI 
dual) m/z: 497 [M + H]+

55b: 1H NMR (400 MHz, CDCl3) δ ppm 1.38–1.71 (m, 13H), 
1.81–1.97 (m, 1H), 2.45–2.57 (m, 3H), 2.61–2.72 (m, 2H), 2.85–2.98 
(m, 1H), 3.58–3.71 (m, 1H), 4.01–4.17 (m, 1H), 4.32–4.41 (m, 1H), 4.47 
(s, 2H), 5.63 (brs, 1H), 6.49 (s, 1H), 6.74 (s, 1H), 7.27–7.39 (m, 5H), 13C 
NMR (151 MHz, DMSO‑d6) δ ppm 19.4, 21.7, 27.3, 28.0, 31.0, 33.8, 
34.1, 44.2, 53.6, 69.2, 70.8, 79.2, 86.9, 92.2, 127.4, 127.6, 128.2, 138.3, 
142.5, 152.5, 154.4, 155.3, 155.9, 156.7, MS (ESI/APCI dual) m/z: 497 
[M + H]+

5.2.7. tert-Butyl (2S)-2-{5-[(1 s,3R)-3-(benzyloxy)cyclobutyl]-7-[(2-{2- 
[4-fluoro-2-(methoxycarbonyl)phenoxy]acetamido}ethyl)(methyl)amino] 
pyrazolo[1,5-a]pyrimidin-2-yl}piperidine-1-carboxylate (56a) 

To a solution of 55a (0.21 g, 0.425 mmol) in 1-methyl-2-pyrrolidone 
(4.2 mL) was added triethylamine (0.59 mL, 4.25 mmol, 10 eq) and 23a 
(0.19 g, 0.594 mmol, 1.4 eq). After stirring at 150 ◦C under microwave 
irradiation for 30 min, the reaction mixture was poured into water and 
extracted with ethyl acetate. The organic layer was washed with brine 
and dried over magnesium sulfate, filtered, concentrated under reduced 
pressure. The residue was purified using silica gel column chromatog-
raphy (OH 30%–70% ethyl acetate in hexane) to obtain 56a (0.11 g, 
0.145 mmol, 34%) as a colorless amorphous substance. 

1H NMR (400 MHz, CDCl3) δ ppm 1.36–1.66 (m, 12H), 1.76–1.89 (m, 
1H), 2.23–2.34 (m, 2H), 2.35–2.49 (m, 1H), 2.59–2.71 (m, 2H), 
2.78–2.91 (m, 1H), 2.94–3.06 (m, 1H), 3.21 (s, 3H), 3.71–3.85 (m, 5H), 
3.93–4.28 (m, 5H), 4.47 (s, 4H), 5.53 (brs, 1H), 5.83 (s, 1H), 6.17 (s, 
1H), 6.77–6.89 (m, 1H), 7.13–7.22 (m, 1H), 7.28–7.39 (m, 5H), 
7.52–7.61 (m, 1H), 8.24–8.36 (m, 1H), MS (ESI/APCI dual) m/z: 745 [M 
+ H]+

5.2.8. tert-Butyl (2S)-2-{5-[(1 s,3R)-3-(benzyloxy)cyclobutyl]-7-[(2-{2- 
[4-chloro-2-(methoxycarbonyl)phenoxy]acetamido}ethyl)(methyl)amino] 
pyrazolo[1,5-a]pyrimidin-2-yl}piperidine-1-carboxylate (56b) 

To a solution of 55a (6.7 g, 13.5 mmol) in N,N-dimethylformamide 
(68 mL) was added triethylamine (15.1 mL, 108 mmol, 8.0 eq) and 23b 
(6.4 g, 19.0 mmol, 1.4 eq). After stirring at 80 ◦C for 1 h, the reaction 
mixture was cooled and was poured into water and extracted with ethyl 
acetate/toluene (4/1). The organic layer was washed with brine and 
dried over magnesium sulfate, filtered, and concentrated under reduced 
pressure. The residue was purified using silica gel column chromatog-
raphy (OH 25%–100% ethyl acetate in hexane) to obtain 56b (9.1 g, 
11.9 mmol, 88%) as a colorless amorphous substance. 

