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ABSTRACT: In humans, bitter taste is mediated by 25 TAS2Rs.
Many compounds, including certain active pharmaceutical
ingredients, excipients, and nutraceuticals, impart their bitter
taste (or in part) through TAS2R8 activation. However, effective
TAS2R8 blockers that can either suppress or reduce the bitterness
of these compounds have not been described. We are hereby
reporting a series of novel 3-(pyrazol-4-yl) imidazolidine-2,4-
diones as potent and selective TAS2R8 antagonists. In human
sensory tests, S6821 and S7958, two of the most potent analogues
from the series, demonstrated efficacy in blocking TAS2R8-
mediated bitterness and were selected for development. Following
data evaluation by expert panels of a number of national and
multinational regulatory bodies, including the US, the EU, and Japan, S6821 and S7958 were approved as safe under conditions of
intended use as bitter taste blockers.

■ INTRODUCTION

Taste and taste modulation research has long been driven by
sensory evaluation with the tongue as the sole testing tool. It
was not until recently, with the discovery and characterization
of many vertebrate taste receptors,1−3 that taste research has
evolved to using high-throughput screening assays and
medicinal chemistry tools to identify and optimize ligands
(agonists, antagonists, and positive allosteric modulators) that
interact with taste receptors to impart specific taste modalities
(Figure 1).1,2,4−9 Tremendous progress has been made toward
the understanding of the taste signaling mechanism1,2,4,8−12

and the development of assays to evaluate the response of taste
receptors to various ligands. Umami and sweet tastes are
mediated by TAS1R1/TAS1R3 and TAS1R2/TAS1R3,
respectively, which are heterodimeric G-protein coupled
receptors (GPCRs).13 Sour and salty tastes, for their part,
are believed to be mediated by ion channels.8,9,12,14 Early
research suggested that the dimeric complex PKD1L3/
PKD2L1, a member of the TRP family of ion channels, is a
potential candidate receptor for sour taste.15 However, Horio
et al. later demonstrated that PKDs only contribute partly to
the detection of sour taste in mice, thus pointing at the
involvement of other receptors in sour taste mediation.16 More
recently, the work by Tu et al. identified otopetrin1 (OTOP1),
a proton permeable protein that also plays a key role in the
formation of gravity-sensing calcium carbonate crystals in the
utricle of the ear, as being the sour taste receptor.8,9,17−19 For

salt taste perception in rodents, ENaC has been shown to
participate, at least partially, but it does not seem to play a
significant role in human salt taste perception.14 Other
candidate salt receptors are still under evaluation.
Strikingly, bitter taste is mediated by a large family of

GPCRs called TAS2Rs (or T2Rs).20−24 A single TAS2R can
recognize a diverse variety of bitter ligands, and a bitter
compound can activate multiple TAS2Rs.5,7,25,26 Bitter taste
receptors are present throughout the body and believed to be
also implicated in nontaste related roles, including the
mediation of many human health conditions and diseases.27−38

Humans have 25 full-length TAS2Rs, which are highly
divergent in sequence, sharing only 30−70% amino acid
homology.39 Additionally, there are more than 150 single
nucleotide polymorphisms among individual TAS2R
genes,3,40−43 several of which are responsible for variation in
the liking and in the intensity of human bitter taste perception
of various bitter tastants.43−55 For TAS2R8, there are 5 known
variants causing amino acid changes.40,56 Those variants add
more diversity to the already complex machinery of bitter taste
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perception that has been built over millions of years of
evolution and is believed to be a means of selecting safe-to-
ingest nutrients; however, a clear correlation between bitter-
ness and toxicity has not yet been established.57 In fact, while
many toxic compounds are known to impart a bitter taste
response,58−60 many medicines and compounds with poten-
tially beneficial properties have also been described as
exhibiting a bitter taste.6,7,61−63 Thus, the development of
bitter taste modulators is essential not only as a means to
generate tools for studying the physiological function of bitter
taste receptors but also as an approach to improve the
palatability of foods, beverages, and ingestible pharmaceuticals
associated with bitter taste. Despite nutrition and health
benefits, the bitterness of certain foods, beverages, and drug
formulations is the cause of a high rate of noncompliance by
consumers and patients. In the case of drugs such as
antibiotics, noncompliance may lead to the development of
resistance, the worsening of symptoms, and an increase in
treatment cost. Although the use of sweeteners and taste-
masking techniques have been helpful in alleviating the
bitterness associated with certain active pharmaceutical
ingredients (APIs) and consumable goods, these techniques
are often limited to certain applications or come with their own
palatability issues. For example, coating techniques cannot be
used for liquid drugs, some popular sweeteners (e.g., RebA)
are known to have a bitter off-taste themselves, and some are
simply incompatible with certain formulations. Thus, there is
still a pressing need for new APIs for bitter taste blockers.6,64,65

Moreover, many consumers find coffee too bitter, adding many
grams of sugar to enhance palatability. With that in mind, we
sought to leverage our bitter taste receptor technology
platform to develop bitter taste receptor antagonists as
bitterness modulation alternatives that could effectively
alleviate the bitterness imparted by coffee, beverages, foods,
and APIs.
The identification of potent bitter taste antagonists has been

challenging.38 In fact, only a few antagonists of several of the

25 TAS2Rs have been reported to date.5,25,66−74 Herein, we
describe the discovery and optimization of a new class of bitter
antagonists typified by S6821 and S7958. These two
compounds block the activation of the human bitter taste
receptor TAS2R8 in the receptor assay with high potency and
selectivity,75 effectively attenuate the bitterness of coffee, and
display very good safety profiles.

■ RESULTS AND DISCUSSION
Identification of Most Relevant TAS2Rs for Coffee

Bitterness. Although many bitter components of coffee are
known,76−78 we decided not to focus our attention on a single
or a small set of bitter agonists from coffee. Arguably, some
individual bitter components may already have their own
bitterness blocker(s) within the coffee extract. Such a bitter
component may not be the main contributor of coffee
bitterness even if it is the most bitter compounds when
compared to other compounds of the extract in their pure
forms. Instead, we sought to identify the most relevant
receptor mediating coffee bitterness and to develop antagonists
of the said receptor. We hypothesized that blocking the most
relevant coffee TAS2R(s) would lead to a more sizable coffee
bitterness reduction effect. We also reasoned that the
fractionation, taste testing, and receptor profiling of bitter
coffee fraction(s) could lead to the identification of the most
relevant TAS2R(s) mediating coffee bitterness. Thus, a
commercial Nestle 100% Arabica dark roast instant coffee
sample was hot-extracted and submitted to fractionation by
reverse-phase HPLC. A total of 5 fractions were generated,
lyophilized, and evaluated in sensory for bitterness. Of the 5
fractions, fraction F4 was rated as the most bitter by sip and
spit taste testing. Subsequently, fraction F4 was screened for
the activation of TAS2Rs with cells transiently overexpressing
TAS2Rs and the promiscuous, chimeric G protein G16t44.79

In our hands, the assays with G16t44 (Gα16 with the last 44
amino acids replaced by those from transducin) give larger
signals than other G-protein constructs. The results indicated

Figure 1. Taste receptors and examples of ligands or tastants.1,2,4,5,8,9
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that fraction F4 mainly and strongly activated TAS2R8 and
TAS2R14. Dose−response curves of F4 activation of TAS2R8
and TAS2R14 were subsequently generated (Figure 2). It is

worth noting that TAS2R8 is not one of the bitter taste
receptors previously reported to be activated by caffeine,
namely, TAS2R7, TAS2R10, TAS2R14, TAS2R43, and
TAS2R46.7 Interestingly, caffeine is believed to contribute to
less than 20% of overall coffee bitterness.78 Hence, based on
our data, we hypothesized that TAS2R8 antagonists may
significantly reduce the perceived bitterness of coffee.
Library Screening and Background SAR. Using a

typical microtiter plate FLIPR calcium mobilization assay
developed with recombinant cells overexpressing TAS2R8 and
a promiscuous G protein,79 we screened a collection of over
200000 compounds from our corporate collection for
antagonist activity on TAS2R8. For the purpose of screening,
andrographolide (Figure 3) was used as the surrogate TAS2R8
agonist in the assay; the concentration of andrographolide used
in the screening was set to its EC80 value.
Our initial screening campaign identified about 500

compounds (0.25% hit rate) demonstrating at least 50%
inhibition of the andrographolide agonist activity at 10 μM.
Subsequent confirmation and dose−response assays further
refined the hit list to 9 compounds with the greatest potency
(0.005% of initial library). The most potent compound was
S5033 with an IC50 of 2.3 μM in the assay (Figure 4).
Following the identification of S5033, we conducted a cluster
analysis of the initial 500 primary hits to identify S5033-related
analogues. A structure activity relationship (SAR) analysis of
the S5033-related analogues revealed that compounds
featuring the pyrazolylmethyl-3,5-dimethylisoxazole moiety,
depicted as “A”, (Figure 4) exhibit high TAS2R8 antagonist
activity relative to the other S5033 analogues. Although not
extensively investigated, any change on “A” resulted in a
significant decrease in activity. A snapshot of the representative
analogues showcasing modifications on moiety “A” and their
impacts on the compounds’ activity is provided in the
Supporting Information. This article will focus on optimization
efforts based on systematic modifications of the linker and “B”
moiety.
Optimization Based on the B moiety. To quickly

evaluate the SAR around modifications of the B moiety, a small
library of compounds with generic structure 7 was generated
by reacting 1-((3,5-dimethylisoxazol-4-yl)methyl)-1H-pyrazol-

4-amine hydrochloride 6 with a set of more than 120
commercially available carboxylic acids. The carboxylic acids
were selected so that the corresponding amide coupling
products 7 would have a clogP < 4 and a molecular weight
<400. The selection also included a variety of appending
substituents in order to increase the diversity. It is worth
mentioning that the above-mentioned clogP and molecular
weight criteria were selected primarily for achieving good
solubility. Since the bitter taste receptors are located at the
upper surface of the tongue and are thus readily accessible, we
prefer compounds with rather poor bioavailability as a means
to minimizing unnecessary systemic exposure. The key
building block 6 was generated following the sequence of
reactions depicted in Scheme 1. In brief, compound 3 was
conveniently prepared from commercially available 4-(chlor-
omethyl)-3,5-dimethylisoxazole 1 and ethyl 1H-pyrazole-4-
carboxylate 2. Treatment of 3 with hydrazine in ethanol under
refluxing conditions yielded compound 4, which was then
treated with acidic sodium nitrite to furnish the acyl azide 5.
Finally, Curtis’ rearrangement of 5 in tert-BuOH led to the
corresponding Boc-protected amine, which was subsequently
treated with hydrochloric acid to yield the desired amine
hydrochloride building block 6. With the amine building block
6 now in hand, the desired amide library was generated by
parallel synthesis by coupling amine 6 and the selected set of
carboxylic acids (Scheme 1) followed by HPLC purification.
As shown in the representative set of analogues summarized

in Table 1, removing the thioethyl group of S5033 yielded the
3-pyridyl analogue 9, which was found to exhibit almost a 2-
fold increase in potency. The 2-pyridyl and 4-pyridyl analogues
8 and 10 were two- and 3-fold less active, respectively, when
compared to the 3-pyridyl (9). Replacing the thioethyl group
of S5033 with a methoxy group produced compound 11 with
almost a 2-fold improvement in potency. Moving the methoxy
group to the 4 position (13) and 5 position (12) further
improved the potency. It is worth noting that the potency of
the 2-methoxy-3-pyridyl analogue 11 was very close to that of

Figure 2. Activation of TAS2R8 and TAS2R14 by coffee fraction F4.

