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ABSTRACT: Targeting the protein−protein interaction (PPI) between nuclear factor erythroid 2-related factor 2 (Nrf2) and
Kelch-like ECH-associated protein 1 (Keap1) is a potential therapeutic strategy to control diseases involving oxidative stress. Here,
six classes of known small-molecule Keap1−Nrf2 PPI inhibitors were dissected into 77 fragments in a fragment-based deconstruction
reconstruction (FBDR) study and tested in four orthogonal assays. This gave 17 fragment hits of which six were shown by X-ray
crystallography to bind in the Keap1 Kelch binding pocket. Two hits were merged into compound 8 with a 220−380-fold stronger
affinity (Ki = 16 μM) relative to the parent fragments. Systematic optimization resulted in several novel analogues with Ki values of
0.04−0.5 μM, binding modes determined by X-ray crystallography, and enhanced microsomal stability. This demonstrates how
FBDR can be used to find new fragment hits, elucidate important ligand−protein interactions, and identify new potent inhibitors of
the Keap1−Nrf2 PPI.

■ INTRODUCTION

Living systems are exposed to reactive oxygen species (ROS)
and electrophiles from cellular energy metabolism and outside
sources. To prevent damaging oxidative stress and maintain
redox homeostasis, the production and elimination of ROS is
generally tightly regulated. However, uncontrolled production
of ROS plays a major role in inflammatory diseases, cancer,
stroke, and neurodegenerative disorders.1−3

The nuclear factor erythroid 2-related factor 2 (Nrf2), a
transcription factor, is a principal regulator of the cellular
defense system against oxidative stress, mediating the tran-
scription of detoxification and antioxidant enzymes including
superoxide dismutase (SOD), catalase, glutathione peroxidase
(GPx), thioredoxin, heme oxygenase 1 (HO-1), ferritin,
glutathione reductase, NAD(P)H dehydrogenase (quinone)
1 (NQO1), and glutathione S-transferase (GST).4−6 Under

basal conditions, the cytosolic repressor protein, Kelch-like
ECH-associated protein 1 (Keap1), keeps the cellular
concentration of Nrf2 low by associating with the Nrf2-ECH
homology 2 (Neh2) domain of Nrf2, promoting its
polyubiquitination and thus proteasomal degradation.5,7

Keap1 consists of three domains: a broad complex, tramtrack,
and a bric-a-̀brac (BTB) domain, an intervening region (IVR),
and a Kelch domain. The C-terminal Kelch domain is the
recognition module for Nrf2, as a Keap1 homodimer, via its
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two Kelch domains, binds a high-affinity ETGE-motif and a
low-affinity DLG-motif at the Neh2 domain of Nrf2.8−10

Keap1 functions as an adaptor for cullin 3 (Cul3), which
catalyzes the polyubiquitination of Nrf2 thereby controlling its
cellular levels.9−12 Importantly, increased levels of reactive
oxidants or electrophiles modify specific sensor cysteine
residues on the IVR and/or BTB domains of Keap1, leading
to conformational changes of the Keap1−Nrf2−Cul3 complex
and prevention of Nrf2 polyubiquitination.9,13,14 The accumu-
lated Nrf2 is then translocated to the nucleus, where it
increases the expression of cytoprotective enzymes through
activation of the antioxidant response elements (AREs).15,16

Accordingly, Nrf2 activation has been found to protect
neurons in cell and animal models of central nervous system
(CNS) diseases, such as ischemic and hemorrhagic stroke,
traumatic brain injury, and neurodegenerative disor-
ders,15,17−19 and in conditions such as chronic obstructive
pulmonary disease (COPD),20 metabolic kidney, liver
conditions,15,21,22 and some cancer types.21 Thus, targeting
the protein−protein interaction (PPI) between the Neh2
domain of Nrf2 and the Kelch domain of Keap1 has been
proposed as a potential therapeutic strategy to counterbalance
oxidative stress.
To date, several classes of small-molecule inhibitors have

been designed to noncovalently inhibit the PPI of the Keap1
Kelch domain and the Nrf2 Neh2 motifs,20,23−33 including
several recently developed compounds.34−45 However, the
Neh2-binding pocket of the Keap1 Kelch domain is large
(550−780 Å) and contains multiple arginine residues, thus
representing a challenging target for drug development.14 This
is reflected in the reported Keap1−Nrf2 PPI inhibitors, which
generally have high molecular weights and contain carboxylic
acids leading to poor cell and CNS permeability. Also, many of

the compounds are either low-potent (Kd/Ki > 1 μM) or have
suboptimal drug-related properties, such as low solubility, low
metabolic stability, mutagenic properties, or low bioavailability
and high clearance.14,20,28,33,46

Fragment-based drug discovery (FBDD) has been effective
in developing potent drug-like PPI inhibitors.47,48 The core
principle of FBDD is to start from small noncomplex
molecules known as fragments and carefully optimize the
hits by either growing, linking, or merging, to improve the
binding activity while maintaining high ligand efficiency (LE)49

and promising physiochemical properties. This approach has
been applied to Keap1 by screening a diverse library of
approximately 330 fragments by X-ray crystallography followed
by optimization of fragment hits into a nanomolar-affinity
compound.20,46 An alternative strategy, which is pursued
herein, is to apply the fragment-based deconstruction−
reconstruction (FBDR) approach. Here, known inhibitors are
dissected or deconstructed into fragments whereby a target-
biased library of fragments is made.47,50−53 This often results in
higher hit-rates, as the fragments are predisposed to bind the
target, and can reveal which parts of the ligands are most
essential for binding. Also, if structural data are obtained for
the protein−fragment complexes, this can identify the
corresponding protein pocket hot spots. The deconstructed
fragment hits can then be optimized to larger molecules with
potential improved properties. Combining the facts that several
small-molecule Keap1−Nrf2 inhibitors have been reported and
that FBDD has successfully been applied to develop Keap1−
Nrf2 inhibitors, we set out to explore if FBDR could be used to
identify novel lead compounds for the Keap1−Nrf2 PPI.
For this FBDR study, we selected six classes of known small-

molecule Keap1−Nrf2 PPI inhibitors and dissected them into
fragments guided by the rule of three (Ro3)54,55 thereby

Figure 1. DC of the six classes (A−F) of Keap1−Nrf2 inhibitors into the related deconstructed fragments (1a−x, 2a−r, 3a−o, 4a−d, 5a−j, and
6a−f).
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obtaining a deconstruction (DC) library of 77 fragments. The
fragments were tested in four orthogonal assaysfluorescence
polarization (FP), thermal shift assay (TSA), saturation-
transfer difference (STD) nuclear magnetic resonance
(NMR), and surface plasmon resonance (SPR). This was
followed by a selection of the most promising fragment hits
and X-ray crystallographic characterization of their binding to
the Keap1 Kelch domain. This allowed the merging of two
fragment hits (1m and 4c) into a novel lead compound (8)
with a 220−380-fold stronger binding relative to parent
fragments. Further structure−activity relationship (SAR)
studies resulted in 31 compounds with improved binding
affinityseveral with nanomolar affinities and/or binding
modes characterized by X-ray crystallography. Thus, with this
study, we show that FBDR can be a fruitful approach for
finding new and useful fragment hits, and for making new
potent inhibitors of pharmacologically relevant targets,
including challenging ones as the Keap1−Nrf2 PPI.

■ RESULTS AND DISCUSSION

DC of Known Small-Molecule Keap1−Nrf2 PPI
Inhibitors into Fragments. Among 19 small molecules
representing the known classes of Keap1−Nrf2 inhibitors, we
previously confirmed the binding activity of nine compounds
in FP, TSA, and SPR, while the remaining were found not to
bind the Keap1 Kelch domain.33 Here, six classes (A−F) of
Keap1 inhibitors were included for DC into fragments
containing the following chemical cores (Figure 1): (A) 1,4-
diaminonaphthalene,24,26 (B) 1,2,3,4-tetrahydroisoquinoline,23

(C) 3-phenylpropanoic acid,20 (D) 1-phenylpyrazole,31 (E)
1,4-diphenyl-1,2,3-triazole,56 and (F) 1-(1,3,4-oxadiazol-2-yl)-
urea.57,58 Classes A−D represent the most active Keap1−Nrf2
inhibitors with confirmed strong binding (Ki = 1−560 nM) to
the Keap1 Kelch domain and cellular activity.33 In addition,

class E was included due to pronounced activity in our NQO1
induction cell assay, although the parent compound (1-(3-
iodophenyl)-4-(3-nitrophenyl)-1H-1,2,3-triazole)56 was not
active in the binding assays.33 The compound leading to
class F fragments did not show activity in our binding assays
either,33 but we included it herein as two crystal structures
(based on soaking and cocrystallization, respectively) of the
parent compound in complex with the Keap1 Kelch domain
have been reported (although showing different binding
modes).58 The fragments were generally designed to comply
with Ro3, including six very small (MW < 100 Da) fragments,
but four larger fragments exceeding the Ro3 (MW > 300 Da)
were also included.55 The designed fragments were checked by
the FAF-Drugs4 filtering tool59 for potential problematic
structural features. DC of class A inhibitors resulted in 24
fragments (1a−x), class B in 18 (2a−r), class C in 15 (3a−o),
class D in four (4a−d), class E in 10 (5a−j), and class F in six
fragments (6a−f), which provided the DC library of 77
fragments (Table S1 and Figure 1). The number of derived
fragments depended on the possible DC opportunities as well
as the number and diversity of reported analogues within each
class. Thirty fragments were available in-house and 47 were
synthesized in 1−7 steps according to standard chemical
procedures.

Fragment Screening by FP, TSA, STD NMR, and SPR.
The 77 fragments were screened in four orthogonal assays
FP, TSA, STD NMR, and SPRfor their ability to bind to the
Keap1 Kelch domain and/or inhibit the Keap1−Nrf2 PPI,
followed by a series of hit validation steps. An FP inhibition
assay was applied using Cy5 as a fluorophore attached N-
terminally to a 9-mer peptide-moiety of Nrf2 with the
sequence H-LDEETGEFL-NH2.

33 In contrast to fluorescein-
labeled probes, readouts with red-shifted fluorophores such as
Cy5 are more resistant to fluorescence interferences from

Figure 2. (A) Venn-diagrams of the hits of the fragment screening before and after SPR validation. Red numbers; hits in four assays. Blue numbers;
hits in three assays. Green numbers; hits in two assays. Black numbers; hits in one assay. (B) Screening cascade including hit criteria and
prioritizing parameters.
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Table 1. Binding Data (FP, TSA, STD NMR, and SPR) of High-Priority Fragment Hitsa,b

aFP Ki values are shown as mean ± SEM based on two to three individual measurements using the Cy5-probe; TSA ΔTm values are shown at
effective concentrations determined during the dose−response screening; SPR Kd values are shown as mean ± SEM based on at least three dose−
response measurements using steady-state affinity analysis of SPR sensorgrams (Rmax was fixed to the value of a control compound when fitting);
and STD NMR effects are shown as the highest obtained STD% value obtained for a given signal during screening. b“-”: no activity; ND: not
determined (due to direct saturation of the ligand signal in STD NMR or solubility issues).
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compounds.33,60,61 The fragments were initially tested in
dose−response experiments (0.25−8 mM) in 8% DMSO.
Fragments demonstrating >5% inhibition were characterized as
primary hits. Furthermore, stable total fluorescence intensity
(FLINT) values across the dose−response curve were an
additional hit criterion to discard false positives related to
fluorescence interference such as autofluorescence or chemical
quenching of the probe.60 Thereby, 23 fragments were defined
as primary hits giving an initial hit-rate of 30%. Hereafter, the
hits were validated in three FP counter assaysdose−response
experiments using a FAM-labeled probe (FAM-LDEETGEFL-
NH2), dose−response experiments in the presence of 0.01%
Triton-X to exclude aggregation-based promiscuous inhib-
itors,62 and dose−response experiments without addition of

Keap1 to remove false positives due to fluorescence inner-filter
effects.24,60,61,63−67 These counter assays reduced the number
of hits to 13 giving a validated hit-rate of 17% (Figure 2A and
Table S2).
In TSA, the fragments were screened in dose−response tests

of 0.5−8 mM in 0.5−8% DMSO. Fragments showing an
increased ΔTm larger than two standard deviations of the
DMSO control, equaling ∼0.2 °C, at any concentration were
characterized as primary hits. This gave 19 fragments hits (hit-
rate of 25%) (Figure 2A and Table S2).
In STD NMR, the fragments were screened at 1 mM with

3% DMSO-d6. Fragments with at least one signal in the 1H
NMR spectrum displaying an STD% > 1% were defined as
primary hits. The STD NMR screening gave a high hit-rate of

Figure 4. (A) 1m binding to Keap1 Kelch: STD effects in % interpreted from 1H NMR peak intensities observed for 1m (left), SPR sensorgrams of
1m injected in a twofold dilution series over immobilized Keap1 Kelch (middle), and plots of equilibrium binding responses of 1m (from
sensorgrams in the middle panel) against the injected concentrations (right). (B) 4c binding to Keap1 Kelch: Competition FP assay (left) including
two counter assays testing activity in presence of Triton (blue) or leaving out Keap1 Kelch (green), SPR sensorgrams of 4c injected in a twofold
dilution series over immobilized Keap1 Kelch (middle), and plots of equilibrium binding responses of 4c (from sensorgrams in the middle panel)
against the injected concentrations (right).

Figure 3. (A) X-ray crystal structure of 3l (green) (PDB ID: 6ZEW) and 4c (magenta) (PDB ID: 6ZEX) in complex with the Keap1 Kelch domain
(the two structures are superimposed for illustrative purposes). Standard 2Fo − Fc electron density map carved around the fragments at 1.6 Å
(blue) contoured at 1σ are shown. (B) X-ray crystal structure of 4c (magenta) and the known class D inhibitor compound 7 (orange) in complex
with the Keap1 Kelch domain (PDB ID: 6ZEZ).
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64% (49 primary hits). Hits were clustered into fragments with
STD% > 10%, STD% ranging from 4 to 10%, and STD% of 1−
4% (Figure 2A and Table S2). A poor correlation between the
STD NMR amplification factor and affinity has been
reported,68 and thus we also included fragments having a
low STD%.
The primary SPR screen was performed by gradient

OneStep injections69,70 of the fragments up to 0.5 mM in a
4% DMSO buffer over covalently immobilized Keap1 Kelch at
the biosensor chip surface. Thirty-six fragments demonstrating
a MW normalized response level higher than 1.5 RU were
coined primary hits, corresponding to a hit-rate of 47% (Figure
2A and Table S2).
To guide hit prioritization, an SPR dose−response experi-

ment was performed by multicycle injections of 0.125−1 mM
of the primary STD and SPR hits. An additional six fragments
were tested, which were not conclusively assessed by STD
NMR due to solubility issues or direct magnetic saturation. A
total of 30 fragments showed concentration-dependent and
fragment-like response for two or more injections and were

thereby considered SPR-validated hits. Among these, 22 were
primary SPR hits (a validated hit-rate of 29%). Of the 49 STD
NMR hits, 24 were here validated by SPR (validated hit-rate of
31%), and so were three out of the six fragments not assessable
by STD NMR (Figure 2A). Of the 24 SPR validated STD hits,
two were also active in FP and six in TSA, but none in both FP
and TSA (Figure 2A and Table S2).
The validated hits were prioritized based on the criteria

specified in Figure 2B, resulting in 17 high-priority hits (Table
1). All 17 fragments were SPR hits and 15 of these were also
STD NMR hits (the two remaining SPR hits could not be
assessed by STD NMR). Among these, eight of them originate
from class A inhibitors, one from class B, five from class C, one
from class D, two from class E, and none from class F
inhibitors.
In general, highly validated hit-rates of 17−31% were

observed, as one would expect from a target-biased fragment
library based on known inhibitors. Notably, eight fragments
were hits in three assays, 32 in two assays, and 23 in one assay,
while none were active in all four assays (Figure 2A and Table

Figure 5. (A) Binding mode of 1m (as determined by docking; ligand and amino acid side chains in green) and 4c (as determined by X-ray
crystallography; ligand and amino acid side chains in magenta) in the Keap1 Kelch domain. (B) Docking of the 1m/4c merged analogue
(compound 8). (C) Conceptual scheme for the merging of 1m and 4c to design 8.

Scheme 1. Synthesis of the Merged Lead Compound 8a

aReagents and conditions: (a) DMF-dimethyl acetal, 15 min, MW, 130 °C; (b) 3-bromophenylhydrazine hydrochloride, TEA, EtOH, RT, 24 h,
85%; (c) CuI, K2CO3, N,N-dimethylglycine, DMF, 48 h, 160 °C, quantitative; and (d) aq NaOH, EtOH, RT, 30 h, 17%.
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S2). This relatively low assay overlap could reflect the different
sensitivities of the techniques, small variations in experimental
conditions (DMSO %, buffers, and temperature), and fragment
concentrations. Also, their fundamental different read-out
principles result in different types of false positives and
negatives,71 for example, aggregation can form a false positive
SPR signal,72 STD NMR can result in false negatives due to
direct irradiation of the fragment,71 fluorescence interferences
from compounds can cause false positives in FP, and
fluorescence quenching by the fragments could lead to false
negatives in TSA.73 A low number of overlapping hits have also
been observed in other fragment-screening studies using
similar assay technologies.74,75 That said, there was a
substantial overlap between STD NMR and SPR hits (Figure
2A), and activity in these assays was emphasized in our
prioritization.
X-ray Crystallography of Fragment Hits. The binding

poses of the high-priority hits were assessed by X-ray
crystallography by soaking the fragments at 5−10 mM into
crystals of mouse Keap1 Kelch domain in 5−10% DMSO.20

Cocrystal structures of seven of the high-priority hits were
obtained with good resolutions: 1f (2.15 Å), 3c (2.0 Å), 3g
(2.2 Å), 3j (2.1 Å), 3l (1.38 Å), 4c (1.98 Å), and 5e (2.3 Å).
For 3l and 4c, well-defined electron-densities allowed an
unambiguous placement of the ligands within the Neh2-
binding site of the Kelch domain (Figure 3A). For 1f, 3c, 3g,
and 3j, electron densities proving that the fragments bind in
the pocket were resolved. However, these electron densities
were not completely covering the modeled ligand structures at
standard 2Fo − Fc crystallographic maps contoured at 1σ levels,
and thus some uncertainty is associated with determination of
the binding modes (Figure S1). Fragment 5e was found
binding outside the pocket on the side of the Keap1 Kelch
domain (data not shown), correlating with the fact that it was

not an FP hit. On the other hand, 1f, 3c, 3g, and 3j were found
in the Keap1 Kelch binding pocket despite not being FP hits
either. This probably reflects that the FP assay is not sensitive
enough to detect these weak binders.
The binding pocket has been divided into five intercon-

nected subpockets, denoted P1−P5, where P1 and P2 contain
mostly polar and basic residues (Arg483, Ser508, Arg380,
Asn382, and Asn414), while P5 contains a hydrophobic
aromatic triad made up of Tyr572, Phe577, and Tyr334
(Figure 3A).26 Both 4c and 3c bind in P1, where their
carboxylic acids interact with Arg415 and/or Arg483 via
charge-assisted H-bonds (Figures 3A and S1B). The
sulfonamide of 1f forms a H-bond with Ser602 in P2/P5
and the benzene ring of 1f is placed at the aromatic triad of
Tyr334, Tyr572, and Phe577 (Figure S1A). A similar binding
of the rigidified sulfonamide 3g is observed (Figure S1C).
Finally, the benzotriazoles of 3l and 3j are both located in P4
(Figures 1 and S1D, respectively). The X-ray crystal structures
of our fragments thus suggest subpockets P1, P4, and P5 to be
hot spots of the Keap1 Kelch binding pocket, that is, important
contributors to binding energy, as has also previously been
found by X-ray crystallographic fragment screening.20 In
comparison, P1 and P2 have been suggested to be the most
important subpockets for binding of Nrf2,26 while another
study found three fragments binding in P1 and P4 after soaking
11 fragment hits.76 The latter study also provided a
computational analysis suggesting additional hot spots outside
the canonical P1−5 subpockets.
Furthermore, we solved the X-ray crystal structure of the

original class D inhibitor 1-(3-((cis)-3-(2-butylpyrrolidine-1-
carbonyl)cyclohexyl)phenyl)-5-cyclopropyl-1H-pyrazole-4-car-
boxylic acid (compound 7),31 which we have previously
synthesized and tested,33 but whose binding mode to Keap1
Kelch has not been revealed before. Interestingly, the derived

Figure 6. Binding of the merged compound 8 to the Keap1 Kelch domain. (A) SPR sensorgrams of 8 injected in twofold serial dilutions ranging
from 0.8 to 50 μM over immobilized Keap1 Kelch. (B) Plots of equilibrium binding responses from sensorgrams in (A) against the injected
concentrations of compound 8. (C) Concentration response curves from the competitive FP assay of 8 using the Cy5-Nrf2 probe. The 9meric Nrf2
peptide H-Nrf2-OH (H-LDEETGEFL-OH) was used as a positive control. (D) X-ray crystal structure of 8 (blue) (PDB ID: 6ZEY) in complex
with the Keap1 Kelch domain.
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fragment 4c retained the same binding mode as the known
inhibitor (Figure 3B). Similarly, the sulfonamide-containing
fragments 1f and 3g seem to recapitulate the binding modes
seen for the larger known ligands they were derived from
(Figure S1 vs PDB ID 4IQK and 5FNU, respectively). These
fragments, therefore, seem to bind to anchor points of the
Keap1 Kelch pocket, that is, particular important hot spots that
dominate the free energy of binding.77 In contrast, the binding
poses of 3c, 3j, and 3l were not conserved relative to the
original ligand (PDB ID 5FNU), a common situation of
FBDR,78 indicating that these fragments will not serve as useful
starting points generating larger compounds as their binding
poses are likely to be altered throughout optimization.77

Merging of Fragment Hits. In parallel with our efforts of
obtaining X-ray crystal structures, molecular dockings of the
fragments were also performed to guide optimization. Here,
fragment 1m, a high priority hit showing relatively high affinity
in SPR and high STD NMR effects (Table 1 and Figure 4A),
was hypothesized to bind at the right-hand side in the Neh2
binding pocket (P2, P3, and P5) (Figure 5A). Specifically, it
protrudes its aniline core into the area between Arg415 and
Ala556 and places its benzenesulfonyl moiety optimal for
hydrogen bonding with Ser602 and Ser363 and π−π stacking
with Tyr334. When superimposing the docking pose of 1m
with the X-ray structures of the other sulfonamide-containing
fragments1f and 3g (Figure S1) and 1e (PDB ID:

Figure 7. (A) Substructure analysis of 8. (B) SAR study of 8 with representation of series I−V and the two single modifications VI−VII. (C) Five
series of analogues. I: green, II: pink, III: red, IV: blue, and V: black. Binding activities from the competition FP assay are shown as Ki values in μM
(n ≥ 3). LE values are shown in parentheses. The analogues have only been modified at one position at a time. Compounds 8a−e do not contain a
cyclopropyl group as compound 8 and the remaining analogues do.
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5FZN)20a good overlap between the sulfonamide groups
was observed (Figure S2) thus supporting the docking result.
Importantly, we noticed that the aromatic cores of 1m and

4c overlap as seen when superimposing the docking pose of
1m and our X-ray crystal structure of 4c (Figure 5A).
Fragment 4c was also a high-priority hit showing activity in FP
and SPR (Table 1 and Figure 4B). Thus, the superimposition
indicates that merging the two cores with a metarelationship
would be feasible, as supported by docking, giving rise to the
design of lead compound 8 (Figure 5B,C).
Compound 8 was made in three steps with the first step

being an initial de novo pyrazole synthesis, consisting of a
condensation of 1,3-ketoaldehyde, prepared in situ, with aryl
hydrazine to efficiently give the aryl bromide intermediate.32

Subsequent Ullmann-type coupling with benzenesulfonamide
and deprotection afforded 8 (Scheme 1). Evaluation by SPR
showed 8 to exhibit a 380-fold stronger binding to the Keap1
Kelch domain, displaying a Kd = 2.9 μM (Figure 6A,B),
compared to the two fragments 1m and 4c (both showing Kd =
1.1 mM; Table 1). In the FP inhibition assay, 8 efficiently
displaced the Nrf2 peptide probe with a Ki value of 15.6 μM
(Figure 6C), corresponding to a 220-fold improvement relative
to parent fragment 4c (Table 1). Furthermore, based on the
FP Ki values (Table 1), LE was improved for 8 compared to 4c

(0.24 vs 0.20 kcal/mol, respectively) suggesting that
compound 8 maintains or even improves the size-dependent
binding efficiency of the original fragments. To further confirm
that 8 binds in the Neh2 binding pocket and to verify its
hypothesized binding mode, a 1.8 Å X-ray crystal structure of
the compound in complex with the Kelch domain was
obtained (Figure 6D). This reveals the expected pose (Figure
5B), in which the central benzene is placed in P3 and acts as a
linker between the pyrazole moiety probing the left-hand side
(P1) of the pocket and the benzenesulfonamide moiety, which
occupies the right-hand side (P5) (Figure 6D).

Initial SAR Study of Lead Compound 8. The lead
optimization of 8 was guided by a combination of ligand-based
and computer-aided drug design based on the X-ray crystal
structure of 8 (Figure 6D). Five series (I−V) and two single
structural modifications (VI−VII) (Figure 7), involving 35
compounds, were designed and synthesized. Growing from the
meta-position of the aniline core (series I) could potentially
facilitate interactions to the deeper parts of the central and
narrow channel of the Keap1 Kelch domain, which a
computational analysis has suggested to be a hitherto
unexploited hot spot area.76 Growing from the nitrogen at
the sulfonamide (series II) was expected to result in important
interactions to the amino acids in P2, and modifications and/

Figure 8. (A) 1.74 Å X-ray crystal structure of 8h (PDB ID: 6ZF1). (B) 2.20 Å X-ray crystal structure of 8u (PDB ID: 6ZF2). (C) 1.59 Å X-ray
crystal structure of 8y (PDB ID: 6ZF0). (D) 1.28 Å X-ray crystal structure of 8ad (PDB ID: 6ZF3). (E) 1.37 Å X-ray crystal structure of 77e (PDB
ID: 6ZF7). (F) 1.29 Å X-ray crystal structure of 77g (PDB ID: 6ZF5). (G) 1.21 Å X-ray crystal structure of 77i (PDB ID: 6ZF4). (H) 1.37 Å X-ray
crystal structure of 77n (PDB ID: 6ZF6). (I) 1.75 Å X-ray crystal structure of 77o (PDB ID: 6ZF8).
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or elongation of the 5-cyclopropyl substituent (series III) were
designed to facilitate binding in P4. The electrostatic demands
of the sulfonyl ring in P5 were probed in series IV to target the
three aromatic residues (Tyr334, Tyr572, and Phe577). The
carboxy substituent of 8 engages with the donor duo of Arg483
and Ser508 in P1, a canonical binding mode seen for most
potent known Keap1−Nrf2 inhibitors;14 here, various
carboxylic acid bioisosteres were explored (series V). Also,
introducing more flexibility around the sulfonamide was
attempted by spacing the aryl ring and the nitrogen with a
methylene (VI), and the pyrazole core was exchanged with the
more electron-rich triazole (VII), which could also open up for
more synthetic possibilities. The resulting compounds from
series I−VII, compounds 8a−ai, were synthesized according to
the procedures described in the Supporting Information
(Schemes S1−S7).
The analogues were tested for binding affinity to the Keap1

Kelch domain by FP (Figure 7C). Growing from the meta-
position of the aniline core (series I) was unfortunately not
favorable. To facilitate synthesis, the 5-cyclopropyl moiety was
omitted from the series I analogues (8a−e) (Scheme S1).
Removal of the cyclopropyl group of 8 gave 8a with a 11-fold
increase in Ki relative to 8, and adding the smaller substitutions
in the meta-position resulted in a further 2.3−6-fold increase in
Ki values of 8b−e compared to 8a (Figure 7C). To understand
this, we solved the X-ray crystal structures of 8a−e (Figure
S3), which revealed that 8 and 8a bind with the same binding
mode, but that analogues 8b−d are extruded from the binding
pocket. The binding pose of the chlorine-substituted 8e was
also affected relative to 8a, but to a lesser extent potentially
reflecting its minor 2.3-fold decrease in affinity (Figure S3).
Based on these results, it did not appear feasible to grow
further into the central channel from the meta-position of the
aryl core.