1H NMR (400 MHz, CDCl3) δ ppm 1.33–1.69 (m, 12H), 1.75–1.90 (m, 
1H), 2.22–2.34 (m, 2H), 2.35–2.49 (m, 1H), 2.60–2.72 (m, 2H), 
2.78–2.91 (m, 1H), 2.94–3.07 (m, 1H), 3.20 (s, 3H), 3.70–3.86 (m, 5H), 
3.92–4.29 (m, 5H), 4.41–4.55 (m, 4H), 5.53 (brs, 1H), 5.83 (s, 1H), 6.17 

(s, 1H), 6.81 (d, J = 8.68 Hz, 1H), 7.28–7.46 (m, 6H), 7.83 (s, 1H), 
8.22–8.31 (m, 1H), MS (ESI/APCI dual) m/z: 761 [M + H]+

5.2.9. tert-Butyl (2S)-2-{5-[(1 s,3R)-3-(benzyloxy)cyclobutyl]-7-[(2-{2- 
[2-(methoxycarbonyl)-4-methylphenoxy]acetamido}ethyl)(methyl)amino] 
pyrazolo[1,5-a]pyrimidin-2-yl}piperidine-1-carboxylate (56c) 

According to the procedure described for 56a, the title compound 
56c was obtained as a colorless oil in a reaction with a 65% yield using 
23c instead of 23a. 

1H NMR (400 MHz, CDCl3) δ ppm 1.35–1.65 (m, 13H), 1.76–1.89 (m, 
1H), 2.22–2.35 (m, 5H), 2.39–2.50 (m, 1H), 2.56–2.73 (m, 2H), 
2.78–2.91 (m, 1H), 2.93–3.05 (m, 1H), 3.20 (s, 3H), 3.73–3.82 (m, 5H), 
3.94–4.10 (m, 2H), 4.11–4.19 (m, 2H), 4.43–4.51 (m, 4H), 5.53 (brs, 
1H), 5.77–5.85 (m, 1H), 6.16–6.20 (m, 1H), 6.77 (d, J = 8.44 Hz, 1H), 
7.27–7.39 (m, 6H), 7.66 (s, 1H), 8.33–8.45 (m, 1H), MS (ESI/APCI dual) 
m/z: 741 [M + H]+

5.2.10. (18aS)-13-[(1 s,3R)-3-(benzyloxy)cyclobutyl]-2-fluoro-11- 
methyl-8,9,10,11,19,20,21,22-octahydro-18aH,24H-18,15-(metheno) 
pyrido[2,1-l]pyrimido[6,1-h][1,4,7,9,10,13] 
benzoxapentaazacyclohexadecine-7,24(6H)-dione (58a) 

To a solution of 56a (0.11 g, 0.145 mmol) in methanol (0.5 mL) and 
THF (0.5 mL) was added 1 M aqueous sodium hydroxide (1.0 mL), and 
the mixture was stirred at room temperature for 0.5 h. The reaction 
mixture was acidified using 1 M aqueous hydrochloric acid and 
extracted with chloroform. The organic layer was washed with brine, 
dried over magnesium sulfate, filtered, and concentrated under reduced 
pressure to obtain 2-[2-[2-[[5-(3-benzyloxycyclobutyl)-2-[(2S)-1-tert- 
butoxycarbonyl-2-piperidyl]pyrazolo[1,5-a]pyrimidin-7-yl]methyl-
amino]ethylamino]-2-oxoethoxy]-5-fluorobenzoic acid (0.10 g, 0.141 
mmol. 97%) as a colorless oil. This compound was used in the next re-
action without further purification. 

To a solution of 2-[2-[2-[[5-(3-benzyloxycyclobutyl)-2-[(2S)-1-tert- 
butoxycarbonyl-2-piperidyl]pyrazolo[1,5-a]pyrimidin-7-yl]methyl-
amino]ethylamino]-2-oxoethoxy]-5-fluorobenzoic acid (0.10 g, 0.141 
mmol) in 1,4-dioxane (0.24 mL) was added 4 M hydrogen chloride in 
1,4-dioxane (0.47 mL). After stirring for 1 h at room temperature, the 
reaction mixture was concentrated under reduced pressure to obtain 
57a (96 mg, 0.144 mmol, quant.) as a colorless powder. This compound 
was used in the next reaction without further purification. 