Figure 3. Andrographolide structure and activation of TAS2R8.
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the simple 3-pyridyl analogue 9. A similar pattern is observed
for the simple phenyl series where the activity of 14 remains
nearly unchanged with the addition of a methoxy group at the
ortho position (15) but increases to almost 3-fold when the
methoxy group is moved to either the meta position (16) or
the para position (17). Uncapping the methoxy groups to form
the corresponding ortho-phenol 18, meta-phenol 19, and para-
phenol analogues 20, resulted in a slight increase in potency for
all three analogues. We also observed that fused biaryl

analogues such as indole 21, benzodioxole 23, and
benzodioxine 24 exhibited submicromolar activities. In
contrast, the TAS2R8 antagonist activity of the benzoxazole
analogue 22 was significantly lower than the other biaryl
analogues. Phenyl analogues combining various substituents
were also synthesized. While some combinations, such as 25
which combines the 16 and 17 substituents, were not
advantageous, others, including 26 (combining 15 and 16
substituents), resulted in compounds with improved potency.
Several 5-membered aryl analogues were also synthesized but
most of them were only moderately active (e.g., 27).
While this evaluation provided compounds with good

potency in the assay (e.g., 23), we felt that such level of
potency was still insufficient to allow use levels that are low
enough to warrant regulatory approval in many parts of the
globe as a bitter taste modifying ingredient. Thus, further
improvement of potency was deemed necessary. With the
valuable SAR insights obtained from these compounds, we
moved to the evaluation of the amide linker as a way of finding
other opportunities to improve the potency.

Linker Optimization. Initial linker modifications were
built around compound 14, which is the core structure of the
most potent set of compounds from early evaluations (e.g.,
14−26) and would allow us to use a range of commercially
available building blocks without the need for laborious
syntheses. The set of compounds generated as part of this
evaluation is shown in Table 2. Compounds 32, 33, and 34
were prepared in the similar manner as in Scheme 1 from the
amine 6 and the corresponding carboxylic acids. Compounds
28−31, and 35 were all synthesized in one step by treating the
amine hydrochloride building block 6 with the appropriate
electrophile in the presence of a base either at room
temperature or with heating (Schemes 2a and 2b). In some
cases, heating was performed under microwave (μW).
Compound 38 was prepared by a base- and heat-promoted

Figure 4. Structure, graphical SAR strategy, and S5033 inhibition of TAS2R8 response to andrographolide.

Scheme 1. Synthesis of 7 and Generation of Corresponding
Library of Amidesa

aReagents and conditions: (a) Cs2CO3, DMF, 80 °C, 16 h; (b) N2H4,
EtOH, reflux, 48 h; (c) NaNO2, AcOH, H2O, 0 °C to room
temperature (RT), 30 min; (d) tert-BuOH, reflux, 6 h; (e) MeOH,
HCl, reflux, 2 h.
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reaction between the benzylurea 35 and ethyl 2-chloro-2-
oxoacetate 42 (Scheme 2a). Heating the urea 43 in the
presence of a sodium hydride led to the corresponding
imidazolidone intermediate 44 that was then reacted with
benzyl chloride 45 to furnish 36 (Scheme 2a). Finally,
compound 37 was synthesized in two steps starting with the
one-pot cascade formation of unsubstituted hydantoin
intermediate 48 from acyl azide 5 and the glycine ester 47,
followed by alkylation with benzyl bromide 49 (Scheme 2c).
Screening data collected from these linker modified

compounds are summarized in Table 2. Replacing the
carboxamide bond of 14 with the sulfonamide to form
compound 28 resulted in a loss of activity. Inserting a
methylene group between the amide nitrogen and the phenyl
ring of 14 to form the isoindolidone 29 induced an even higher
drop in potency. However, inserting a carboxyl rather than a
methylene group to form the isoindolidione 30 resulted in a
significant boost in potency, which was about 8-fold relative to
amide 14. Compounds with improved potencies were also
obtained when the phenyl analogue 14 was elongated by
insertion of methylene, ethylene, or propylene linkers between
the amide carbonyl and the phenyl group, resulting in

compounds 32, 33, and 34, respectively. Within this series of
compounds, the two carbon analogue 33 was found to provide
greater activity. Thus, we decided to evaluate further
modification of the linker without significant alteration of the
length with regard to compound 33. With that in mind, the
urea 35 and the corresponding imidazolidinones 36, 37, and
38 were synthesized. Although the urea 35, the imidazolidi-
none 36, and the imidazolidinetrione 38 were all less active
than 33, we were pleased to find that the hydantoin 37
exhibited a 2-fold potency improvement relative to 33. Thus,
from this set of analogues targeting optimization of the linker,
the isoindolidinone 30 and the hydantoin 37 emerged as the
two most potent analogues. Both compounds also have low
molecular weights, as desired at this stage of optimization: MW
= 322 for 30 and MW = 365 for 37.
In order to differentiate the two most potent compounds

and select the most promising lead for further optimization,
solubility and stability data for 30 and 37 were collected
(Table 3). The decision to collect high-temperature stability
data for these compounds, rather than simple shelf-life stability
data, was based on the need for the product candidates to be
stable for applications in foods, beverages, and pharmaceuticals

Table 1. Selected SAR Focusing on Substructure B Modifications
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that often require harsh processing conditions. The results
were clearly in favor of 37, which showed significantly better
stability, with 60% of the parent compound remaining after 24
h at 100 °C, pH 7.1 and >99% remaining after 24 h at 100 °C,
pH 2.8. Under the same conditions, 30 was significantly less
stable, where 5% was remaining after 24 h at 100 °C and pH
7.1 and 3% remaining after 24 h at 100 °C and pH 2.8. In
addition, with 12 μM solubility in a pH 7.1 buffer, the
isoindolidione 30 was about five times less soluble than the
hydantoin 37, which exhibited a 70 μM solubility under the
same conditions (Table 3). In light of these results, the
hydantoin 37 was selected as the lead compound for further
optimization.
SAR Refinement of the Lead Compound 37. With 37

now identified as the lead compound for further SAR
refinement, we decided to focus further modifications first on
the decoration of the benzyl group of 37 with small
substituents (e.g., 51−60) and the replacement of the benzene
ring with a variety of five- and six-membered alkyl and aryl
rings (e.g., 61 − 65). Thus, a small diverse library of about 50

analogues was generated. Selected members of the library are
shown in Table 4. For the synthesis of the desired analogues,
the key building block 48 was scaled up following the
procedure depicted in Schemes 2a−2c and then alkylated
under basic conditions using the appropriate building blocks
(Scheme 3). In cases where the substituent R was an ester, the
products were hydrolyzed to furnish the corresponding
phenols (e.g., 55 and 56) or carboxylic acids (e.g., 58).
Alternatively, 55 and 56 were prepared as in Scheme 5 with or
without protection of the phenol; however, using a protecting
group clearly improved both the yield and impurity profiles.
The latter carboxylic acid 58 was further modified by amide
coupling to yield analogues such as 59.
As far as TAS2R8 antagonist activity is concerned, a benzyl

group with small substituents such as fluorine, methyl,
methoxy, cyano, and hydroxyl was, in general, well tolerated
(51 − 56, Table 4); however, some (e.g., 54) were less active
than the lead compound 37. However, the hydroxyl group
appeared to be a substituent of choice, exhibiting double digit
nanomolar IC50 values regardless of its position on the benzyl
ring: 55, 56, and S6821 (Table 4 and Figure 5). The
introduction of carboxylic acid substituents (e.g., 58) resulted
in a drop of activity, whereas the corresponding esters (e.g.,
57) and small amides such as 59 improved the activity slightly
when compared to the lead compound 37; however, it is still
less potent than the corresponding hydroxyl analogues.
Extending the hydroxyl group to form hydroxyl-methyl
analogues (e.g., 60) resulted in a moderate drop of activity.
Alternatively, the phenyl ring of the benzyl group was also
replaced either with cycloalkyls (e.g., 62), heterocycloalkyls
(e.g., 63), or heteroaryls (e.g., 61, 64, and 65). While the
cyclohexylmethyl 62 retained the potency, the tetrahydrofur-
ylmethyl 63 was about 5-fold less potent than the lead
compound 37. On the other hand, the pyridylmethyl 61, the
pyrrazole 64, and the oxazolylmethyl 65 were all reasonably
well tolerated.
With this set of highly potent analogues identified, it was

necessary to assess them against the desired characteristics of
potential product candidates. For optimal use level and safety
margin, the compounds of interest were required to display
high in vitro TAS2R8 antagonist activity with at least a two-
digit nanomolar IC50 obtained from averaging several sets of
data from different screening days. To allow for a convenient
formulation in various media, the solubility at pH 7.1 was
required to be at least 50 μM and 1000 times greater than the
IC50. The desired compounds were also required to exhibit less
than 5% degradation under most standard processing
conditions, which include retorting (up to 60 min at 124
°C) and ultra-high-temperature processing (UHT, 30 s at 140
°C). Ultimately, the compound should exhibit an excellent
safety profile. With this set of characteristics in mind, a
sequential profiling of our most potent compounds, including
compounds 51, 53, and S6821 (Table 4), was undertaken.
Like 51 and 53, some compounds exhibiting the desired

potency had solubility far less than the desired 1000 times IC50
(Table 4). Thus, these compounds were not further
considered. Since compound S6821 satisfied both potency
and solubility requirements, its stability was assessed under a
variety of storage and processing conditions. The results are
summarized in Table 5. In fact, while S6821 was very stable
under most of the conditions tested, considerable degradation
was observed when a solution of S6821 at pH 7.1 was heated
either at 100 °C for 24 h or for 60 min at 124 °C. Degradation