Guided by molecular docking, the sulfonamide of 8 was
alkylated to probe the P2 subpocket (series II). Analogues with
nonpolar substituentsmethyl (8f) and ethyl (8g)resulted
in a slight loss of affinity, whereas the polar substituents
carboxylic acid (8h) and amide (8i)both led to ∼30-fold
stronger binding and higher LE values relative to compound 8
(Figure 7C). As expected, the X-ray crystal structures of 8h
revealed hydrogen bonding between the carboxylic acid of 8h
and polar groups (Asn414 and Arg415) in P2 (Figure 8A).
Several benzyl moieties were substituted at the 5-position of

the pyrazole core of 8 in place of the cyclopropyl (series III) in
an attempt to reach subpocket P4 and possibly form π−π
interactions with Tyr525. The FP data show that a two-carbon
linker system between the pyrazole and the benzene ring as in
compound 8n−p is required to improve or preserve the affinity
for this series. Changing the linker system to a trans-
cyclopropyl enhanced the binding activity fivefold (8o vs 8),
giving a Ki of 3.4 μM (Figure 7C).
A range of functional groups with differing electron-donating

capacities and bulkiness were substituted on the sulfonyl ring
to explore its electrostatic and steric demands (series IV). The
4-tert-butyl-substituted analogue (8w) was only slightly weaker
than 8, whereas the 4-methoxy-substituted analogue (8s) has
slightly enhanced binding, potentially due to an electrostatic
effect. Affinity is affected by the substitution pattern as
observed for the methoxy-substituted analogues (8q−t), where
meta- and para-substitution enhance the affinity but the ortho-
substitution decreases affinity by fivefold. Substitutions with 4-
propyl (8u), 4-n-butyl (8v), 2,4,6-tri-methyl (8x), or 2,3,5,6-
tetra-methyl (8y) increased the affinity 3−7-fold and retained
or slightly increased the LE compared to 8. The binding modes
of 8u and 8y were solved by X-ray crystallography and were
found to be similar to each other and to that of 8; for the
2,3,5,6-tetramethylbenzene of 8y, a π−π stacking with Tyr334
was observed, potentially correlating with its higher affinity
relative to 8u (Figure 8B,C).
The carboxylic acid bioisostere series (8z−ag) resulted in

mostly inactive compounds, except for the tetrazole analogue
(8ad), which demonstrated the same affinity toward the Keap1
Kelch domain in FP as 8 (Figure 7C) and was able to retain
the same binding mode as seen by X-ray crystallography
(Figure 8D). The tetrazole is the most acidic bioisostere
among the tested ones, which probably explains the retained
binding activity.
Finally, introducing a methylene to provide a more flexible

scaffold (8ah) or exchanging the pyrazole core with a triazole
(8ai) reduced the affinity 3−5-fold compared to 8 (data not
shown).

Optimization to High-Affinity Compounds. The most
favorable modifications of compound 8 were combined into 18
target compounds (77a−r) (Schemes S8−S11) in order to
either optimize the physicochemical properties (Table 2;
compounds 77a−d) or with the focus of enhancing binding
affinity (Table 3; compounds 77e−r) compared to 8. The
compounds were synthesized by combining the chemistry
applied for analogues 8a−ai with minor adjustments; for
example, TBDMS was used as a protecting group of the
carboxylic acid to ease the later deprotection step (77c and
77d), and formation of the amide was done directly from the
carboxylic acid via EDC-mediated coupling with ammonium
chloride (77d).
With compounds 77a−b, it was demonstrated that the

carboxylic acid interacting with P1 of the Keap1 Kelch domain

Table 2. Combined SAR Study of 8a

aFP Ki values are shown as mean ± SEM based on ≥3 individual
measurements using the Cy5-probe.
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Table 3. Combined SAR Study of 8a

aFP Ki values are shown as mean ± SEM based on ≥3 individual measurements using the Cy5-probe. LE values are shown in parentheses. bX-ray
structure available (Figure 8).

Figure 9. Stability of key compounds when incubated with mouse liver microsomes and human blood plasma. Data are shown as mean ± standard
error of the mean (SEM) of two to four individual experiments.
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could be replaced with a tetrazole and still provide low-
micromolar to high-nanomolar affinities (Ki = 0.66−1.5 μM;
Table 2). The neutral amide group on the sulfonamide as in
77b here led to a 2-fold lower affinity compared to the
corresponding acid group (77a)in contrast to the corre-
sponding and equipotent amide- and acid-containing com-
pounds 8i and 8h (Ki = 0.53−0.58 μM; Figure 7C). Also, the
affinity of 77c was only slightly (1.6-fold) improved relative to
8y, which was not expected as a large (27-fold) affinity-boost
was observed when adding the amide group to the sulfonamide
of 8 to get 8i (Figure 7C). However, replacing the cyclopropyl
of 77c with trans-cyclopropylbenzene gave 77d binding with
high affinity (Ki = 0.37 μM), although on the expense of a
lower LE (Table 2).
Our results demonstrated that the individual affinity-

improving structural changes (Figure 7C) could not be easily
combined to obtain additive or even synergistic effects (Table
2). Thus, a combinatorial and systematic approach was applied
instead (Table 3). Here, it was seen that independently of the
substitution at the benzenesulfonamide moiety, addition of an
aliphatic carboxylate chain at the sulfonamide nitrogen results
in improved binding affinity (8h and 77e−i; Table 3).
However, for the methylated benzene compounds (77h and
77i), the binding affinities were only improved 4- and 3-fold,
respectively, whereas for the four remaining compounds (8h
and 77e−g), a 12- to 55-fold improvement was observed
leading to very potent compounds such as 77e, 77f, and 77g
(Ki = 0.17, 0.34, and 0.40 μM, respectively; Table 3). The X-
ray structures of 77e, 77g, and 77i were solved and showed
favorable interactions between the aliphatic carboxylate group
and the Asn414/Arg415 residues in all cases (Figure 8E−G).
Interestingly, for 77g, containing the long n-butyl chain in the
para-position of the benzenesulfonamide moiety, the cyclo-
propyl is pushed upwards from the direction of P4 to P1. This
was in contrast to molecular docking, which suggested that the
cyclopropyl would point downwards toward P4.
Changing the cyclopropyl to a trans-cyclopropylbenzene led

2- to 5-fold improved binding affinities for all the compounds
(8o and 77j−m; Table 3). Interestingly, the binding affinity is
improved the most when combined with the smallest
substituent at the benzenesulfonamide moiety (3-methoxy;
77j), which could be due to a higher degree of flexibility as a
result of less intramolecular clashing of the various groups.
Finally, combining the aliphatic carboxylate and the trans-

cyclopropylbenzene gave four compounds with binding
affinities below or around 100 nM (77n−q) and LE values
similar or improved relative to the original compound 8 (Table
3). Compound 77o was particularly potent with a Ki of 40 nM
and an improved LE of 0.26. Compared to the compounds
with cyclopropyl (8h and 77e−i), 77n−r with trans-cyclo-
propylbenzene groups were 3−6-fold more potent. The
binding data also indicate that the effect of adding the aliphatic
carboxylate is highest for non, meta-, or para-substituted
compounds (26−48 fold improvement in Ki for 77n, 77o, and
77p relative to 8o, 77j, 77k, respectively), compared to ortho-
substituted compounds (5−15-fold improvement in Ki for 77q
and 77r relative to 77l and 77m, respectively) (Table 3).
Noticeably, the X-ray crystal structures of 77n and 77o
revealed that the trans-cyclopropylbenzene had shifted
upwardsfrom P4 toward a generally unexplored and more
hydrophobic part of P1 (containing Phe478 and Ile461)
(Figure 8H,I)in contrast to molecular docking, which
suggested that the trans-cyclopropylbenzene would fit into

P4 and interact with Tyr525. The two compounds were made
as a mixture of two enantiomers, but in both cases, it was the
1S,2S stereoisomer that fitted into the respective electron
densities. Considering the high affinities of 77n and 77o (Ki =
130 and 40 nM, respectively), this unique and apparently
favorable binding mode, which also leaves the P4 subpocket
free, could be exploited in further drug design of Keap1−Nrf2
PPI inhibitors.

Biological Stability. Stability under biological conditions
is an important parameter in the early phases of drug discovery
and can be a limiting factor for more advanced pharmaco-
logical studies. We, therefore, evaluated the stability of key
compounds against mouse liver microsomes and in human
blood plasma. We found that compounds 8, 8h, 8i, 77a, 77e,
77i, and 77o were completely metabolically stable in the
measured time span (240 min), while 77j was degraded slowly
(half-life, t1/2, ∼210 min). In contrast, the known inhibitor,
compound 7, from which our compounds were derived,
degraded fast (t1/2 = 27 min) (Figure 9). In blood plasma, the
tested compounds were completely stable (Figure 9).

Membrane Permeability. To evaluate if our compounds
could be used as potential cell-active chemical probes, we
tested them in a parallel artificial membrane permeation assay
(PAMPA). Unfortunately, all tested compounds (8, 8h−i, 8z,
8ad, 77a, 77e, 77i, 77j, and 77o) displayed very low
permeabilities with less than 2% found in the acceptor
compartment (Table S4). Noticeably, replacing the carboxylic
acid of 8 with amide (8z) or tetrazole (8ad) did not
significantly improve the permeability, as was the case for the
larger tetrazole-containing analogue 77a compared to 77i.
Also, the methoxy-substituted compounds (77e, 77j, and 77o)
showed very low permeability independent of whether they
had one or two carboxylic acids or benzene on the cyclopropyl
part (Table S4). This poor membrane permeability was in
contrast to 7, which showed high permeability. Hence, even
though 7 and our compounds share the structural motif
corresponding to fragment 4c, the physicochemical properties
of our compounds are not favorable for membrane
permeability. Compound 8 is smaller than 7 and both
compounds contain one carboxylic acid moiety, thus these
features do not seem to be determining for the permeability in
this direct comparison. Instead, lipophilicity is much lower for
8 than 7 (cLogP: 2.4 and 4.6) and the topological polar surface
area is much higher (tPSA: 99 and 73 Å2) (Figure S4), which
can potentially explain the different capabilities to penetrate
the PAMPA membrane. Likewise, 77o has a higher tPSA than
7 (137 Å2), a slightly lower cLogP (3.9), and contains two
carboxylic acid groups instead of one, which in combination
could explain the lower permeability of 77o relative to 7
(Figure S4).
Based on this, future optimization of 77o and analogues

should focus on balancing lipophilicity and polarity to improve
the membrane permeability and thereby provide compounds
more promising for cellular studies. A strategy could be to
replace the sulfonamide group and perform a wider exploration
of carboxylic acid bioisosteres, in addition to those studied
here (Figure 7). Also, prodrug strategies that mask the
carboxylic acid could be attempted.14,42,79

■ CONCLUSIONS
This study demonstrates that FBDR can be used to develop
new and potent inhibitors of the pharmacologically relevant
Keap1−Nrf2 PPI. The approach of using a series of known
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small molecules to design a DC library of fragments, followed
by reconstruction of the most promising hits and structure-
based optimization has not previously been applied to the
Keap1−Nrf2 PPI, and to the best of our knowledge, this is the
most extensive FBDR study reported in general. By generating
a target-biased library of 77 fragments followed by screening
and validation using four orthogonal assays (FP, TSA, STD
NMR, and SPR), we identified 17 well-characterized fragment
hits against the Keap1 Kelch domain. Concurrently, we
assessed the sensitivities and overlaps of hits between the
assays, which revealed that SPR and STD NMR are superior in
sensitivity and fragments that are active in SPR are generally
also active in STD NMR, but less often active in FP and TSA.
By analyzing the poses of seven fragment hits binding in the
Keap1 Kelch domain by X-ray crystallography and comparing
these with the binding modes of the original compounds, we
identified the P1, P4, and P5 subpockets to represent hot spot
areas, and P1 and P5 to be the most important anchor points
for overall binding of the molecules. This unique structural
insight allowed us to use structure-based drug design to select
two promising fragment hits (4c and 1m) and merge them into
the novel compound 8 with enhanced affinity. Initial
optimization, including bioisosteric replacements of the P1
binding carboxylic acid revealed that only the tetrazole group
was tolerated in this region. Substituents pointing toward the
central channel were explored and SAR studies revealed the
most favorable groups for targeting the P2, P4, and P5
subpockets. Further optimization guided by several X-ray
structures and a systematic approach where we combined the
most promising structural features resulted in particularly four
compounds (77n−q) with high binding affinities (Ki values of
40−130 nM) and with the X-ray structures of 77n and 77o
showing a novel binding mode occupying the upper and
hydrophobic parts of P1. Also, our compounds were much
more resistant to microsomal degradation compared to the
original compound (7).
Overall, we demonstrate that FBDR can be an effective

approach for finding new fragment hits and for making new
potent inhibitors of the Keap1−Nrf2 PPI with improved
properties, such as microsomal stability, and we thereby
anticipate that FBDR can be a powerful strategy for other
challenging drug targets. Although the current example of
FBDR did unfortunately not lead to membrane-permeable
Keap1 inhibitors, we believe that the fragment hits, lead
compounds, and structural insights provided herein can
facilitate the development of compounds promising for cellular
studies. Concretely, for this series, we suggest that future
optimization focuses on balancing lipophilicity and polarity.
Also, the carboxylic acid that interacts with the P1 arginine
seems obligatory for obtaining high affinity, thus we propose to
further explore bioisosteric replacements and prodrug strat-
egies to mask the carboxylic acid and thereby provide
biological active Keap1 inhibitors.

■ EXPERIMENTAL SECTION
Chemistry. All chemicals used for synthesis were obtained from

commercial suppliers and used without prior purification. 1H NMR,
13C NMR, and 2D-NMR spectra were recorded using either a 600
MHz Bruker AVANCE III HD instrument equipped with a
cryogenically cooled 5 mm dual probe or a 400 MHz Bruker
AVANCE III instrument equipped with a 5 mm broad band probe.
Samples were dissolved in either DMSO-d6 (VWR Chemicals, 99.80%
D) or CDCl3 (Cambridge Isotope Laboratories, Inc., 99.8% D) and

analyzed at 300 K. Thin layer chromatography (TLC) analyses were
performed using TLC silica gel 60 F254 aluminum plates (Merck).
Liquid chromatography−mass spectra (LC−MS) were obtained with
an Agilent 6410 Triple Quadrupole Mass Spectrometer instrument
using electron spray ionization (ESI) coupled to an Agilent 1200
high-performance liquid chromatography system (ESI−LC−MS)
with a C18 reverse-phase column (Zorbax Eclipse XBD-C18, 4.6
mm × 50 mm), an autosampler, and a diode array detector, using a
linear gradient of the binary solvent system of buffer A (Milli-Q H2O/
MeCN/formic acid, 95:5:0.1 v/v%) to buffer B (MilliQ H2O/
MeCN/formic acid, 5:95:0.043 v/v%) with a flow rate of 1 mL/min.
During ESI−LC−MS analysis, evaporative light scattering traces were
obtained with a Sedere Sedex 85 Light Scattering Detector. Normal
phase column chromatography was carried out using prepacked
RediSep Rf silica flash cartridges on a CombiFlash Rf+ apparatus.
Preparative reverse-phase HPLC was performed using an Agilent
1200 series HPLC preparative system with an Agilent Zorbax 300-SB-
C18 column (21.2 × 250 mm). Microwave-assisted synthesis was
carried out using a Biotage Initiator+ apparatus. Hydrogenation
reactions were performed on a H-Cube mini plus continuous
hydrogenation apparatus (ThalesNano) using disposable catalyst
cartridges preloaded with the required heterogeneous catalyst. All
final compounds showed ≥95% purity according to the NMR and
LC−MS results. Exact concentrations of DMSO stocks for assay
testing were determined by qHNMR, as previously described.33

Synthesis of 1a−6f (The DC Fragment Library). Thirty
fragments (1a, 1e, 1f, 1i, 1s, 2a−c, 2e, 2g, 2j, 2k, 2n, 2p, 3a−c, 3i, 3j,
4b, 5a−e, 6a−d, and 6f) were available in-house. The remaining 47
fragments were synthesized as described below.

General Procedure A: Conventional N-Sulfonylation. A flask was
charged with the aryl amine (1.0 equiv, 2.5 mmol), pyridine (1.5
equiv), DCM (0.5 M), and then sulfonyl chloride (1.1−1.2 equiv).
The mixture was stirred at RT for 3−21 h until complete conversion
(as determined by TLC). The mixture was then added water (4 mL/
mmol) and the aqueous phase extracted with DCM (3 × 2 mL/
mmol). The combined organic phases were dried over Na2SO4 and
concentrated in vacuo. Purification by flash column chromatography
afforded the pure sulfonamides.

General Procedure B: MW-Assisted N-Sulfonylation. A microwave
vial was charged with aryl amine (1.0 equiv, 1.0−5.0 mmol), pyridine
(2.0 equiv), DCM (0.2−1.0 M), and then benzenesulfonyl chloride
(1.0−2.0 equiv). The vial was capped and subjected to microwave
irradiation at 50 °C for 5−20 min until complete conversion (as
determined by TLC). The mixture was then added 2 M HCl (10 mL/
mmol), extracted with DCM (2−3 times with 10 mL/mmol), and the
combined organic phases dried over Na2SO4 and concentrated in
vacuo. Purification by flash column chromatography afforded the pure
sulfonamides.

General Procedure C: Pd-Catalyzed Nitro Group Reduction. A
flask was charged with the nitro compound (1.0 equiv, 0.5 mmol) and
MeOH or THF (0.1−1.0 M). The flask was evacuated and back-filled
with nitrogen, and this was repeated twice more. Then, 5% Pd/C (30
w/w%) was added. The flask was evacuated and back-filled with
nitrogen, and this was repeated twice more. Then, the flask was
evacuated and back-filled with hydrogen (balloon). The mixture was
stirred under hydrogen at RT until complete conversion (as
determined by TLC). The mixture was then filtered through a bed
of Celite, the bed was further washed with DCM, and the combined
filtrate concentrated in vacuo.

General Procedure D: Selective O-Alkylation. A stirred solution of
2-amino-3-nitrophenol (68) (1.0 equiv) in DMF (5−10 mL) was
treated with potassium carbonate (1.2 equiv) and an alkylating agent
(1.2 equiv). After 18 h, the mixture was poured into water. If no
precipitation, the reaction mixture was extracted with EtOAc (25 mL)
and washed with water (3 × 25 mL). The combined organic layer was
dried over Na2SO4, concentrated in vacuo, and purified by flash
column chromatography (Hep/EtOAc).

General Procedure E: Reduction of Aromatic Nitro Group. To a
solution of the nitroaniline (1.0 equiv) in EtOH (20−35 mL), SnCl2·
2H2O (4.0 equiv) was added. Then, the reaction mixture was stirred
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at 75 °C for 1−3 h and the solvent was adjusted to pH = 14 using
40% NaOH. The reaction mixture was extracted with EtOAc (3 × 25
mL). The combined organic layer was dried over Na2SO4,
concentrated in vacuo, and purified by flash column chromatography
(Hep/EtOAc).
General Procedure F: Triazole Formation. To 1,2-diamine (1.0

equiv) in 10% H2SO4 (10−15 mL) at 0 °C, NaNO2 (1.4 equiv) was
added in smaller portions over 20 min. After that, the reaction was
stirred for 30 min. The residue was diluted with water (35 mL) and
washed with EtOAc (2 × 30 mL), washed with brine (30 mL), dried
over Na2SO4, was concentrated in vacuo, and purified by flash column
chromatography (Hep/EtOAc).
N-(Naphthalen-1-yl)methanesulfonamide (1b). The general

procedure A was followed starting from 1-aminonaphthalene (0.36
g, 2.50 mmol) and mesyl chloride (0.21 mL, 2.75 mmol). Complete
conversion was seen after 3 h, and purification afforded 1b as a white
powder (0.28 g, 1.25 mmol, 50%). 1H NMR (400 MHz, DMSO-d6):
δ 9.71 (s, 1H), 8.29−8.23 (m, 1H), 7.98−7.92 (m, 1H), 7.89−7.82
(m, 1H), 7.62−7.48 (m, 4H), 3.02 (s, 3H). 13C NMR (101 MHz,
DMSO-d6): δ 133.97, 132.91, 129.51, 127.99, 126.60, 126.26, 125.67,
123.33, 123.19, 39.89. LC−MS (ESI) m/z: 220.6 [M − 1]−, tR = 4.02
min, purity >95% (UV).
N-(Naphthalen-1-yl)benzenesulfonamide (1c). The general pro-

cedure A was followed starting from 1-aminonaphthalene (0.36 g,
2.50 mmol) and benzenesulfonyl chloride (0.36 mL, 2.75 mmol).
Complete conversion was seen after 3 h, and purification afforded 1c
as a white solid (0.54 g, 3.70 mmol, 69%). 1H NMR (400 MHz,
DMSO-d6): δ 10.23 (s, 1H), 8.00 (dd, J = 8.5, 1.2 Hz, 1H), 7.88 (dd,
J = 8.0, 1.3 Hz, 1H), 7.78 (dd, J = 8.4, 1.1 Hz, 1H), 7.75−7.64 (m,
2H), 7.64−7.55 (m, 1H), 7.55−7.35 (m, 5H), 7.16 (dd, J = 7.4, 1.2
Hz, 1H). 13C NMR (101 MHz, DMSO-d6): δ 140.02, 133.82, 132.67,
132.29, 129.34, 129.08, 127.89, 126.69, 126.62, 126.14, 125.96,
125.42, 123.19, 123.01. LC−MS (ESI) m/z: 283.1 [M − 1]−, tR =
5.10 min, purity >95% (UV).
Naphthalen-1-ylglycine (1d). To a solution of 1-aminonaphtha-

lene (0.29 g, 2.00 mmol) in MeOH (25.0 mL) cooled to 0 °C were
added NaOAc (0.33 g, 4.00 mmol), glacial acetic acid (0.46 mL, 8.00
mmol), glyoxylic acid monohydrate (0.28 g, 3.00 mmol), and
NaCNBH3 (0.13 g, 2.00 mmol). The solution was slowly allowed to
reach RT over 4 h. Upon complete conversion, the mixture was
filtered through a plug of Celite and the filtrate was concentrated in
vacuo. Purification by preparative HPLC afforded 1d as a green-gray
crystalline solid (0.054 g, 0.27 mmol, 13%). 1H NMR (400 MHz,
DMSO-d6): δ 8.15−8.08 (m, 1H), 7.81−7.74 (m, 1H), 7.43 (m, 2H),
7.30−7.23 (m, 1H), 7.14 (d, J = 8.1 Hz, 1H), 6.35 (dd, J = 7.6, 1.0
Hz, 1H), 3.98 (s, 2H). 13C NMR (101 MHz, DMSO-d6): δ 172.57,
143.53, 133.95, 127.96, 126.61, 125.63, 124.14, 122.90, 121.35,
115.95, 103.04, 44.89. LC−MS (ESI) m/z: 200.6 [M − 1]−, tR = 4.06
min, purity >95% (UV).
N-(o-Tolyl)methanesulfonamide (1g). The general procedure A

was followed starting from o-toluidine (0.27 mL, 2.50 mmol) and
mesyl chloride (0.21 mL, 2.75 mmol). Complete conversion was seen
after 3 h, and purification afforded 1g as a white solid (0.35 g, 1.90
mmol, 76%). 1H NMR (400 MHz, DMSO-d6): δ 9.02 (s, 1H), 7.31−
7.11 (m, 4H), 2.97 (s, 3H), 2.31 (s, 3H). 13C NMR (101 MHz,
DMSO-d6): δ 135.47, 134.00, 130.81, 126.46, 126.21, 126.07, 40.06,
18.05. LC−MS (ESI) m/z: 184.4 [M − 1]−, tR = 3.43 min, purity
>95% (UV).
N-(2,3-Dimethylphenyl)methanesulfonamide (1h). The general

procedure A was followed starting from 2,3-dimethylaniline (0.31 mL,
2.50 mmol) and mesyl chloride (0.21 mL, 2.75 mmol). Complete
conversion was seen after 21 h, and purification afforded 1h as a white
solid (0.45 g, 2.20 mmol, 90%). 1H NMR (400 MHz, DMSO-d6): δ
9.00 (s, 1H), 7.14−7.05 (m, 3H), 2.93 (s, 3H), 2.25 (s, 3H), 2.20 (s,
3H). 13C NMR (101 MHz, DMSO-d6): δ 137.67, 135.19, 133.64,
127.99, 125.59, 124.67, 39.81, 20.20, 14.45. LC−MS (ESI) m/z:
198.6 [M − 1]−, tR = 3.79 min, purity >95% (UV).
N-(4-Aminophenyl)methanesulfonamide (1j). The compound

was synthesized in two steps. In step 1, the general procedure A
was followed starting from 4-nitroaniline (0.35 g, 2.50 mmol) and

mesyl chloride (0.23 mL, 3.20 mmol). Complete conversion was seen
after 48 h, and purification afforded N-(4-nitrophenyl)-
methanesulfonamide (1j-I1) as a yellow solid (0.22 g, 1.00 mmol,
42%). 1H NMR (400 MHz, DMSO-d6): δ 10.72 (s, 1H), 8.29−8.15
(m, 2H), 7.44−7.31 (m, 2H). 13C NMR (101 MHz, DMSO-d6): δ
144.93, 142.18, 125.45, 117.50, 39.64. LC−MS (ESI) m/z: 215.6 [M
− 1]−, tR = 3.48 min, purity >95% (UV). In step 2, the general
procedure C was followed starting from 1j-I1 (0.10 g, 0.46 mmol) in
THF (10 mL). Complete conversion was seen after 4 h, and workup
afforded 1j as a buff-colored powder (0.085 g, 0.46 mmol, 99%). 1H
NMR (400 MHz, DMSO-d6): δ 8.89 (s, 1H), 6.93−6.85 (m, 2H),
6.55−6.47 (m, 2H), 5.01 (s, 2H), 2.80 (s, 3H). 13C NMR (101 MHz,
DMSO-d6): δ 146.66, 125.97, 124.78, 114.08, 38.16. Two other
signals under DMSO-peak (HSQC). LC−MS (ESI) m/z: 187.1 [M −
1]−, tR = 0.77 min, purity >95% (UV).

4-Methoxybenzenesulfonamide (1k). A solution of 4-methox-
ybenzensulfonyl chloride (1.00 g, 4.84 mmol) in acetone (2.0 mL)
was added to 25% aqueous ammonia (9.68 mL), and the solution
stirred at RT for 22 h. Upon complete conversion, the reaction
mixture was quenched with 2 M HCl and extracted with EtOAc. The
organic phase was dried over MgSO4, filtered, and concentrated in
vacuo. Purification by flash chromatography afforded 1k as a white
solid (0.10 g, 0.53 mmol, 11%). 1H NMR (400 MHz, chloroform-d):
δ 7.84−7.74 (m, 2H), 6.67−6.87 (m, 2H), 4.60 (s, 2H), 3.81 (s, 3H).
13C NMR (101 MHz, chloroform-d): δ 162.51, 136.94, 128.66,
114.26, 55.65.

((4-Methoxyphenyl)sulfonyl)glycine (1l). A solution of glycine
(0.15 g, 2.00 mmol) and NaHCO3 (0.42 g, 5.00 mmol) in water (3.0
mL) was heated at 80 °C till complete dissolution and then added 4-
methoxybenzenesulfonyl chloride (0.41 g, 2.00 mmol). The mixture
was stirred at 80 °C for 2 h. Upon complete conversion, the reaction
mixture was neutralized to pH 1 with 2 M HCl, extracted with EtOAc
(2 × 20 mL), and the combined organic phases concentrated in
vacuo. Purification by preparative HPLC afforded 1l as a white solid
(0.040 g, 0.16 mmol, 8%). 1H NMR (400 MHz, DMSO-d6): δ 12.63
(s, 1H), 7.84 (t, J = 6.1 Hz, 1H), 7.77−7.66 (m, 2H), 7.15−7.03 (m,
2H), 3.83 (s, 3H), 3.53 (d, J = 6.1 Hz, 2H). 13C NMR (101 MHz,
DMSO-d6): δ 170.20, 162.09, 132.28, 128.66, 114.16, 55.59, 43.74.
LC−MS (ESI) m/z: 244.0 [M − 1]−, tR = 2.30 min, purity >95%
(UV).

N-Phenylbenzenesulfonamide (1m). The general procedure B was
followed starting from aniline (0.46 mL, 5.00 mmol) and
benzenesulfonyl chloride (0.96 mL, 7.50 mmol). Complete
conversion was seen after 10 min by TLC (Rf 0.56, hep/EtOAc
1:1), and purification afforded 1m as a white solid (1.10 g, 4.70 mmol,
94%). 1H NMR (400 MHz, DMSO-d6): δ 10.26 (s, 1H), 7.84−7.69
(m, 2H), 7.64−7.57 (m, 1H), 7.57−7.50 (m, 2H), 7.26−7.17 (m,
2H), 7.12−7.05 (m, 2H), 7.05−6.97 (m, 1H). 13C NMR (101 MHz,
DMSO-d6): δ 139.49, 137.63, 132.82, 129.19, 129.10, 126.59, 124.05,
120.04. LC−MS (ESI) m/z: 232.4 [M − 1]−, tR = 2.16 min, purity
>95% (UV).