To a solution of 57a (96 mg, 0.141 mmol) in N,N-dimethylforma-
mide (7.2 mL, 0.02 M) was added triethylamine (0.16 mL, 1.15 mmol, 
8.0 eq) and 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] 
pyridinium 3-oxide hexafluorophosphate (0.11 g, 0.288 mmol, 2.0 eq). 
After stirring at room temperature for 2 h, the reaction mixture was 
poured into saturated aqueous sodium bicarbonate and extracted with 
ethyl acetate. The organic layer was washed with brine, dried over 
magnesium sulfate, filtered, and concentrated under reduced pressure. 
The residue was purified using silica gel column chromatography (NH 
50%–90% ethyl acetate in hexane) to obtain 58a (72 mg, 0.118 mmol, 
82%) as colorless amorphous substance. 

1H NMR (400 MHz, CDCl3) δ ppm 1.63–1.92 (m, 3H), 1.96–2.44 (m, 
4H), 2.63–2.75 (m, 2H), 2.86–3.32 (m, 8H), 4.02–4.32 (m, 2H), 
4.33–4.60 (m, 4H), 4.71–4.81 (m, 0.6H), 4.87–5.10 (m, 2H), 5.99 (s, 
0.6H), 6.04 (s, 0.4H), 6.25 (s, 0.6H), 6.31–6.38 (m, 0.4H), 6.58 (s, 0.4H), 
6.80–6.89 (m, 1H), 6.97–7.09 (m, 2H), 7.29–7.40 (m, 5H), 7.75–7.82 
(m, 0.4H), 8.95–9.02 (m, 0.6H), MS (ESI/APCI dual) m/z: 613 [M + H]+

5.2.11. (18aS)-13-[(1 s,3R)-3-(Benzyloxy)cyclobutyl]-2-chloro-11- 
methyl-8,9,10,11,19,20,21,22-octahydro-18aH,24H-18,15-(metheno) 
pyrido[2,1-l]pyrimido[6,1-h][1,4,7,9,10,13] 
benzoxapentaazacyclohexadecine-7,24(6H)-dione (58b) 

According to the procedure described for 58a, the title compound 
58b was obtained from 56b as a colorless amorphous substance in a 
reaction with an 89% yield. 

1H NMR (400 MHz, CDCl3) δ ppm 1.63–1.93 (m, 3H), 1.95–2.43 (m, 
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4H), 2.61–2.77 (m, 2H), 2.84–3.32 (m, 8H), 4.02–4.31 (m, 2H), 
4.33–4.59 (m, 4H), 4.70–4.80 (m, 0.6H), 4.84–5.06 (m, 2H), 5.98 (s, 
0.6H), 6.04 (s, 0.4H), 6.26 (s, 0.6H), 6.31–6.37 (m, 0.4H), 6.57 (s, 0.4H), 
6.77–6.86 (m, 1H), 7.28–7.39 (m, 7H), 7.72–7.80 (m, 0.4H), 8.80–8.91 
(m, 0.6H), MS (ESI/APCI dual) m/z: 629 [M + H]+

5.2.12. (18aS)-13-[(1 s,3R)-3-(Benzyloxy)cyclobutyl]-2,11-dimethyl- 
8,9,10,11,19,20,21,22-octahydro-18aH,24H-18,15-(metheno)pyrido[2,1- 
l]pyrimido[6,1-h][1,4,7,9,10,13]benzoxapentaazacyclohexadecine-7,24 
(6H)-dione (58c) 

According to the procedure described for 58a, the title compound 
58c was obtained from 56c as a colorless amorphous substance in a 
reaction with an 89% yield. 