Table 2. Selected SAR Focusing on Linker Modifications
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of S6821 was also observed in strongly basic solutions, e.g.,
∼20% remaining in pH 9.3 after 24 h at RT. In all these cases,
the degradative pathway was found to be the hydrolytic
opening of the hydantoin ring of S6821 to form 66. The latter
reaction is, however, reversible, with 66 rapidly cyclizing back
to S6821 below neutral pH (Scheme 4).
To see if the antagonist activity of S6821 on TAS2R8 was

reversible, we conducted a ratiometric calcium imaging
experiment using a multichannel perfusion system, so the
compounds could be applied reversibly or “washed out”
(Figure 6). In a preliminary set of experiments, we first
determined that a 5 min washout time by Hank’s balanced salt

solution (HBSS) was sufficient for cells to recover from agonist
stimulation with andrographolide (data not shown). Cells were
then repeatedly stimulated with either 100 μM andrographo-
lide or with 100 μM andrographolide and 1 μM S6821 (Figure
6A and B). As expected, 1 μM S6821 significantly blocked the
response of all andrographolide responding cells. Furthermore,
a complete recovery of the agonist activity was observed
following a brief 5 min washout, thus indicating that the
binding of S6821 to TAS2R8 is completely reversible. The
same results were also observed using 100 μM chloramphe-
nicol and 1 μM S6821 (Figure 7).
Further mechanistic investigations of the S6821 interaction

with TAS2R8 were also conducted. We performed a dose−
response analysis of TAS2R8 with increasing concentrations of
the agonist chloramphenicol and fixed concentrations of
S6821. Dose−response curves of TAS2R8 with chloramphe-
nicol alone resulted in an EC50 of 41 μM. Increasing the
concentrations of S6821, successively, resulted in successive
rightward shifts in the chloramphenicol dose−response curves.
At S6821 concentrations above 30 nM, the highest
chloramphenicol concentration (2 mM) could not be

Scheme 2a. Synthesis of Compounds 28, 29, 31, 35, 36, and 38a

aReagents and conditions: (a) Et3N, ACN, μW, 135 °C, 5 min; (b) NaH, DMF, μW, 150 °C, 10 min; (c) Et3N, ACN, reflux, 3 h; (d) NaH, ACN,
μW, 120 °C, 10 min.

Scheme 2b. Synthesis of Compound 30a

aReagents and conditions: (a) Cs2CO3, DMF, reflux, 80 °C, 3 h.

Scheme 2c. Synthesis of Compound 37a

aReagents and conditions: (a) toluene, reflux, 1 h; (b) Et3N, toluene, reflux, 16 h; (c) Cs2CO3, DMF, μW, 85 °C, 20 min.
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produced; a signal equivalent to the maximum receptor
response and higher concentrations of chloramphenicol
interfered with the assay. In fact, we observed that at

concentrations above 1−2 mM the assay response begins to
decrease. At these high concentrations, either (1) chloram-
phenicol begins to inhibit TAS2R8 or (2) some other
nonspecific inhibitory effect reduces the fluorescent signal.
While this observation could suggest an insurmountable
noncompetitive mechanism, the dose−response curve fits the
convergence to a similar value of Emax, the equidistant dextral
right shifts in the chloramphenicol dose−responses, and the
Schild regression analysis point to a surmountable competitive
mechanism of action (Figure 8).
S6821 antagonist profile was also evaluated with transiently

transfected cells for relative selectivity against a panel of 16
TAS2Rs, and the results are shown in Figure 9; the list of
agonists used for the panel screening and the corresponding
TAS2R targets are provided in Table 6. It was determined
from these studies that at concentrations up to 25 μM, S6821
exhibits high TAS2R8 selectivity across the entire panel of the
16 TAS2Rs screened (Figure 9 and Table 6). TAS2R8 activity
was inhibited by about 90% in the presence of 25 μM S6821,
and only TAS2R39 was also poorly antagonized. However,
although the effect of 25 μM S6821 on other TAS2Rs was
found to be poor, it would not be surprising to observe a more
promiscuous behavior at higher concentrations. In fact, despite
the low sequence similarity between TAS2Rs, bitter antago-
nists reported thus far have been shown to be promiscuous
toward a range of TAS2Rs.67,69

While the relatively high TAS2R8 selectivity of S6821 could
be viewed as a limitation to its antagonist effect on a broader
range of bitter tastants, we hypothesized that this high
selectivity could also be a good indication of a limited safety
liability for S6821. The potential toxicity of S6821 was initially
assessed on the basis of structural alerts and on the basis of
safety information available for its component fragments.80−82

Since the latter assessment did not reveal any structural alerts,
S6821 was not expected to be carcinogenic or mutagenic. In
light of these results and given its high potency, selectivity, and
solubility as well as its good stability profiles across a number
of storage and processing conditions, S6821 was selected for
developmental profiling. S6821 was not found to be mutagenic
or clastogenic in vitro and did not induce micronuclei in bone
marrow polychromatic erythrocytes in vivo.75 Phase I
metabolites M397A, M397B, and M397C resulting from
monohydroxylation at various positions of the phenol ring
were identified during an in vitro metabolism study of S6821
using rat and human liver microsomes (Scheme 5 and ref 75).
In rat pharmacokinetic (PK) studies, the majority of S6821

was found to rapidly convert to the corresponding sulfate
M461 and glucuronide M557 (Scheme 6). Of the phase I

Table 3. Solubility and Stability of Compounds 30 and 37

*After 24 h at pH 7.1. **After 24 h at 100 °C.

Table 4. Selected Compounds for Lead Refinement Based
on Right Hand Side Modifications

*After 24 h at pH 7.1.
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metabolites detected in vitro, only M397C was detected in
vivo.75

In vivo 28-day dose-range-finding toxicity studies of S6821
determined the maximum tolerated dose (MTD) to be above
100 mg/kg/day (the highest dose tested) for CD rats, and no
S6821 treatment-related adverse events were observed for the

90-day repeat-dose toxicity study.75 Thus, the no-observed
adverse-effect level (NOAEL) for S6821 was 100 mg/kg of
body weight (bw)/day, which was the highest dose tested.
S6821 also demonstrated a NOAEL of 1000 mg/kg of bw/day
(the highest dose tested) for both maternal toxicity and
embryo/fetal development following oral administration to

Scheme 3. Synthesis of Selected Compounds 50−65a

aReagents and conditions: (a) base, solvent, μW, or conventional heating; (b) condition (a), NaOH, HCl; (c) DIEA, HOBt, EDCI.

Figure 5. S6821 potently inhibits TAS2R response to andrographolide.

Table 5. Selected Data for S6821

stability test conditions

compound TAS2R8 IC50 (μM) solubility (μM)a solubility/IC50 temperature pH time % remaining

S6821 0.02 244 11619 RT 2.8 24 h >99%
RT 5.0 24 h >99%
RT 7.1 24 h >99%
RT 9.3 24 h ∼20%
100 °C 2.8 24 h >99%
100 °C 5.0 24 h >99%
100 °C 7.1 24 h ∼55%
124 °C 6.0 60 min >99%
124 °C 7.1 60 min ∼89%
140 °C 6.5 30 s >99%

aAfter 24 h at pH 7.1.

Scheme 4. Temperature and pH-Dependent Stability of S6821
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pregnant rats during gestation.75 The detailed ADME-PK,
genotoxicity, and toxicity studies conducted as part of the
S6821 development campaign have been previously re-
ported.75 Details of the syntheses of M397A, M397B, and
M397C (Scheme 5) as well as M461 and M557 are described
herein for the first time.
Since some TAS2R antagonists have been reported to also

be agonists of other TAS2Rs,5 we decided to check if S6821
could be activating other TAS2R(s) in our cell-based assays.
Thus, the S6821 TAS2Rs agonist profile was evaluated on
transiently transfected cells. The results showed stimulation of
TAS2R1 and TAS2R14 at 25 μM S6821. Subsequent dose−
response assays on stable cells lines revealed EC50 values of
150 μM and 40 μM against TAS2R1 and TAS2R14,
respectively (Figure 10). S6821 was ultimately sensory-
evaluated for intrinsic bitterness and was not significantly
bitter up to 150 μM. On a 15-point bitterness scale, 150 μM
S6821 scored 2.8 ± 0.6 on average, and panelists found no
significant difference in bitterness among low sodium buffer
solution (LSB), LSB + 100 μM S6821, and LSB + 150 μM
S6821 samples (p-value >0.05), as shown in Table 7. Hence, at
low concentrations, S6821 was expected to effectively block
TAS2R8-mediated bitterness without significantly adding

bitterness through the activation of other TAS2Rs (e.g.,
TAS2R14).
To assess its bitterness blocking efficacy, S6821 was

evaluated in taste tests for the reduction of bitterness in Alta
Rica instant coffee. A sample containing 22.5 g of Alta Rica
100% Arabica instant coffee in 750 mL of water and 250 mL of
whole milk was first tasted alone and deemed strongly to very
strongly bitter by 13 out of 17 panelists. At the same time 3 out
of 17 panelists rated the sample as moderately bitter and only 1
out of the 17 panelists found it to be weakly bitter. When the
coffee sample was compared to a coffee sample containing 5
μM S6821, more than 78% of responses had the sample
containing S6821 as being less bitter, with a p-value <0.001
(Figure 11). These results are likely influenced by variations in
TAS2Rs genetic coding sequences between panelists. In fact,
interindividual genetic polymorphisms have been found to
have a significant effect on human sensitivity to and/or liking
of coffee.50,52,54,55

SAR Targeting Potent and Soluble Analogues with
Broader Stability Profile. Encouraged by the very positive
safety data obtained with S6821, we decided to undertake
additional efforts aimed at identifying an analogue with an
improved hydrolytic stability profile as a backup for S6821.

Figure 6. S6821 reversibly blocks andrographolide activation of
TAS2R8-expressing cells. (A) Representative experiment showing
average calcium response of all andrographolide responding cells
during repeated 100 μM andrographolide stimulations either with or
without inhibitor S6821 (1 μM). (B) Distribution of peak amplitude
of all cells during 3 consecutive andrographolide applications with
initial andrographolide application (control, black bars), in the
presence of S6821 (gray bars) and following wash-out (recovery,
white bars). Average peak (± SEM) responses for the three
applications are showed in the inset. Note the significant block of
andrographolide by S6821 (P < 0.0001, n = 136 cells, two sample t
test). No significant difference was found between the first and the
third andrographolide responses (P = 0.24, two sample t test),
suggesting complete recovery/washout of S6821. Data are from 136
total cells from 3 separate imaging experiments.