N-(4-Aminophenyl)benzenesulfonamide (1n). The compound
was synthesized in two steps. In step 1, the general procedure A
was followed starting from 4-nitroaniline (1.38 g, 9.99 mmol) and
benzenesulfonyl chloride (1.40 mL, 11.0 mmol). Complete
conversion was seen after 24 h, and workup afforded N-(4-
nitrophenyl)benzenesulfonamide (1n-I1) as a yellow solid (0.28 g,
9.94 mmol, quantitative). 1H NMR (400 MHz, DMSO-d6): δ 11.28
(s, 1H), 8.17−8.09 (m, 2H), 7.91−7.85 (m, 2H), 7.69−7.57 (m, 3H),
7.36−7.28 (m, 2H). 13C NMR (101 MHz, DMSO-d6): δ 144.11,
142.58, 138.96, 133.54, 129.58, 126.67, 125.34, 117.98. In step 2, a
solution of 1n-I1 (1.39 g, 5.00 mmol) and iron powder (1.40 g, 25.0
mmol) in EtOH (30.0 mL) heated at 55 °C was added a solution of
NH4Cl (0.13 g, 2.50 mmol) in water (15.0 mL), and the mixture
stirred at 90 °C for 15 h. Upon complete conversion, the mixture was
filtered hot, and the filtrate concentrated in vacuo. The residue was
diluted with water (15 mL), basified with saturated aq NaHCO3 to
pH 7, and extracted with EtOAc (3 × 20 mL). The combined organic
phases were dried over MgSO4, filtered, and concentrated in vacuo.
Purification by flash chromatography afforded 1n as a white solid
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(0.37 g, 1.50 mmol, 30%). 1H NMR (400 MHz, DMSO-d6): δ 9.45
(s, 1H), 7.65−7.62 (m, 2H), 7.54−7.49 (m, 2H), 6.66 (m, 2H),
6.40−6.35 (m, 2H), 4.94 (s, 2H). 13C NMR (101 MHz, DMSO-d6):
δ 146.52, 139.72, 132.36, 128.87, 126.69, 125.20, 124.64, 113.91.
N-(o-Tolyl)benzenesulfonamide (1o). The general procedure A

was followed starting from o-toluidine (0.27 mL, 2.50 mmol) and
benzenesulfonyl chloride (0.49 g, 2.75 mmol). Complete conversion
was seen after 3 h, and purification afforded 1o as a white solid (0.63
g, 2.50 mmol, quantitative). 1H NMR (400 MHz, DMSO-d6): δ 9.54
(s, 1H), 7.63 (m, 3H), 7.58−7.48 (m, 2H), 7.15−7.03 (m, 3H), 6.95
(dd, J = 5.3, 3.4 Hz, 1H), 1.96 (s, 3H). 13C NMR (101 MHz, DMSO-
d6): δ 140.55, 134.74, 134.11, 132.65, 130.67, 129.12, 126.47, 126.42,
126.40, 126.27, 17.49. LC−MS (ESI) m/z: 246.8 [M − 1]−, tR =
4.75−4.90 min, purity >95% (UV).
N-(2,3-Dimethylphenyl)benzenesulfonamide (1p). The general

procedure A was followed starting from 2,3-dimethylaniline (0.31 mL,
2.50 mmol) and benzenesulfonyl chloride (0.49 g, 2.75 mmol).
Complete conversion was seen after 21 h, and purification afforded 1p
as a white solid (0.57 g, 2.20 mmol, 87%). 1H NMR (400 MHz,
DMSO-d6): δ 9.51 (s, 1H), 7.63 (m, 3H), 7.54 (m, 2H), 7.05−6.98
(m, 1H), 6.94 (t, J = 7.7 Hz, 1H), 6.69 (dd, J = 7.9, 1.4 Hz, 1H), 2.16
(s, 3H), 1.92 (s, 3H). 13C NMR (101 MHz, DMSO-d6): δ 140.46,
137.50, 134.51, 133.65, 132.56, 129.04, 128.07, 126.56, 125.35,
124.70, 20.10, 13.93. LC−MS (ESI) m/z: 261.0 [M − 1]−, tR = 5.09
min, purity >95% (UV).
4-Methoxy-N-phenylbenzenesulfonamide (1q). A solution of 4-

methoxybenzenesulfonyl chloride (1.65 g, 4.0 mmol) in dry DCM (25
mL) was added dropwise to a solution of aniline (0.80 mL, 4.40
mmol) and pyridine (1.0 mL) in dry DCM (15 mL) and the mixture
stirred at RT overnight. Upon reaction completion, the mixture was
poured into water (500 mL) and extracted with DCM (150 mL). The
organic phase was washed with 2 M HCl (2 × 30 mL), saturated aq
Na2CO3 (30 mL) and sat. brine (30 mL), dried over MgSO4, filtered,
and concentrated in vacuo. Recrystallization from methanol afforded
1q as an off-white solid (0.20 g, 0.76 mmol, 19%). 1H NMR (400
MHz, chloroform-d): δ 7.71−7.66 (m, 2H), 7.24 (dd, J = 7.0, 1.5 Hz,
2H), 7.14−7.09 (m, 1H), 7.06−7.02 (m, 2H), 6.90−6.86 (m, 2H),
6.37 (s, 1H), 3.83 (s, 3H). 13C NMR (101 MHz, chloroform-d): δ
163.12, 136.51, 130.68, 129.41, 129.33, 125.45, 121.81, 114.15, 55.57.
4-Methoxy-N-(o-tolyl)benzenesulfonamide (1r). The general

procedure A was followed starting from o-toluidine (0.27 mL, 2.50
mmol) and 4-methoxybenzenesulfonyl chloride (0.57 g, 2.75 mmol).
Complete conversion was seen after 14 h, and purification afforded 1r
as an off-white solid (0.61 g, 2.20 mmol, 89%). 1H NMR (400 MHz,
DMSO-d6): δ 9.38 (s, 1H), 7.62−7.53 (m, 2H), 7.18−7.03 (m, 5H),
7.01−6.94 (m, 1H), 3.82 (s, 3H), 2.01 (s, 3H). 13C NMR (101 MHz,
DMSO-d6): δ 162.26, 134.97, 133.94, 132.26, 130.64, 128.69, 126.24,
126.22, 114.21, 55.60, 17.58. LC−MS (ESI) m/z: 277.0 [M − 1]−, tR
= 4.90 min, purity >95% (UV).
N-(4-Aminonaphthalen-1-yl)methanesulfonamide (1t). The

compound was synthesized in two steps. In step 1, the general
procedure C was followed starting from 4-nitronaphthalen-1-amine
(0.75 g, 4.00 mmol) in THF (50 mL). Complete conversion was seen
after 24 h, and workup afforded naphthalene-1,4-diamine (1t-I1) as a
dark-green solid (0.63 g, 4.00 mmol, quantitative). 1H NMR (400
MHz, DMSO-d6): δ 7.95−7.89 (m, 2H), 7.36−7.30 (m, 2H), 6.53 (s,
2H), 4.75 (s, 4H). In step 2, a solution of 1t-I1 (0.34 g, 2.15 mmol)
in THF (10 mL) cooled to 0 °C was added mesyl chloride (0.15 mL,
1.94 mmol) and Na2CO3 (0.33 g, 3.07 mmol), and the mixture stirred
under nitrogen at 0 °C for 19 h. Upon reaction completion, the
mixture was diluted with petroleum ether (20 mL), filtered, and the
filter cake washed with 2 M HCl. Recrystallization from MeCN
afforded 1t as a brown powder (0.045 g, 0.19 mmol, 10%). 1H NMR
(400 MHz, DMSO-d6): δ 9.09 (s, 1H), 8.13−7.95 (m, 2H), 7.48
(ddd, J = 8.4, 6.7, 1.3 Hz, 1H), 7.40 (ddd, J = 8.1, 6.7, 1.4 Hz, 1H),
7.20 (d, J = 8.0 Hz, 1H), 6.64 (d, J = 8.0 Hz, 1H), 5.85 (s, 2H), 2.91
(s, 3H). 13C NMR (101 MHz, DMSO-d6): δ 142.93, 131.44, 127.35,
127.02, 125.60, 124.11, 122.80, 121.89, 121.73, 108.97, 39.82.
N,N′-(Naphthalene-1,4-diyl)dimethanesulfonamide (1u). The

compound is synthesized in two steps. 4-Nitronaphthalen-1-amine

(250.0 mg, 1.33 mmol) was dissolved in THF (15 mL) and placed
under nitrogen. Pd/C (5% w/w; 84.8 mg, 0.80 mmol) was added and
the atmosphere was replaced with hydrogen. The resulting mixture
was stirred at under an atmosphere of hydrogen for 21 h. After 21 h
the reaction mixture was purged with nitrogen. The reaction mixture
was filtered through Celite and the filter washed with DCM. The
filtrate was concentrated in vacuo to afford 1u-I1 as yellow crystals
(217 mg, quantitative). LC−MS (ESI) m/z: 159.2 [M + 1]+, purity
>95% (UV). To a solution of naphthalene-1,4-diamine 1u-I1 (217.0
mg, 1.37 mmol) in dry toluene (20 mL) was added methylsulfonyl
chloride (0.24 mL, 3.15 mmol) and pyridine (0.33 mL, 4.12 mmol).
The flask was mounted with a condenser, which was closed with a
rubber septum. The flask was evacuated and back-filled with nitrogen;
this was repeated two more times. The reaction mixture was then
stirred at 100 °C under nitrogen for 3 h and then stirred at RT for an
additional 3 days. The reaction was monitored by TLC and LC−MS.
The cooled reaction mixture was then evaporated in vacuo. The solid
residue was added additional toluene (20 mL) and evaporated in
vacuo. This procedure was repeated once more. The solid residue was
redissolved in EtOAc (20 mL) and washed with water (2 × 20 mL)
and 2 M HCl (2 × 20 mL). The organic phase was dried over Na2SO4
and concentrated in vacuo. Purification by flash chromatography and
two times preparative HPLC afforded 1u as a white solid (yield not
determined). LC−MS (ESI) m/z: 313.0 [M − 1]−. 1H NMR (600
MHz, DMSO-d6): δ 8.26 (s, 2H), 7.58 (s, 2H), 7.44 (s, 2H), 3.00 (s,
6H).

N-(4-Aminonaphthalen-1-yl)benzenesulfonamide (1v). A solu-
tion of 1t-I1 (0.34 g, 2.15 mmol) in THF (10 mL) cooled to 0 °C was
added benzenesulfonyl chloride (0.25 mL, 1.94 mmol) and Na2CO3
(0.33 g, 3.07 mmol), and the mixture was stirred under nitrogen at 0
°C for 19 h. Upon reaction completion, the mixture was diluted with
petroleum ether (20 mL), filtered, and the filter cake was washed with
2 M HCl. Recrystallization from MeCN afforded 1v as a dark brown
solid (0.21 g, 0.69 mmol, 32%). 1H NMR (600 MHz, DMSO-d6): δ
9.57 (s, 1H), 8.02−7.96 (m, 1H), 7.85−7.79 (m, 1H), 7.65−7.60 (m,
2H), 7.60−7.55 (m, 1H), 7.51−7.46 (m, 2H), 7.35−7.26 (m, 2H),
6.69 (d, J = 8.0 Hz, 1H), 6.46 (d, J = 8.0 Hz, 1H), 5.79 (s, 2H). 13C
NMR (101 MHz, DMSO-d6): δ 142.81, 138.78, 130.70, 130.01,
127.25, 125.15, 124.86, 123.88, 122.08, 121.79, 121.08, 126.69,
118.09, 104.62.

N-(4-Aminonaphthalen-1-yl)-4-methoxybenzenesulfonamide
(1w). In a round-bottomed flask, 4-nitronaphthalen-1-amine (100.0
mg, 0.53 mmol) and 4-methoxybenzenesulfonyl chloride (131.8 mg,
0.64 mmol) were dissolved in THF (6 mL) and pyridine (2.0 mL).
The stirring mixture was brought to reflux and stirred for 5 days.
Upon reaction completion, the reaction mixture was concentrated
under vacuum, taken up in EtOAc (6 mL), and washed with HCl (2
M, 6 mL) and water (2 × 6 mL). The organic fraction was dried over
Na2SO4, filtered, and dried under vacuo. The resulting solid was
washed with ether (2 × 3 mL) and recrystallized from toluene to yield
4-methoxy-N-(4-nitronaphthalen-1-yl)benzenesulfonamide 1w-I1 as a
white solid (109.0 mg, 57%). LC−MS (ESI) m/z: 359.1 [M + 1]+. N-
(4-aminonaphthalen-1-yl)-4-methoxybenzenesulfonamide 1w-I1
(50.0 mg, 0.14 mmol) was dissolved in EtOH (25 mL) and AcOH
(5 mL) and filtrated. The compound was reduced by H-Cube (50 bar,
1 mL/min and RT, 10% Pd/C). The reaction mixture was evaporated
and dried. Purification by two times preparative HPLC afforded 1w as
a white solid (22 mg, 48%). LC−MS (ESI) m/z: 329.1 [M + 1]+. 1H
NMR (600 MHz, DMSO-d6): δ 9.46 (s, 1H), 8.02−7.97 (m, 1H),
7.94−7.86 (m, 1H), 7.59−7.51 (m, 2H), 7.40−7.32 (m, 2H), 7.06−
6.96 (m, 2H), 6.72 (d, J = 8.0 Hz, 1H), 6.53 (s, 1H), 3.79 (s, 4H).

N-(4-Aminonaphthalen-1-yl)-N-(phenylsulfonyl)glycine (1x).
The compound was synthesized in four steps. In step 1, a solution
of 4-nitronaphthalen-1-amine (0.25 g, 1.40 mmol), benzenesulfonyl
chloride (0.41 mL, 1.20 mmol), and pyridine (1.0 mL) in THF (3.0
mL) was stirred at reflux for 12 h. Upon reaction completion, the
mixture was concentrated in vacuo, retaken in EtOAc (5 mL), and the
solution was washed with 2 M HCl (5 mL) and water (2 × 5 mL).
The organic phase was concentrated in vacuo. Purification by flash
chromatography afforded N - (4-n i t ronaphtha len -1 -y l ) -
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benzenesulfonamide (1x-I1) as a yellow solid (0.26 g, 0.79 mmol,
57%). 1H NMR (400 MHz, DMSO-d6): δ 10.93 (s, 1H), 8.38 (d, J =
8.7 Hz, 1H), 8.25 (dd, J = 10.1, 8.3 Hz, 2H), 7.83−7.73 (m, 3H),
7.69−7.58 (m, 2H), 7.54 (dd, J = 8.4, 6.9 Hz, 2H), 7.42 (d, J = 8.4
Hz, 1H). In step 2, a solution of 1x-I1 (0.25 g, 0.76 mmol) and
K2CO3 (0.32 g, 2.28 mmol) in NMP (2.0 mL) was stirred at 85 °C
for 30 min, before ethyl bromoacetate (0.15 mL, 1.37 mmol) was
added. The mixture was stirred at 85 °C for an additional 30 min.
Upon reaction completion, the mixture was poured into ice water (20
mL), extracted with EtOAc (3 × 15 mL), and the combined organic
phases were washed with 2 M HCl (10 mL), water (2 × 15 mL), and
sat. brine (15 mL). The organic phase was dried over Na2SO4,
filtered, and concentrated in vacuo to afford ethyl N-(4-nitro-
naphthalen-1-yl)-N-(phenylsulfonyl)glycinate (1x-I2) as an orange oil
(0.31 g, 0.76 mmol, quantitative). 1H NMR (400 MHz, DMSO-d6): δ
8.33−8.21 (m, 3H), 7.82 (ddd, J = 8.4, 6.8, 1.3 Hz, 1H), 7.78−7.69
(m, 5H), 7.65−7.57 (m, 2H), 7.39 (d, J = 8.2 Hz, 1H), 4.72−4.54 (m,
2H), 4.21−4.11 (m, 2H), 4.10−3.97 (m, 3H), 1.20 (q, J = 7.3 Hz,
2H), 1.09 (t, J = 7.1 Hz, 3H). In step 3, a solution of 1x-I2 (0.31 g,
0.76 mmol) and SnCl2·2H2O (1.37 g, 6.09 mmol) in EtOH (9 mL)
was stirred at reflux for 1 h. Upon reaction completion, the mixture
was concentrated in vacuo, and the residue was basified with sat.
Na2CO3 to pH 9, and extracted with EtOAc (50 mL). The organic
phase was washed with water (3 × 25 mL) and saturated brine (25
mL), dried over Na2SO4, filtered, and concentrated in vacuo to afford
ethyl N-(4-aminonaphthalen-1-yl)-N-(phenylsulfonyl)glycinate (1x-
I3) as a white to gray solid (0.11 g, 0.29 mmol, 40%). 1H NMR (400
MHz, DMSO-d6): δ 8.09−8.01 (m, 1H), 7.99−7.91 (m, 1H), 7.75−
7.63 (m, 3H), 7.56 (dd, J = 8.3, 7.1 Hz, 2H), 7.47−7.37 (m, 2H), 6.85
(d, J = 8.1 Hz, 1H), 6.61 (d, J = 8.1 Hz, 1H), 4.53 (d, J = 17.5 Hz,
1H), 4.38 (d, J = 17.5 Hz, 1H), 4.07−3.95 (m, 3H), 1.08 (t, J = 7.1
Hz, 3H). In step 4, a solution of 1x-I3 (0.038 g, 0.10 mmol) and
NaOH (0.40 g, 10.0 mmol) in 1:1 MeOH/water (7 mL) was stirred
at reflux for 2 h. Upon reaction completion, the mixture was
concentrated in vacuo. Purification by preparative HPLC afforded 1x
as a light pink solid (yield not determined). LC−MS (ESI) m/z:
355.1 [M − 1]−, tR = 3.07 min, purity >95% (UV). 1H NMR (400
MHz, DMSO-d6): δ 8.09 (dd, J = 7.9, 1.8 Hz, 1H), 8.02−7.96 (m,
1H), 7.81−7.74 (m, 2H), 7.63−7.56 (m, 1H), 7.49 (t, J = 7.7 Hz,
2H), 7.40−7.28 (m, 2H), 6.90 (d, J = 8.1 Hz, 1H), 6.39 (d, J = 8.2
Hz, 1H), 5.79 (s, 2H), 4.07 (d, J = 16.2 Hz, 1H), 3.76 (d, J = 16.3 Hz,
1H). 13C NMR (101 MHz, DMSO-d6): δ 170.76, 144.84, 140.14,
132.84, 132.07, 128.43, 127.73, 124.84, 123.46, 122.88, 122.08,
105.93, 39.20, 38.98.
1-(Piperidin-1-yl)ethan-1-one (2d). To a solution of piperidine

(0.58 mL, 5.87 mmol) in DCM (3 mL) at 0 °C was added acetic
anhydride (0.28 mL, 2.94 mmol). The reaction mixture was allowed
to warm up to RT and was stirred for 24 h. The solution was
transferred to a separation funnel and was washed with 1 M HCl. The
organic layer was dried with Na2SO4, filtered, and concentrated under
reduced pressure to afford 2d as a colorless oil (397 mg, 52%). 1H
NMR (600 MHz, DMSO-d6): δ 3.40−3.36 (m, 2H), 3.35 (m, 2H),
1.96 (s, 3H), 1.56 (dddd, J = 9.1, 5.3, 4.2, 2.1 Hz, 2H), 1.50−1.45 (m,
2H), 1.42−1.36 (m, 2H). 13C NMR (151 MHz, DMSO-d6): δ 167.81,
46.68, 41.64, 26.01, 25.27, 24.01, 21.29.
N,N-Dimethylcyclohexanecarboxamide (2f). Dimethylamine

(0.76 mL, 15.0 mmol) was added to a solution of cyclo-
hexanecarbonyl chloride (0.67 mL, 5.0 mmol) with triethylamine
(2.2 mL, 15.0 mmol) in DCM (25 mL). The reaction mixture was left
stirring at RT for 2 h. The reaction mixture was quenched by addition
of water. The desired amide was extracted with DCM (3 × 10 mL).
Successively, the combined organic layers were washed with water (2
× 15 mL), saturated sodium carbonate solution (2 × 15 mL), and
brine (2 × 15 mL). Then, it was dried over MgSO4, filtered, and
concentrated in vacuo. The crude was purified by flash chromatog-
raphy (heptane/EtOAc) to afford 2f (615 mg, 79%). LC−MS (ESI)
m/z: 156.3 (M + H)+. 1H NMR (400 MHz, CDCl3): δ 3.03 (s, 1H),
2.92 (s, 1H), 2.48 (tt, J = 11.6 Hz and J = 3.4 Hz, 1H), 1.64−1.85 (m,
5H), 1.33−1.45 (m, 2H), 1.17−1.33 (m, 3H). 13C NMR (100 MHz,
CDCl3): δ 176.1, 40.7, 37.1, 35.5, 29.2, 25.9, 25.8.

1-(2-(Dimethylamino)ethyl)pyrrolidine-2,5-dione (2h). Succinic
anhydride (200 mg, 2.0 mmol) and 2-dimethylaminoethylamine (0.22
mL, 2.0 mmol) were taken together and heated at 125 °C with stirring
for 15 min and cooled to RT. The obtained blue mixture was washed
with ETOH and concentrated in vacuo. The crude was purified by
preparative HPLC to afford 2h (186 mg, 53%). LC−MS (ESI) m/z:
171.2 (M + H)+. 1H NMR (400 MHz, CDCl3): δ 3.87 (t, J = 5.4 Hz,
2H), 3.30 (t, J = 5.6 Hz, 2H), 2.88 (s, 6H), 2.79 (s, 4H). 13C NMR
(100 MHz, CDCl3): δ 178.1, 54.5, 43.0, 33.6, 28.4.

2-(2-(Dimethylamino)ethyl)isoindoline-1,3-dione (2i). Phthalic
anhydride (741 mg, 5 mmol) and 2-dimethylaminoethylamine (0.27
mL, 2.5 mmol) were mixed and heated at 135 °C for 60 min and
cooled to RT. The crude was purified by flash chromatography
(DCM/MeOH) to afford 2i (18 mg, 3.3%). LC−MS (ESI) m/z:
219.2 (M + H)+. 1H NMR (400 MHz, CDCl3): δ 7.86−7.80 (m, 2H),
7.73−7.67 (m, 2H), 3.81 (t, J = 6.56 Hz, 2H), 2.60 (t, J = 6.64 Hz,
2H), 2.29 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 167.4, 132.8,
131.2, 122.2, 56.1, 44.5, 34.9.

2-(Piperidin-2-ylmethyl)isoindoline-1,3-dione (2l). N-Boc-pro-
tected methylamino-1,2,3,4-tetrahydroisoquinoline (214 mg, 1.0
mmol) was dissolved in toluene (3 mL) and phthalic anhydride
(296 mg, 2.0 mmol) was added and stirred at 50 °C for 3 h, then
heated at 80 °C up to 24 h. Then, pure TFA (2.5 mL) was added
dropwise. The mixture was left stirring for 2 h. The reaction mixture
was concentrated under pressure. The mixture was diluted with DCM
and the pH was neutralized by potassium bicarbonate, extracted with
DCM (3 × 10 mL), dried over MgSO4, and concentrated in vacuo.
The crude was purified by preparative HPLC to afford 2l (yield not
determined). LC−MS (ESI) m/z: 245.3 (M + H)+.

Cyclohexyl(piperidin-1-yl) Methanone (2o). Cyclohexanecarbonyl
chloride (0.41 mL, 3.41 mmol) was added in one portion to a
solution of the piperidine (0.58 mL, 3.75 mmol), TEA (0.60 mL, 4.26
mmol), and DCM (7 mL) at RT, resulting in a rapidly boiling
solution. The reaction mixture was stirred for 30 min at RT and was
then diluted with DCM (10 mL). The solution was transferred to a
separation funnel and was washed with 1 M HCl. The organic layer
was dried with Na2SO4, filtered, and concentrated under reduced
pressure to afford 2q as a colorless oil (132.0 mg, 20%). 1H NMR
(600 MHz, chloroform-d): δ 3.62−3.31 (m, 4H), 2.45 (tt, J = 11.6,
3.4 Hz, 1H), 1.82−1.73 (m, 2H), 1.73−1.65 (m, 2H), 1.62 (qd, J =
6.0, 4.8, 2.4 Hz, 2H), 1.59−1.45 (m, 6H), 1.30−1.16 (m, 3H).

Cyclohexyl(3,4-dihydroisoquinolin-2(1H)-yl)methanone (2q).
1,2,3,4-Tetrahydroisoquinoline (0.25 mL, 2.0 mmol) was added to
a solution of cyclohexanecarbonyl chloride (0.27 mL, 2.0 mmol) in
DCM (10 mL). Then, triethylamine (0.328 mL, 2.0 mmol) was
added. The mixture was stirred for 4 h at RT, concentrated in vacuo,
dissolved in water (25 mL), and extracted with DCM (3 × 10 mL).
Successively, the combined organic layers were washed with water (2
× 15 mL), saturated sodium carbonate solution (2 × 15 mL), and
brine (2 × 15 mL). Then, it was dried over MgSO4, filtered, and
concentrated in vacuo. The crude was purified by flash chromatog-
raphy (heptane/EtOAc) to afford 2q (212 mg, 44%). LC−MS (ESI+)
m/z: 244.2 (M + H)+. 1H NMR (400 MHz, CDCl3): δ 7.23−7.08 (m,
4H), 4.72 (s, 1H), 4.66 (s, 1H), 3.82 (t, J = 5.9 Hz, 1H), 3.72 (t, J =
5.9 Hz, 1H), 2.91 (t, J = 5.7 Hz, 1H), 2.84 (t, J = 5.7 Hz, 1H), 2.61−
2.51 (m, 1H), 1.86−1.66 (m, 5H), 1.63−1.48 (m, 2H), 1.37−1.19
(m, 3H). 13C NMR (100 MHz, CDCl3): δ 175.3, 175.1, 135.5, 134.3,
134.0, 133.2, 129.2, 128.4, 127.1, 126.9, 126.7, 126.6, 126.5, 126.2,
47.5, 44.6, 43.2, 41.3, 41.2, 40.0, 30.1, 29.6, 29.5, 28.7, 26.1, 26.1.