MS (ESI/APCI dual) m/z: 609 [M + H]+

5.2.13. (18aS)-2-Fluoro-13-[(1 s,3R)-3-hydroxycyclobutyl]-11-methyl- 
8,9,10,11,19,20,21,22-octahydro-18aH,24H-18,15-(metheno)pyrido[2,1- 
l]pyrimido[6,1-h][1,4,7,9,10,13]benzoxapentaazacyclohexadecine-7,24 
(6H)-dione (59a) 

To a solution of 58a (72 mg, 0.118 mmol) in methanol (1.2 mL) was 
added palladium hydroxide on carbon (36 mg). The reaction was flushed 
with hydrogen and stirred under a hydrogen atmosphere at 60 ◦C for 3 h. 
The reaction mixture was cooled to room temperature and filtered 
through a pad of Celite®, then concentrated under reduced pressure. 
The residue was purified using silica gel column chromatography (NH 
chloroform) to obtain 59a (56 mg, 0.11 mmol, 91%) as a colorless 
amorphous substance. 

1H NMR (600 MHz, DMSO‑d6) δ ppm 1.40–1.85 (m, 4H), 1.86–2.05 
(m, 1H), 2.07–2.30 (m, 3H), 2.44–2.55 (m, 1H), 2.89–3.23 (m, 6H), 
3.34–3.53 (m, 1H), 3.88–3.97 (m, 0.3H), 3.98–4.09 (m, 2.4H), 
4.20–4.27 (m, 0.3H), 4.47–4.57 (m, 1.7H), 4.60–4.66 (m, 0.3H), 
4.82–4.94 (m, 1.4H), 5.09–5.14 (m, 1H), 6.07–6.10 (m, 0.3H), 
6.15–6.19 (m, 0.7H), 6.21–6.24 (m, 0.3H), 6.32–6.36 (m, 0.7H), 
6.56–6.59 (m, 0.3H), 7.08–7.12 (m, 0.7H), 7.15–7.28 (m, 1.6H), 
7.34–7.38 (m, 0.7H), 7.52–7.56 (m, 0.3H), 8.85–8.90 (m, 0.7H), 13C 
NMR (151 MHz, DMSO‑d6) δ ppm 19.8, 24.7, 29.7, 31.9, 36.4, 36.6, 
38.0, 40.0, 43.6, 48.1, 54.0, 61.5, 71.0, 91.0, 92.4, 113.7, 116.5, 119.8, 
130.6, 149.3, 149.6, 151.6, 154.2, 156.9, 164.3, 165.5, 167.5, HRMS 
ESI/APCI dual m/z calcd for C27H31FN6O4 [M + H]+ 523.2464, found: 
523.2454 

5.2.14. (18aS)-2-Chloro-13-[(1 s,3R)-3-hydroxycyclobutyl]-11-methyl- 
8,9,10,11,19,20,21,22-octahydro-18aH,24H-18,15-(metheno)pyrido[2,1- 
l]pyrimido[6,1-h][1,4,7,9,10,13]benzoxapentaazacyclohexadecine-7,24 
(6H)-dione (59b) 

To a solution of 58b (4.5 g, 7.20 mmol) in acetonitrile (72 mL) was 
added chlorotrimethylsilane (4.6 mL, 36.0 mmol, 5.0 eq) and sodium 
iodide (5.4 g, 36.0 mmol, 5.0 eq). After stirring at 65 ◦C for 1 h, the 
reaction mixture was poured into saturated aqueous sodium thiosulfate/ 
saturated aqueous sodium bicarbonate (1/1) and extracted with ethyl 
acetate. The organic layer was washed with brine, dried over magne-
sium sulfate, filtered, and concentrated under reduced pressure. The 
residue was purified using silica gel column chromatography (OH 0%– 
20% methanol in chloroform) and silica gel column chromatography 
(NH 0%–12% methanol in chloroform) to obtain 59b (3.6 g, 6.75 mmol, 
94%) as colorless amorphous substance. 