Figure 7. S6821 reversibly blocks chloramphenicol activation of
TAS2R8-expressing cells. (A) Representative experiment showing
average calcium response of all chloramphenicol responding cells
during repeated 100 μM chloramphenicol stimulations either with or
without inhibitor S6821 (1 μM). (B) Distribution of peak amplitude
of all cells during 3 consecutive chloramphenicol applications with
initial chloramphenicol application (control, black bars), in the
presence of S6821 (Gray Bars) and following wash-out (Recovery,
White Bars). Average peak (± SEM) responses for the three
applications are showed in the inset. Note the significant block of
chloramphenicol by S6821 (P < 0.0001, n = 171 cells, two sample t
test). No reduction was found between the first and the third
chloramphenicol responses, suggesting complete recovery/washout of
S6821. Data are from 171 total cells from 3 separate imaging
experiments.
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The strategy was to add substituents to the methylene moiety
of the hydantoin ring in order to hinder the access of water and
other nucleophiles to the vulnerable carbonyl site and thus
slow the hydrolysis of the hydantoin ring. With that in mind,
compounds 71−76 were synthesized following the reaction
sequence shown in Scheme 5.
Compounds generated were once again screened on stable

cells expressing TAS2R8 in the presence of andrographolide as
agonist. To our delight, most of the generated compounds
retained double digit nanomolar inhibitory activity (Figure 12
and Table 8). In addition, compounds 71−74 and S7958 still
met our predefined solubility criteria of at least 50 μM and
1000 times IC50. However, the stability of compounds 73 and
74 was unexpectedly low. Arguably, in an aqueous solution, the

hydroxymethyl group present in the latter compounds may
coordinate with a water molecule to help drive the hydrolysis
of the adjacent carbonyl moiety. Gratifyingly, S7958 suffered
less than 1% hydrolysis when heated with pH 7.1 for 24 h at
100 °C and for 60 min at 124 °C (Table 8), which was a
significant improvement over S6821 under the same
conditions (Table 5 and 8). The impressive hydrolytic stability
of S7958 was also evidenced in a strong basic pH, with S7958
exhibiting no noticeable degradation even after 24 h with pH
9.3 at RT. S7958 was also evaluated for antagonist activity on
other TAS2Rs and was found to exhibit an inhibition profile
that was very similar to that of S6821 (Table 8).
Thus, given the excellent stability, solubility, and TAS2R8

antagonist activity of S7958 and the expectation that it may

Figure 8. S6821 inhibits chloramphenicol activation of TAS2R8 in a competitive manner. (A) TAS2R8-expressing cells were treated with
increasing concentrations of chloramphenicol in the absence or presence of 3 nM to 3000 nM S6821, and receptor response was measured in the
cell-based assay. Data were calculated as the mean ± s.d. of assay duplicates. Similar results were obtained in 3 independent experiments. (B) Schild
regression analysis from dose−response curves in panel (A).

Figure 9. TAS2Rs panel screening of S6821 indicates a relatively high selectivity for TAS2R8; refer to Table 6 for details on agonists used.
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also exhibit a safety profile similar to that of S6821, we decided
to move S7958 into development as a S6821 backup.
Subsequent in vitro and in vivo safety evaluations conducted
as part of S7958 development have also been reported.75 As
expected, the ADME-PK, genotoxicity, and toxicity profile of
S7958 were all in line with the positive data obtained for
S6821, as summarized above. In line with its potency, S7958
also showed a significant block of coffee bitterness in taste test
(Table 9).
Regulatory Status and Evolving Product Application

of S6821 and S7958. In light of these safety and efficacy
data, S6821 and S7958 were determined to be “Generally
Recognized As Safe” by the Flavor and Extract Manufacturers
Association (FEMA) expert panel and were assigned FEMA
GRAS Numbers 4725 and 4726,83,84 respectively. S6821 and
S7958 have also been determined to be safe at the current

levels of intake by the Joint FAO/WHO Expert Committee on
Food Additives and were assigned JECFA Nos. 2161 and
2162,85 respectively. In addition, the Panel on Food Contact
Materials, Enzymes, Flavorings and Processing Aids of The
European Food Safety Authority (EFSA) has determined that
S6821 (FL-no, 16.127) is not expected to be of a safety
concern when used at levels up to those specified in different
foods.86 Regulatory jurisdictions in countries such as Japan,
Korea, and Mexico (794 DO 5.9.2013) have also approved the
use of S6821.

■ CONCLUSION
We have disclosed a new class of 3-(pyrazol-4-yl)-imidazoli-
dine-2,4-diones as potent, selective, and efficacious TAS2R8
antagonists. These include 3-(1-((3,5-dimethylisoxazol-4-yl)-
methyl)-1H-pyrazol-4-yl)-1-(3-hydroxybenzyl)imidazolidine-
2,4-dione (S6821) and 3-(1-((3,5-dimethylisoxazol-4-yl)-
methyl)-1H-pyrazol-4-yl)-1-(3-hydroxybenzyl)-5,5-dimethyli-
midazolidine-2,4-dione (S7958), which have demonstrated the
ability to significantly reduce the bitterness elicited by coffee.
We demonstrated that the bitter fractions from roasted coffee
extracts strongly activate TAS2R8. Thus, it is expected that
S6821 and S7958 will also be effective in blocking TAS2R8-
mediated bitterness associated with other products such as
APIs, excipients, foods, beverages, and nutraceuticals. S6821
and S7958 have been tested in a panel of toxicity studies and
were determined by US, Europe, and other national and global
regulatory expert panels to be safe under intended conditions
of use as bitter antagonists. Driven by this successful story, we
are currently pursuing the identification and optimization of
antagonists for other TAS2Rs.

■ EXPERIMENTAL SECTION
Biology. Ratiometric Calcium Imaging Methods. Recombinant

cells stably expressing TAS2R8 were grown overnight on Matrgel-
coated glass coverslips. Prior to imaging, cells were incubated with 3

Table 6. Panel of TAS2Rs and Corresponding Agonists Used to Access the Putative S6821 and S7958 Antagonist Effecta

aRelative activity remaining: <25% (green), 25−75% (yellow), >75% (red)

Scheme 5. Synthesis of 71−76, S6821, S7958, M397A,
M397B, and M397Ca

aReagents and conditions: (a) imidazole or DIEA, DCM; (b)
NaBH(OAc)3, Et3N, DCE; (c) toluene, reflux; (d) aq. HCl.
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μg/mL FURA-2AM for 1 h at RT in HBSS. For imaging, cells were
mounted on a fluorescent microscope equipped with a multichannel
perfusion system and continuously perfused with HBSS and TAS2R8
agonist andrographolide (100 μM) or chloramphenicol (100 μM).
For S6821 inhibition experiments, 1 μM of the inhibitor was applied
for 60 s prior to and during agonist application. All compounds were
prepared from DMSO stock, and the final DMSO concentrations did
not exceed 0.1%. During acquisition, all cells in the field were
autoselected by the software as regions of interest (ROIs) for analysis.
Measurement of intracellular calcium levels were acquired at 1 Hz
using 100 ms of excitation at 340 and 380 nm, and the emissions were
monitored by a charge-coupled device (CCD) camera. The average
response of all ROIs in the field and the peak responses for each cell
were measured during each application. For S6821 recovery
experiments, a 5 min wash-out period was determined sufficient for
cells to fully recover from repetitive agonist stimulation, and only cells

with a strong initial TAS2R8 agonist responses (ΔF/F > 0.5) were
selected for analysis.

TAS2R8 Stable Cell Line. Recombinant cells stably expressing the
G protein chimera G16t44 and TAS2R8 were generated by
transfection using standard lipofection techniques, and individual
clones were isolated by limiting dilution. Clones were initially
screened by responses to andrographolide in calcium imaging assays

Scheme 6. Synthesis of M461 Sodium Salt and M557a

aReagents and conditions: (a) silver triflate, DCM, overnight; (b) NaOH, MeOH, overnight; (c) HCl, MeOH/H2O, (d) pyridine SO3 (PySO3),
DCM, reflux, 2 h; (e) NaHCO3.

Figure 10. Dose−response evaluation of S6821 against TAS2R1 and
TAS2R14.

Table 7. Perceived Bitterness Intensity Scores of S6821 on a
Scale of 1−15a

treatment average
standard
deviation

Tukey’s (5%)
lettering

LSB + 50 μM S6821 1.0 1.0 A
LSB 1.6 2.1 Ab
LSB + 100 μM S6821 1.9 1.8 Ab
LSB + 150 μM S6821 2.8 3.1 B

aN = 30 responses (15 panelists × 2 replicates). Tukey’s value = 1.155
(α = 0.05).

Figure 11. Number of responses selecting each sample as more bitter.
N = 51 responses (17 panelists &#xd7; 3 replicates).

Figure 12. S7958 inhibition of TAS2R8 response to andrographolide.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://dx.doi.org/10.1021/acs.jmedchem.0c00388
J. Med. Chem. XXXX, XXX, XXX−XXX

M

https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c00388?fig=fig12&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c00388?ref=pdf


using fluo4-loaded cells on a fluorescent microscope. Clones showing
the best response were characterized further on FLIPR.
FLIPR Assay. Recombinant cells stably expressing the TAS2R8

receptor were plated in a 384-well plate 24 h prior to the assay. On
the day of the assay, the cells were incubated with fluo-4 dye in
phosphate-buffered saline (PBS) for 60 min followed by 3 washes
with PBS. Cells were subsequently resuspended in PBS and allowed to
sit in the dark at room temperature for 15 min immediately prior to
the assay. Compounds were diluted in PBS/DMSO at 2× the final
assay concentration. The final DMSO concentration in the assay was
0.5%. For antagonist assays, the agonist and antagonist were premixed
and added simultaneously. At the beginning of the assay, the baseline
fluorescence was read on a fluorescence imaging plate reader (FLIPR,
Molecular Devices) for 10 s prior to the addition of compounds. An
equal volume of the compound was added to the cell plate, and
changes in fluorescence were measured for an additional 100 s.

Sensory Methods and Data Reporting. The taste test and
protocol used for evaluation by human panelists were reviewed and
conducted according to guidance from external toxicology and
regulatory experts in the field. Sensory evaluations were conducted
after approval by the Firmenich Internal Review Board, and taste
samples were only presented to panelists after written informed
consent. The data and protocol packages associated with the title
compounds have been reviewed by qualified regulatory authorities.

Overview of Taste Test Methods. Two different types of sensory
tests were used to evaluate S6821 in either the inherent bitterness or
blocking bitterness of coffee. The conducted taste tests include the
following: (1) A sensory scaling test was performed using a 15-point
bitterness scale in order to evaluate the reduction of bitterness
intensity of S6821 alone. (2) A paired comparison test (2-alternative
forced choice difference tests) was used to demonstrate a significant
reduction in bitterness for coffee with S6821 added as compared to
coffee alone.

Stimuli. Samples for the scaling evaluation were performed with
solutions of S6821 at various concentrations (0, 100, and 150 μM).
For these studies, S6821 was prepared as a concentrated stock
solution in ethanol to ensure dissolution of the compound. Samples
without compound within the same test were balanced with an
equivalent concentration of ethanol. The final concentration of
ethanol was 0.1%. Solutions were prepared in low sodium phosphate
buffer (LSB; pH 7.1). LSB consists of 0.3 mM KCl, 0.5 mM
Na2HPO4, and 0.175 mM KH2PO4.

Samples for the 2-alternative forced choice test (2-AFC) were
performed with coffee samples prepared as follows: Alta Rica 100%
Arabica instant coffee was prepared with 22.5 g of dry instant coffee in
750 mL of boiling water, to which 250 mL of whole milk was added

Table 8. Selected Data for S6821 Analogues Targeting Stability Improvement

aAfter 24 h at pH 7.1. bAfter 24 h at 100 °C.