(S)-2-((1,2,3,4-Tetrahydroisoquinolin-1-yl)methyl)isoindoline-
1,3-dione (2r). Compound 2r was synthesized in 10 steps. Step 1: To
a stirred solution of (S)-2-amino-2-phenyletan-1-ol (4.80 g, 35.0
mmol) and TEA (14.6 mL, 105.0 mmol) in DCM (90 mL) was
added triphosgene (4.15 g, 14.0 mmol) portionwise at 0 °C. The
reaction mixture was stirred for 30 min at 0 °C and was then allowed
to warm to RT. Water (90 mL) was added to the stirred reaction
mixture and the phases were separated. The organic phase was
washed with 2 M HCl (2 × 90 mL), saturated NaHCO3 solution (90
mL), brine (90 mL), dried with Na2SO4, and concentrated in vacuo.
Purification by flash column chromatography (Hep/EtOAc) afforded
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(S)-4-phenyloxazolidin-2-one 2r-I1 as a white solid (4.84 g, 85%). 1H
NMR (400 MHz, chloroform-d): δ 7.46−7.32 (m, 5H), 5.37 (s, 1H),
4.95 (ddd, J = 8.2, 7.0, 0.9 Hz, 1H), 4.74 (t, J = 8.6 Hz, 1H), 4.20 (dd,
J = 8.6, 6.9 Hz, 1H). 13C NMR (101 MHz, chloroform-d): δ 159.43,
139.41, 129.25, 128.91, 126.05, 72.54, 56.39. LC−MS (ESI) m/z:
164.1 [M + 1]+, purity >95% (UV). Step 2: To a solution of 2r-I1
(4.84 g, 29.6 mmol) and ethyl 2-bromoacetate (3.6 mL, 32.6 mmol)
in DMF (60 mL) was added K2CO3 (12.29 g, 88.9 mmol) and the
mixture was stirred at RT for 18 h. The mixture was partitioned
between EtOAc (200 mL) and water (160 mL). The organic phase
was separated, washed with water (2 × 80 mL) and brine (40 mL),
dried (Na2SO4), and concentrated in vacuo. Purification by flash
column chromatography (Hep/EtOAc) afforded ethyl (S)-2-(2-oxo-
4-phenyloxazolidin-3-yl)acetate 2r-I2 as a colorless oil (3.93 g, 89%).
1H NMR (400 MHz, chloroform-d): δ 7.46−7.27 (m, 5H), 5.07 (t, J
= 8.3 Hz, 1H), 4.71 (t, J = 8.8 Hz, 1H), 4.29 (d, J = 18.0 Hz, 1H),
4.23−4.10 (m, 3H), 3.37 (d, J = 18.0 Hz, 1H), 1.25 (t, J = 7.1 Hz,
3H). 13C NMR (101 MHz, chloroform-d): δ 168.39, 158.42, 136.81,
129.43, 129.35, 127.21, 70.23, 61.48, 60.02, 43.14, 14.11. LC−MS
(ESI) m/z: 250.1 [M + 1]+, purity >95% (UV). Step 3: to a solution
of 2r-I2 (6.56 g, 26.3 mmol) in THF (100 mL) was added 2 M
NaOH (40.0 mL). The resulting biphasic mixture was stirred
vigorously at RT for 3 h. The mixture was concentrated in vacuo to
a volume of approx. 70 mL, the resulting mixture was acidified with 2
M HCl (70 mL) and EtOAc (150 mL). The organic phase was
separated and the aq phase was extracted with EtOAc (2 × 100 mL).
The combined organic phases were washed with brine (100 mL),
dried (Na2SO4), and concentrated in vacuo to afford (S)-2-(2-oxo-4-
phenyloxazolidin-3-yl)acetic acid 2r-I3 as a colorless sticky oil (5.82 g,
quantitative). 1H NMR (400 MHz, chloroform-d): δ 7.47−7.28 (m,
5H), 5.05 (t, J = 8.4 Hz, 1H), 4.72 (t, J = 8.8 Hz, 1H), 4.34 (d, J =
18.3 Hz, 1H), 4.22−4.08 (m, 1H), 3.44 (d, J = 18.3 Hz, 1H). LC−MS
(ESI) m/z: 222.1 [M + 1]+, purity >95% (UV). Step 4: To a solution
of 2r-I3 (5.82 g, 26.30 mmol) in DCM (40 mL) was added thionyl
chloride (7.67 mL, 105.20 mmol) and DMF (8 drops). The resulting
mixture was heated under reflux until gas evolution ceased (about
45−75 min at 50 °C). The volatiles (DCM and excess thionyl
chloride) were removed in vacuo to afford (10bS)-5,10b-dihydro-1H-
oxazolo[4,3-a]isoquinoline-3,6-dione 2r-I4, which was used without
further purification. The residue was dissolved in DCM (80 mL) and
added dropwise to a suspension of aluminum trichloride (17.53 g,
131.50 mmol) in DCM (160 mL) at 0 °C and the mixture was stirred
at RT for 1 h. The rmx was poured into crushed ice (∼400 mL) and
the organic phase was separated. The aq phase was extracted with
DCM (2 × 20 mL). The combined organic phases were washed with
saturated NaHCO3 solution (80 mL), brine (60 mL), dried
(Na2SO4), and concentrated in vacuo. 1H NMR (400 MHz,
chloroform-d): δ 8.22−8.10 (m, 1H), 7.76−7.65 (m, 1H), 7.52
(dd, J = 9.2, 6.2 Hz, 1H), 7.21 (d, J = 7.8 Hz, 1H), 5.28−5.17 (m,
1H), 4.94 (td, J = 8.4, 3.8 Hz, 1H), 4.73 (dd, J = 18.5, 2.9 Hz, 1H),
4.58−4.44 (m, 1H), 4.08−3.93 (m, 1H). UPLC−MS (ESI) m/z:
204.1 [M + 1]+, purity >95% (UV). Step5: A solution of 2r-I4 (1.00
g, 4.90 mmol) in THF (200 mL) was hydrogenated in the H-Cube
apparatus at 25 bar and 50 °C with a flow rate of 1.0 mL/min with
Pd/C as a catalyst. The crude was concentrated in vacuo and purified
by flash column chromatography (Hep/EtOAc) to afford (S)-
1,5,6,10b-tetrahydro-3H-oxazolo[4,3-a]isoquinolin-3-one 2r-I5 as
white crystals (0.53 g, 57%). 1H NMR (400 MHz, chloroform-d): δ
7.29−7.26 (m, 1H), 7.25−7.24 (m, 1H), 7.20−7.15 (m, 1H), 7.03−
6.98 (m, 1H), 5.06−4.99 (m, 1H), 4.82 (t, J = 8.5 Hz, 1H), 4.21 (dd,
J = 8.3, 6.7 Hz, 1H), 4.10 (ddd, J = 13.3, 6.4, 1.9 Hz, 1H), 3.25 (ddd,
J = 13.3, 11.7, 4.3 Hz, 1H), 3.12−3.02 (m, 1H), 2.78−2.71 (m, 1H).
UPLC−MS (ESI) m/z: 190.1 [M + 1]+, purity >95% (UV). Step 6: to
a solution of 2r-I5 (1.00 g, 6.03 mmol) in EtOH (25 mL) was added
5 M NaOH (4.5 mL) and the mixture was heated under refluxed (100
°C) for 1 h. After cooling, the mixture was concentrated in vacuo. The
residue was diluted with brine (25 mL) and extracted with DCM (3 ×
45 mL). The organic phase was dried (Na2SO4) and concentrated in
vacuo to afford (S)-(1,2,3,4-tetrahydroisoquinolin-1-yl)methanol 2r-
I6 as a yellowish oil (0.91 g, 93%). 1H NMR (400 MHz, chloroform-

d): δ 8.00−7.94 (m, 1H), 7.78 (td, J = 7.6, 1.5 Hz, 1H), 7.55 (tdd, J =
7.6, 1.9, 0.9 Hz, 2H), 5.38 (ddd, J = 8.4, 4.7, 0.9 Hz, 1H), 4.90 (dd, J
= 8.9, 8.3 Hz, 1H), 4.52 (dd, J = 8.9, 4.7 Hz, 1H), 4.36−4.22 (m, 2H).
13C NMR (101 MHz, chloroform-d): δ 190.20, 156.64, 140.79,
134.96, 130.18, 128.93, 128.11, 124.05, 68.28, 53.12, 49.48. Step 7: to
a solution of 2r-I6 (0.90 g, 5.51 mmol) and DIPEA (0.59 mL, 6.62
mmol) in THF (15 mL) was added benzyl bromide (0.72 mL, 6.07
mmol) and the resulting solution was stirred at RT for 18 h (a white
precipitate was formed after 15 min). The mixture was concentrated
in vacuo. The residue was diluted with EtOAc (60 mL), washed with
1 M K2CO3 (15 mL), water (15 mL), and brine (15 mL). The
resulting organic phase was concentrated in vacuo to afford (S)-(2-
benzyl-1,2,3,4-tetrahydroisoquinolin-1-yl)methanol 2r-I7 as a yellow
oil (1.16 g, 83%). 1H NMR (400 MHz, DMSO-d6): δ 7.43−7.37 (m,
2H), 7.36−7.29 (m, 2H), 7.28−7.22 (m, 1H), 7.20−7.07 (m, 4H),
4.40 (dd, J = 6.7, 3.9 Hz, 1H), 3.80 (d, J = 3.7 Hz, 2H), 3.71−3.62
(m, 2H), 3.59−3.48 (m, 1H), 3.12 (ddd, J = 12.7, 9.8, 4.6 Hz, 1H),
2.86 (ddd, J = 15.7, 9.8, 5.4 Hz, 1H), 2.68 (ddd, J = 12.7, 5.4, 4.0 Hz,
1H), 2.56 (t, J = 4.3 Hz, 1H). LC−MS (ESI) m/z: 254.1 [M + 1]+,
purity >95% (UV). Step 8: A flask was charged with triphenyl
phosphine (1.79 g, 6.83 mmol) under a nitrogen atmosphere, and
dissolved in anhydrous THF (45 mL). The reaction mixture was
cooled to 0 °C and DIAD (1.32 mL, 6.83 mmol) was added. The
reaction mixture was stirred at 0 °C for 30 min before addition of
phthalimide (0.67 g, 4.55 mmol) followed by a solution of 2r-I7 (1.15
g, 4.55 mmol) in anhydrous THF (15 mL). The resulting solution
was allowed to warm to RT and stirring was continued for 22 h. The
reaction mixture was concentrated in vacuo. The residue was diluted
with EtOAc (60 mL) and heptane (15 mL) and washed with water
(45 mL) and brine (30 mL). The resulting organic phase was
concentrated in vacuo and purified by flash column chromatography
(Hep/EtOAc) to afford (S)-2-((2-benzyl-1,2,3,4-tetrahydroisoquino-
lin-1-yl)methyl)isoindoline-1,3-dione 2r-I8 as a colorless oil (1.27 g,
73%). 1H NMR (600 MHz, chloroform-d): δ 7.81 (dd, J = 5.4, 3.0
Hz, 2H), 7.76−7.71 (m, 2H), 7.25 (s, 1H), 7.23−7.18 (m, 2H),
7.18−7.14 (m, 1H), 6.98 (tt, J = 7.3, 1.4 Hz, 1H), 6.95−6.90 (m,
2H), 6.84−6.78 (m, 2H), 4.07 (dd, J = 13.9, 11.2 Hz, 1H), 3.95 (dd, J
= 11.2, 4.0 Hz, 1H), 3.70 (d, J = 13.2 Hz, 1H), 3.64−3.56 (m, 2H),
3.53 (d, J = 13.2 Hz, 1H), 3.10−2.96 (m, 2H), 2.54 (dd, J = 16.6, 4.5
Hz, 1H). LC−MS (ESI) m/z: 383.2 [M + 1]+, purity >95% (UV).
Step 9: 2r-I8 (0.11 g, 0.29 mmol) was dissolved in EtOH (29 mL).
The H-Cube apparatus was applied and the following parameters
were used: 100 bar and 100 °C with a flow rate of 1.0 mL/min with
20% Pd(OH)2/C as a catalyst. After a completed run, the solution
was concentrated in vacuo and purified by flash column
chromatography (Hep/EtOAc) to afford 2r as a white solid (0.23
g, 27%). LC−MS (ESI) m/z: 393.1 [M + 1]+, purity >95% (UV).

N,N-Dimethylbenzenesulfonamide (3e). THF (10 mL) was
added to dimethyl amine 40% aqueous solution (2.8 mL, 22.0
mmol). The solution was cooled down to 0 °C and benzenesulfonyl
chloride was slowly added (2.6 mL, 20.0 mmol) while the solution
was vigorously stirred. The solution was allowed to warm to RT and
stirred for 22 h. Then, EtOAc (10 mL) and water (10 mL) were
added. The organic phase was washed with water (3 × 5 mL) and
dried with MgSO4 and concentrated in vacuo. The residue was
purified by flash chromatography (Hep/EtOAc) to afford 3e as a
white solid (1.074 mg, 29%). LC−MS (ESI) m/z: 186.0 [M + 1]+,
purity >95% (UV). 1H NMR (400 MHz, chloroform-d): δ 7.82−7.76
(m, 2H), 7.64−7.51 (m, 3H), 2.71 (s, 6H). 13C NMR (101 MHz,
chloroform-d): δ 135.74, 132.81, 129.14, 127.88, 38.08.

3,4-Dihydro-2H-benzo[b][1,4]oxathiepine-5,5-dioxide (3f). The
compound was synthesized in two steps. Cesium carbonate (1.00 g,
3.07 mmol) was suspended in DMF (10 mL), then 2-mercaptophenol
(1.00 g, 7.93 mmol) and 3-bromopropanol (0.80 mL, 8.84 mmol)
were added and the solution was stirred for 50 min at RT. The
mixture was added into water (10 mL) and extracted with EtOAc (15
mL). The aqueous solution was washed with EtOAc (3 × 10 mL).
The combined phases were dried over MgSO4 and concentrated in
vacuo. The residue was purified by flash chromatography (Hep/
EtOAc) to afford 2-((3-hydroxypropyl)thio)phenol 3f-I1 as a clear
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yellow oil (964.3 mg, 66%). LC−MS (ESI) m/z: 183.2 [M − 1]−,
purity >95% (UV). 1H NMR (400 MHz, chloroform-d): δ 6.99 (dd, J
= 8.2, 1.3 Hz, 1H), 6.87 (td, J = 7.5, 1.3 Hz, 1H), 3.76 (t, J = 6.0 Hz,
2H), 2.83 (t, J = 7.2 Hz, 2H), 1.81 (dt, J = 7.2, 6.0 Hz, 2H). 3f-I1
(0.966 g, 5.24 mmol) was dissolved in THF (20 mL).
Triphenylphosphine (1.733 g, 6.61 mmol) was added and the
solution was cooled down to −40 °C by using a cooling bath of dried
ice in acetonitrile. DIBAD (1.243 g, 5.40 mmol) was dissolved in
THF (5 mL) and the solution was added slowly to the reaction
mixture. The reaction mixture was warmed to RT and stirred for 17 h.
TFA (4 mL) was added and the mixture was stirred for 90 min. The
reaction mixture was then evaporated and taken up in DCM (30 mL).
The obtained solution was washed with water (30 mL) and the
aqueous layer was extracted with DCM (3 × 30 mL). The combined
organic phases were dried over MgSO4, concentrated in vacuo,
dissolved in DCM (10 mL), and purified by flash chromatography
(Hep/EtOAc) to afford 3f as a colorless oil (36.0 mg, 7%). LC−MS
(ESI) m/z: 198.3 [M − 1]−, purity >95% (UV). 1H NMR (400 MHz,
DMSO-d6): δ 7.37 (dd, J = 7.6, 1.7 Hz, 1H), 7.19 (ddd, J = 8.0, 7.2,
1.7 Hz, 1H), 7.02−6.96 (m, 2H), 4.14−4.10 (m, 2H), 2.92−2.87 (m,
2H), 2.19−2.12 (m, 2H). 13C NMR (101 MHz, DMSO-d6): δ 160.52,
133.31, 131.94, 128.39, 123.45, 122.09, 72.04, 32.57, 30.58.
3,4-Dihydro-2H-benzo[b][1,4,5]oxathiazepine-1,1-dioxide (3g).

The compound was synthesized in two steps. To the solution of
ethanolamine (0.16 mL, 2.57 mmol) in THF (10 mL) and water (2.5
mL) was added potassium carbonate (0.710 g, 5.14 mmol) and then
2-fluorobenzenesulfonyl chloride (0.34 mL, 2.57) was added slowly.
The resulting reaction mixture was stirred at RT for 21 h. The
reaction mixture was diluted with water (20 mL) and extracted with
EtOAc (40 mL). The aqueous layer was washed with EtOAc (2 × 20
mL). The combined organic layers were washed with brine (30 mL),
dried over MgSO4, filtered, and concentrated in vacuo to afford 2-
fluoro-N-(2-hydroxyethyl)benzenesulfonamide 3g-I1 (321 mg, 57%).
LC−MS (ESI) m/z: 241 [M + Na]+, purity >95% (UV). 1H NMR
(400 MHz, DMSO-d6): δ 7.84 (s, 1H), 7.80 (td, J = 7.6, 1.8 Hz, 1H),
7.70 (tdd, J = 7.3, 5.0, 1.7 Hz, 1H), 7.47−7.35 (m, 2H), 4.67 (s, 1H),
3.37 (t, J = 6.6 Hz, 2H), 2.91 (t, J = 6.5 Hz, 2H). 13C NMR (101
MHz, DMSO-d6): δ 158.16 (d, J = 253.2 Hz), 135.05 (d, J = 8.5 Hz),
129.55, 128.58 (d, J = 14.2 Hz), 124.79 (d, J = 3.7 Hz), 117.18 (d, J =
21.3 Hz), 59.87, 44.88. To a solution of 3g-I1 (0.648 g, 2.96 mmol)
in DMSO was added KOtBu (0.996 g; 8.88 mmol) and the resulting
mixture was stirred at 80 °C for 24 h. The reaction mixture was then
diluted with water (15 mL), adjusted to pH 6 with 2 M HCl, and
extracted with EtOAc (40 mL + 2 × 20 mL) and the combined
organic layer was dried over MgSO4, filtrated, and concentrated in
vacuo. The crude product was purified by flash chromatography
(Hep/EtOAc) to afford 3g as a white solid (100.2 mg, 14%). LC−MS
(ESI) m/z: 198.5 [M − 1]−, purity >95% (UV). 1H NMR (400 MHz,
DMSO-d6): δ 7.74 (dd, J = 7.8, 1.7 Hz, 1H), 7.55 (td, J = 7.8, 18.0
Hz, 1H), 7.27 (td, J = 7.6, 1.2 Hz, 1H), 7.21 (dd, J = 8.1, 1.1 Hz, 1H),
4.12−4.06 (m, 2H); 3.47−3.40 (m, 2H). 13C NMR (101 MHz,
DMSO-d6): δ 155.21, 137.33 133.83, 127.15, 123.97, 123.11, 72.66,
44.49.
(R)-4-Methyl-3,4-dihydro-2H-benzo[b][1,4,5]oxathiazepine 1,1-

dioxide (3h). The compound was synthesized in two steps according
to a previously described procedure20 with minor deviations. To a
solution of (R)-1-aminopropan-2-ol (0.2 g, 2.7 mmol, 1.0 equiv) in
THF/water (1:1, 15 mL) was slowly added K2CO3 (0.1 g, 2.7 mmol,
1.0 equiv) and then 2-fluorobenzenesulfonyl chloride (0.88 mL, 2.7
mmol, 1.0 equiv). The reaction mixture was stirred at RT for 66 h.
The reaction mixture was then diluted with water (15 mL), extracted
with EtOAc (3 × 15 mL), and the combined organic layers washed
with brine (20 mL), dried over Na2SO4, filtered, and concentrated in
vacuo. The crude was purified by flash chromatography (heptane/
EtOAc, 0−100% gradient) to furnish 3h-I1 as a red oil (0.66 g, 2.8
mmol, quantitative). 1H NMR (600 MHz, chloroform-d): δ 7.91 (td,
J = 7.5, 1.8 Hz, 1H), 7.63−7.55 (m, 1H), 7.29 (td, J = 7.7, 1.1 Hz,
1H), 7.22 (ddd, J = 10.3, 8.3, 1.1 Hz, 1H), 5.19 (s, 1H), 3.94 (d, J =
8.0 Hz, 1H), 3.13 (d, J = 12.9 Hz, 1H), 2.88−2.80 (m, 1H), 1.89 (s,
1H), 1.18 (d, J = 6.3 Hz, 3H). The compound was synthesized

according to a previously described procedure20 with no deviations.
Starting from 3h-I1 (0.66 g, 2.8 mmol), 3h was obtained as a white
solid (0.59 g, 2.8 mmol, quantitative). LC−MS (ESI) m/z: 236.0 [M
+ 1]+. 1H NMR (400 MHz, chloroform-d): δ 7.84 (dd, J = 7.8, 1.7
Hz, 1H), 7.46 (td, J = 7.8, 1.7 Hz, 1H), 7.23−7.12 (m, 2H), 4.68 (s,
1H), 4.22−4.10 (m, 1H), 3.63 (dt, J = 15.0, 9.2 Hz, 1H), 3.42 (ddd, J
= 15.1, 5.2, 2.2 Hz, 1H), 1.40 (d, J = 6.4 Hz, 3H).

1,4-Dimethyl-1H-benzo[d][1,2,3]triazole (3k). The compound
was synthesized in three steps. To a solution of 3-methyl-2-
nitroaniline (1.00 g, 6.57 mmol) in DMF (15 mL), sodium hydride
(0.172 g, 7.16 mmol) was added at RT. The reaction mixture was
stirred at RT for 30 min and then methyl iodide (0.43 mL, 6.83
mmol) was added. The reaction mixture was stirred for 21 h at RT
and then was poured into water (200 mL). The formed precipitate
was collected by filtration, dissolved in DCM (15 mL) and purified by
flash chromatography (heptane/EtOAc) to afford the N,3-dimethyl-2-
nitroaniline 3k-I1 brown solid (393.0 mg, 36%). LC−MS (ESI) m/z:
164.9 [M − 1]−. 1H NMR (400 MHz, chloroform-d): δ 7.24 (d, J =
7.8 Hz, 1H); 6.66 (d, J = 8.5 Hz, 1H); 6.53 (d, J = 7.4 Hz, 1H), 2.93
(s, 3H), 2.48 (s, 3H). 13C NMR (101 MHz, chloroform-d): δ 135.86,
133.44, 119.35, 110.84, 30.28, 21.63 (two carbon signals missing). To
a solution of 3k-I1 (0.390 g, 2.35 mmol) in EtOH (20 mL), tin(II)
chloride was added (2.120 g, 9.40 mmol). The reaction mixture was
stirred at 75 °C for 23 h. The solvent was adjusted to pH = 14 using
aq NaOH. Then, it was extracted with EtOAc (3 × 20 mL) and the
combined organic layer was dried over MgSO4 and concentrated in
vacuo to afford 1,3-dimethylbenzene-1,2-diamine 3k-I2 as a red oil
(390 mg, quantitative). LC−MS (ESI) m/z: 136.8 [M + 1]+. 1H
NMR (400 MHz, chloroform-d): δ 6.78 (t, J = 7.7 Hz, 1H), 6.64 (d, J
= 7.5, 1H), 6.59 (d, J = 7.7 Hz, 1H), 3.26 (br s, 3H), 2.87 (s, 3H),
2.22 (s, 3H). 13C NMR (101 MHz, chloroform-d): δ 138.42, 132.81,
122.84, 120.84, 119.77, 109.54, 31.43, 17.62. To 3k-I2 (0.390 g, 2.65
mmol) in H2SO4 10% (10.0 mL) at 0 °C, sodium nitrite (0.258 g;
3.71 mmol) was added in a small portion over 20 min. After the
reaction was stirred for 2 h and 40 min further. Then, water (200 mL)
was added. The solution was extracted with ethyl acetate (3 × 15 mL)
and the combined organic layers were washed with water (2 × 10
mL) and brine (1 × 9 mL), dried over MgSO4, filtrated, and
concentrated in vacuo to afford 3k (50.7 mg, 13%) as a brown solid.
LC−MS (ESI) m/z: 148.1 [M + 1]+. 1H NMR (600 MHz,
chloroform-d): δ 7.39 (dd, J = 8.3, 6.9 Hz, 1H), 7.33 (d, J = 8.3
Hz, 1H), 7.14 (dt, J = 6.9, 1.1 Hz, 1H), 4.29 (s, 3H), 2.80 (s, 3H). 13C
NMR (101 MHz, chloroform-d): δ 146.05, 133.55, 131.02, 127.47,
123.82, 106.51, 34.39, 16.88.

7-Methoxy-1H-benzo[d][1,2,3]triazole (3l). The compound is
synthesized in three steps. Procedure D was used with (3l-I1) (1.0
g, 6.49 mmol). After 18 h, the mixture was poured into water. The
resulting precipitate was collected by filtration and the solid was
washed with water and dried to give the 2-methoxy-6-nitroaniline 3l-
I2 as yellow crystals (1.09 g, 91%). 1H NMR (600 MHz, chloroform-
d): δ 7.73 (dd, J = 8.9, 1.3 Hz, 1H), 6.88 (dd, J = 7.7, 1.2 Hz, 1H),
6.61 (dd, J = 8.9, 7.8 Hz, 1H), 6.43 (s, 2H), 3.93 (s, 3H). General
procedure E was used with 3l-I2 (1.09 g, 6.49 mmol) to afford 3-
methoxybenzene-1,2-diamine 3l-I3 as an orange solid (0.77 g, 86%).
1H NMR (400 MHz, chloroform-d): δ 6.68 (t, J = 8.0 Hz, 1H), 6.41
(td, J = 8.0, 1.2 Hz, 2H), 3.84 (s, 3H), 3.49 (d, J = 3.4 Hz, 4H). LC−
MS (ESI) m/z: 139.2 [M + 1]+, purity >95% (UV). General
procedure F was used with 3l-I3 (2.00 g, 14.47 mmol) to afford 3l as
a light brown solid (2.02 g, 94%). 1H NMR (400 MHz, DMSO-d6): δ
15.62 (s, 1H), 7.36 (s, 2H), 6.85 (s, 1H), 4.01 (s, 3H). LC−MS (ESI)
m/z: 148.1 [M − 1]−, purity >95% (UV).

2-Benzyl-3,4-dihydro-2H-benzo[b][1,4,5]oxathiazepine 1,1-diox-
ide (3n). A suspension of 3g (20.0 mg, 0.1 mmol) and K2CO3 (59.7
mg, 0.43 mmol) in acetone (1 mL) was thoroughly mixed under
vigorous stirring for 5 min, and then benzyl bromide (0.05 mL, 0.43
mmol) was added. The reaction mixture was stirred at 40 °C for 2 h.
The reaction mixture was poured into water (10 mL) and extracted
with EtOAc (2 × 5 mL). The resulting organic phase was
concentrated in vacuo. Purification by flash column chromatography
(hep/EtOAc) afforded 3n as a colorless oil (0.029 g, quantitative).
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LC−MS (ESI) m/z: 290.1 [M + 1]+, purity >95% (UV). 1H NMR
(400 MHz, chloroform-d): δ 7.91 (dd, J = 7.8, 1.8 Hz, 1H), 7.52 (td, J
= 7.8, 1.8 Hz, 1H), 7.38−7.30 (m, 4H), 7.28 (d, J = 1.2 Hz, 1H), 7.24
(d, J = 1.2 Hz, 1H), 7.20 (dd, J = 8.1, 1.2 Hz, 1H), 4.26−4.16 (m,
4H), 3.64−3.57 (m, 2H).
3-(7-Methoxy-1-methyl-1H-benzo[d][1,2,3]triazol-5-yl)-

propanoic Acid (3m). The compound was synthesized in eight steps.
In step 1, a previously described procedure20 was employed with no
deviations. Starting from 2-amino-3-nitrophenol (10.0 g, 64.9 mmol),
2-methoxy-6-nitroaniline (3m-I1) was obtained as an orange solid
(9.73 g, 57.8 mmol, 89%). 1H NMR (600 MHz, chloroform-d): δ
7.73 (dd, J = 8.9, 1.3 Hz, 1H), 6.88 (dd, J = 7.7, 1.2 Hz, 1H), 6.61
(dd, J = 8.9, 7.8 Hz, 1H), 6.43 (s, 2H), 3.92 (s, 3H). 13C NMR (151
MHz, chloroform-d): δ 148.30, 137.20, 131.83, 117.52, 114.72,
113.44, 56.40. In step 2, a previously described procedure20 was
employed with no deviations. Starting from 3m-I1 (9.73 g, 57.8
mmol), 4-bromo-2-methoxy-6-nitroaniline (3m-I2) was obtained as
an orange solid (12.64 g, 51.2 mmol, 88%). 1H NMR (600 MHz,
DMSO-d6): δ 7.71 (d, J = 2.1 Hz, 1H), 7.24 (s, 2H), 7.20 (d, J = 2.1
Hz, 1H), 3.91 (s, 3H). In step 3, a previously described procedure20

was employed with no deviations. Starting from 3m-I2 (12.64 g, 51.2
mmol), 4-bromo-2-methoxy-N-methyl-6-nitroaniline (3m-I3) was
obtained as an orange solid (8.67 g, 33.2 mmol, 65%). 1H NMR
(400 MHz, DMSO-d6): δ 7.59 (d, J = 2.2 Hz, 1H), 7.23 (s, 3H), 7.18
(d, J = 2.3 Hz, 1H), 3.91 (s, 2H), 3.87 (s, 3H), 2.86 (d, J = 5.4 Hz,
3H). In step 4, a previously described procedure20 was employed with
minor deviations. To a solution of 3m-I3 (1.30 g, 5.0 mmol, 1.0
equiv) in EtOH (25 mL) was added SnCl2

·2H2O (4.49 g, 19.9 mmol,
4.0 equiv) and the reaction mixture was stirred at 75 °C for 2 h. Then,
the mixture was adjusted to pH 14 using 40% aq NaOH, followed by
addition of water (150 mL) and extraction with EtOAc (3 × 100 mL).
The combined organic layers were dried over Na2SO4 and
concentrated in vacuo. The crude was purified by flash chromatog-
raphy (heptane/EtOAc, 0−100% gradient) to furnish 4-bromo-6-
methoxy-N1-methylbenzene-1,2-diamine (3m-I4) as a yellow solid
(1.03 g, 4.6 mmol, 90%). 1H NMR (400 MHz, chloroform-d): δ 6.54
(d, J = 2.0 Hz, 1H), 6.45 (d, J = 2.0 Hz, 1H), 4.11 (d, J = 67.7 Hz,
2H), 3.81 (s, 3H), 2.70 (s, 3H), 0.07 (s, 3H). In step 5, a previously
described procedure20 was followed with no deviations. Starting from
3m-I4 (1.03 g, 4.5 mmol), 5-bromo-7-methoxy-1-methyl-1H-benzo-
[d][1,2,3]triazole (3m-I5) was obtained as a brown solid (0.89 g, 3.7
mmol, 83%). 1H NMR (600 MHz, chloroform-d): δ 7.76 (d, J = 1.3
Hz, 1H), 6.85 (d, J = 1.3 Hz, 1H), 4.44 (s, 3H), 3.99 (s, 3H). To a
solution of 3m-I5 (0.89 g, 3.7 mmol) in dry DMF (5 mL), methyl
acrylate (1.66 mL, 18.4 mmol), DIPEA (1.59 mL, 9.2 mmol), and tri-
o-phosphine (0.22 g, 0.74 mmol) were added. Then, Pd(OAc)2 (0.08
g, 0.37 mmol, 0.1 equiv) was added. The reaction mixture was stirred
at 95 °C for 4 h under an atmosphere of nitrogen. The reaction
mixture was then poured into water (10 mL) and extracted with
EtOAc (2 × 15 mL). The resulting organic phase was concentrated in
vacuo. The crude was purified by flash chromatography (heptane/
EtOAc, 0−100% gradient) to furnish methyl (E)-3-(7-methoxy-1-
methyl-1H-benzo[d][1,2,3]triazol-5-yl)acrylate (3m-I6) as a brown
solid (0.31 g, 1.25 mmol, 32%). 1H NMR (400 MHz, chloroform-d):
δ 7.84−7.68 (m, 2H), 6.91 (d, J = 1.1 Hz, 1H), 6.45 (d, J = 15.9 Hz,
1H), 4.46 (s, 3H), 4.02 (s, 3H), 3.83 (s, 3H). 3m-I6 (27.9 mg, 0.11
mmol) was dissolved in EtOH (3 mL) and placed under nitrogen.
Pd/C (5% w/w; 2.0 mg, 0.02 mmol) was added and the atmosphere
was replaced with hydrogen. The resulting mixture was stirred under
an atmosphere of hydrogen for 24 h. The reaction mixture was poured
into water (5 mL) and extracted with EtOAc (5 mL). The resulting
organic phase was concentrated in vacuo. The crude was purified by
flash chromatography (heptane/EtOAc, 0−100% gradient) to furnish
methyl 3-(7-methoxy-1-methyl-1H-benzo[d][1,2,3]triazol-5-yl)-
propanoate 3m-I7 as a yellowish solid (0.005 g, 18%). To a solution
of 3m-I7 (5 mg, 0.020 mmol) in MeOH (1.0 mL) was added NaOH
(2 M, 0.25 mL). The reaction mixture was heated to 80 °C for 40
min. The resulting reaction mixture was acidified with HCl (1 M) to
pH 3, extracted with EtOAc (3 × 5 mL), washed with brine (5 mL),
and concentrated in vacuo. Purification by preparative HPLC afforded

3m as a white solid (0.014 g, 87%). LC−MS (ESI) m/z: 236.1 [M +
1]+, purity >95% (UV).