1H NMR (400 MHz, CDCl3) δ ppm 1.42–2.29 (m, 6.6H), 2.34–2.43 
(m, 0.4H), 2.72–2.85 (m, 2H), 2.86–3.32 (m, 8H), 4.17–4.59 (m, 4.4H), 
4.70–4.80 (m, 0.6H), 4.88–5.10 (m, 1.6H), 5.95 (s, 0.6H), 6.01 (s, 0.4H), 
6.25 (s, 0.6H), 6.30–6.37 (m, 0.4H), 6.57 (s, 0.4H), 6.77–6.86 (m, 1H), 
7.27–7.34 (m, 2H), 7.76 (d, J = 7.82 Hz, 0.4H), 8.84 (d, J = 7.58 Hz, 
0.6H), MS (ESI/APCI dual) m/z: 539 [M + H]+

5.2.15. (18aS)-13-[(1 s,3R)-3-Hydroxycyclobutyl]-2,11-dimethyl- 
8,9,10,11,19,20,21,22-octahydro-18aH,24H-18,15-(metheno)pyrido[2,1- 
l]pyrimido[6,1-h][1,4,7,9,10,13]benzoxapentaazacyclohexadecine-7,24 
(6H)-dione (59c) 

According to the procedure described for 59a, the title compound 
59c was obtained from 58c as a colorless amorphous substance in a 
reaction with an 87% yield. 

1H NMR (400 MHz, CDCl3) δ ppm 1.60–2.43 (m, 7H), 2.73–3.36 (m, 
10H), 4.17–4.58 (m, 4.4H), 4.73–4.83 (m, 0.6H), 4.90–5.14 (m, 1.6H), 
5.92–5.96 (m, 0.6H), 5.97–6.01 (m, 0.4H), 6.24 (s, 0.6H), 6.34–6.41 (m, 
0.4H), 6.57 (s, 0.4H), 6.77 (d, J = 8.07 Hz, 1H), 7.07–7.17 (m, 2H), 
7.77–7.86 (m, 0.4H), 8.91–9.03 (m, 0.6H), MS (ESI/APCI dual) m/z: 519 
[M + H]+

5.2.16. (18aS)-2-Fluoro-13-[(1r,3S)-3-hydroxycyclobutyl]-11-methyl- 
8,9,10,11,19,20,21,22-octahydro-18aH,24H-18,15-(metheno)pyrido[2,1- 
l]pyrimido[6,1-h][1,4,7,9,10,13]benzoxapentaazacyclohexadecine-7,24 
(6H)-dione (60a) 

To a solution of 59a (55 mg, 0.11 mmol) in THF (1.1 mL) was added 
4-nitrobenzoic acid (26 mg, 0.158 mmol, 1.5 eq), 2.2 M diethyl azodi-
carboxylate in toluene (0.29 mL, 0.632 mmol, 6.0 eq) and triphenyl-
phosphine (0.17 g, 0.632 mmol, 6.0 eq). After stirring at 65 ◦C for 30 
min, the reaction mixture was cooled to room temperature and 
concentrated under reduced pressure. The residue was purified using 
silica gel column chromatography (NH 50%–100% ethyl acetate in 
hexane) to obtain (1S,3r)-3-[(18aS)-2-fluoro-11-methyl-7,24-dioxo- 
6,7,8,9,10,11,19,20,21,22-decahydro-18aH,24H-18,15-(metheno)pyr-
ido[2,1-l]pyrimido[6,1-h][1,4,7,9,10,13]benzoxapentaazacyclohex-
adecin-13-yl]cyclobutyl 4-nitrobenzoate (74 mg, 0.11 mmol, quant.) as 
colorless amorphous substance. 

MS (ESI/APCI dual) m/z: 672 [M + H]+

To a solution of (1S,3r)-3-[(18aS)-2-fluoro-11-methyl-7,24-dioxo- 
6,7,8,9,10,11,19,20,21,22-decahydro-18aH,24H-18,15-(metheno)pyr-
ido[2,1-l]pyrimido[6,1-h][1,4,7,9,10,13]benzoxapentaazacyclohex-
adecin-13-yl]cyclobutyl 4-nitrobenzoate (73 mg, 0.11 mmol) in THF 
(1.1 mL) was added 1 M aqueous sodium hydroxide (1.1 mL), and the 
mixture was stirred at room temperature for 1.5 h. The reaction mixture 
was neutralized by 1 M aqueous hydrochloric acid and extracted with 
chloroform. The organic layer was dried over magnesium sulfate, 
filtered, and concentrated under reduced pressure. The residue was 
purified using silica gel column chromatography (OH 0%–5% methanol 
in chloroform) to obtain 60a (41 mg, 0.078 mmol, 72%) as a colorless 
amorphous substance. 