Table 9. Number of Times Selected As More Bitter by
Panelistsa

samples
taste test with

S6821
taste test with

S7958

1.5× Alta Rica Course (ARC) +
milk

40 33

1.5× ARC + milk + 5 μM S6821 11
1.5× ARC + milk + 5 μM S7958 18
total responses 51 51
1.5× ARC + milk selected (p-
value)

<0.001 0.049

aN = 51 responses (17 panelists × 3 reps).
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(control sample). The test sample used this same coffee preparation,
to which the S6821 stock solution (see above) was added to make a
final concentration of 5 μM S6821.
Subjects. External trained panelists were used for both types of

tests. Panelists have significant experience in evaluating bitterness
intensity in various food products. Subjects were instructed not to eat
or drink anything (except water) for at least 1 h prior to any test.
Panelists were trained to use scaling procedures and were previously
familiar with the sensory test methods used. The exact number of
panelists used is reported with each test.
Taste Test Procedures. Panelists rinsed their mouths with water

prior to starting any test. In scaling tests, panelists rated samples for
bitterness. Samples were presented to panelists monadically, in a
randomized, counterbalanced order. Panelists rinsed their mouths
with water and had up to 1 min of delay to clear the mouth of any
tastes after each evaluation. Two replicates of each test were
performed. All samples were evaluated then expectorated (i.e., “sip
and spit”).
In the 2-AFC tests, panelists tasted pairs of solutions and indicated

which sample was perceived to be more bitter. Pairs were provided in
a randomized counterbalanced order and panelists completed three
replicate tests. Between pairs, panelists rinsed with water and had up
to a 1 min delay to clear the mouth of any tastes. Prior to the 2-AFC
tests, the subjects were given a sample of the solution or product
alone, and asked to describe its bitterness intensity using one of the
following descriptors: none, barely detectable, weak, moderate, strong,
and very strong.
Sensory Data Reporting. The statistical significance for scaling

tests was calculated using a two-way ANOVA with interaction with α
= 0.05. The statistical significance for the 2-AFC tests was calculated
using binomial probability tables for α = 0.05.
Chemistry. General Procedures. The synthesis and character-

ization of 8, 19, and 23 (Table 1); 30, 32 and 37 (Table 2); S6821
and S7958 (Table 8);M397A,M397B, andM397C (Scheme 5); and
M461 sodium salt and M557 (Scheme 6) are described below. The
synthesis of all other compounds and their intermediates and
corresponding characterization data are provided in the Supporting
Information.
Materials and Methods. Unless otherwise noted, all compounds

obtained from commercial sources were used without further
purification. All tested compounds have a purity >95%, per one of
the HPLC methods provided in the Supporting Information. The
provided 1H NMR, 13C NMR, mass spectrometry (MS), and
elemental analysis (EA) data were in all cases consistent with the
proposed structures. For NMR, the chemical shifts (δ) are in ppm,
and spectra were referenced using the residual solvent peak; coupling
constants (J) are in hertz. The following abbreviations were used for
common solvents: deuterated dimethyl sulfoxide (DMSO-d6) and
deuterated chloroform (CDCl3). The description of 1H NMR peaks
was performed using the following conventional abbreviations: singlet
(s), doublet (d), triplet (t), quartet (q), multiplet (m), doublet of
doublets (dd), doublet of triplets (dt), doublet of doublets of doublets
(ddd), and broad (br). Mass spectra (m/z) were recorded using
electrospray ionization (ESI). Elemental Analyses were performed
either by NuMega Resonance Laboratories or Exova Group plc.
Ethyl 1-((3,5-Dimethylisoxazol-4-yl)methyl)-1H-pyrazole-4-car-

boxylate (3). Ethyl 1H-pyrazole-4-carboxylate 1 (21 g, 147 mmol),
4-chloromethyl-3,5-dimethylisoxazole 2 (25 g, 172 mmol), and
cesium carbonate (48 g, 147 mmol) were stirred in DMF (250
mL) under N2 at 80 °C for 16 h. The reaction mixture was cooled and
filtered to remove inorganic salt. The liquid was diluted with 0.1 N
HCl (200 mL) and then diluted with water (1 L) in which a white
precipitated formed. The solid was collected by filtration, washed with
water, and dried under a vacuum to afford the title compound 3 (35 g,
141 mmol, 97%) as a white solid. 1H NMR (DMSO-d6, 400 MHz): δ
1.25 (t, J = 7.2 Hz, 3H), 2.14 (s, 3H), 2.41 (s, 3H), 4.20 (q, J = 7.2
Hz, 2H), 5.20 (s, 2H), 7.86 (d, J = 0.8 Hz, 1H), 8.43 (d, J = 0.8 Hz,
1H). LC-MS (ESI): m/z 250 [M + H]+.
1-((3,5-Dimethylisoxazol-4-yl)methyl)-1H-pyrazole-4-carbohy-

drazide (4). Ethyl 1-((3,5-dimethylisoxazol-4-yl)methyl)-1H-pyra-

zole-4-carboxylate 3 (86 g, 345 mmol) and hydrazine (110 g, 3454
mmol) were stirred in EtOH (1 L) at reflux for 48 h. LC-MS
indicated that the reaction was complete at this point. The solution
was concentrated under a vacuum, and the solid product was
recrystallized from ethanol to afford the desired compound 4 (77 g,
328 mmol, 96%) as a white solid. 1H NMR (DMSO-d6, 400 MHz): δ
2.14 (s, 3H), 2.41 (s, 3H), 4.32 (br s, 2H), 5.17 (s, 2H), 7.83 (d, J =
0.8 Hz, 1H), 8.18 (d, J = 0.8 Hz, 1H), 9.31 (br s, 1H). LC-MS (ESI):
m/z 236 [M + H]+.

1-((3,5-Dimethylisoxazol-4-yl)methyl)-1H-pyrazole-4-carbonyl
Azide (5). Note that the product 5 must be handled with care. Although
we did not experienced any issues with the acyl azide product 5, such azide
materials are known to decompose violently when f riction and/or shock
are applied.

Sodium nitrite (14 g, 202 mmol) in H2O (700 mL) was added
dropwise over 30 min to a solution of 1-((3,5-dimethylisoxazol-4-
yl)methyl)-1H-pyrazole-4-carbohydrazide 4 (31.6 g, 134 mmol) in
10% aqueous acetic acid (2 L) at 0 °C (ice water bath). The reaction
mixture became cloudy with a white precipitate during the addition of
sodium nitrite. After the addition, the ice bath was removed, and the
reaction mixture was stirred for an additional 30 min and was then
allowed to warm to room temperature. The mixture was extracted
with ethyl acetate (3×, 300 mL). The combined organic extract was
washed successively with aqueous saturated sodium carbonate, water,
and brine. The organic phase was dried over sodium sulfate, filtered,
and concentrated on a rotovap. The residue was recrystallized from
ethanol to afford compound 5 (31 g, 126 mmol, 93%) as a white solid.
1H NMR (DMSO-d6, 400 MHz): δ 2.15 (s, 3H), 2.42 (s, 3H), 5.23
(s, 2H), 7.95 (d, J = 0.8 Hz, 1H), 8.57 (d, J = 0.8 Hz, 1H). LC-MS
(ESI): m/z 247 [M + H]+.

1-((3,5-Dimethylisoxazol-4-yl)methyl)-1H-pyrazol-4-amine Hy-
drogen Chloride (6). To a solution of 5 (1.00 g, 4.06 mmol) in
anhydrous toluene were added 4 Å molecular sieves (MS) (2 g), and
the mixture was refluxed for 2 h. After cooling to room temperature,
tert-BuOH (50 mL) was added, and the mixture was heated again at
reflux for 6 h. The reaction mixture was cooled to room temperature,
filtered over a pad of celite, and the solvent was removed under a
vacuum; the residue was triturated in hot Et2O. The impurity that
precipitated was filtered off, and the ethereal filtrate was dried on the
rotovap to furnish tert-butyl (1-((3,5-dimethylisoxazol-4-yl)methyl)-
1H-pyrazol-4-yl)carbamate (LC-MS (ESI): m/z 293 [M + H]+). The
latter carbamate intermediate was dissolved without further
purification in anhydrous methanol (50 mL) and treated with HCl
in Et2O (10 equiv). The mixture was refluxed for 2 h and
concentrated under a vacuum to give a residue that was recrystallized
from MeOH/Et2O to afford the desired amine hydrochloric acid 6 as
a whitish solid (0.70 g, 3.06 mmol, 75% over two steps). 1H NMR
(DMSO-d6, 400 MHz): δ 2.14 (s, 3H), 2.41 (s, 3H), 5.18 (s, 2H),
7.54 (d, J = 0.8 Hz, 1H), 8.03 (d, J = 0.8 Hz, 1H), 10.12 (br s, 3H).
LC-MS (ESI): m/z 193 [Mfree base + H]+. HPLC purity >95%.

General Procedure A: N-(1-((3,5-Dimethylisoxazol-4-yl)methyl)-
1H-pyrazol-4-yl)picolinamide (8). The amine hydrochloride 6 (400
mg, 2.1 mmol), picolinic acid (256 mg, 2.1 mmol), and HOBt (388
mg, 2.50 mmol) were mixed in dichloromethane (7 mL). The
reaction mixture was treated with triethylamine (670 mL, 4.8 mmol)
and then stirred for 15 min at room temperature under a nitrogen
atmosphere. Then, EDC (598 mg, 3.1 mmol) was added, and the
reaction mixture was continued to be stirred for an additional 4 h.
The reaction mixture was then diluted with dichloromethane (5 mL),
washed with a saturated NaHCO3 solution (2 × 5 mL), and washed
with a saturated NaCl solution (5 mL). The organic layer was
collected, dried over sodium sulfate, filtered, and evaporated on the
rotovap. The crude product was purified by reverse phase HPLC
(H2O/acetonitrile 10 to 90%) to afford the title compound 8 as a
white solid (374.6 mg, 1.26 mmol, 60%). 1H NMR (CDCl3, 400
MHz): δ 2.21 (s, 3H), 2.44 (s, 3H), 5.05 (s, 2H), 7.49−7.47 (m, 1H),
7.60 (d, J = 0.8 Hz, 1H), 7.93−7.88 (dt, J = 14, 2 Hz, 1H), 8.07 (s,
1H), 8.24−8.21 (d, J = 8.0 Hz, 1H), 8.61−8.56 (m, 1H), 9.83 (bs,
1H). LC-MS (ESI): m/z 298 [M + H]+. MP: 135−137 °C.
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General Procedure B: N-(1-((3,5-Dimethylisoxazol-4-yl)methyl)-
1H-pyrazol-4-yl)-3-hydroxybenzamide (19). The amine hydro-
chloride 6 (227 mg, 1.0 mmol), 3-hydroxybenzoic acid (138 mg,
1.0 mmol), PyBop (624 mg, 1.2 mmol), and triethylamine (0.28 mL,
2.0 mmol) were stirred in dimethylformamide (2 mL) at ambient
temperature for 8 h under a nitrogen atmosphere. The mixture was
diluted with ethyl acetate (3 mL) and washed, successively, with a
saturated NaHCO3 solution (2 × 3 mL) and a saturated NaCl
solution (3 mL). The organic phase was collected, dried over
anhydrous Na2SO4, filtered, and concentrated on a rotovap. The
residue was dissolved in methanol (3 mL) and purified by reverse
phase HPLC (H2O/acetonitrile, 10/90%). The pure fractions were
concentrated on the rotovap, and the product was recrystallized from
ethanol to afford the title compound 19 as an off-white solid (180 mg,
0.58 mmol, 58%). 1H NMR (DMSO-d6, 400 MHz): δ 2.15 (s, 3H),
2.41 (s, 3H), 5.14 (s, 2H), 6.93−6.95 (m, 1H), 7.27−7.36 (m, 3H),
7.58 (d, J = 0.8 Hz, 1H), 8.09 (d, J = 0.8 Hz, 1H), 9.72 (br s, 1H),
10.34 (br s, 1H). LC-MS (ESI): m/z 313 [M + H]+.
General Procedure C: N-(1-((3,5-Dimethylisoxazol-4-yl)methyl)-