3-(7-Methoxy-1-methyl-1H-benzo[d][1,2,3]triazol-5-yl)-3-phe-
nylpropanoic Acid (3o). The compound was synthesized in eight
steps. Intermediate 3m-I6 was used as the starting point. Methyl 3-(7-
methoxy-1-methyl-1H-benzo[d][1,2,3]triazol-5-yl)-3-phenylpropa-
noate 3o-I1 was synthesized according to a previously described
procedure20 with no deviations. Starting from 3m-I6 (0.025 g, 0.10
mmol), 3o-I1 was obtained as a white solid (0.014 g, 43%). LC−MS
(ESI) m/z: 326.2 [M + 1]+, purity >95% (UV). To a solution of 3o-
I1 (14 mg, 0.043 mmol) in MeOH (2.0 mL) was added NaOH (2 M,
0.35 mL). The reaction mixture was heated to 80 °C for 40 min. The
resulting reaction mixture was acidified with HCl (1 M) to pH 3,
extracted with EtOAc (3 × 5 mL), washed with brine (5 mL), and
concentrated in vacuo. Purification by preparative HPLC afforded 3o
as a white solid (0.010 g, 75%). LC−MS (ESI) m/z: 312.2 [M + 1]+,
purity >95% (UV). 1H NMR (600 MHz, chloroform-d): δ 7.52 (s,
1H), 7.22 (t, J = 7.5 Hz, 2H), 7.18−7.13 (m, 3H), 6.55 (s, 1H), 4.59
(t, J = 7.7 Hz, 1H), 4.38 (s, 3H), 3.84 (s, 3H), 3.19−3.02 (m, 2H).
13C NMR (151 MHz, chloroform-d): δ 174.83, 146.29, 145.58,
142.83, 142.54, 128.84, 127.60, 127.02, 124.79, 108.14, 107.73, 56.02,
47.04, 40.07, 37.75.

(1-Cyclohexylethoxy)benzene (4a). To a solution of 1-cyclo-
hexylethanol (0.54 mL, 3.9 mmol), phenol (440.4 mg, 4.7 mmol), and
Ph3P (1227 mg, 4.7 mmol) in THF (4 mL) was added dropwise a
solution of DIAD (0.92 mL, 4.7 mmol) in THF (4 mL). The reaction
mixture was stirred at room temperature for 32 h. The solvent was
evaporated and the residue was purified by silica flash column
chromatography (heptane/EtOAc) to afford 4a as a colorless oil (423
mg, 53%). 1H NMR (600 MHz, DMSO-d6): δ 7.25 (td, J = 8.0, 7.3,
2.3 Hz, 2H), 6.89 (td, J = 9.0, 4.5 Hz, 3H), 4.21 (td, J = 6.1, 2.1 Hz,
1H), 1.85 (d, J = 13.0 Hz, 1H), 1.71 (q, J = 10.5, 7.7 Hz, 3H), 1.67−
1.58 (m, 1H), 1.53 (tdq, J = 11.6, 5.8, 2.9 Hz, 1H), 1.26−0.97 (m,
8H). 13C NMR (101 MHz, DMSO-d6): δ 158.52, 129.93, 120.61,
116.05, 77.26, 43.00, 28.75, 28.25, 26.56, 26.13, 16.82.

5-Cyclopropyl-1-phenyl-1H-pyrazole-4-carboxylic Acid (4c). The
compound is synthesized in three steps. To a solution of ethyl 3-
cyclopropyl-3-oxopropanoate (0.5 mL, 3.4 mmol) in 1,4-dioxane (10
mL), 1,1-dimethoxy-N,N-dimethylmethanamine (0.67 mL, 5.1 mmol)
was added. The reaction mixture was stirred at 95 °C for 4 h. The
solvent was evaporated to afford ethyl 2-(cyclopropanecarbonyl)-3-
(dimethylamino)acrylate 4c-I1 as a yellow liquid (646 mg, 90%).
LC−MS (ESI) m/z: 212.2 [M + H]+ (3.349 min, 5.325 min)
(isomers). 4c-I1 (646.0 mg, 3 mmol) was diluted in EtOH (5 mL)
and treated with phenylhydrazine hydrochloride (441.9 mg, 3 mmol),
followed by triethylamine (0.42 mL, 3 mmol). The mixture was
stirred at RT for 24 h. Then, the mixture was partitioned between
EtOAc (50 mL) and water (50 mL) and the organic phase was
washed further with water (2 × 20 mL), dried over MgSO4, and
concentrated in vacuo to afford ethyl 5-cyclopropyl-1-phenyl-1H-
pyrazole-4-carboxylate 4c-I2 as a brown liquid (676 mg, 88%). LC−
MS (ESI) m/z: 257.1 [M + H]+ (5.608 min). 1H NMR (600 MHz,
chloroform-d): δ 8.01 (s, 1H), 7.50 (m, 4H), 7.45−7.40 (m, 1H),
4.32 (q, J = 7.1 Hz, 2H), 2.00−1.93 (m, 1H), 1.38 (t, J = 7.1 Hz, 3H),
1.27 (dtd, J = 15.7, 7.1, 1.1 Hz, 2H), 0.64 (qd, J = 6.3, 5.6, 3.1 Hz,
2H). A stirred solution of 4c-I2 (676.0 mg, 2.6 mmol) in EtOH (25
mL) was treated with a solution of NaOH (432.0 mg, 10.4 mmol) in
water (9 mL). After 60 h, the mixture was acidified with 1 N HCI (60
mL) and extracted into EtOAc (3 × 20 mL). The combined organic
phases were dried over MgSO4, filtered, and concentrated in vacuo.
The residue was purified by silica flash column chromatography
(DCM/MeOH) to afford 4c as a brown solid (451 mg, 76%). LC−
MS (ESI) m/z: 226.9 [M − H]− (3.892 min). 1H NMR (600 MHz,
DMSO-d6): δ 12.31 (s, 1H), 7.94 (s, 1H), 7.59 (d, J = 7.4 Hz, 2H),
7.55 (t, J = 7.7 Hz, 2H), 7.51−7.46 (m, 1H), 2.08 (tt, J = 8.6, 5.4 Hz,
1H), 0.88−0.77 (m, 2H), 0.52 (dt, J = 6.5, 3.2 Hz, 2H). 13C NMR
(151 MHz, DMSO-d6): δ 164.31, 147.45, 142.40, 139.76, 129.41,
128.78, 125.86, 114.54, 8.62, 7.45.

1-(3-Cyclohexylphenyl)-5-methyl-1H-pyrazole-4-carboxylic Acid
(4d). The compound was synthesized in seven steps. Step 1: To a
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solution of ethyl acetoacetate (2.0 mL, 16.3 mmol) in 1,4-dioxane (40
mL), 1,1-dimethoxy-N,N-dimethylmethanamine (3.2 mL, 24.4 mmol)
was added. The reaction mixture was stirred at 95 °C for 5 h. The
solvent was evaporated to afford ethyl 2-(dimethylamino)methylene)-
3-oxobutanoate 4d-I1 as a light brown oil (2.7 g, 92%). LC−MS
(ESI) m/z: 186.1 [M + H]+ (2.559 min, 4.290 min)80 (isomers). Step
2: 4d-I1 (937.5 mg, 5 mmol) was diluted in EtOH (6 mL) and
treated with 3-bromophenylhydrazine hydrochloride (1117.5 mg, 5
mmol), followed by TEA (0.70 mL, 5.0 mmol) and heated at 80 °C
for 3 h. The mixture was extracted with DCM and washed with water,
and the organic layer was collected and dried in vacuo. The residue
was purified by silica flash column chromatography (heptane/EtOAc)
to afford ethyl 1-(3-bromophenyl)-5-methyl-1H-pyrazole-4-carboxy-
late 4d-I2 as a red oil (958 mg, 62%). LC−MS (ESI) m/z: 309.1 [M
+ H]+ (6.068 min). 1H NMR (600 MHz, chloroform-d): δ 8.03 (s,
1H), 7.63 (dt, J = 2.4, 1.0 Hz, 1H), 7.60−7.55 (m, 1H), 7.40−7.33
(m, 2H), 4.33 (q, J = 7.1 Hz, 2H), 2.59 (s, 3H), 1.38 (t, J = 7.1 Hz,
3H). Step 3: A mixture of 4d-I2 (332.0 mg, 1.1 mmol),
bis(pinacolato)diboron (300.0 mg, 1.2 mmol), KOAc (210.8 mg,
2.2 mmol), and Pd(dppf)Cl2 (39.3 mg, 5 mol %) in dioxane (10 mL)
was stirred under reflux for 5 h. The mixture was then concentrated
and partitioned between EtOAc and water. The organic phase was
washed with water and then brine before it was dried (MgSO4),
filtered, and concentrated in vacuo to afford ethyl 5-methyl-1-(3-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) 4d-I3 as a brown oil
(219 mg, 56%). LC−MS (ESI) m/z: 275.1 [M + H] (3.907 min). 1H
NMR (400 MHz, chloroform-d): δ 8.02 (s, 1H), 7.90−7.81 (m, 2H),
7.56−7.44 (m, 2H), 4.33 (q, J = 7.1 Hz, 2H), 2.55 (s, 3H), 1.38 (t, J =
7.1 Hz, 3H), 1.34 (s, 12H). Step 4: To the solution of cyclohexanone
(0.33 mL, 3.2 mmol) in anhydrous THF (15 mL) was added
LiHMDS (3.8 mL, 1.0 M in THF, 3.8 mmol) at −78 °C. After 1 h at
−78 °C under a N2 atmosphere, a solution of PhNTf2 (1.6 g, 4.5
mmol) in anhydrous THF (17 mL) was added dropwise to the
mixture solution at −78 °C. The mixture solution was allowed to
warm to RT over a period of 4 h and stirred for additional 12 h. After
the completion of the reaction, the resulting solution was treated with
saturated aq NH4Cl (5 mL) and extracted with Et2O (3 × 50 mL).
The combined organic solution was washed with saturated aq
Na2CO3 (5 mL), dried over anhydrous MgSO4, filtered, and
concentrated in vacuo. The residue was purified by silica flash
column chromatography (heptane/EtOAc) to afford cyclohex-1-en-1-
yl trifluoromethanesulfonate 4d-I4 as a yellow oil (250 mg, 34%). 1H
NMR (600 MHz, chloroform-d): δ 5.76 (tt, J = 3.9, 1.6 Hz, 1H), 2.31
(ddq, J = 9.0, 6.6, 2.6 Hz, 2H), 2.18 (tq, J = 6.0, 2.9 Hz, 2H), 1.83−
1.74 (m, 2H), 1.62−1.58 (m, 2H). Step 5: A stirred mixture of 4d-I4
(96.9 mg, 0.42 mmol), phenyl 4d-I3 (100.0 mg, 0.28 mmol), aq
Na2CO3 (3 M, 0.28 mL, 0.84 mmol), and Pd(PPh3)4 (24.3 mg, 7.5
mol %) in EtOH (0.5 mL) and toluene (1.5 mL) was heated to reflux
for 18 h. After cooling, the mixture was partitioned between EtOAc (5
mL) and water (5 mL). The organic phase was washed with water (5
mL) and brine (5 mL) before it was dried (MgSO4), filtered, and
concentrated in vacuo to afford ethyl 5-methyl-1-(2′,3′,4′,5′-
tetrahydro-[1,1′-biphenyl]−3-yl)-1H-pyrazole-4-carboxylate 4d-I5 as
a brown oil (67 mg, 77%). LC−MS (ESI) m/z: 311.2 [M + H]+

(7.309 min). Step 6: A solution of 4d-I5 (15.0 mg, 0.05 mmol) in
EtOH (1.5 mL) was degassed and treated with Pd/C 10% (2.6 mg,
0.025 mmol) and shaken under an atmosphere of hydrogen for 27 h.
The catalyst was removed by filtration and the solution was
concentrated in vacuo to afford ethyl 1-(3-cyclohexylphenyl)-5-
methyl-1H-pyrazole-4-carboxylate 4d-I6 as a brown oil (8 mg, 53%).
LC−MS (ESI) m/z: 313.3 [M + H]+ (7.508 min). Step 7: A stirred
solution of 4d-I6 (3.1 mg, 0.01 mmol) in EtOH (0.5 mL) was treated
with a solution of NaOH (2.0 mg, 0.05 mmol) in water (0.1 mL).
After 14 h, the reaction was stopped and the mixture was acidified
with 1 M HCI (0.5 mL) and extracted into EtOAc (3 × 1 mL). The
combined organic phases were dried (Na2SO4), filtered, and
concentrated in vacuo. The residue was purified by preparative
HPLC to afford 4d as a brown oil (1.6 mg, 60%). LC−MS (ESI) m/z:
283.1 [M − H]− (5.853 min).

1-Phenyl-1H-1,2,3-triazole (5f). A mixture of 1H-1,2,3-triazole
(100.0 mg, 1.5 mmol), iodobenzene (365.0 mg, 1.75 mmol), cubic
Cu2O nanoparticles (17.0 mg, 8 mol %), 1,10-phenanthroline (40.5
mg, 15 mol %), and TBAF (4.5 mL, 4.5 mmol) was stirred at 110−
115 °C for 48 h until complete consumption of the starting material
was observed. EtOAc (20 mL) was poured into the mixture, which
was then washed with sat. aq NaCl (3 × 8 mL), extracted with Et2O
(2 × 8 mL), dried over Na2SO4, concentrated in vacuo, and purified
by flash chromatography (heptane/EtOAc, 0−100% gradient) to
furnish 5f as a brown solid (0.177 g, 82%). LC−MS (ESI) m/z: 146.1
[M + 1]+, purity >95% (UV). 1H NMR (400 MHz, chloroform-d): δ
8.00 (d, J = 1.2 Hz, 1H), 7.86 (d, J = 1.2 Hz, 1H), 7.80−7.72 (m,
2H), 7.60−7.50 (m, 2H), 7.50−7.41 (m, 1H). 13C NMR (101 MHz,
chloroform-d): δ 134.40, 129.79, 128.82, 121.72, 120.72.

4-(3-Nitrophenyl)-1H-1,2,3-triazole (5g). The compound was
synthesized in three steps. To a stirred solution of 1-iodo-3-
nitrobenzene (249.0 mg, 6 mmol) and Et3N (3.3 mL, 24 mmol) in
dioxane (24 mL) were added trimethylsilyl acetylene (1.1 mL, 7.8
mmol), PdCl2(PPh3)2 (42.1 mg, 0.06 mmol), and CuI (22.9 mg, 0.12
mmol). The reaction mixture was stirred at 45 °C for 5 h under N2.
After consumption of 1-nitro-3-[2-(trimethylsilyl)ethynyl]benzene
5g-I1, Et2O (20 mL) and 0.1 M HCl (10 mL) were added, and
the organic layer was separated, neutralized with a saturated NaHCO3
(2 × 6 mL), washed with brine (6 mL), dried over Na2SO4,
concentrated in vacuo, and purified by flash chromatography
(heptane/EtOAc, 0−100% gradient) to furnish 5g-I1 as a brown
solid (0.83 g, 63%). 1H NMR (400 MHz, chloroform-d): δ 8.30 (t, J =
2.1 Hz, 1H), 8.15 (ddd, J = 8.0, 2.1, 1.2 Hz, 1H), 7.74 (dt, J = 8.0, 1.2
Hz, 1H), 7.48 (t, J = 8.0 Hz, 1H), 0.27 (s, 9H). 5g-I1 (830.0 mg, 3.8
mmol) was added to KF (791.6, 13.6 mmol) dissolved in MeOH (19
mL), and the reaction mixture was stirred for 3.5 h at RT. After
consumption of 5g-I1, the reaction mixture was concentrated, and
DCM (15 mL) and water (12 mL) were added. The organic layer was
collected, dried (Na2SO4), and filtered through a short silica plug (70
mL of DCM). The resulting product was concentrated in vacuo to
afford 1-ethynyl-3-nitrobenzene 5g-I2 as a brown oil (513 mg, 92%).
1H NMR (400 MHz, chloroform-d): δ 8.34 (t, J = 2.1 Hz, 1H), 8.21
(ddd, J = 8.0, 2.1, 1.2 Hz, 1H), 7.79 (dt, J = 8.0, 1.2 Hz, 1H), 7.52 (t, J
= 8.0 Hz, 1H), 3.22 (s, 1H). Trimethylsilyl azide (0.69 mL, 5.23
mmol) was added to a DMF and MeOH solution (7 mL, 9:1) of CuI
(33.2 mg, 0.17 mmol) and 5g-I2 (513 mg, 3.49 mmol), under N2 in a
pressure vial. The reaction mixture was stirred at 100 °C for 5 h. The
mixture was cooled to RT, filtered, and concentrated in vacuo to
afford 5g as a brown solid (135 mg, 12%). LC−MS (ESI) m/z: 191.1
[M + 1]+, purity >95% (UV). 1H NMR (400 MHz, chloroform-d): δ
8.68 (s, 1H), 8.26−8.16 (m, 2H), 8.08 (s, 1H), 7.65 (t, J = 8.0 Hz,
1H). 13C NMR (151 MHz, chloroform-d): δ 130.97, 129.37, 129.01,
123.28, 122.31, 120.20, 119.98, 118.62.

(1-(3-Iodophenyl)-1H-1,2,3-triazole) (5h). The compound was
synthesized in two steps. 3-Iodoaniline (500 mg, 2.28 mmol) was
suspended in water (2 mL). Concentrated aq HCl (2 mL) was added
and the solution was cooled at 0 °C. A solution of NaNO2 (189.0,
2.74 mmol) in water (3 mL) was added dropwise at 0 °C and the
mixture was further stirred for 20 min. A solution of NaN3 (223 mg,
3.42 mmol) in water (3 mL) was added dropwise at 0 °C and the
obtained suspension was stirred for 2 h. The solution was extracted
with Et2O (8 mL); the organic phase was washed with brine (8 mL),
dried over MgSO4, filtered, and concentrated in vacuo to afford 1-
azido-3-iodobenzene 5h-I1 as a yellow oil (561 mg, quantitative). 1H
NMR (400 MHz, chloroform-d): δ 7.47 (dt, J = 7.9, 1.2 Hz, 1H), 7.38
(t, J = 2.1 Hz, 1H), 7.07 (t, J = 7.9 Hz, 1H), 6.99 (ddd, J = 7.9, 2.1,
1.2 Hz, 1H). A solution of 5t-I1 (561 mg, 2.29 mmol), propiolic acid
(0.21 mL, 3.43 mmol), CuI (87.2 mg, 0.46 mmol), sodium ascorbate
(181.4 mg, 0.92 mmol), and DBU (0.17 mL, 1.14 mmol) in DMF (20
mL) in a sealed tube was stirred under N2 at 60 °C for 7 h. After 5h,
the mixture was diluted with water (60 mL), extracted with DCM (3
× 40 mL), washed with water, dried over Na2SO4, concentrated in
vacuo, and purified by flash chromatography (heptane/EtOAc, 0−
100% gradient) to furnish 5t as a yellowish solid (0.120 g, 19%). LC−
MS (ESI) m/z: 271.9 [M + 1]+, purity >95% (UV). 1H NMR (400
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MHz, DMSO-d6): δ 8.89 (d, J = 1.2 Hz, 1H), 8.31 (t, J = 1.9 Hz, 1H),
8.00−7.95 (m, 2H), 7.87 (dt, J = 8.0, 1.2 Hz, 1H), 7.40 (t, J = 8.0 Hz,
1H). 13C NMR (101 MHz, DMSO-d6): δ 138.04, 137.69, 135.01,
132.21, 128.65, 123.82, 119.99, 95.86.
1-(3-Fluorophenyl)-1,2,3-triazole (5i). The compound was synthe-

sized in two steps. 3-Fluoroaniline (0.87 mL, 9.0 mmol) was
suspended in water (4 mL). Concentrated aq HCl (4 mL) was added
and the solution was cooled at 0 °C. A solution of NaNO2 (745.8 mg,
10.8 mmol) in water (11 mL) was added dropwise at 0 °C and the
mixture was further stirred for 20 min. A solution of NaN3 (877.1 mg,
13.5 mmol) in water (11 mL) was added dropwise at 0 °C and the
obtained suspension was stirred for 3 h. The solution was extracted
with Et2O (15 mL); the organic phase was washed with brine (10
mL), dried over MgSO4, filtered, and concentrated in vacuo to afford
1-azido-3-fluorobenzene 5i-I1 as a yellow oil (632 mg, 51% yield). 1H
NMR (400 MHz, chloroform-d): δ 7.35−7.27 (m, 1H), 6.89−6.80
(m, 2H), 6.74 (dt, J = 9.6, 2.3 Hz, 1H). A solution of 5i-I1 (632.0 mg,
4.61 mmol), propiolic acid (0.43 mL, 6.91 mmol), CuI (175.6 mg,
0.92 mmol), sodium ascorbate (365.3 mg, 1.84 mmol), and DBU
(0.34 mL, 2.30 mmol) in DMF (22 mL) in a sealed tube was stirred
under N2 at 60 °C for 7 h. Then, the mixture was diluted with brine
(100 mL) and extracted with EtOAc (3 × 50 mL). The organic layers
were washed with brine, dried over MgSO4, and concentrated in
vacuo. The residue was purified by silica flash column chromatog-
raphy (heptane/EtOAc) and freeze-dried to afford 5i as a yellow
powder (166 mg, 22%). LC−MS (ESI) m/z: 164.0 [M + H]+ (3.524
min). 1H NMR (400 MHz, chloroform-d): δ 8.00 (d, J = 1.2 Hz, 1H),
7.87 (d, J = 1.2 Hz, 1H), 7.58−7.44 (m, 3H), 7.20−7.11 (m, 1H). 13C
NMR (101 MHz, chloroform-d): δ 134.69, 131.23 (d, J = 8.9 Hz),
121.65, 115.96 (d, J = 3.4 Hz), 115.70 (d, J = 21.0 Hz), 108.48 (d, J =
26.0 Hz).
3-(1,2,3-Triazol-1-yl)benzoic Acid (5j). The compound was

synthesized in three steps. Ethyl-3-aminobenzoate (0.45 mL, 3.0
mmol) was suspended in water (3 mL). Concentrated aq HCl (3 mL)
was added and the solution was cooled at 0 °C. A solution of NaNO2
(251.1 mg, 3.6 mmol) in water (3.5 mL) was added dropwise at 0 °C
and the mixture was further stirred for 20 min. A solution of NaN3
(292.5 mg, 4.5 mmol) in water (4.5 mL) was added dropwise at 0 °C
and the obtained suspension was stirred for 3 h. The solution was
extracted with Et2O (10 mL); the organic phase was washed with
brine (8 mL), dried over MgSO4, filtered, and concentrated in vacuo
to afford ethyl-3-azidobenzoate 5j-I1 as a brown oil (453 mg, 79%).
1H NMR (400 MHz, chloroform-d): δ 7.81 (dt, J = 7.9, 1.1 Hz, 1H),
7.70 (t, J = 2.2 Hz, 1H), 7.41 (t, J = 7.9 Hz, 1H), 7.18 (ddd, J = 7.9,
2.2, 1.1 Hz, 1H), 4.38 (q, J = 7.1 Hz, 2H), 1.40 (t, J = 7.1 Hz, 3H). A
solution of 5j-I1 (100.0 mg, 0.52 mmol), propiolic acid (0.05 mL,
0.79 mmol), CuI (20.0 mg, 0.11 mmol), sodium ascorbate (41.4 mg,
0.21 mmol), and DBU (0.04 mL, 0.26 mmol) in DMF (4 mL) in a
sealed tube was stirred under N2 at 60 °C for 3 h. Then, the mixture
was diluted with water (15 mL), extracted with DCM (3 × 10 mL),
washed with water, dried over MgSO4, and concentrated in vacuo to
afford ethyl 3-(1,2,3-triazol-1-yl) benzoate 5j-I2 as a brown oil (76
mg, 67%). 1H NMR (400 MHz, chloroform-d): δ 8.36 (t, J = 1.9 Hz,
1H), 8.12 (dt, J = 7.8, 1.3 Hz, 1H), 8.09 (s, 1H), 8.04 (dd, J = 2.4, 1.1
Hz, 1H), 7.89 (s, 1H), 7.63 (t, J = 7.9 Hz, 1H), 4.43 (q, J = 7.1 Hz,
2H), 1.42 (t, J = 7.1 Hz, 3H). 5j-I2 (76.0 mg, 0.35 mmol) was
dissolved in MeOH (1 mL) and treated with a solution of potassium
hydroxide (39.3 mg, 0.7 mmol), then stirred for 2.5 h. A solution of 1
M HCl (2 mL) was added to acidify the reaction mixture and the
carboxylic acid was extracted with EtOAc (3 mL). The organic phase
was collected, dried over MgSO4, filtered, and concentrated in vacuo.
The brown residue was purified by silica flash column chromatog-
raphy (DCM/MeOH) to afford 5j as a yellow solid (32 mg, 49%).
LC−MS (ESI) m/z: 190.1 [M + H]+ (2.590 min). 1H NMR (600
MHz, DMSO-d6): δ 13.42 (s, 1H), 8.97 (d, J = 1.2 Hz, 1H), 8.43 (t, J
= 2.2 Hz, 1H), 8.18 (ddd, J = 7.9, 2.2, 1.2 Hz, 1H), 8.04 (dt, J = 7.9,
1.2 Hz, 1H), 8.01 (d, J = 1.2 Hz, 1H), 7.75 (t, J = 7.9 Hz, 1H). 13C
NMR (101 MHz, DMSO-d6): δ 135.09, 130.80, 129.59, 124.64,
123.88, 120.98.

5-(2-Furanyl)-1,3,4-oxadiazole-2-amine (6e). To a stirred sol-
ution of semicarbazide hydrochloride (348.2 mg, 3.12 mmol) and
sodium acetate (256.1 mg, 3.12 mmol) in water (6 mL) was added a
solution of furfural (0.26 mL, 3.12 mmol) in MeOH (6 mL). After
being stirred at RT for 10 min, the solvent was evaporated under
reduced pressure, and the resulting residue was redissolved in 1,4-
dioxane (31 mL), followed by addition of potassium carbonate (1.3 g,
9.3 mmol) and iodine (951 mg, 3.7 mmol) in sequence. The reaction
mixture was stirred at 80 °C for 3 h. After being cooled to RT, the
mixture was treated with 5% Na2S2O3 (120 mL) and extracted with
DCM/MeOH (10:1, 60 mL × 4). The combined organic layers were
dried over anhydrous MgSO4 and concentrated in vacuo. The residue
was purified by silica flash column chromatography (heptane/EtOAc)
to afford 6e as a white solid (259 mg, 55%). LC−MS (ESI) m/z:
152.0 [M + H]+ (1.824 min). 1H NMR (400 MHz, DMSO-d6): δ
7.92 (d, J = 1.8 Hz, 1H), 7.30 (s, 2H), 7.00 (dd, J = 3.5, 0.7 Hz, 1H),
6.71 (dd, J = 3.5, 1.8 Hz, 1H). 13C NMR (101 MHz, DMSO): δ
163.74, 151.10, 145.77, 139.86, 112.56, 111.59.

Synthesis of Compounds 8 and 8a−ai (Schemes S1−S7).
General Procedure A: Pyrazole Synthesis.32 A MW vial was charged
with the β-keto ester (1.4 equiv) and DMF-dimethyl acetal (1.6
equiv). The vial was capped and subjected to MW irradiation at 130
°C for 15 min. Upon cooling, the mixture was transferred to a round-
bottomed flask, dissolved in EtOH (X−X mL), and then phenyl-
hydrazine hydrochloride (1.0 equiv) and Et3N (3.6 equiv) were
added. The mixture was stirred at RT for 16−22 h until complete
conversion as seen by TLC or LC−MS. The mixture was then diluted
with EtOAc (10−25 mL), washed with water (10−25 mL), 0.5 M
HCl (5−15 mL), sat. brine (5−15 mL), dried over Na2SO4 and
concentrated in vacuo. Purification by flash column chromatography
(hep/EtOAc).

General Procedure B1: Ullmann-Type Coupling of Sulfonamide
to Aryl Bromides. An Ullmann-type coupling procedure reported by
Deng et al. was followed.81 A dry MW vial was charged with
benzenesulfonamide (0.19 g, 1.20 mmol, 1.2 equiv), CuI (0.038 g,
0.20 mmol, 0.2 equiv), dimethylglycine (0.021 g, 0.20 mmol, 0.2
equiv), and K3PO4 (0.53 g, 2.50 mmol, 2.5 equiv). The vial was
capped and subjected to three vacuum-N2 cycles. Under N2 was then
added a degassed solution of aryl bromide (1.00 mmol, 1.0 equiv) in
dry DMF (2.0 mL) via a syringe. The mixture was stirred at 160 °C
for 20−67 h until complete conversion. The mixture was then cooled
to RT, diluted with EtOAc (20 mL), filtered through a bed of Celite,
and the filtrate concentrated in vacuo. Purification by flash column
chromatography (hep/EtOAc) afforded the pure products.