1H NMR (600 MHz, DMSO‑d6) δ ppm 1.41–1.86 (m, 4H), 1.86–2.06 
(m, 1H), 2.14–2.30 (m, 3H), 2.44–2.55 (m, 1H), 2.93 (s, 0.9H), 2.98 (s, 
2.1H), 3.01–3.22 (m, 3H), 3.34–3.53 (m, 1.6H), 3.87–3.97 (m, 0.3H), 
3.98–4.10 (m, 1.4H), 4.20–4.29 (m, 0.3H), 4.33–4.43 (m, 1H), 
4.48–4.58 (m, 1.4H), 4.60–4.65 (m, 0.3H), 4.82–4.95 (m, 1.4H), 
5.03–5.09 (m, 1H), 6.06–6.10 (m, 0.3H), 6.16 (s, 0.7H), 6.22 (s, 0.3H), 
6.35 (s, 0.7H), 6.58 (s, 0.3H), 7.09–7.13 (m, 0.7H), 7.16–7.29 (m, 1.6H), 
7.35–7.38 (m, 0.7H), 7.53–7.56 (m, 0.3H), 8.88 (d, J = 7.02 Hz, 0.7H), 
13C NMR (151 MHz, DMSO‑d6) δ ppm 19.8, 24.7, 29.7, 33.9, 36.6, 37.7, 
38.0, 40.0, 43.6, 48.1, 54.0, 63.9, 71.0, 91.3, 92.5, 113.7, 116.5, 119.8, 
130.5, 149.6, 150.4, 151.6, 154.2, 156.9, 165.5, 165.7, 167.5, HRMS 
ESI/APCI dual m/z calcd for C27H31FN6O4 [M + H]+ 523.2464, found: 
523.2450 

5.2.17. (18aS)-2-Chloro-13-[(1r,3S)-3-hydroxycyclobutyl]-11-methyl- 
8,9,10,11,19,20,21,22-octahydro-18aH,24H-18,15-(metheno)pyrido[2,1- 
l]pyrimido[6,1-h][1,4,7,9,10,13]benzoxapentaazacyclohexadecine-7,24 
(6H)-dione (60b) 

According to the procedure described for 60a, the title compound 
60b was obtained from 59b as a colorless amorphous substance in a 
reaction with a 54% yield. 

1H NMR (600 MHz, DMSO‑d6) δ ppm 1.43–1.85 (m, 4H), 1.87–1.96 
(m, 0.7H), 1.97–2.05 (m, 0.3H), 2.14–2.29 (m, 3H), 2.44–2.55 (m, 1H), 
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2.93 (s, 0.9H), 2.98 (s, 2.1H), 3.03–3.23 (m, 2.7H), 3.37–3.57 (m, 1.6H), 
3.86–3.94 (m, 0.3H), 4.01–4.08 (m, 0.7H), 4.11 (d, J = 14.04 Hz, 0.7H), 
4.16–4.22 (m, 0.3H), 4.34–4.44 (m, 1H), 4.50–4.56 (m, 1.7H), 4.65 (d, J 
= 14.86 Hz, 0.3H), 4.83–4.91 (m, 1.4H), 5.04–5.08 (m, 1H), 6.05–6.09 
(m, 0.3H), 6.16 (s, 0.7H), 6.22 (s, 0.3H), 6.36 (s, 0.7H), 6.58 (s, 0.3H), 
7.08 (d, J = 8.67 Hz, 0.7H), 7.19 (d, J = 8.67 Hz, 0.3H), 7.39–7.46 (m, 
1.3H), 7.51–7.55 (m, 1H), 8.73 (d, J = 7.43 Hz, 0.7H), 13C NMR (151 
MHz, DMSO‑d6) δ ppm 19.8, 24.7, 29.7, 33.9, 36.7, 37.7, 38.1, 43.6, 
48.2, 54.1, 63.9, 70.0, 79.1, 91.3, 92.6, 118.8, 126.4, 129.8, 130.4, 
149.5, 151.6, 151.9, 154.1, 155.5, 165.4, 165.6, 167.3, HRMS ESI/APCI 
dual m/z calcd for C27H31ClN6O4 [M + H]+ 539.2168, found: 539.2152 