1H-pyrazol-4-yl)benzo[d][1,3]dioxole-5-carboxamide (23). A solu-
tion of the amine hydrochloride 6 (7.3 g, 31.7 mmol) in DCM (200
mL) was treated at 0 °C with triethylamine (6.9 g, 68 mmol). The
mixture was stirred until the free amine was completely dissolved.
Benzo[d][1,3]dioxole-5-carbonyl chloride (5.8 g, 32 mmol) in DCM
(50 mL) was then added dropwise. When the addition was complete,
the ice bath was removed, and the reaction mixture was stirred for 1 h.
The mixture was washed with aqueous 1 N HCl (200 mL), and the
aqueous phase was back extracted with DCM (2 × 75 mL). The
combined organic extract was dried over sodium sulfate, filtered, and
concentrated on a rotovap. The crude product was purified by silica
gel chromatography (60% ethyl acetate in hexanes), and the resulting
light yellow solid was crystallized from ethanol/H2O to afford the title
compound 23 (4.9 g, 45%) as a white solid. 1H NMR (DMSO-d6, 400
MHz): δ 2.15 (s, 3H), 2.41 (s, 3H), 5.14 (s, 2H), 6.12 (s, 2H), 7.04
(d, J = 8.4 Hz, 1H), 7.47 (d, J = 1.6 Hz, 1H), 7.53 (dd, J = 8.4, 1.6 Hz,
1H), 7.57 (d, J = 0.8 Hz, 1H), 8.08 (d, J = 0.8 Hz, 1H), 10.26 (s, 1H).
LC-MS (ESI): m/z 341 [M + H]+. MP: 172−173 °C.
2-(1-((3,5-Dimethylisoxazol-4-yl)methyl)-1H-pyrazol-4-yl)-

isoindoline-1,3-dione (30). 2-(1H-pyrazol-4-yl)isoindoline-1,3-dione
(1.5 g, 7 mmol), 4-(chloromethyl)-3,5-dimethylisoxazole (1.5 g, 10
mmol), and cesium carbonate (3.3 g, 10 mmol) were stirred in DMF
(20 mL) at 80 °C for 3 h. The reaction mixture was cooled to room
temperature, diluted with water (150 mL), and extracted with ethyl
acetate (3 × 75 mL). The combined organic extract was dried over
sodium sulfate, filtered, and concentrated on a rotovap. The solid
product was triturated with ethyl acetate/Hexanes (1/9) and
recrystallized from the refluxing ethanol (30 mL) to afford 30 (900
mg, 38%) as a bright, light yellow solid. 1H NMR (DMSO-d6, 400
MHz): δ 2.18 (s, 3H), 2.43 (s, 3H), 5.24 (s, 2H), 7.83 (d, J = 0.8 Hz,
1H), 7.91−7.83 (m, 4H), 8.21 (d, J = 0.8 Hz, 1H). LC-MS (ESI): m/
z 323 [M + H]+. MP: 170−171 °C.
N-(1-((3,5-Dimethylisoxazol-4-yl)methyl)-1H-pyrazol-4-yl)-2-

phenylacetamide (32). A solution of amine hydrochloride 6 (230
mg, 1 mmol) and triethylamine (300 mg, 3 mmol) in DCM (10 mL)
at 0 °C was treated dropewise with 2-phenylacetyl chloride (184 mg,
1.3 mmol). After the addition was complete, the reaction mixture was
stirred for 1 h at room temperature. The mixture was diluted with
DCM (50 mL) and washed with 1 N aqueous HCl (100 mL),
followed by 1 N aqueous NaOH (100 mL) and water (100 mL). The
combined organic extract was dried over sodium sulfate and filtered,
and the solvent was removed under a vacuum. The resulting residue
was purified by silica gel chromotography (50% ethyl acetate in
hexanes) and triturated in ethyl acetate/hexanes (1/9) to afford
compound 32 as a white solid (188 mg, 68%). 1H NMR (CDCl3, 400
MHz): δ 2.15 (s, 3H), 2.38 (s, 3H), 3.69 (s, 2H), 4.96 (s, 2H), 7.15
(br s, 1H), 7.27−7.42 (m, 6H), 7.84 (s, 1H). LC-MS (ESI): m/z 311
[M + H]+. MP: 106−108 °C.
General Procedure D: 1-Benzyl-3-(1-((3,5-dimethylisoxazol-4-

yl)methyl)-1H-pyrazol-4-yl)imidazolidine-2,4-dione (37). A solution
of compound 48 (200 mg, 0.7 mmol), (bromomethyl)benzene 49

(171 mg, 1 mmol), and cesium carbonate (325 mg, 1 mmol) in DMF
(2 mL) was irradiated in the microwave reactor at 85 °C for 20 min.
The reaction mixture was cooled to room temperature, diluted with
aqueous 1 N HCl (100 mL), and extracted with ethyl acetate. The
combined organic extract was dried over sodium sulfate, filtered, and
concentrated. The residue was taken up in methanol (10 mL) and
purified by reverse phase HPLC to afford the title compound 37 as an
oily material that solidified upon standing (102 mg, 0.28 mmol, 40%).
1H NMR (CDCl3, 400 MHz): δ 2.19 (s, 3H), 2.42 (s, 3H), 3.85 (s,
2H), 4.62 (s, 2 H), 5.06 (s, 2H), 7.40 7.27 (m, 5H), 7.92 (d, J = 0.8
Hz, 1H), 8.08 (d, J = 0.8 Hz, 1H). LC-MS (ESI): m/z 366 [M + H]+.

3-(1-(3,5-Dimethylisoxazol-4-yl)methyl-1H-pyrazol-4-yl)-
imidazolidine-2,4-dione (48). The acyl azide 5 (6 g, 25.5 mmol) in
toluene (100 mL) was refluxed for 1 h and cooled to ambient
temperature under a nitrogen atmosphere. Glycine methyl ester-
hydrochloride (3.1 g, 26 mmol) and triethylamine (3.2 g, 32 mmol)
were added, and the mixture was refluxed for 16 h. The solvent was
then removed under a vacuum, and the residue was dissolved in ethyl
acetate (100 mL) and washed twice with a 1 N HCl solution (150
mL). The aqueous phase was back extracted with ethyl acetate (2 ×
75 mL). The combined organic extract was dried over sodium sulfate,
filtered, and concentrated on a rotovap. The resulting solid was
triturated with ethyl acetate/hexanes (1/9) and dried under high
vacuum to afford 48 as a white solid (5.2 g, 18.9 mmol, 74%). 1H
NMR (CDCl3, 400 MHz): δ 2.19 (s, 3H), 2.42 (s, 3H), 4.09 (d, J =
1.2 Hz, 2H), 5.06 (s, 2H), 5.68 (br s, 1H), 7.90 (d, J = 0.8 Hz, 1H),
8.05 (d, J = 0.8 Hz, 1H). LC-MS (ESI): m/z 276 [M + H]+.

General Procedure E: 3-(tert-Butyldimethylsilyloxy)-
benzaldehyde (68a). 3-Hydroxylbenzaldehyde 67a (30 g, 0.246
mmol) was disolved in anhydrous DCM (350 mL), and imidazole (3
equiv) was added. The mixture was cooled to 0 °C, and a solution of
tert-butylchlorodimethylsilane (1.3 equiv) in anhydrous DCM (250
mL) was added dropwise. After stirring overnight at room
temperature, the reaction mixture was diluted with DCM (150
mL), washed with a 1 M aqueous HCl solution and brine, and dried
over MgSO4. After filtration, the solvent was removed under reduced
pressure, and the residue was purified over silica gel column using 3%
EtOAc in hexanes to give the desired product 68a in a quantitative
yield (57.8 g). 1H NMR (DMSO-d6, 400 MHz): δ 0.21 (s, 6H), 0.96
(s, 9H), 7.20 (ddd, J = 1.2, 2.4, 7.6 Hz, 1H), 7.31−7.34 (m, 1H),
7.47−7.56 (m, 2H), 9.96 (s, 1H). LC-MS (ESI): m/z 237 [M + H]+.

2,3-Bis((tert-butyldimethylsilyl)oxy)benzaldehyde (68b). 2,3-Di-
hydroxybenzaldehyde 67b (2.76 g, 20 mmol) and tert-butylchlor-
odimethylsilane (15.0 g, 5 equiv) were reacted according to general
procedure E to afford the title compound 68b (3.77 g, 52%). 1H
NMR (CDCl3, 400 MHz): δ 0.15 (s, 6H), 0.24 (s, 6H), 0.98 (s, 9H),
1.03 (s, 9H), 6.92 (br t, J = 8.0 Hz, 1H), 7.08 (dd, J = 2.0, 8.0 Hz,
1H), 7.41 (dd, J = 2.0, 8.0 Hz, 1H). 10.38 (s, 1H). LC-MS (ESI): m/z
367 [M + H]+.