General Procedure B2: Ullmann-Type Coupling of Pyrazole to
Aryl Sulfonamide. A dry MW vial was charged with aryl halide (1.0
equiv), ethyl 1H-pyrazole-4-carboxylate (2.0−2.2 equiv), CuI (0.4−
0.8 equiv), K2CO3 (3.0 equiv), dimethylglycine (0.1 equiv), and dry
degassed DMF. The vial was capped and subjected to three vacuum-
Ar cycles. The mixture was subjected to MW irradiation at 165 °C for
2−3 h until complete conversion as seen by TLC (hep/EtOAc 1:1).
The mixture was then diluted with EtOAc (10 mL), filtered through a
bed of Celite, and the filtrate concentrated in vacuo.

General Procedure C: Basic Ester Hydrolysis. A vial was charged
with the ester (1.0 equiv, 0.5−1.0 mmol), either MeOH (if methyl
ester, 0.1 M) or EtOH (if ethyl ester, 0.1 M) and then aq 1 M NaOH
(4.0−7.0 equiv). The mixture was stirred at RT for 15−48 h until
complete conversion. Unless otherwise stated, the mixture was then
added water (10 mL/mmol), pH adjusted to 1−2 with 1 M HCl,
extracted with EtOAc (3 × 20 mL/mmol), and the combined organic
phases dried over Na2SO4 and concentrated in vacuo. Purification was
carried out as specified.

General Procedure D: MW-Assisted N-Sulfonylation. A micro-
wave vial was charged with aryl amine (1.0 equiv, 1.0−5.0 mmol),
pyridine (2.0 equiv), DCM (0.2−1.0 M), and then benzenesulfonyl
chloride (1.0−2.0 equiv). The vial was capped and subjected to
microwave irradiation at 50 °C for 5−20 min until complete
conversion (as determined by TLC). The mixture was then added 2
M HCl (10 mL/mmol), extracted with DCM (2−3 times with 10
mL/mmol), and the combined organic phases dried over Na2SO4 and
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concentrated in vacuo. Purification by flash column chromatography
(hep/EtOAc) afforded the pure sulfonamides.
General Procedure E: Sulfonamide N-Alkylation with Alkyl

Bromides. NaH (2.0−8.0 equiv) was added to a solution of the
sulfonamide compoud (1.0 equiv) in THF (5−20 mL) at 0 °C. After
stirring for 1 h, the alkylating agent (3.0−8.0 equiv) was added. The
mixture was stirred for 16 h at RT and then quenched with sat.
NaHCO3 (5−20 mL). The two phases were separated. The aq phase
was extracted with EtOAc (2 × 5−20 mL). The combined organic
phases were washed with NaHCO3 (2 × 5−20 mL), dried with
Na2SO4, and concentrated in vacuo. Purification was carried out as
specified.
General Procedure F: Preparation of Benzenesulfonamides.

Benzenesulfonyl chloride (1.0 equiv) was dissolved in the minimum
amount of acetone, and the solution was added to concentrated
aqueous ammonia (5 mL) under stirring at RT. The reaction mixture
was stirred for 10 min to 2 h, followed by separation of the solid by
filtration. In the case of no separation, the mixture was neutralized
with 2 M HCl to obtain precipitation of the product. The compounds
were used without any further purification.
General Procedure G1: Primary Amidation of Carboxylic Acids.

In a round bottom flask were dissolved HATU (1.3 equiv) and the
acid (1.0 equiv) in DMF (X mL), then DIPEA (3.0 equiv) was added.
The reaction was stirred at RT for 15 min, followed by the addition of
ammonium chloride (2.0 equiv). The reaction was stirred for 2 h at
RT and quenched with saturated ammonium chloride. The mixture
was extracted with ethyl acetate and the organic layer was dried over
Na2SO4, filtered, and concentrated in vacuo. The crude product was
purified by preparative HPLC.
General Procedure G2: Primary Amidation of Carboxylic Acids.

Amide (1.0 equiv), EDC hydrochloride (1.6 equiv), and HOBt (1.6
equiv) were dissolved in DMF (X mL) at 0 °C, followed by the
addition of DIPEA (4.0 equiv). The mixture was stirred at 0 °C for
1.5 h, then ammonium chloride (2.0 equiv) was added and the
reaction stirred at RT for 22 h. The reaction was quenched with 2 M
HCl, and mixture extracted with ethyl acetate. The organic layer was
washed with brine and dried over sodium sulfate, filtered, and
concentrated in vacuo. The compounds were used without any further
purification.
Compound 8 ( S c h eme 1 ) . 5 - C y c l o p r op y l - 1 - ( 3 -

(phenylsulfonamido)phenyl)-1H-pyrazole-4-carboxylic Acid (8).
General procedure C was followed starting from ester 12 (0.41 g,
1.00 mmol). Complete conversion was seen after 28 h by LC−MS.
Workup was omitted, and the mixture was concentrated in vacuo.
Purification by preparative HPLC afforded 8 as a white solid (0.063 g,
0.16 mmol, 17%). 1H NMR (400 MHz, DMSO-d6): δ 12.32 (s, 1H),
10.60 (s, 1H), 7.90 (s, 1H), 7.84−7.74 (m, 2H), 7.66−7.58 (m, 1H),
7.59−7.51 (m, 2H), 7.45−7.34 (m, 1H), 7.29−7.23 (m, 2H), 7.21
(ddd, J = 8.1, 2.1, 1.1 Hz, 1H), 1.85 (tt, J = 8.6, 5.5 Hz, 1H), 0.77−
0.55 (m, 2H), 0.48−0.27 (m, 2H). 13C NMR (101 MHz, DMSO-d6):
δ 163.69, 146.86, 142.01, 139.70, 139.17, 138.21, 133.07, 129.74,
129.32, 126.63, 120.90, 119.50, 116.50, 114.24, 8.01, 6.89. LC−MS
(ESI) m/z: 384.1 [M + 1]+, tR = 2.67 min, purity >95% (UV).
Ethyl 5-Cyclopropyl-1-(3-(phenylsulfonamido)phenyl)-1H-pyra-

zole-4-carboxylate (12). General procedure B1 was followed starting
from aryl bromide 10 (0.34 g, 1.00 mmol). Complete conversion was
seen after 20 h by LC−MS, and purification afforded ethyl 5-
cyclopropyl-1-(3-(phenylsulfonamido)-phenyl)-1H-pyrazole-4-car-
boxylate (12) as a white solid (0.41 g, 1.00 mmol, quantitative). LC−
MS (ESI) m/z: 412.2 [M + 1]+, tR = 3.44 min, purity ≈82% (UV).
Ethyl 1-(3-Bromophenyl)-5-cyclopropyl-1H-pyrazole-4-carboxy-

late (10). General procedure A was followed starting from ethyl 3-
cyclopropyl-3-oxopropanoate (1.47 mL, 10.0 mmol). Purification by
flash column chromatography (hep/EtOAc) afforded ethyl 1-(3-
bromophenyl)-5-cyclopropyl-1H-pyrazole-4-carboxylate (10) as a
golden-brown oil (1.99 g, 5.94 mmol, 85%). 1H NMR (400 MHz,
chloroform-d): δ 8.00 (s, 1H), 7.73 (t, J = 2.0 Hz, 1H), 7.55 (ddd, J =
8.0, 1.9, 1.1 Hz, 1H), 7.49 (ddd, J = 8.0, 2.0, 1.0 Hz, 1H), 7.35 (t, J =
8.0 Hz, 1H), 4.32 (q, J = 7.1 Hz, 2H), 2.00−1.90 (m, 1H), 1.37 (t, J =
7.1 Hz, 3H), 1.02−0.92 (m, 2H), 0.68−0.54 (m, 2H). LC−MS (ESI)

m/z: 335.1 + 337.1 [M + 1]+ (Br isotope pattern), tR = 3.91 min,
purity >95% (UV).

Compounds 8a−e (Scheme S1). 1-(3-(Phenylsulfonamido)-
phenyl)-1H-pyrazole-4-carboxylic Acid (8a). General procedure C
was followed starting from ester 13-I1 (0.050 g, 0.13 mmol).
Complete conversion was seen after 30 h by LC−MS, and purification
by preparative HPLC afforded 8a as a white solid (0.027 g, 0.079
mmol, 60%). 1H NMR (400 MHz, DMSO-d6): δ 12.63 (s, 1H), 10.58
(s, 1H), 8.89 (s, 1H), 8.07 (s, 1H), 7.86−7.75 (m, 2H), 7.71 (t, J =
2.1 Hz, 1H), 7.66−7.49 (m, 4H), 7.35 (t, J = 8.1 Hz, 1H), 7.08 (ddd,
J = 8.1, 2.2, 0.8 Hz, 1H). 13C NMR (101 MHz, DMSO-d6): δ 163.40,
142.11, 139.54, 139.25, 138.93, 133.07, 131.06, 130.38, 129.34,
126.60, 118.08, 117.25, 114.11, 110.50. LC−MS (ESI) m/z: 344.1 [M
+ 1]+, tR = 2.62 min, purity >95%.

Ethyl 1-(3-(Phenylsulfonamido)phenyl)-1H-pyrazole-4-carboxy-
late (13-I1). General procedure B2 was followed with aryl iodide
13 (0.18 g, 0.50 mmol). Purification by flash column chromatography
(hep/EtOAc) afforded ethyl 1-(3-(phenylsulfonamido)phenyl)-1H-
pyrazole-4-carboxylate (13-I1) as a white solid (0.19 g, 0.22 mmol,
45%). LC−MS (ESI) m/z: 372.1 [M + 1]+, tR = 3.28 min, purity
>95% (UV).

1-(3-Amino-5-(phenylsulfonamido)phenyl)-1H-pyrazole-4-car-
boxylic Acid (8b). General procedure C was followed starting from
ester 18 (0.063 g, 0.15 mmol). Complete conversion was seen after 18
h by LC−MS, and purification by preparative HPLC afforded 8b as a
white solid (0.026 g, 0.079 mmol, 67%). 1H NMR (600 MHz,
DMSO-d6): δ 12.74 (s, 1H), 11.20 (s, 1H), 9.22 (s, 1H), 8.45 (t, J =
2.0 Hz, 1H), 8.15 (s, 1H), 8.13 (t, J = 2.0 Hz, 1H), 7.89 (t, J = 2.0 Hz,
1H), 7.86 (t, J = 1.3 Hz, 1H), 7.85 (d, J = 1.5 Hz, 1H), 7.67−7.63 (m,
1H), 7.61−7.57 (m, 2H). 13C NMR (151 MHz, DMSO-d6): δ 163.23,
149.11, 142.87, 140.24, 140.08, 138.75, 133.58, 132.23, 129.65,
126.64, 118.01, 114.88, 111.31, 108.65. LC−MS (ESI) m/z: 387.1 [M
− 1]−, tR = 2.83 min, purity >95% (UV).

1-(3-Nitro-5-(phenylsulfonamido)phenyl)-1H-pyrazole-4-carbox-
ylic Acid (8c). General procedure C was followed starting from ester
8c-I1 (0.023 g, 0.07 mmol). Complete conversion was seen after 6 h
by LC−MS. The crude was concentrated in vacuo, dissolved in 6 mL
buffer A and B (2:1), pH adjusted to 4−5, and purified by preparative
HPLC afforded 8c as a white solid (0.010 g, 0.03 mmol, 40%). 1H
NMR (600 MHz, DMSO-d6): δ 10.26 (s, 1H), 8.54 (s, 1H), 8.00 (s,
1H), 7.80 (dd, J = 7.2, 1.7 Hz, 2H), 7.63−7.59 (m, 1H), 7.56 (dd, J =
8.3, 6.8 Hz, 2H), 6.79 (t, J = 2.0 Hz, 1H), 6.71 (t, J = 2.0 Hz, 1H),
6.41 (t, J = 1.9 Hz, 1H). 13C NMR (151 MHz, DMSO-d6): δ 163.45,
149.63, 141.71, 140.11, 139.54, 139.41, 132.90, 130.34, 129.24,
126.64, 116.82, 103.77, 100.65, 98.84. LC−MS (ESI) m/z: 359.1 [M
+ 1]+, tR = 2.35 min, purity >95% (UV).

Ethyl 1-(3-Amino-5-(phenylsulfonamido)phenyl)-1H-pyrazole-4-
carboxylate (8c-I1). N-(3-bromo-5-nitrophenyl)benzenesulfonamide
17 (0.10 g, 0.24 mmol) was dissolved in 40 mL EtOH, which was
reduced by H-Cube (2 bar, RT, 1 mL/min) with Pd/C as a catalyst to
afford aniline intermediate 8c-I1 (0.045 g, 0.12 mmol, 49%). After
concentration in vacuo the crude was used without further
purification. LC−MS (ESI) m/z: 385.1 [M − 1]−, tR = 2.90 min,
purity >80% (UV).

Ethyl 1-(3-Nitro-5-(phenylsulfonamido)phenyl)-1H-pyrazole-4-
carboxylate (18). General procedure B2 was followed starting from
N-(3-bromo-5-nitrophenyl)benzenesulfonamide 17 (0.36 g, 1.0
mmol). Purification by flash column chromatography (hep/EtOAc)
afforded 18 as a white solid (0.16 g, 0.37 mmol, 37%). LC−MS (ESI)
m/z: 415.1 [M − 1]−, tR = 3.45 min, purity >95% (UV).

N-(3-Bromo-5-nitrophenyl)benzenesulfonamide (17). General
procedure D was followed starting from 3-bromo-5-nitroaniline 16
(0.75 g, 3.45 mmol). Purification by flash column chromatography
(h ep/E tOAc) affo rd ed N - ( 3 - b romo - 5 -n i t r o ph eny l ) -
benzenesulfonamide (17) as a yellowish solid (0.88 g, 2.46 mmol,
71%). 1H NMR (600 MHz, DMSO-d6): δ 11.18 (s, 1H), 8.02 (t, J =
1.9 Hz, 1H), 7.93 (t, J = 2.0 Hz, 1H), 7.86−7.81 (m, 2H), 7.70−7.65
(m, 1H), 7.64−7.58 (m, 3H). LC−MS (ESI) m/z: 356.9 [M − 1]−, tR
= 3.41 min, purity >95% (UV).
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3-Bromo-5-nitroaniline (16).82 1-bromo-3,5-dinitrobenzene 15
(2470.0 mg, 10.0 mmol) was dissolved in THF (50 mL) and
PMDS (2.7 mL, 20.0 mmol) and Fe(acac)3 (706.0 mg, 2.0 mmol)
were added. The mixture was stirred at 70 °C for 48 h. Upon
complete reaction, EtOAc (50 mL) was added and washed with 1 M
NaOH aqueous solution (2 × 50 mL), dried over Na2SO4, and
concentrated in vacuo. Purification by flash column chromatography
(hep/EtOAc) afforded 3-bromo-5-nitroaniline 16 as a yellow solid
(1.76 g, 8.1 mmol, 81%). 1H NMR (600 MHz, chloroform-d): δ 7.70
(t, J = 1.8 Hz, 1H), 7.41 (t, J = 2.1 Hz, 1H), 7.08 (t, J = 1.9 Hz, 1H),
4.06 (s, 2H). LC−MS (ESI) m/z: 216.9.1 [M − 1]−, tR = 3.07 min,
purity >90% (UV).
1-Bromo-3,5-dinitrobenzene (15). 1,3-Dinitrobenzene (14)

(8405.5 mg, 50.0 mmol) was dissolved in sulfuric acid (15.0 mL,
280.0 mmol) and NBS (10679.4 mg, 60.0 mmol) was added. The
mixture was stirred at 60 °C for 48 h. The reaction was cooled to RT
and the mixture was poured into ice water to form a precipitate. The
product was collected by filtration and washed with water. Purification
by flash column chromatography (hep/EtOAc) afforded 1-bromo-3,5-
dinitrobenzene 15 as a beige solid (5.33 g, 21.6 mmol, 43%). 1H
NMR (600 MHz, DMSO-d6): δ 8.84 (d, J = 2.0 Hz, 2H), 8.80 (t, J =
2.0 Hz, 1H).
1-(3-(Phenylsulfonamido)-5-(trifluoromethyl)phenyl)-1H-pyra-

zole-4-carboxylic Acid (8d). General procedure C was followed
starting from ester 8d-I1 (0.11 g, 0.25 mmol). Complete conversion
was seen after 20 h by LC−MS, and purification of half of the amount
by preparative HPLC afforded 8d as a white solid (0.045 g, 0.11
mmol, ∼88%). 1H NMR (600 MHz, DMSO-d6): δ 12.72 (s, 1H),
11.03 (s, 1H), 9.17 (s, 1H), 8.12 (s, 1H), 8.04−7.99 (m, 2H), 7.85−
7.79 (m, 2H), 7.67−7.61 (m, 1H), 7.59 (dd, J = 8.3, 6.9 Hz, 2H), 7.34
(d, J = 1.7 Hz, 1H). 13C NMR (151 MHz, DMSO-d6): δ 163.30,
142.65, 140.32, 139.97, 138.77, 133.49, 132.01, 131.21 (q, J = 32.6
Hz), 129.57, 126.63, 123.22 (q, J = 273.0 Hz), 117.81, 113.44 (d, J =
4.1 Hz), 113.12, 110.59 (d, J = 4.1 Hz). LC−MS (ESI) m/z: 410.1
[M − 1]−, tR = 3.05 min, purity >95% (UV).
Ethyl 1-(3-(Phenylsulfonamido)-5-(trifluoromethyl)phenyl)-1H-

pyrazole-4-carboxylate (8d-I1). General procedure B2 was followed
star t ing f rom N -(3-bromo-5-( t r ifluoromethy l)phenyl) -
benzenesulfonamide 21 (0.11 g, 1.0 mmol). Purification by flash
column chromatography (hep/EtOAc) afforded 8d-I1 as a white solid
(0.16 g, 0.33 mmol, 33%). LC−MS (ESI) m/z: 440.1 [M + 1]+, tR =
3.64 min, purity >95% (UV).
N-(3-Bromo-5-(trifluoromethyl)phenyl)benzenesulfonamide

(21). General procedure D was followed starting from 3-bromo-5-
(trifluoromethyl)aniline 19 (1.20 g, 5.0 mmol). Purification by flash
column chromatography (hep/EtOAc) afforded 21 as a white crystal
(0.486 g, 1.3 mmol, 26%). 1H NMR (600 MHz, DMSO-d6): δ 11.01
(s, 1H), 7.85−7.77 (m, 2H), 7.69−7.64 (m, 1H), 7.63−7.58 (m, 3H),
7.51 (t, J = 1.9 Hz, 1H), 7.38 (t, J = 1.8 Hz, 1H). 13C NMR (151
MHz, DMSO-d6): δ 140.17, 138.61, 133.58, 131.59 (q, J = 32.7 Hz),
129.62, 126.62, 125.43, 125.15, 123.61, 122.98 (q, J = 3.8 Hz),
122.82, 121.80, 119.99, 114.23 (q, J = 3.9 Hz). LC−MS (ESI) m/z:
380.1, 381.9 (Br signal) [M + 1]+, tR = 3.71 min, purity >95% (UV).
1-(3-Chloro-5-(phenylsulfonamido)phenyl)-1H-pyrazole-4-car-

boxylic Acid (8e). General procedure C was followed starting from
ester 8e-I1 (0.12 g, 0.30 mmol). Complete conversion was seen after
24 h by LC−MS, and purification by preparative HPLC afforded 8e as
a white solid (0.030 g, 0.11 mmol, 37%). 1H NMR (600 MHz,
DMSO-d6): δ 12.71 (s, 1H), 10.87 (s, 1H), 9.01 (s, 1H), 8.09 (s, 1H),
7.85−7.79 (m, 2H), 7.76 (t, J = 1.9 Hz, 1H), 7.71 (t, J = 2.0 Hz, 1H),
7.67−7.61 (m, 1H), 7.59 (dd, J = 8.3, 6.8 Hz, 2H), 7.08 (t, J = 1.9 Hz,
1H). 13C NMR (151 MHz, DMSO-d6): δ 163.34, 142.55, 140.54,
140.19, 138.94, 134.54, 133.44, 131.71, 129.58, 126.64, 117.68,
116.95, 113.81, 108.49. LC−MS (ESI) m/z: 376.1 [M − 1]−, tR =
2.93 min, purity >95% (UV).
Ethyl 1-(3-Chloro-5-(phenylsulfonamido)phenyl)-1H-pyrazole-4-

carboxylate (8e-I1). General procedure B2 was followed starting
from N-(3-bromo-5-chlorophenyl)benzenesulfonamide 22 (0.35 g,
1.0 mmol). Purification by 2× flash column chromatography (hep/
EtOAc) afforded 8e-I1 as a white solid (0.12 g, 0.30 mmol, 30%).

LC−MS (ESI) m/z: 404.1 [M − 1]−, tR = 3.57 min, purity >90%
(UV).

N-(3-Bromo-5-chlorophenyl)benzenesulfonamide (22). General
procedure D was followed starting from 3-bromo-5-chloroaniline 20
(1.03 g, 5.0 mmol). Purification by flash column chromatography
(hep/EtOAc) afforded 22 as a beige solid (1.41 g, 4.1 mmol, 81%).
1H NMR (600 MHz, DMSO-d6): δ 10.85 (s, 1H), 7.83−7.77 (m,
2H), 7.69−7.64 (m, 1H), 7.63−7.57 (m, 2H), 7.37 (t, J = 1.8 Hz,
1H), 7.21 (t, J = 1.8 Hz, 1H), 7.12 (t, J = 1.9 Hz, 1H). 13C NMR
(151 MHz, DMSO-d6): δ 140.41, 138.75, 134.62, 133.49, 129.59,
126.60, 125.94, 122.55, 120.23, 117.71. LC−MS (ESI) m/z: 346.0 [M
− 1]−, tR = 3.62 min, purity >95% (UV).

Compounds 8f−i (Scheme S2). 5-Cyclopropyl-1-(3-(N-
methylphenylsulfonamido)phenyl)-1H-pyrazole-4-carboxylic Acid
(8f). General procedure C was followed starting from ester 23
(0.085 g, 0.20 mmol). Complete conversion was seen after 18 h by
LC−MS, and the mixture was acidified and filtrated. The filtrate was
washed with water/MeCN (1:1) to afford 8f as a white solid (0.052
mg, 0.13 mmol, 65%). 1H NMR (600 MHz, DMSO-d6): δ 12.34 (s,
1H), 7.93 (s, 1H), 7.71 (tt, J = 7.0, 1.6 Hz, 1H), 7.61−7.54 (m, 5H),
7.54−7.50 (m, 2H), 7.35 (q, J = 1.5 Hz, 1H), 7.30−7.23 (m, 1H),
3.22 (s, 4H), 1.97 (tt, J = 8.6, 6.3 Hz, 1H), 0.83−0.77 (m, 2H), 0.51−
0.47 (m, 2H). 13C NMR (151 MHz, DMSO-d6): δ 164.20, 147.62,
142.55, 141.86, 140.00, 136.30, 133.93, 129.84, 129.78, 127.80,
126.09, 124.47, 123.16, 114.72, 38.21, 8.59, 7.32. LC−MS (ESI) m/z:
398.2 [M + 1]+, tR = 2.97 min, purity >95% (UV).

Ethyl 5-Cyclopropyl-1-(3-(N-methylphenylsulfonamido)phenyl)-
1H-pyrazole-4-carboxylate (23). General procedure E was followed
starting from ethyl 5-cyclopropyl-1-(3-(phenylsulfonamido)phenyl)-
1H-pyrazole-4-carboxylate (12) (0.099 g, 0.24 mmol) and methyl
iodide (0.046 mL, 0.72 mmol). Purification by flash column
chromatography (hep/EtOAc) afforded 23 as a colorless oil (0.085
g, 0.20 mmol, 83%). LC−MS (ESI) m/z: 426.2 [M + 1]+, tR = 3.67
min, purity >90% (UV).

5-Cyclopropyl-1-(3-(N-ethylphenylsulfonamido)phenyl)-1H-pyr-
azole-4-carboxylic Acid (8g). General procedure C was followed
starting from ester 24 (0.070 g, 0.16 mmol). Complete conversion
was seen after 24 h by LC−MS, and purification by preparative HPLC
afforded 8g as a white solid (0.047 g, 0.11 mmol, 71%). 1H NMR
(600 MHz, DMSO-d6): δ 7.94 (s, 1H), 7.73−7.67 (m, 1H), 7.65−
7.50 (m, 7H), 7.33 (t, J = 2.0 Hz, 1H), 7.17 (dt, J = 7.8, 1.6 Hz, 1H),
3.69 (q, J = 7.1 Hz, 2H), 1.98 (tt, J = 8.6, 5.5 Hz, 1H), 1.02 (t, J = 7.1
Hz, 3H), 0.83−0.74 (m, 2H), 0.50−0.42 (m, 2H). 13C NMR (151
MHz, DMSO-d6): δ 164.20, 147.60, 142.55, 140.15, 139.15, 138.08,
133.69, 130.00, 129.80, 128.48, 127.64, 125.86, 125.25, 114.85, 45.42,
14.26, 8.57, 7.25. LC−MS (ESI) m/z: 412.2 [M + 1]+, tR = 3.79 min,
purity >95% (UV).

Ethyl 5-Cyclopropyl-1-(3-(N-ethylphenylsulfonamido)phenyl)-
1H-pyrazole-4-carboxylate (24). General procedure E was followed
starting from ethyl 5-cyclopropyl-1-(3-(phenylsulfonamido)phenyl)-
1H-pyrazole-4-carboxylate (12) (0.099 g, 0.24 mmol) and ethyl
iodide (0.058 mL, 0.72 mmol). Purification by flash column
chromatography (hep/EtOAc) afforded 24 as a colorless oil (0.071
g, 0.16 mmol, 67%). LC−MS (ESI) m/z: 440.2 [M + 1]+, tR = 3.79
min, purity >90% (UV).

1-(3-(N-(Carboxymethyl)phenylsulfonamido)phenyl)-5-cyclo-
propyl-1H-pyrazole-4-carboxylic Acid (8h). General procedure C
was followed starting from ester 25 (0.087 g, 0.18 mmol). Complete
conversion was seen after 24 h by LC−MS, and purification by
preparative HPLC afforded 8h as a white solid (0.048 g, 0.11 mmol,
60%). 1H NMR (600 MHz, DMSO-d6): δ 7.92 (s, 1H), 7.74−7.65
(m, 3H), 7.57 (t, J = 7.7 Hz, 2H), 7.52−7.47 (m, 2H), 7.44 (d, J = 2.2
Hz, 1H), 7.30 (dt, J = 6.3, 2.4 Hz, 1H), 4.53 (s, 2H), 1.90 (tt, J = 8.6,
5.4 Hz, 1H), 0.83−0.67 (m, 2H), 0.50−0.36 (m, 3H). 13C NMR
(151 MHz, DMSO-d6): δ 169.83, 163.70, 147.08, 142.09, 139.86,
139.48, 138.35, 133.35, 129.48, 129.30, 127.35, 127.17, 124.58,
124.44, 114.30, 51.93, 8.06, 6.81. LC−MS (ESI) m/z: 442.1 [M +
1]+, tR = 2.60 min, purity >95% (UV).