5.2.18. (18aS)-13-[(1r,3S)-3-Hydroxycyclobutyl]-2,11-dimethyl- 
8,9,10,11,19,20,21,22-octahydro-18aH,24H-18,15-(metheno)pyrido[2,1- 
l]pyrimido[6,1-h][1,4,7,9,10,13]benzoxapentaazacyclohexadecine-7,24 
(6H)-dione (60c) 

According to the procedure described for 60a, the title compound 
60c was obtained from 59c as a colorless amorphous substance in a 
reaction with a 96% yield. 

1H NMR (600 MHz, DMSO‑d6) δ ppm 1.37–1.88 (m, 4.7H), 1.92–2.02 
(m, 0.3H), 2.07–2.26 (m, 3H), 2.28 (s, 0.9H), 2.30 (s, 2.1H), 2.45–2.55 
(m, 1H), 2.90–3.01 (m, 3H), 3.02–3.17 (m, 2.6H), 3.20–3.26 (m, 0.3H), 
3.36–3.58 (m, 1.4H), 3.84–3.92 (m, 0.3H), 3.97–4.08 (m, 1.7H), 
4.16–4.24 (m, 0.3H), 4.33–4.43 (m, 0.7H), 4.44–4.49 (m, 1H), 
4.53–4.62 (m, 1H), 4.83–4.92 (m, 1.4H), 5.03–5.15 (m, 1H), 6.07–6.11 
(m, 0.3H), 6.14–6.18 (m, 0.7H), 6.20–6.23 (m, 0.3H), 6.33–6.38 (m, 
0.7H), 6.54–6.58 (m, 0.3H), 6.92–6.95 (m, 0.7H), 7.01–7.04 (m, 0.3H), 
7.10–7.20 (m, 2H), 7.54–7.60 (m, 0.3H), 8.86–8.92 (m, 0.7H), 13C NMR 
(151 MHz, DMSO‑d6) δ ppm 19.8, 20.1, 24.9, 29.8, 33.9, 36.6, 37.7, 
40.0, 43.5, 48.1, 54.0, 63.9, 70.7, 79.1, 91.2, 92.5, 117.6, 126.9, 128.8, 
130.4, 132.7, 149.5, 151.1, 151.6, 154.3, 165.7, 167.1, 167.7, HRMS 
ESI/APCI dual m/z calcd for C28H34N6O4 [M + H]+ 519.2714, found: 
519.2706 

5.3. NMR analysis 

For the EXSY (EXchange SpectroscopY) analysis,47,48 each com-
pound was dissolved in DMSO‑d6 at 10 mg/mL. Spectra were recorded 
using a JNM-ECA500 spectrometer (JEOL) with a mixing time of 0.5 s 
and relaxation delay of 10 s. Compounds 42c and 60b produced clear 
exchange signals sufficient for analysis at room temperature. Further-
more, the exchange rates for 42a, which showed no exchange signals at 
room temperature, were predicted by extrapolating an Arrhenius plot 
from 60 ◦C to 90 ◦C. The detailed calculation method of rotational half- 
lives of the compounds (42a, 42c, 60b) and their EXSY spectra are 
described in Supporting Information. 

6. Biological assay protocols 

6.1. Cells and viruses 

HEp-2 cells were purchased from DS Pharma Biomedical Co., Ltd. 
(Osaka, Japan) and cultured in minimum essential medium (MEM) 
supplemented with 10% fetal bovine serum (FBS), 50 μg/mL genta-
micin, and 600 μg/mL L-glutamine. RSV A2 (ATCC VR-1540) was pur-
chased from the American Type Culture Collection (Manassas, VA, 
USA). RSV A2 with the D486N mutation in F protein was selected by 
serial passage in the presence of a pyrazolo[1,5-a]pyrimidine derivative 
9c (N-[(1S)-1-{5-[(3S)-3-aminopyrrolidin-1-yl]-6-methylpyrazolo[1,5- 
a]pyrimidin-2-yl}propyl]-5-chloro-2-[(methanesulfonyl)amino]-N- 
methylbenzamide), as described in our previous report.45 The mutant 
was confirmed to have no other mutations in the F gene by a genotypic 
analysis. 