General Procedure F: 2-(3-(tert-Butyldimethylsilyloxy)-
benzylamino)acetate (70a) . To a solution of 3-(tert-
butyldimethylsilyloxy)benzaldehyde 68a (19.0 g, 80.38 mol) in
anhydrous DCE (300 mL) were added methyl 2-aminoacetate
hydrochloride 69a (21 g, 16.73 mmol, 2 equiv), 4 Å MS (25 g),
and Et3N (2.5 equiv). The mixture was stirred for 6 h at room
temperature, cooled to 10 °C, and treated with NaBH(OAc)3 (35 g,
16.51, ∼ 2 equiv) while stirring vigorously. After the addition was
completed, the cooling source was immediately removed, and the
reaction mixture was stirred overnight under nitrogen. The mixture
was quenched with a saturated aqueous NaHCO3 solution, and the
layers were separated. The aqueous phase was further extracted with
DCM (2 × 300 mL). The combined organic extract was washed with
water (50 mL) and brine (100 mL) and dried over MgSO4. The
solvent was removed under a vacuum, and the residue was purified
over silica gel using 25% ethyl acetate in hexanes to give the title
compound 70a (19.9 g, 64.30 mmol, 78%) as a colorless liquid. 1H
NMR (DMSO-d6, 400 MHz): δ 0.17 (s, 6H), 0.95 (s, 9H), 2.47 (br s,
1H), 3.28 (s, 2H), 3.62 (s, 3H), 3.65 (s, 2H), 6.70 (ddd, J = 0.8, 1.2,
8.0 Hz, 1H), 6.81 (m, 1H), 6.89 (dm, J = 7.6 Hz, 1H), 7.17 (pseudo t,

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://dx.doi.org/10.1021/acs.jmedchem.0c00388
J. Med. Chem. XXXX, XXX, XXX−XXX

P

pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c00388?ref=pdf


J = 7.6, 8.0 Hz, 1H). LC-MS (ESI): m/z 247.1 [M + H]+. HPLC
purity >95%. LC-MS (ESI): m/z 310 [M + H]+.
Ethyl 2-(3-(tert-Butyldimethylsilyloxy)benzylamino)-2-methyl-

propanoate (70b). Similar to general procedure F, to a solution of
3-(tert-butyldimethylsilyloxy)benzaldehyde 68a (48.8 g, 0.206 mol) in
anhydrous DCE (900 mL) were added ethyl 2-amino-2-methyl-
propanoate hydrochloride 69c (86.3 g, 0.515 mol, 2.5 equiv), 4 Å MS
(70 g), and Et3N (2.5 equiv). The mixture was stirred at room
temperature overnight under nitrogen and then treated with
NaBH(OAc)3 (2 equiv); after the addition was completed, the
reaction mixture was stirred overnight under nitrogen. The mixture
was then diluted with DCM and carefully quenched with a saturated
aqueous NaHCO3 solution, and the layers were separated. The
aqueous phase was further extracted with DCM. The combined
organic extract was washed with water and brine, dried over MgSO4,
and filtered. The solvent was removed under a vacuum, and the
residue was purified over silica gel column using EtOAc/hexanes (2/
8) to give the title compound 70b (66.4 g, 92%). 1H NMR (CDCl3,
400 MHz): δ 0.19 (s, 6H), 0.98 (s, 9H), 1.30 (t, J = 7.2 Hz, 3H), 1.36
(s, 6H), 3.57 (s, 2H), 4.20 (q, J = 7.2 Hz, 2H), 6.71 (ddd, J = 1.2, 2.4,
8.0 Hz, 1H), 6.82 (m, 1H), 6.93 (dm, J = 7.6 Hz, 1H), 7.16 (pseudo t,
J = 7.6, 8.0 Hz, 1H). LC-MS (ESI): m/z 352 [M + H]+.
Ethyl (2,3-Bis((tert-butyldimethylsilyl)oxy)benzyl)glycinate (70c).

2,3-Bis((tert-butyldimethylsilyl)oxy)benzaldehyde 68b (1.50 mg, 4.09
mmol) and ethyl 2-aminoacetate hydrochloride 69b (3 equiv) were
reacted according to general procedure F, and the product was
purified over silica gel using 20% ethyl acetate in hexanes to afford the
title compound 70c (1.44 g, 3.17 mmol, 76%) as a yellowish oil.
Anhydrous THF was used in lieu of DCE as the solvent. 1H NMR
(DMSO-d6, 400 MHz): δ 0.10 (s, 6H), 0.20 (s, 6H), 0.90 (s, 9H),
0.97 (s, 9H), 1.17 (t, J = 7.2 Hz, 3H), 2.30 (br s, 1H), 3.25 (s, 2H),
3.67 (s, 2H), 4.06 (q, J = 7.2 Hz, 2H), 6.76 (dd, J = 1.6, 8.0 Hz, 1H),
6.82 (pseudo t, J = 7.6, 8.0 Hz, 1H), 6.97 (dd, J = 1.6, 7.6 Hz, 1H).
LC-MS (ESI): m/z 454 [M + H]+.
General Procedure G: Ethyl (3,4-Bis((tert-butyldimethylsilyl)oxy)-

benzyl)glycinate (70d). 3,4-Dihydroxybenzaldehyde 67c (500 mg,
3.62 mmol) was dissolved in anhydrous DCM (100 mL), and
imidazole (3.5 equiv) was added. The solution was cooled to 0 °C
and treated with small portions of tert-butylchlorodimethylsilane (2.5
equiv). The reaction mixture was warmed slowly to room temper-
ature, stirred overnight, and quenched with a 1 N HCl solution (2
equiv). The organic phase was washed with water and brine, dried
over magnesium sulfate, and filtered. The filtrate was concentrated to
afford a residue containing the protected aldehyde 68c that was used
in the next step without further purification. The residue was
dissolved in anhydrous dichloroethane (100 mL), and ethyl 2-
aminoacetate hydrochloride 69b (2.5 equiv) was added, followed by
treatment with TEA (2.5 equiv). Then, 4 Å MS (∼1g) were added,
and the mixture was stirred for 2 h at room temperature. The reaction
mixture was cooled to about 10 °C, and while stirring vigorously,
NaBH(OAc)3 (2 equiv) was added. The reaction mixture was
warmed slowly to room temperature and stirred overnight under
nitrogen. The mixture was quenched with a saturated aqueous
NaHCO3 solution, and the layers were separated. The aqueous phase
was further extracted with DCM (2 × 25 mL). The combined organic
extract was washed with water (25 mL) and brine (50 mL) and dried
over MgSO4. The solvent was removed under a vacuum, and the
residue was purified over silica gel using 25% ethyl acetate in hexanes
to afford the title compound 70d (970 mg, 2.14 mmol, 59%, two
steps) as a yellowish oil. 1H NMR (CDCl3, 400 MHz): δ 0.18 (s, 6H),
0.19 (s, 6H), 0.98 (s, 18H), 1.27 (t, J = 7.2 Hz, 3H), 3.37 (s, 2H),
3.67 (s, 2H), 4.19 (q, J = 7.2 Hz, 2H), 7.72−7.81 (m, 3H). LC-MS
(ESI): m/z 454 [M + H]+.
Ethyl (2,5-Bis((tert-butyldimethylsilyl)oxy)benzyl)glycinate (70e).

2,5-Dihydroxybenzaldehyde 67e (500 mg, 3.62 mmol), tert-
butylchlorodimethylsilane (2.5 equiv), and ethyl 2-aminoacetate
hydrochloride 69b (3 equiv) were reacted according to general
procedure G, and the product was purified over silica gel using 20%
ethyl acetate in hexanes to afford the title compound 70e (750 mg,
1.65 mmol, 46%, two steps) as a yellowish oil. 1H NMR (CDCl3, 400

MHz): δ 0.16 (s, 6H), 0.20 (s, 6H), 0.97 (s, 9H), 1.00 (s, 9H), 1.26
(t, J = 7.2 Hz, 3H), 3.36 (s, 2H), 3.73 (s, 2H), 4.16 (q, J = 7.2 Hz,
2H), 6.59 (dd, J = 3.2, 8.4 Hz, 1H), 6.65 (d, J = 8.4 Hz, 1H), 6.74 (d,
J = 3.2 Hz, 1H). LC-MS (ESI): m/z 454 [M + H]+.

General Procedure H: 3-(1-((3,5-dimethylisoxazol-4-yl)methyl)-
1H-pyrazol-4-yl)-1-(3-hydroxybenzyl) Imidazolidine-2,4-dione
(S6821). This reaction was performed under N2. 1-((3,5-Dimethy-
lisoxazol-4-yl)methyl)-1H-pyrazole-4-carbonyl azide 5 (38 g, 154
mmol) was stirred at reflux in dry toluene (600 mL) along with
molecular sieves until no emission of nitrogen was observed, which
indicates complete conversion of 1-((3,5-dimethylisoxazol-4-yl)-
methyl)-1H-pyrazole-4-carbonyl azide 5 into the 4-((4-isocyanato-
1H-pyrazol-1-yl)methyl)-3,5-dimethylisoxazole intermediate. A solu-
tion of methyl 2-(3-(tert-butyldimethylsilyloxy)benzylamino)acetate
70a (48g, 154 mmol) in dry toluene (100 mL) was prepared. To this
solution, the mixture obtained above, which contains the 4-((4-
isocyanato-1H-pyrazol-1-yl)methyl)-3,5-dimethylisoxazole intermedi-
ate, was added, and the reaction mixture was refluxed for 48 h. The
mixture was then allowed to cool to room temperature and was
filtered over a pad of celite. The filtrate was concentrated on a
rotovap, and the solid residue was suspended in methanol (1 L) and
treated with HCl (2.0 M solution in diethyl ether, 540 mL). The
solution was stirred for 16 h at 50 °C. The reaction mixture was
partially concentrated on a rotovap to remove most of the diethyl
ether, and the mixture diluted with water. The solid that formed was
collected by filtration and recrystallized from hot ethanol (2 L). The
product was collected by filtration and washed with ethanol to afford
S6821 (48 g, 127 mmol, 82%) as a white solid. 1H NMR (DMSO-d6,
400 MHz): δ 2.15 (s, 3H), 2.41 (s, 3H), 3.99 (s, 2H), 4.45 (s, 2H),
5.21 (s, 2H), 6.64−6.77 (m, 3H), 7.11−7.19 (m, 1H), 7.80 (d, J = 0.8
Hz, 1H), 8.19 (d, J = 0.4 Hz, 1H), 9.44 (s, H). LC-MS (ESI): m/z
382 [M + H]+. EA: calcd. C 59.84, H 5.02, N 18.36; found C 59.79, H
5.41, N 18.42.