Ethy l 5-Cyc lopropy l -1- (3- (N- (2-ethoxy-2-oxoethy l ) -
phenylsulfonamido)phenyl)-1H-pyrazole-4-carboxylate (25). Gen-

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

https://doi.org/10.1021/acs.jmedchem.0c02094
J. Med. Chem. 2021, 64, 4623−4661

4645

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c02094/suppl_file/jm0c02094_si_001.pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.0c02094?rel=cite-as&ref=PDF&jav=VoR


eral procedure E was followed starting from ethyl 5-cyclopropyl-1-(3-
(phenylsulfonamido)phenyl)-1H-pyrazole-4-carboxylate (12) (0.099
g, 0.24 mmol) and 2-ethyl bromoacetate (0.080 mL, 0.72 mmol).
Purification by flash column chromatography (hep/EtOAc) afforded
24 as a colorless sticky oil (0.086 g, 0.17 mmol, 72%). LC−MS (ESI)
m/z: 498.2 [M + 1]+, tR = 3.76 min, purity >90% (UV).
1-(3-(N-(2-Amino-2-oxoethyl)phenylsulfonamido)phenyl)-5-cy-

clopropyl-1H-pyrazole-4-carboxylic Acid (8i). General procedure C
was followed starting from ester 26 (0.087 g, 0.18 mmol). Complete
conversion was seen after 22 h by LC−MS. A large amount of an
impurity was observed (1-(3-aminophenyl)-5-cyclopropyl-1H-pyra-
zole-4-carboxylic acid). Purification by preparative HPLC afforded 8i
as a white solid (0.008 g, 0.02 mmol, 11%). 1H NMR (600 MHz,
DMSO-d6): δ 7.92 (s, 1H), 7.72−7.65 (m, 3H), 7.59−7.53 (m, 2H),
7.52−7.46 (m, 2H), 7.44 (q, J = 1.6 Hz, 1H), 7.32−7.28 (m, 1H),
4.53 (s, 2H), 1.90 (tt, J = 8.6, 5.5 Hz, 1H), 0.78−0.71 (m, 2H), 0.46−
0.40 (m, 2H). LC−MS (ESI) m/z: 442.1 [M + 1]+, tR = 2.62 min,
purity >95% (UV).
Ethyl 1-(3-(N-(2-Amino-2-oxoethyl)phenylsulfonamido)phenyl)-

5-cyclopropyl-1H-pyrazole-4-carboxylate (26). General procedure E
was fol lowed start ing from ethyl 5-cyclopropyl-1-(3-
(phenylsulfonamido)phenyl)-1H-pyrazole-4-carboxylate (12) (0.099
g, 0.12 mmol) and 2-bromoacetamide (0.099 g, 0.72 mmol).
Purification by flash column chromatography (hep/EtOAc) afforded
26 as a colorless oil (0.054 g, 0.17 mmol, 48%). LC−MS (ESI) m/z:
469.2 [M + 1]+, tR = 3.03 min, purity >95% (UV).
Compounds 8 j−p ( S cheme S3 ) . 5 - Pheny l - 1 - ( 3 -

(phenylsulfonamido)phenyl)-1H-pyrazole-4-carboxylic Acid (8j).
General procedure C was followed starting from ester 8j-I1 (0.11 g,
0.25 mmol). Complete conversion was seen after 16 h by LC−MS.
Purification by preparative HPLC afforded 8j as a white solid (0.063
g, 0.15 mmol, 60%). 1H NMR (600 MHz, DMSO-d6): δ 10.47 (s,
1H), 8.11 (s, 1H), 7.69−7.65 (m, 2H), 7.65−7.61 (m, 1H), 7.55 (t, J
= 7.8 Hz, 2H), 7.39−7.32 (m, 1H), 7.29 (dd, J = 8.4, 6.9 Hz, 2H),
7.18−7.12 (m, 3H), 7.11 (t, J = 2.1 Hz, 1H), 7.02 (dd, J = 8.4, 2.2 Hz,
1H), 6.72 (dd, J = 8.3, 2.1 Hz, 1H). 13C NMR (151 MHz, DMSO-
d6): δ 163.47, 145.04, 142.26, 139.51, 139.03, 138.37, 133.07, 130.26,
129.54, 129.31, 128.94, 128.42, 127.84, 126.57, 121.12, 119.16,
117.07, 114.09. LC−MS (ESI) m/z: 420.1 [M + 1]+, tR = 2.85 min,
purity >95% (UV).
Ethyl 5-Phenyl-1-(3-(phenylsulfonamido)phenyl)-1H-pyrazole-4-

carboxylate (8j-I1). General procedure B1 was followed starting from
aryl bromide 38 (0.62 g, 1.70 mmol). Complete conversion was seen
after 20 h by LC−MS. Purification by flash column chromatography
(hep/EtOAc) afforded ethyl 5-phenyl-1-(3-(phenylsulfonamido)-
phenyl)-1H-pyrazole-4-carboxylate (8j-I1) as a white solid (0.40 g,
0.90 mmol, 53%). LC−MS (ESI) m/z: 448.2 [M + 1]+, tR = 3.51 min,
purity >95% (UV).
Ethyl 1-(3-Bromophenyl)-5-phenyl-1H-pyrazole-4-carboxylate

(38). General procedure A was followed starting from ethyl 3-oxo-
3-phenylpropanoate 27 (1.11 mL, 4.0 mmol). Purification by two
times flash column chromatography (1: hep/EtOAc, 2: DCM/
MeOH) afforded ethyl 1-(3-bromophenyl)-5-phenyl-1H-pyrazole-4-
carboxylate (38) as a yellowish oil (0.62 g, 1.7 mmol, 43%). LC−MS
(ESI) m/z: 371.1, 373.0 (Br signal) [M + 1]+, tR = 3.97 min, purity
>90% (UV).
5-(4-Methoxyphenyl)-1-(3-(phenylsulfonamido)phenyl)-1H-pyr-

azole-4-carboxylic Acid (8k). General procedure C was followed
starting from ester 8k-I1 (0.12 g, 0.25 mmol). Complete conversion
was seen after 16 h by LC−MS. Purification by preparative HPLC
afforded 8k as a white solid (0.074 g, 0.16 mmol, 82%). 1H NMR
(600 MHz, DMSO-d6): δ 12.30 (s, 1H), 10.48 (s, 1H), 8.09 (s, 1H),
7.72−7.66 (m, 2H), 7.66−7.60 (m, 1H), 7.58−7.51 (m, 2H), 7.16 (t,
J = 8.1 Hz, 1H), 7.12 (t, J = 2.1 Hz, 1H), 7.10−7.07 (m, 2H), 7.03
(ddd, J = 8.2, 2.2, 1.0 Hz, 1H), 6.87−6.82 (m, 2H), 6.74 (ddd, J = 8.0,
2.1, 1.0 Hz, 1H), 3.76 (s, 3H), 2.07 (s, 0H, AcN). 13C NMR (151
MHz, DMSO-d6): δ 163.60, 159.53, 144.99, 142.31, 139.70, 139.09,
138.37, 133.07, 131.70, 129.58, 129.28, 126.58, 121.16, 120.30,
119.11, 117.11, 113.80, 113.36, 55.11. LC−MS (ESI) m/z: 450.1 [M
+ 1]+, tR = 2.87 min, purity >95% (UV).

Ethyl 5-(4-Methoxyphenyl)-1-(3-(phenylsulfonamido)phenyl)-
1H-pyrazole-4-carboxylate (8k-I1). General procedure B1 was
followed starting from aryl bromide 39 (0.79 g, 2.0 mmol). Complete
conversion was seen after 20 h by LC−MS. Purification by flash
column chromatography (hep/EtOAc) afforded ethyl 5-phenyl-1-(3-
(phenylsulfonamido)phenyl)-1H-pyrazole-4-carboxylate (8k-I1) as a
white solid (0.58 g, 1.21 mmol, 61%). LC−MS (ESI) m/z: 478.2 [M
+ 1]+, tR = 3.47 min, purity >95% (UV).

Ethyl 1-(3-Bromophenyl)-5-(4-methoxyphenyl)-1H-pyrazole-4-
carboxylate (39). General procedure A was followed starting from
ethyl 3-(4-methoxyphenyl)-3-oxopropanoate 28 (1.16 mL, 4.0
mmol). Purification by flash column chromatography (DCM/
MeOH) afforded ethyl 1-(3-bromophenyl)-5-(4-methoxyphenyl)-
1H-pyrazole-4-carboxylate (39) as a yellowish oil (0.79 g, 2.0
mmol, 49%). LC−MS (ESI) m/z: 401.1, 403.1 (Br signal) [M +
1]+, tR = 3.91 min, purity >90% (UV).

5-Benzyl-1-(3-(phenylsulfonamido)phenyl)-1H-pyrazole-4-car-
boxylic Acid (8l). General procedure C was followed starting from
ester 8l-I1 (0.046 g, 0.10 mmol). Complete conversion was seen after
16 h by LC−MS. Purification by preparative HPLC afforded 8l as a
white solid (0.044 g, 0.10 mmol, quantitative). 1H NMR (400 MHz,
DMSO-d6): δ 12.57 (s, 1H), 10.59 (s, 1H), 8.02 (s, 1H), 7.75 (dd, J =
7.2, 1.8 Hz, 2H), 7.66−7.58 (m, 1H), 7.54 (dd, J = 8.3, 6.7 Hz, 2H),
7.30 (t, J = 8.0 Hz, 1H), 7.22−7.12 (m, 2H), 7.09 (p, J = 3.8 Hz, 3H),
6.95 (dd, J = 7.9, 2.0 Hz, 1H), 6.75−6.62 (m, 2H), 4.29 (s, 2H). 13C
NMR (101 MHz, DMSO-d6): δ 164.22, 145.11, 141.88, 139.15,
139.13, 138.54, 137.11, 133.14, 130.03, 129.38, 128.28, 127.58,
126.59, 126.26, 120.99, 119.87, 116.92, 113.41, 29.34. LC−MS (ESI)
m/z: 434.1 [M + 1]+, tR = 2.99 min, purity >95% (UV).

Ethyl 5-Benzyl-1-(3-(phenylsulfonamido)phenyl)-1H-pyrazole-4-
carboxylate (8l-I1). General procedure B1 was followed starting from
aryl bromide 40 (0.077 g, 0.20 mmol). Complete conversion was seen
after 20 h by LC−MS. Purification by flash column chromatography
(hep/EtOAc) afforded ethyl 5-phenyl-1-(3-(phenylsulfonamido)-
phenyl)-1H-pyrazole-4-carboxylate (8k-I1) as a white solid (0.047
g, 0.1 mmol, 51%). LC−MS (ESI) m/z: 462.2 [M + 1]+, tR = 3.64
min, purity >95% (UV).

Ethyl 5-Benzyl-1-(3-bromophenyl)-1H-pyrazole-4-carboxylate
(40). General procedure A was followed starting from ethyl 3-oxo-
4-phenylbutanoate 30 (0.21 mg, 1.0 mmol). Purification by flash
column chromatography (hep/EtOAc) afforded ethyl 5-benzyl-1-(3-
bromophenyl)-1H-pyrazole-4-carboxylate (40) as a yellowish oil
(0.078 g, 0.20 mmol, 20%). LC−MS (ESI) m/z: 385.1, 387.1 (Br
signal) [M + 1]+, tR = 4.08 min, purity >90% (UV).

Ethyl 3-Oxo-4-phenylbutanoate (30).83 n-Butyllithium (8.0 mL
2.5 M in hexane, 20.0 mmol) was added slowly to a −78 °C solution
of monoethyl malonate 29 (1.18 mL, 10.0 mmol) in 25 mL anhydrous
THF, while allowing the temperature to increase to 0 °C near the end
of the addition. After 10 min at 0 °C, the mixture was cooled to −78
°C and phenylacetyl chloride (1.32 mL, 10.0 mmol) was added
dropwise. Cooling was removed and after 10 min, the reaction was
quenched with 1 M HCl (aq) (20 mL). The mixture was extracted
with diethyl ether (40 mL). The organic extract was washed with sat.
NaHCO3 (aq) (2 × 15 mL), H2O (15 mL), and brine (15 mL), then
dried with Na2SO4 and concentrated in vacuo. Evaporation of the
solvent yielded the product, as a colorless oil. Purification by flash
column chromatography (hep/EtOAc) afforded ethyl 1-(3-bromo-
phenyl)-5-(4-methoxyphenyl)-1H-pyrazole-4-carboxylate (30) as a
yellowish oil (0.67 g, 2.8 mmol, 57%), which was used without further
characterization. LC−MS (ESI) m/z: 207.0 [M + 1]+, tR = 3.89 min,
purity >70% (UV).

5-(4-Methoxybenzyl)-1-(3-(phenylsulfonamido)phenyl)-1H-pyra-
zole-4-carboxylic Acid (8m). General procedure C was followed
starting from ester 8m-I1 (0.036 g, 0.07 mmol). Complete conversion
was seen after 16 h by LC−MS. Purification by preparative HPLC
afforded 8m as a white solid (0.033 g, 0.07 mmol, quantitative). 1H
NMR (600 MHz, DMSO-d6): δ 12.56 (s, 1H), 10.60 (s, 1H), 8.00 (s,
1H), 7.79−7.73 (m, 2H), 7.65−7.58 (m, 1H), 7.55 (dd, J = 8.5, 7.1
Hz, 2H), 7.32 (t, J = 8.1 Hz, 1H), 7.18 (dd, J = 8.4, 2.1 Hz, 1H), 7.13
(t, J = 2.1 Hz, 1H), 6.95 (dd, J = 7.9, 2.0 Hz, 1H), 6.69−6.63 (m,
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2H), 6.59 (d, J = 8.7 Hz, 2H), 4.20 (s, 2H), 3.65 (s, 3H). 13C NMR
(151 MHz, DMSO-d6): δ 164.26, 157.62, 145.59, 141.87, 139.17,
138.55, 133.17, 130.08, 129.40, 129.01, 128.63, 126.62, 121.05,
119.88, 116.95, 113.74, 113.21, 54.95, 28.47. UPLC−MS (ESI) m/z:
464.1 [M + 1]+, tR = 2.24 min, purity >95% (UV).
Ethyl 5-(4-Methoxybenzyl)-1-(3-(phenylsulfonamido)phenyl)-

1H-pyrazole-4-carboxylate (8m-I1). General procedure B1 was
followed starting from aryl bromide 41 (0.083 g, 0.20 mmol).
Complete conversion was seen after 24 h by LC−MS. Purification by
flash column chromatography (hep/EtOAc) afforded ethyl 5-phenyl-
1-(3-(phenylsulfonamido)phenyl)-1H-pyrazole-4-carboxylate (8k-l1)
as a white solid (0.036 g, 0.07 mmol, 37%; 0.033 g 41 reobtained).
UPLC−MS (ESI) m/z: 492.1 [M + 1]+, tR = 2.70 min, purity >90%
(UV).
Ethyl 1-(3-Bromophenyl)-5-(4-methoxybenzyl)-1H-pyrazole-4-

carboxylate (41). General procedure A was followed starting from
ethyl 4-(4-methoxyphenyl)-3-oxobutanoate 31 (0.59 mg, 2.5 mmol).
Purification by flash column chromatography (hep/EtOAc) afforded
ethyl 5-benzyl-1-(3-bromophenyl)-1H-pyrazole-4-carboxylate (41) as
a yellowish oil (0.20 g, 0.48 mmol, 19%). UPLC−MS (ESI) m/z:
415.1, 417.1 (Br signal) [M + 1]+, tR = 2.96 min, purity >90% (UV).
Ethyl 4-(4-Methoxyphenyl)-3-oxobutanoate (31). n-Butyllithium

(8.0 mL 2.5 M in hexane, 20.0 mmol) was added slowly to a −78 °C
solution of monoethyl malonate 29 (1.18 mL, 10.0 mmol) in 25 mL
anhydrous THF, while allowing the temperature to increase to 0 °C
near the end of the addition. After 10 min at 0 °C, the mixture was
cooled to −78 °C and 2-(4-methoxyphenyl)acetyl chloride (0.76 mL,
5.0 mmol) was added dropwise. Cooling was removed and after 10
min the reaction was quenched with 1 M HCl (aq) (20 mL). The
mixture was extracted with diethyl ether (40 mL). The organic extract
was washed with sat. NaHCO3 (aq) (2 × 15 mL), H2O (15 mL), and
brine (15 mL), then dried with Na2SO4 and concentrated in vacuo.
Evaporation of the solvent yielded the product, as a colorless oil.
Purification by flash column chromatography (hep/EtOAc) afforded
ethyl 4-(4-methoxyphenyl)-3-oxobutanoate (31) as a yellowish oil
(0.64 g, 3.1 mmol, 31%). UPLC−MS (ESI) m/z: 237.0 [M + 1]+ and
526.1 [M + 1]+, tR = 2.12 min, purity >95% (UV).
1-(3-(Phenylsulfonamido)phenyl)-5-((phenylthio)methyl)-1H-

pyrazole-4-carboxylic Acid (8n). General procedure C was followed
starting from ester 8n-I1 (0.054 g, 0.11 mmol). Complete conversion
was seen after 20 h by LC−MS. Purification by preparative HPLC
afforded 8n as a white solid (0.023 g, 0.05 mmol, 45%). 1H NMR
(400 MHz, DMSO-d6): δ 12.64 (s, 1H), 10.61 (s, 1H), 7.94 (s, 1H),
7.79 (dd, J = 7.2, 1.7 Hz, 2H), 7.64−7.56 (m, 1H), 7.52 (dd, J = 8.3,
6.6 Hz, 2H), 7.34 (t, J = 8.0 Hz, 1H), 7.26−7.10 (m, 6H), 7.09−6.99
(m, 2H), 4.47 (s, 2H). 13C NMR (101 MHz, DMSO-d6): δ 163.81,
142.71, 141.68, 139.21, 139.03, 138.62, 133.88, 133.12, 130.34,
130.11, 129.36, 128.91, 127.08, 126.64, 120.64, 119.96, 116.84,
113.76, 27.00. LC−MS (ESI) m/z: 466.1 [M + 1]+, tR = 3.07 min,
purity >95% (UV).
Ethyl 1-(3-(Phenylsulfonamido)phenyl)-5-((phenylthio)methyl)-

1H-pyrazole-4-carboxylate (8n-I1). General procedure B1 was
followed starting from aryl bromide 42 (0.13 g, 0.30 mmol).
Complete conversion was seen after 24 h by LC−MS. Purification by
flash column chromatography (hep/EtOAc) afforded ethyl 1-(3-
(phenylsulfonamido)phenyl)-5-((phenylthio)methyl)-1H-pyrazole-4-
carboxylate (8n-l1) as a white solid (0.058 g, 0.12 mmol, 39%).
UPLC−MS (ESI) m/z: 494.1 [M + 1]+, tR = 2.77 min, purity >90%
(UV).
Ethyl 1-(3-Bromophenyl)-5-((phenylthio)methyl)-1H-pyrazole-4-

carboxylate (42). General procedure A was followed starting from
ethyl 3-oxo-4-(phenylthio)butanoate 33 (0.60 mg, 2.5 mmol).
Purification by flash column chromatography (hep/EtOAc) afforded
ethyl 1-(3-bromophenyl)-5-((phenylthio)methyl)-1H-pyrazole-4-car-
boxylate (42) as a yellowish oil (0.13 g, 0.31 mmol, 13%). UPLC−
MS (ESI) m/z: 417.1, 419.1 (Br signal) [M + 1]+, tR = 3.07 min,
purity >95% (UV).
Ethyl 3-Oxo-4-(phenylthio)butanoate (33).84 To a mixture of

potassium hydroxide (0.85 g, 15.1 mmol) in DMSO (8 mL) was
dropwise added a solution of thiophenol (0.77 mL, 7.6 mmol) in

DMSO (1 mL). The mixture was stirred at room temperature for 30
min and then ethyl 4-chloroacetoacetate 32 (1.02 mL, 7.6 mmol) was
added. The mixture was stirred at RT for 22 h and then acidified by
addition of hydrochloric acid (4 M). The mixture was extracted with
EtOAc and the organic layer was washed with water and then with
brine, dried over Na2SO4, and concentrated in vacuo. Purification by
flash column chromatography (hep/EtOAc) afforded ethyl 4-(4-
methoxyphenyl)-3-oxobutanoate (33) as a yellowish liquid (0.93 g,
3.9 mmol, 51%). LC−MS (ESI) m/z: 147.1 [M + 1]+ and 239.1 [M +
1]+, tR = 3.42 min, purity >70% (UV).

5-(trans-2-Phenylcyclopropyl)-1-(3-(phenylsulfonamido)-
phenyl)-1H-pyrazole-4-carboxylic Acid (8o). General procedure C
was followed starting from ester 8o-I1 (0.044 g, 0.09 mmol).
Complete conversion was seen after 24 h by LC−MS. Purification by
preparative HPLC afforded 8o as a white solid (0.031 g, 0.07 mmol,
75%). 1H NMR (600 MHz, DMSO-d6): δ 12.38 (s, 1H), 10.58 (s,
1H), 7.95 (s, 1H), 7.82−7.77 (m, 2H), 7.61−7.56 (m, 1H), 7.56−
7.51 (m, 2H), 7.30 (q, J = 1.5 Hz, 1H), 7.20−7.09 (m, 6H), 6.79−
6.75 (m, 2H), 2.22 (ddd, J = 9.0, 6.2, 5.0 Hz, 1H), 1.93 (dt, J = 8.9,
5.6 Hz, 1H), 1.20−1.14 (m, 1H), 0.98 (ddd, J = 8.8, 6.2, 5.2 Hz, 1H).
13C NMR (151 MHz, DMSO-d6): δ 163.70, 145.80, 142.06, 140.94,
139.68, 139.17, 138.42, 133.09, 129.73, 129.35, 127.88, 126.65,
125.72, 125.66, 120.95, 119.29, 116.55, 114.36, 25.63, 18.20, 16.95.
LC−MS (ESI) m/z: 460.1 [M + 1]+, tR = 3.14 min, purity >95%
(UV).

Ethyl 5-Phenethyl-1-(3-(phenylsulfonamido)phenyl)-1H-pyra-
zole-4-carboxylate (8o-I1). General procedure B1 was followed
starting from aryl bromide 43 (0.16 g, 0.40 mmol). Complete
conversion was seen after 48 h by LC−MS. Purification by flash
column chromatography (hep/EtOAc) afforded ethyl 5-phenethyl-1-
(3-(phenylsulfonamido)phenyl)-1H-pyrazole-4-carboxylate (8o-l1) as
a white solid (0.047 g, 0.10 mmol, 24%). UPLC−MS (ESI) m/z:
488.2 [M + 1]+, tR = 2.87 min, purity >90% (UV).

Ethyl 1-(3-Bromophenyl)-5-(trans-2-phenylcyclopropyl)-1H-pyr-
azole-4-carboxylate (43). General procedure A was followed starting
from ethyl 3-oxo-4-(phenylthio)butanoate 35 (0.35 mg, 1.5 mmol).
Purification by flash column chromatography (hep/EtOAc) afforded
ethyl 1-(3-bromophenyl)-5-(trans-2-phenylcyclopropyl)-1H-pyrazole-
4-carboxylate (43) as a yellowish oil (0.17 g, 0.40 mmol, 27%). LC−
MS (ESI) m/z: 411.1, 413.1 (Br signal) [M + 1]+, tR = 4.17 min,
purity >95% (UV).

Ethyl 3-Oxo-3-(trans-2-phenylcyclopropyl)propanoate (35).85

Acid chloride 35-I1 (0.70 mL, 6.0 mmol) was added dropwise to a
solution of Meldrum’s acid (0.86 g, 6.0 mmol) and pyridine (0.97 mL,
12.0 mmol) in DCM (12 mL) at 0 °C. The solution was stirred for 30
min at 0 °C and then it was allowed to stir at RT for 24 h. The
reaction mixture was washed with 10% aq HCl (2 × 5 mL) and H2O
(5 mL). The combined organic phases were dried over Na2SO4,
filtered, and concentrated in vacuo. The crude residue was dissolved
in EtOH (10 mL) and heated to reflux for 24 h. The mixture was
concentrated in vacuo and purified by flash column chromatography
(hep/EtOAc) afforded ethyl 3-oxo-3-(trans-2-phenylcyclopropyl)-
propanoate (35) as a yellowish oil (0.46 g, 2.0 mmol, 33%). LC−
MS (ESI) m/z: 233.1 [M + 1]+, tR = 3.31 min, purity >90% (UV).

5-Phenethyl-1-(3-(phenylsulfonamido)phenyl)-1H-pyrazole-4-
carboxylic Acid (8p). General procedure C was followed starting from
ester 8p-I1 (0.24 g, 0.50 mmol). Complete conversion was seen after
28 h by LC−MS. Purification by preparative HPLC afforded 8p as a
white solid (0.18 g, 0.40 mmol, 81%). 1H NMR (600 MHz, DMSO-
d6): δ 12.50 (s, 1H), 10.64 (s, 1H), 7.94 (s, 1H), 7.80−7.74 (m, 2H),
7.57−7.52 (m, 1H), 7.49 (dd, J = 8.4, 7.0 Hz, 2H), 7.38 (t, J = 8.1 Hz,
1H), 7.27−7.20 (m, 1H), 7.19−7.13 (m, 3H), 7.11 (t, J = 2.1 Hz,
1H), 7.04−6.99 (m, 1H), 6.88−6.81 (m, 2H), 3.09−3.03 (m, 2H),
2.64−2.58 (m, 2H). 13C NMR (151 MHz, DMSO-d6): δ 164.15,
146.46, 141.78, 140.07, 139.06, 138.55, 133.10, 130.16, 129.32,
128.26, 127.93, 126.60, 126.12, 121.19, 119.87, 116.94, 112.76, 34.04,
26.30. LC−MS (ESI) m/z: 448.2 [M + 1]+, tR = 3.08 min, purity
>95% (UV).

Ethyl 5-Phenethyl-1-(3-(phenylsulfonamido)phenyl)-1H-pyra-
zole-4-carboxylate (8p-I1). General procedure B1 was followed
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starting from aryl bromide 44 (0.40 g, 1.0 mmol). Complete
conversion was seen after 52 h by LC−MS. Purification by flash
column chromatography (hep/EtOAc) afforded ethyl 5-phenethyl-1-
(3-(phenylsulfonamido)phenyl)-1H-pyrazole-4-carboxylate (8p-I1)
as a white solid (0.24 g, 0.51 mmol, 51%). UPLC−MS (ESI) m/z:
476.1 [M + 1]+, tR = 2.86 min, purity >90% (UV).
Ethyl 1-(3-Bromophenyl)-5-phenethyl-1H-pyrazole-4-carboxy-

late (44). General procedure A was followed starting from ethyl 3-
oxo-5-phenylpentanoate 37 (0.55 mg, 2.5 mmol). Purification by flash
column chromatography (hep/EtOAc) afforded ethyl 1-(3-bromo-
phenyl)-5-phenethyl-1H-pyrazole-4-carboxylate (44) as a yellowish
oil (0.40 g, 1.0 mmol, 40%). LC−MS (ESI) m/z: 399.1, 401.1 (Br
signal) [M + 1]+, tR = 4.24 min, purity >95% (UV).
Ethyl 3-Oxo-5-phenylpentanoate (37). Acid chloride 36 (1.12

mL, 7.6 mmol) was added dropwise to a solution of Meldrum’s acid
(1.09 g, 7.6 mmol) and pyridine (1.2 mL, 15.1 mmol) in DCM (14
mL) at 0 °C. The solution was stirred for 30 min at 0 °C and then it
was allowed to stir at RT for 24 h. The reaction mixture was washed
with 10% aq HCl (2 × 5 mL) and H2O (5 mL). The combined
organic phases were dried over Na2SO4, filtered, and concentrated in
vacuo. The crude residue was dissolved in EtOH (10 mL) and heated
to reflux for 24 h. The mixture was concentrated in vacuo and purified
by flash column chromatography (hep/EtOAc) afforded ethyl 3-oxo-
5-phenylpentanoate (37) as a yellowish oil (0.73 g, 3.3 mmol, 43%).
LC−MS (ESI) m/z: 221.1 [M + 1]+, tR = 3.94 min, purity >90%
(UV).
Compounds 8q−y (Scheme S4). 5-Cyclopropyl-1-(3-((2-

methoxyphenyl)sulfonamido)phenyl)-1H-pyrazole-4-carboxylic
Acid (8q). General procedure C was followed starting from ester 8q-
I1 (0.075 g, 0.17 mmol). Complete conversion was seen after 50 h by
LC−MS. Purification by preparative HPLC afforded 8q as a white
solid (0.036 g, 0.09 mmol, 51%). 1H NMR (400 MHz, DMSO-d6): δ
12.32 (s, 1H), 10.31 (s, 1H), 7.89 (s, 1H), 7.79 (dd, J = 7.8, 1.7 Hz,
1H), 7.57 (ddd, J = 8.9, 7.4, 1.7 Hz, 1H), 7.35 (t, J = 8.0 Hz, 1H),
7.24 (t, J = 2.1 Hz, 1H), 7.21−7.13 (m, 3H), 7.03 (td, J = 7.6, 1.0 Hz,
1H), 3.87 (s, 3H), 1.82 (tt, J = 8.5, 5.5 Hz, 1H), 0.65−0.57 (m, 2H),
0.38−0.31 (m, 2H). 13C NMR (101 MHz, DMSO-d6): δ 163.74,
156.38, 146.84, 141.96, 139.60, 138.47, 135.26, 130.31, 129.52,
126.08, 120.43, 120.11, 118.89, 115.91, 114.14, 112.89, 56.15, 7.92,
6.89. LC−MS (ESI) m/z: 414.1 [M + 1]+, tR = 2.71 min, purity >95%
(UV).
Ethyl 5-Cyclopropyl-1-(3-((2-methoxyphenyl)sulfonamido)-

phenyl)-1H-pyrazole-4-carboxylate (8q-I1). General procedure B1
was followed starting from aryl bromide 10 (0.34 g, 1.0 mmol) and
benzenesulfonamide 53 (0.22, 1.2 mmol). Complete conversion was
seen after 48 h by LC−MS. Purification by flash column
chromatography (hep/EtOAc) afforded 8q-I1 as a yellowish oil
(0.078 g, 0.18 mmol, 18%). LC−MS (ESI) m/z: 442.2 [M + 1]+, tR =
3.39 min, purity >90% (UV).
5-Cyclopropyl-1-(3-((3-methoxyphenyl)sulfonamido)phenyl)-

1H-pyrazole-4-carboxylic Acid (8r). General procedure C was
followed starting from ester 8r-I1 (0.093 g, 0.21 mmol). Complete
conversion was seen after 48 h by LC−MS. Purification by preparative
HPLC afforded 8r as a white solid (0.059 g, 0.14 mmol, 68%). 1H
NMR (400 MHz, DMSO-d6): δ 12.34 (s, 1H), 10.56 (s, 1H), 7.91 (s,
1H), 7.47 (t, J = 8.0 Hz, 1H), 7.44−7.37 (m, 1H), 7.34 (dt, J = 7.8,
1.2 Hz, 1H), 7.26 (p, J = 2.3, 1.9 Hz, 3H), 7.20 (ddd, J = 11.1, 7.9, 2.3
Hz, 2H), 3.76 (s, 3H), 1.86 (tt, J = 8.6, 5.5 Hz, 1H), 0.73−0.65 (m,
2H), 0.43−0.37 (m, 2H). 13C NMR (101 MHz, DMSO-d6): δ 163.73,
159.39, 146.92, 142.05, 140.36, 139.73, 138.23, 130.60, 129.79,
121.04, 119.69, 118.86, 118.74, 116.67, 114.28, 111.69, 55.59, 8.02,
6.91. LC−MS (ESI) m/z: 414.2 [M + 1]+, tR = 2.80 min, purity >95%
(UV).
Ethyl 5-Cyclopropyl-1-(3-((3-methoxyphenyl)sulfonamido)-

phenyl)-1H-pyrazole-4-carboxylate (8r-I1). General procedure B1
was followed starting from aryl bromide 10 (0.34 g, 1.0 mmol) and
benzenesulfonamide 54 (0.22 g, 1.2 mmol). Complete conversion was
seen after 25 h by LC−MS. Purification by flash column
chromatography (hep/EtOAc) afforded 8r-I1 as a yellowish oil

(0.27 g, 0.60 mmol, 60%). LC−MS (ESI) m/z: 442.2 [M + 1]+, tR =
3.47 min, purity >90% (UV).