6.2. Antiviral assay 

HEp-2 cells were cultured in 96-well plates overnight, and the test 
compounds were added after dilution with MEM supplemented with 2% 
FBS, 100 units/mL penicillin, 100 μg/mL streptomycin and 300 μg/mL L- 
glutamine. The cells were then infected with RSV A2 or D486N. After 
incubation at 37 ◦C, 5% CO2 for 4 d, the RSV-induced CPE was deter-
mined by adding XTT reagent. The concentration of the test compound 
required to inhibit the CPE by 50% (EC50) was calculated using the least 
squares method. 

6.3. Molecular docking and molecular dynamics simulation 

A molecular docking simulation of compound 60b with RSV A2 was 
performed using the CDOCKER algorithm in Discovery Studio 2017 R2. 
The input coordinates of RSV A2 were obtained from the X-ray co-
ordinates of RSV A2 complexed with its inhibitor JNJ-2408068 (PDB 
entry 5EA3). The “Input Site Sphere” parameter for CDOCKER was 
defined using the position of JNJ-2408068. Hydrogen atoms were 
added, and the ionization states were assigned using the Protonate-3D 
function of the Molecular Operating Environment program (MOE);49 

the positions of the hydrogen atoms were then optimized using the 
Amber10 forcefield implemented in MOE. 

The molecular dynamics (MD) simulation was performed using the 
Standard Dynamics Cascade algorithm in Discovery Studio 2017 R2.50 

The input coordinates were obtained from the result of the molecular 
docking simulation of RSV A2 and compound 60b. A CHARMm force-
field and GBSW model were applied to the compounds and solvent, 
respectively. A production MD of 1.0 ns was performed using the well- 
equilibrated system at a temperature of 300 K. 

6.4. Parallel artificial membrane permeability assay (PAMPA) 

Membrane permeability was evaluated using the PAMPA Evolution 
instrument (pION Inc., Billerica, MA, USA). The permeation of a test 
compound across an artificial membrane was quantified using a UV 
plate reader after 4 h of incubation at room temperature. The apparent 
permeability at pH6.2 was calculated using PAMPA Evolution software 
(pION Inc.). 

6.5. Metabolism-dependent inhibition (MDI) 

A test compound was pre-incubated for 0 or 30 min with 10 × HLMs 
(0.5 mg protein/mL) at 37 ◦C in sodium–potassium phosphate buffer 
(pH7.4) containing a β–nicotinamide-adenine dinucleotide phosphate 
(NADPH)-regenerating system. At the end of the pre-incubation period, 
an aliquot of the reaction mixture was diluted (10-fold) into a secondary 
incubation buffer containing a probe substrate for CYP3A (testosterone, 
250 μM) and a β–NADPH–regenerating system. Secondary incubation 
was performed for 10 min, and the reaction was terminated by the 
addition of acetonitrile containing an internal standard. The precipi-
tated protein was removed by centrifugation, and the supernatant was 
subjected to liquid chromatography/tandem mass spectrometry. The 
percent inhibition of probe metabolism with 0-min or 30–min of pre- 
incubation was calculated, and the metabolic-dependent inhibition 
was calculated as the percent inhibition difference between 0-min and 
30-min of pre-incubation. 

6.6. Plasma protein binding 

The protein binding of the test compounds in human and mouse 
plasma was evaluated using the equilibrium dialysis method. Equilib-
rium dialysis was conducted on a 96-well Equilibrium Dialysis Device 
(HTDialysis, LLC, Gales Ferry, CT, USA) with a 12 to 14-kDa cutoff 
dialysis membrane. A test compound was dissolved in DMSO and spiked 
into the blank plasma at a final concentration of 1 μg/mL. The plasma 
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sample was equilibrated with phosphate buffer (pH7.4) at 37 ◦C in 5% 
CO2 for 4 h. After dialysis, the concentrations of the test compound in 
plasma and phosphate buffer were determined using a liquid 
chromatography-tandem mass spectrometry method. The protein bind-
ing (%) was calculated based on the instruction manual for the 96-well 
plate. 
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