General Procedure I: 3-(1-((3,5-Dimethylisoxazol-4-yl)methyl)-
1H-pyrazol-4-yl)-1-(3-hydroxybenzyl)-5,5-dimethylimidazolidine-
2,4-dione (S7958). This condition was designed to avoid the isolation
of the acyl azide. Sodium nitrite (17.5 g, 254 mmol) in ice water (390
mL) was added to 1-((3,5-dimethylisoxazol-4-yl)methyl)-1H-pyra-
zole-4-carbohydrazide 4 (39.8 g, 169 mmol), in 10% acetic acid (1000
mL) and an ice/water bath at a rate that maintained a temperature
below 5 °C. The mixture was stirred for 2.5 h at room temperature
and then extracted twice with DCM (375 mL, 150 mL). The organic
layer was washed with aqueous potassium carbonate (25%, 200 mL),
water (200 mL), and brine and was dried with magnesium sulfate.
The magnesium sulfate was filtered out to give a solution of 1-((3,5-
dimethylisoxazol-4-yl)methyl)-1H-pyrazole-4-carbonyl azide 5 in
DCM. The solution was added continuously to a solution of ethyl
2-(3-(tert-butyldimethylsilyloxy)benzylamino)-2-methylpropanoate
70b (59.4 g, 169 mmol) in anhydrous toluene (1300 mL) in the
presence of 4 Å MS (21 g) preheated to 105 °C at a rate that
maintained an internal reaction temperature between 95 and 105 °C.
The DCM was allowed to distill off during the addition step. The
mixture was then refluxed for 16 h. The MS were filtered out, and the
solvent was removed under a vacuum to give a residue, which was
dissolved in anhydrous methanol (700 mL). HCl was added (2 M in
diethyl ether, 144 mL), and the mixture was heated at 65 °C for 3 h.
The solvent was removed under a vacuum, and the product was
recrystallized from ethanol (330 mL) to give S7958 (63.8 g, 92%) as a
white solide. 1H NMR (DMSO-d6, 400 MHz): δ 1.31 (s, 6H), 2.16 (s,
3H), 2.42 (s, 3H), 4.47 (s, 2H), 5.20 (s, 2H), 6.65 (ddd, J = 0.8, 2.4, 8
Hz, 1H), 6.75−6.83 (m, 2H), 7.11 (t, J = 8 Hz, 1H), 7.83 (d, J = 0.4
Hz, 1H), 8.21 (d, J = 0.8 Hz, 1H), 9.36 (s, H). LC-MS: m/z 410 [M
+ H]+. EA: calcd. C 61.60, H 5.66, N 17.10; found C 61.69, H 6.05, N
17.32.

General Procedure J: 1-(2,5-Dihydroxybenzyl)-3-(1-((3,5-dime-
thylisoxazol-4-yl)methyl)-1H-pyrazol-4-yl)imidazolidine-2,4-dione
(M397A). 1-((3,5-Dimethylisoxazol-4-yl)methyl)-1H-pyrazole-4-car-
bonyl azide 5 (423 mg, 1.72 mmol) in dry toluene (100 mL) was
treated with 4 Å MS, and the mixture stirred at reflux under nitrogen
for 2 h. After cooling the reaction to room temperature, a solution of
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ethyl (2,5-bis((tert-butyldimethylsilyl)oxy)benzyl)glycinate 70e (910
mg, 2.01 mmol) in dry toluene (20 mL) was added. The mixture was
stirred at room temperature for 2 h, heated to 100 °C, and stirred
overnight. The reaction mixture was cooled to room temperature and
filtered over a pad of celite. The filtrate was concentrated on a
rotovap, and the residue purified over silica gel using 25% EtOAc in
hexanes to furnish the 1-(2,5-bis((tert-butyldimethylsilyl)oxy)benzyl)-
3-(1-((3,5-dimethylisoxazol-4-yl)methyl)-1H-pyrazol-4-yl)-
imidazolidine-2,4-dione intermediate as a colorless oil (950 mg, 88%)
(LC-MS (ESI): m/z 626 [M + H]+). The latter intermediate (850
mg, 1.36 mmol) was then dissolved in methanol (25 mL) and treated
with HCl (2 M in Et2O, 10 equiv). The reaction mixture was refluxed
for 2 h, and the volatiles were removed under a vacuum. The residual
solid was recrystallized from ethanol to afford the title compound
M397A (295 mg, 0.74 mmol, 54%) as a whitish solid. 1H NMR
(DMSO-d6, 400 MHz): δ 2.14 (s, 3H), 2.41 (s, 3H), 4.01 (s, 2H),
4.40 (s, 2H), 5.20 (s, 2H), 6.51 (dd, J = 2.8, 8.4 Hz, 1H), 6.57 (d, J =
3.2 Hz, 1H), 6.65 (d, J = 8.4 Hz, 1H), 7.79 (d, J = 0.8 Hz, 1H), 8.19
(d, J = 0.8 Hz, 1H), 8.70 (s, 1H), 8.94 (s, H). LC-MS (ESI): m/z 382
[M + H]+. LC-MS (ESI): m/z 398 [M + H]+.
1-(3,4-Dihydroxybenzyl)-3-(1-((3,5-dimethylisoxazol-4-yl)-

methyl)-1H-pyrazol-4-yl)imidazolidine-2,4-dione (M397B). The
title compound M397B (whitish solid, 300 mg, 0.66 mmol, 46%)
was synthesized according to general procedure J from 70d and the
azide 5. 1H NMR (DMSO-d6, 400 MHz): δ 2.15 (s, 3H), 2.41 (s,
3H), 3.94 (s, 2H), 4.35 (s, 2H), 5.20 (s, 2H), 6.57 (dd, J = 2.0, 8.0
Hz, 1H), 6.67−6.73 (m, 2H), 7.79 (s, 1H), 8.18 (s, H), 8.93 (s, 1H),
8.94 (s, H). LC-MS (ESI): m/z 382 [M + H]+. LC-MS (ESI): m/z
398 [M + H]+.
1-(2,3-Dihydroxybenzyl)-3-(1-((3,5-dimethylisoxazol-4-yl)-

methyl)-1H-pyrazol-4-yl)imidazolidine-2,4-dione (M397C). The
title compound M397C (whitish solid, 675 mg, 1.70 mmol, 62%)
was synthesized according to general procedure J from 70c and the
azide 5. 1H NMR (DMSO-d6, 400 MHz): δ 2.14 (s, 3H), 2.40 (s,
3H), 3.99 (s, 2H), 4.47 (s, 2H), 5.20 (s, 2H), 6.55−6.67 (m, 2H),
6.75 (dd, J = 2.0, 7.2 Hz, 1H), 7.79 (d, J = 0.4 Hz, 1H), 8.18 (d, J =
0.8 Hz, 1H), 8.55 (br s, 2H). LC-MS (ESI): m/z 382 [M + H]+. LC-
MS (ESI): m/z 398 [M + H]+.
Sodium 3-((3-(1-((3,5-Dimethylisoxazol-4-yl)methyl)-1H-pyra-

zol-4-yl)-2,4-dioxoimidazolidin-1-yl)methyl)phenyl Sulfate (M461
Sodium Salt). A solution of 3-(1-((3,5-dimethylisoxazol-4-yl)-
methyl)-1H-pyrazol-4-yl)-1-(3-hydroxybenzyl) imidazolidine-2,4-
dione S6821 (1.00 g, 2.60 mmol) in anhydrous DCM (50 mL) was
treated with PySO3 (10 equiv), and the mixture was refluxed for 2 h,
cooled to room temperature, and quenched with saturated NaHCO3
(10 equiv). The mixture was then stirred for 1 h at room temperature,
and MeOH (15 mL) was added. The solid was filtered, and the
organic phase was concentrated. The residue was dissolved in 1/3
MeOH/DCM (30 mL); the solid was filtered, and the filtrate was
concentrated again. The latter was repeated again, and the foamy
residue was dissolved in EtOH and precipitated by the slow addition
of Et2O. The solid was collected and dried under a vacuum to give the
desired product M461 sodium salt as a white powder (1.20 g, 2.48
mmol, 95%). 1H NMR (DMSO-d6, 400 MHz): δ 2.15 (s, 3H), 2.41
(s, 3H), 4.00 (s, 2H), 4.51 (s, 2H), 5.20 (s, 2H), 6.98−7.03 (dm, J =
7.6 Hz, 1H), 7.09−7.16 (m, 2H), 7.26 (br t, J = 8.0 Hz, 1H), 7.79 (d,
J = 0.8 Hz, 1H), 8.20 (d, J = 0.8 Hz, 1H). LC-MS (ESI): m/z 398 [M
+ H]+.
(2S,3S,4S,5R,6S)-6-(3-((3-(1-((3,5-Dimethylisoxazol-4-yl)methyl)-

1H-pyrazol-4-yl)-2,4-dioxoimidazolidin-1-yl)methyl)phenoxy)-
3,4,5-trihydroxytetrahydro-2H-pyran-2-carboxylic Acid (M557). 3-
(1-((3,5-Dimethylisoxazol-4-yl)methyl)-1H-pyrazol-4-yl)-1-(3-hy-
droxybenzyl) imidazolidine-2,4-dione S6821 (1.00 g, 2.6 mmol) and
(3R,4S,5S,6S)-2-bromo-6-(methoxycarbonyl)tetrahydro-2H-pyran-
3,4,5-triyl triacetate 77 (1.34 g, 3.38 mmol, 1.3 equiv) were dissolved
in anhydrous DCM (25 mL), and silver triflate (0.97 g, 3.38 mmol,
1.3 equiv) was added. The mixture was stirred overnight in darkness,
and ETA (1 mL) was added. The solution was further stirred for 30
min and filtered through a pad of celite. The filtrate was concentrated,
and the residue was purified on silica gel using hexanes and a EtOAc

gradient to give (2S,3R,4S,5S,6S)-2-(3-((3-(1-((3,5-dimethylisoxazol-
4-yl)methyl)-1H-pyrazol-4-yl)-2,4-dioxoimidazolidin-1-yl)methyl)-
phenoxy)-6-(methoxycarbonyl)tetrahydro-2H-pyran-3,4,5-triyl triace-
tate intermediate 78 (306 mg, 439 μmol, 18%) as a white solid (LC-
MS (ESI): m/z 698 [M + H]+). A solution of the latter
(2S,3R,4S,5S,6S)-2-(3-((3-(1-((3,5-dimethylisoxazol-4-yl)methyl)-
1H-pyrazol-4-yl)-2,4-dioxoimidazolidin-1-yl)methyl)phenoxy)-6-
(methoxycarbonyl)tetrahydro-2H-pyran-3,4,5-triyl triacetate inter-
mediate (300 mg, 430 μmol) in methanol (5 mL) was treated with
2 N NaOH (10 equiv) and stirred overnight at room temperature.
The reaction mixture was then acidified to pH 3−4 using a 5 N HCl
solution, stirred for 30 min, and purified using reverse phase HPLC to
furnish the desired product M557 as a white solid (54 mg, 97 μmol,
23%). 1H NMR (DMSO-d6, 400 MHz): δ 2.15 (s, 3H), 2.41 (s, 3H),
3.10−3.54 (m, 3H), 3.89 (d, J = 9.6 Hz, 1H), 4.01 (s, 2H), 4.52 (s,
2H), 5.07 (d, J = 7.6 Hz, 1H), 5.20 (s, 2H), 5.34 (m, 2H), 6.86−7.09
(m, 3H), 7.20−7.40 (m, 1H), 7.80 (d, J = 0.4 Hz, 1H), 8.19 (d, J =
0.8 Hz, 1H), 12.76 (s, 1H). LC-MS (ESI): m/z 558 [M + H]+.
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