5-Cyclopropyl-1-(3-((4-methoxyphenyl)sulfonamido)phenyl)-
1H-pyrazole-4-carboxylic Acid (8s). General procedure C was
followed starting from ester 8s-I1 (0.13 g, 0.30 mmol). Complete
conversion was seen after 40 h by LC−MS. Purification by preparative
HPLC afforded 8s as a white solid (0.39 g, 0.10 mmol, 33%). 1H
NMR (400 MHz, DMSO-d6): δ 12.33 (s, 1H), 10.44 (s, 1H), 7.90 (s,
1H), 7.76−7.68 (m, 2H), 7.39 (t, J = 8.3 Hz, 1H), 7.26−7.16 (m,
3H), 7.10−7.02 (m, 2H), 3.78 (s, 3H), 1.86 (tt, J = 8.6, 5.5 Hz, 1H),
0.76−0.60 (m, 2H), 0.45−0.35 (m, 2H). 13C NMR (101 MHz,
DMSO-d6): δ 163.73, 162.60, 146.90, 142.02, 139.71, 138.49, 130.77,
129.72, 128.92, 120.76, 119.37, 116.42, 114.45, 114.23, 55.67, 8.00,
6.91. LC−MS (ESI) m/z: 414.2 [M + 1]+, tR = 2.76 min, purity >95%
(UV).

Ethyl 5-Cyclopropyl-1-(3-((4-methoxyphenyl)sulfonamido)-
phenyl)-1H-pyrazole-4-carboxylate (8s-I1). General procedure B1
was followed starting from aryl bromide 10 (0.34 g, 1.0 mmol) and
benzenesulfonamide 55 (0.22 g, 1.2 mmol). Complete conversion was
seen after 18 h by LC−MS. Purification by two flash column
chromatography separations (hep/EtOAc) afforded 8s-I1 as a
yellowish oil (0.13 g, 0.29 mmol, 29%). LC−MS (ESI) m/z: 442.2
[M + 1]+, tR = 3.40 min, purity >90% (UV).

4-Methoxybenzenesulfonamide (55). General procedure F was
followed starting from 4-methoxybenzenesulfonyl chloride 46 (2.58 g,
12.5 mmol). Filtration afforded 55 as a white solid (1.75 g, 9.3 mmol,
75%). LC−MS (ESI) m/z: 188.9 [M + 1]+, tR = 1.99 min, purity
>95% (UV).

5-Cyclopropyl-1-(3-((3,4-dimethoxyphenyl)sulfonamido)-
phenyl)-1H-pyrazole-4-carboxylic Acid (8t). General procedure C
was followed starting from ester 8t-I1 (0.075 g, 0.16 mmol).
Complete conversion was seen after 28 h by LC−MS. Purification by
preparative HPLC afforded 8t as a white solid (0.048 g, 0.11 mmol,
68%). 1H NMR (400 MHz, DMSO-d6): δ 12.35 (s, 1H), 10.37 (s,
1H), 7.91 (s, 1H), 7.40 (t, J = 8.0 Hz, 1H), 7.34 (dd, J = 8.5, 2.2 Hz,
1H), 7.29−7.18 (m, 4H), 7.07 (d, J = 8.5 Hz, 1H), 3.78 (s, 3H), 3.74
(s, 3H), 1.88 (tt, J = 8.6, 5.5 Hz, 1H), 0.73−0.66 (m, 2H), 0.44−0.37
(m, 2H). 13C NMR (101 MHz, DMSO-d6): δ 163.72, 152.34, 148.58,
146.90, 142.02, 139.68, 138.54, 130.55, 129.67, 120.84, 120.60,
119.64, 116.65, 114.21, 111.17, 109.38, 55.81, 55.70, 7.99, 6.91.
UPLC−MS (ESI) m/z: 444.2 [M − 1]−, tR = 1.97 min, purity >95%
(UV).

Ethyl 5-Cyclopropyl-1-(3-((3,4-dimethoxyphenyl)sulfonamido)-
phenyl)-1H-pyrazole-4-carboxylate (8t-I1). General procedure B1
was followed starting from aryl bromide 10 (0.084 g, 0.3 mmol) and
benzenesulfonamide 55 (0.065 g, 0.3 mmol). Complete conversion
was seen after 25 h by LC−MS. Purification by flash column
chromatography (hep/EtOAc) afforded 8t-I1 as a white sticky solid
(0.075 g, 0.16 mmol, 53%). LC−MS (ESI) m/z: 472.2 [M + 1]+, tR =
3.32 min, purity >90% (UV).

3,4-Dimethoxybenzenesulfonamide (56). General procedure F
was followed starting from 3,4-dimethoxybenzenesulfonyl chloride 47
(0.60 g, 2.5 mmol). Filtration afforded 56 as a white solid (0.53 g, 2.4
mmol, 98%). LC−MS (ESI) m/z: 218.0 [M + 1]+, tR = 1.85 min,
purity >95% (UV).

5-Cyclopropyl-1-(3-((4-propylphenyl)sulfonamido)phenyl)-1H-
pyrazole-4-carboxylic Acid (8u). General procedure C was followed
starting from ester 8u-I1 (0.095 g, 0.21 mmol). Complete conversion
was seen after 52 h by LC−MS. Purification by preparative HPLC
afforded 8u as a white solid (0.075 g, 0.18 mmol, 84%). 1H NMR
(400 MHz, DMSO-d6): δ 12.23 (s, 1H), 10.52 (s, 1H), 7.90 (s, 1H),
7.72−7.65 (m, 2H), 7.43−7.33 (m, 3H), 7.28−7.15 (m, 3H), 2.61−
2.53 (m, 2H), 1.85 (tt, J = 8.6, 5.5 Hz, 1H), 1.54 (h, J = 7.4 Hz, 2H),
0.83 (t, J = 7.3 Hz, 3H), 0.68−0.59 (m, 2H), 0.39−0.30 (m, 2H). 13C
NMR (101 MHz, DMSO-d6): δ 163.73, 147.95, 146.87, 142.02,
139.71, 138.37, 136.61, 129.75, 129.17, 126.75, 120.81, 119.49,
116.42, 114.30, 36.85, 23.57, 13.46, 8.00, 6.88. LC−MS (ESI) m/z:
426.2 [M + 1]+, tR = 3.19 min, purity >95% (UV).

Ethyl 5-Cyclopropyl-1-(3-((4-propylphenyl)sulfonamido)phenyl)-
1H-pyrazole-4-carboxylate (8u-I1). General procedure B1 was
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followed starting from aryl bromide 10 (0.34 g, 1.0 mmol) and
benzenesulfonamide 57 (0.22 g, 1.2 mmol). Complete conversion was
seen after 18 h by LC−MS. Purification by two flash column
chromatography (hep/EtOAc) afforded 8u-I1 as a yellowish oil (0.27
g, 0.60 mmol, 60%). LC−MS (ESI) m/z: 454.2 [M + 1]+, tR = 3.85
min, purity >90% (UV).
1-(3-((4-Butylphenyl)sulfonamido)phenyl)-5-cyclopropyl-1H-pyr-

azole-4-carboxylic Acid (8v). General procedure C was followed
starting from ester 8v-I1 (0.047 g, 0.10 mmol). Complete conversion
was seen after 24 h by LC−MS. Purification by preparative HPLC
afforded 8v as a white solid (0.032 g, 0.07 mmol, 73%). 1H NMR
(400 MHz, DMSO-d6): δ 12.33 (s, 1H), 10.52 (s, 1H), 7.90 (s, 1H),
7.72−7.65 (m, 2H), 7.44−7.33 (m, 3H), 7.26−7.18 (m, 3H), 2.59 (t,
J = 7.7 Hz, 2H), 1.85 (tt, J = 8.6, 5.5 Hz, 1H), 1.55−1.44 (m, 2H),
1.24 (h, J = 7.3 Hz, 2H), 0.85 (t, J = 7.3 Hz, 3H), 0.70−0.56 (m, 2H),
0.40−0.31 (m, 2H). 13C NMR (101 MHz, DMSO-d6): δ 163.72,
148.16, 146.85, 142.00, 139.70, 138.37, 136.55, 129.73, 129.10,
126.76, 120.80, 119.48, 116.40, 114.30, 34.50, 32.57, 21.64, 13.66,
7.99, 6.87. UPLC−MS (ESI) m/z: 440.2 [M + 1]+, tR = 2.56 min,
purity >95% (UV).
Ethyl 1-(3-((4-Butylphenyl)sulfonamido)phenyl)-5-cyclopropyl-

1H-pyrazole-4-carboxylate (8v-I1). General procedure B1 was
followed starting from aryl bromide 10 (0.084 g, 0.3 mmol) and
benzenesulfonamide 58 (0.64 g, 0.3 mmol). Complete conversion was
seen after 28 h by LC−MS. Purification by flash column
chromatography (hep/EtOAc) afforded 8v-I1 as a colorless oil
(0.048 g, 0.10 mmol, 34%). LC−MS (ESI) m/z: 468.2 [M + 1]+, tR =
3.99 min, purity >90% (UV).
4-Butylbenzenesulfonamide (58). General procedure F was

followed starting from 4-butylbenzenesulfonyl chloride 49 (0.48
mL, 2.5 mmol). Filtration afforded 58 as a white solid (0.51 g, 2.4
mmol, 96%). LC−MS (ESI) m/z: 214.0 [M + 1]+, tR = 3.00 min,
purity >95% (UV).
1-(3-((4-(tert-Butyl)phenyl)sulfonamido)phenyl)-5-cyclopropyl-

1H-pyrazole-4-carboxylic Acid (8w). General procedure C was
followed starting from ester 8w-I1 (0.094 g, 0.20 mmol). Complete
conversion was seen after 30 h by LC−MS. Purification by preparative
HPLC afforded 8w as a white solid (0.076 g, 0.17 mmol, 86%). 1H
NMR (400 MHz, DMSO-d6): δ 12.32 (s, 1H), 10.58 (s, 1H), 7.90 (s,
1H), 7.77−7.68 (m, 2H), 7.62−7.52 (m, 2H), 7.46−7.36 (m, 1H),
7.30−7.16 (m, 3H), 1.82 (tt, J = 8.6, 5.5 Hz, 1H), 1.24 (s, 9H), 0.64−
0.51 (m, 2H), 0.38−0.23 (m, 2H). 13C NMR (101 MHz, DMSO-d6):
δ 164.18, 156.65, 147.30, 142.45, 140.20, 138.86, 136.90, 130.27,
127.09, 126.67, 121.18, 119.74, 116.57, 114.83, 35.33, 31.14, 8.41,
7.30. UPLC−MS (ESI) m/z: 440.2 [M + 1]+, tR = 2.47 min, purity
>95% (UV).
Ethyl 1-(3-((4-(tert-Butyl)phenyl)sulfonamido)phenyl)-5-cyclo-

propyl-1H-pyrazole-4-carboxylate (8w-I1). General procedure B1
was followed starting from aryl bromide 10 (0.084 g, 0.3 mmol) and
benzenesulfonamide 59 (0.64 g, 0.3 mmol). Complete conversion was
seen after 28 h by LC−MS. Purification by flash column
chromatography (hep/EtOAc) afforded 8w-I1 as a white solid
(0.095 g, 0.20 mmol, 68%). LC−MS (ESI) m/z: 468.2 [M + 1]+, tR =
3.94 min, purity >95% (UV).
4-(tert-Butyl)benzenesulfonamide (59). General procedure F was

followed starting from 4-(tert-butyl)benzenesulfonyl chloride 50 (0.58
g, 2.5 mmol). Filtration afforded 59 as a white solid (0.50 g, 2.4
mmol, 94%). LC−MS (ESI) m/z: 214.0 [M + 1]+, tR = 3.05 min,
purity >95% (UV).
5-Cyclopropyl-1-(3-((2,4,6-trimethylphenyl)sulfonamido)-

phenyl)-1H-pyrazole-4-carboxylic Acid (8x). General procedure C
was followed starting from ester 8x-I1 (0.075 g, 0.17 mmol).
Complete conversion was seen after 48 h by LC−MS. Purification by
preparative HPLC afforded 8x as a white solid (0.069 g, 0.16 mmol,
95%). 1H NMR (400 MHz, DMSO-d6): δ 12.33 (s, 1H), 10.49 (s,
1H), 7.90 (s, 1H), 7.38 (t, J = 8.0 Hz, 1H), 7.21 (ddd, J = 8.0, 2.1, 1.0
Hz, 1H), 7.13 (t, J = 2.1 Hz, 1H), 7.08 (ddd, J = 8.2, 2.2, 1.0 Hz, 1H),
7.01 (s, 2H), 2.56 (s, 6H), 2.21 (s, 3H), 1.82 (tt, J = 8.5, 5.5 Hz, 1H),
0.71−0.62 (m, 2H), 0.41−0.34 (m, 2H). 13C NMR (101 MHz,
DMSO-d6): δ 163.72, 146.81, 142.35, 142.03, 139.73, 138.71, 138.25,

133.50, 131.80, 129.70, 120.22, 118.30, 115.41, 114.24, 22.38, 20.32,
7.99, 6.86. UPLC−MS (ESI) m/z: 426.2 [M + 1]+, tR = 2.35 min,
purity >95% (UV).

Ethyl 5-Cyclopropyl-1-(3-((2,4,6-trimethylphenyl)sulfonamido)-
phenyl)-1H-pyrazole-4-carboxylate (8x-I1). General procedure B1
was followed starting from aryl bromide 10 (0.084 g, 0.3 mmol) and
benzenesulfonamide 60 (0.60 g, 0.3 mmol). Complete conversion was
seen after 28 h by LC−MS. Purification by flash column
chromatography (hep/EtOAc) afforded 8x-I1 as a white sticky solid
(0.075 g, 0.17 mmol, 55%). LC−MS (ESI) m/z: 454.1 [M + 1]+, tR =
3.85 min, purity >95% (UV).

2,4,6-Trimethylbenzenesulfonamide (60). General procedure F
was followed starting from 2,4,6-trimethylbenzenesulfonyl chloride 51
(0.55 g, 2.5 mmol). Filtration afforded 60 as a white solid (0.47 g, 2.4
mmol, 95%). LC−MS (ESI) m/z: 200.1 [M + 1]+, tR = 2.68 min,
purity >95% (UV).

5-Cyclopropyl-1-(3-((2,3,5,6-tetramethylphenyl)sulfonamido)-
phenyl)-1H-pyrazole-4-carboxylic Acid (8y). General procedure C
was followed starting from ester 8y-I1 (0.098 g, 0.21 mmol).
Complete conversion was seen after 18 h by LC−MS. Purification by
preparative HPLC afforded 8y as a white solid (0.059 g, 0.13 mmol,
64%). 1H NMR (600 MHz, DMSO-d6): δ 10.56 (s, 1H), 7.89 (s,
1H), 7.35 (t, J = 8.1 Hz, 1H), 7.21 (s, 1H), 7.17 (ddd, J = 8.0, 2.1, 1.0
Hz, 1H), 7.06 (t, J = 2.1 Hz, 1H), 7.02 (ddd, J = 8.2, 2.2, 1.0 Hz, 1H),
2.48 (s, 6H), 2.18 (s, 6H), 1.75 (tt, J = 8.6, 5.5 Hz, 1H), 0.65−0.59
(m, 2H), 0.37−0.32 (m, 2H). 13C NMR (151 MHz, DMSO-d6): δ
163.71, 146.75, 141.97, 139.66, 138.36, 137.68, 135.77, 135.58,
134.63, 129.66, 119.82, 117.88, 114.92, 114.27, 20.37, 17.50, 7.96,
6.79. LC−MS (ESI) m/z: 440.2 [M + 1]+, tR = 3.22 min, purity >95%
(UV).

Ethyl 5-Cyclopropyl-1-(3-((2,3,5,6-tetramethylphenyl)-
sulfonamido)phenyl)-1H-pyrazole-4-carboxylate (8y-I1). General
procedure B1 was followed starting from aryl bromide 10 (0.34 g,
1.0 mmol) and benzenesulfonamide 61 (0.24 g, 1.2 mmol). Complete
conversion was seen after 22 h by LC−MS. Purification by flash
column chromatography (hep/EtOAc) afforded 8y-I1 as a colorless
oil (0.37 g, 0.78 mmol, 78%). UPLC−MS (ESI) m/z: 468.2 [M + 1]+,
tR = 2.90 min, purity >90% (UV).

2,3,5,6-Tetramethylbenzenesulfonamide (61). General procedure
F was followed starting from 2,3,5,6-tetramethylbenzenesulfonyl
chloride 52 (2.33 g, 10.0 mmol). Filtration afforded 61 as a white
solid (1.95 g, 9.2 mmol, 92%). LC−MS (ESI) m/z: 214.1 [M + 1]+, tR
= 2.85 min, purity >90% (UV).

Compounds 8z−ag (Scheme S5). 5-Cyclopropyl-N-methyl-1-(3-
(phenylsulfonamido)phenyl)-1H-pyrazole-4-carboxamide (8z).
General procedure G1 was followed starting from 8 (0.055 g, 0.14
mmol). Complete conversion was seen after 12 h. The crude product
was purified by preparative HPLC to afford 8z as a white solid (0.014
g, 0.04 mmol, 25%). 1H NMR (600 MHz, DMSO-d6): δ 10.59 (s,
1H), 7.86 (q, J = 4.6 Hz, 1H), 7.84 (s, 1H), 7.81−7.75 (m, 2H),
7.67−7.59 (m, 1H), 7.55 (dd, J = 8.4, 7.0 Hz, 2H), 7.39 (t, J = 8.1 Hz,
1H), 7.26 (t, J = 2.1 Hz, 1H), 7.23 (dd, J = 7.7, 2.0 Hz, 1H), 7.18 (dd,
J = 8.1, 2.1 Hz, 1H), 2.73 (d, J = 4.5 Hz, 3H), 1.85 (tt, J = 8.5, 5.4 Hz,
1H), 0.69−0.59 (m, 2H), 0.38−0.28 (m, 2H). 13C NMR (151 MHz,
DMSO-d6): δ 162.68, 143.79, 139.90, 139.52, 139.22, 138.18, 133.08,
129.78, 129.34, 126.62, 120.53, 119.16, 118.19, 116.18, 25.77, 7.89,
6.89. LC−MS (ESI) m/z: 395.2 [M − 1]−, tR = 2.54 min, purity
>95% (UV).

5-Cyclopropyl-N,N-dimethyl-1-(3-(phenylsulfonamido)phenyl)-
1H-pyrazole-4-carboxamide (8aa). General procedure G1 was
followed starting from 8 (0.10 g, 0.26 mmol). Complete conversion
was seen after 2 h. The crude product was purified by preparative
HPLC to afford 8aa as a white solid (0.010 g, 0.024 mmol, 14%). 1H
NMR (600 MHz, DMSO-d6): δ 10.57 (s, 1H), 7.79 (d, J = 7.4 Hz,
2H), 7.69−7.60 (m, 2H), 7.56 (t, J = 7.6 Hz, 2H), 7.40 (t, J = 8.0 Hz,
1H), 7.36−7.27 (m, 2H), 7.18 (d, J = 8.0 Hz, 1H), 2.99 (d, J = 10.9
Hz, 6H), 1.76 (ddd, J = 13.7, 8.4, 5.4 Hz, 1H), 0.68 (dt, J = 6.1, 4.4
Hz, 2H), 0.36 (q, J = 6.0 Hz, 2H). 13C NMR (151 MHz, DMSO-d6):
δ 164.83, 142.44, 140.37, 139.72, 139.26, 138.72, 133.53, 130.27,
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129.81, 127.10, 120.68, 119.53, 117.60, 116.45, 7.21. LC−MS (ESI)
m/z: 409.2 [M − 1]−, tR = 2.65 min, purity >95% (UV).
5-Cyclopropyl-N-hydroxy-1-(3-(phenylsulfonamido)phenyl)-1H-

pyrazole-4-carboxamide (8ab). General procedure G1 was followed
starting from 8 (0.50 g, 1.31 mmol). Complete conversion was seen
after 12 h. The crude product was purified by preparative HPLC to
afford 8ab as a white solid (0.015 g, 0.04 mmol, 15%). 1H NMR (600
MHz, DMSO-d6): δ 10.65 (s, 1H), 10.60 (s, 1H), 7.81−7.74 (m,
3H), 7.66−7.59 (m, 1H), 7.55 (dd, J = 8.4, 7.0 Hz, 2H), 7.39 (t, J =
8.1 Hz, 1H), 7.26 (t, J = 2.1 Hz, 1H), 7.26−7.21 (m, 1H), 7.19 (ddd,
J = 8.1, 2.2, 1.0 Hz, 1H), 1.83 (tt, J = 8.5, 5.5 Hz, 1H), 0.68−0.61 (m,
2H), 0.40−0.34 (m, 2H). 13C NMR (151 MHz, DMSO-d6): δ 160.53,
144.05, 139.82, 139.17 (d, J = 12.1 Hz), 138.21, 133.09, 129.83,
129.34, 126.62, 120.48, 119.19, 116.11, 115.53, 7.81, 6.95. LC−MS
(ESI) m/z: 397.2 [M − 1]−, tR = 2.37 min, purity >95% (UV).
N-(3-(5-Cyclopropyl-4-(1H-tetrazol-5-yl)-1H-pyrazol-1-yl)-

phenyl)benzenesulfonamide (8ad). 62 (0.090 g, 0.25 mmol) and
TBAF (0.040 g, 0.15 mmol) were placed in a dry bottom flask under
nitrogen, then TMS-Azide (0.065 g, 0.56 mmol) was added. The neat
mixture was stirred at 100 °C for 22 h and diluted with HCl (2 M)
and washed with EtOAc. The organic layer collected, dried over
Na2SO4, filtered, and concentrated in vacuo. The crude compound is
purified using a preparative HPLC system to afford 8ad (0.030 g, 0.07
mmol, 29%) as a white solid. 1H NMR (600 MHz, DMSO-d6): δ
10.63 (s, 1H), 8.07 (s, 1H), 7.83−7.78 (m, 2H), 7.65−7.60 (m, 1H),
7.59−7.54 (m, 2H), 7.43 (t, J = 8.0 Hz, 1H), 7.37−7.32 (m, 2H),
7.21 (ddd, J = 8.2, 2.1, 1.0 Hz, 1H), 2.02 (tt, J = 8.4, 5.4 Hz, 1H),
0.74−0.69 (m, 2H), 0.19−0.14 (m, 2H). 13C NMR (151 MHz,
DMSO-d6): δ 143.28, 140.14−138.78 (m), 138.28, 133.11, 129.87,
129.35, 126.64, 120.32, 119.30, 115.93, 7.86, 6.52. LC−MS (ESI) m/
z: 406.2 [M − 1]−, tR = 2.65 min, purity >95% (UV).
N-(3-(4-Cyano-5-cyclopropyl-1H-pyrazol-1-yl)phenyl)-

benzenesulfonamide (62). 8ac (0.10 g, 0.26 mmol) was dissolved in
DMF (2.5 mL) at 0 °C, then thionyl chloride (0.080 g, 0.67 mmol)
was added dropwise. The mixture was stirred at 0 °C for 30 min
followed by quenching with NaHCO3. The mixture was extracted
with EtOAc, the organic layer collected, dried over Na2SO4, filtered,
and concentrated in vacuo to afford 62 as a yellow oil (0.090 g, 0.25
mmol, 94%). Compound was used without further purification. LC−
MS (ESI) m/z: 365.2 [M + 1]+, tR = 3.19 min, purity >95% (UV).
5-Cyclopropyl-1-(3-(phenylsulfonamido)phenyl)-1H-pyrazole-4-

carboxamide (8ac). General procedure G2 was followed starting
from 8 (0.10 g, 0.26 mmol). Complete conversion was seen after 22 h.
The crude product was purified by preparative HPLC to afford 8ac as
a white solid (0.10 g, 0.26 mmol, quantitative). 1H NMR (600 MHz,
DMSO-d6): δ 10.60 (s, 1H), 7.89 (s, 1H), 7.79 (d, J = 7.4 Hz, 2H),
7.63 (t, J = 7.4 Hz, 1H), 7.56 (t, J = 7.6 Hz, 2H), 7.40 (t, J = 8.1 Hz,
1H), 7.36 (s, 1H), 7.26 (s, 1H), 7.23 (d, J = 7.9 Hz, 1H), 7.19 (dd, J =
8.2, 1.1 Hz, 1H), 7.13 (s, 1H), 1.88 (tt, J = 8.5, 5.5 Hz, 1H), 0.70−
0.59 (m, 2H), 0.38−0.30 (m, 2H). 13C NMR (151 MHz, DMSO-d6):
δ 164.41, 144.69, 140.61, 140.39, 139.68, 138.64, 133.56, 130.24,
129.81, 127.11, 121.08, 119.65, 118.51, 116.7, 8.52, 7.32. LC−MS
(ESI) m/z: 381.2 [M − 1]−, tR = 2.44 min, purity >95% (UV).
N-(3-(5-Cyclopropyl-4-(5-hydroxy-1,3,4-oxadiazol-2-yl)-1H-pyra-

zol-1-yl)phenyl)-benzenesulfonamide (8ae). General procedure B1
was followed starting from aryl bromide 64 (0.080 g, 0.23 mmol).
Complete conversion was seen after 24 h by LC−MS. Purification by
flash column chromatography (hep/EtOAc) afforded 8ae (0.008 g,
0.02 mmol, 7%) as a white solid. 1H NMR (600 MHz, DMSO-d6): δ
12.40 (s, 6H), 10.77−10.40 (m, 5H), 7.98 (s, 1H), 7.79 (d, J = 7.4
Hz, 2H), 7.66−7.59 (m, 1H), 7.59−7.52 (m, 2H), 7.45−7.37 (m,
2H), 7.30 (d, J = 7.0 Hz, 2H), 7.20 (d, J = 8.7 Hz, 1H), 1.94−1.85
(m, 2H), 0.75−0.65 (m, 2H), 0.36−0.26 (m, 2H). 13C NMR (151
MHz, DMSO-d6): δ 154.36, 149.69, 143.28, 139.47, 139.18, 138.79,
138.28, 133.09, 129.79, 129.34, 126.65, 120.46, 119.42, 116.06,
107.54, 7.89, 6.37. LC−MS (ESI) m/z: 424.0 [M + 1]+, tR = 2.70 min,
purity >95% (UV).
5-(1-(3-Bromophenyl)-5-cyclopropyl-1H-pyrazol-4-yl)-1,3,4-oxa-

diazol-2-ol (64). 63 (0.10 g, 0.31 mmol) was dissolved in 3 mL of
DCM at 0 °C under nitrogen, and then triphosgene (0.014 g, 0.47

mmol) was dropwise added. The mixture was stirred for 18 h and
diluted with EtOAc, and washed with HCl 1 M and brine. The
organic layer was collected, dried over Na2SO4, filtered, and
concentrated in vacuo. The organic layer was collected and dried
over sodium sulfate, filtered, and solvent removed. Purification by
flash column chromatography (DCM/MeOH) afforded 64 as a white
solid (0.060 g, 0.17 mmol, 54%). LC−MS (ESI) m/z: 347.0 and
349.0 [M + 1]+, tR = 2.33 min, purity >95% (UV).

1-(3-Bromophenyl)-5-cyclopropyl-1H-pyrazole-4-carbohydra-
zide (63). General procedure G2 was followed starting from 63-I1
(0.20 g, 0.65 mmol). Complete conversion was seen after 16 h. After
concentrated in vacuo, 63 was afforded as an orange oil (0.15 g, 0.47
mmol, 72%), which was used without further purification. LC−MS
(ESI) m/z: 406.2 [M + 1]+, tR = 2.33 min, purity >95% (UV).

1-(3-Bromophenyl)-5-cyclopropyl-1H-pyrazole-4-carboxylic Acid
(63-I1). General procedure C was followed starting from ester 10
(0.12 g, 0.36 mmol). Complete conversion was seen after 16 h by
LC−MS and after the extraction procedure, the white solid of 63-I1
(0.10 g, 0.36 mmol, quantitative) was used without further
purification %. LC−MS (ESI) m/z: 305.0 and 307.0 [M − 1]−, tR
= 2.99 min, purity >95% (UV).

N-(3-(5-Cyclopropyl-4-(2,2,2-trifluoro-1-hydroxyethyl)-1H-pyra-
zol-1-yl)phenyl)benzenesulfonamide (8af). General procedure B1
was followed starting from aryl bromide 64 (0.070 g, 0.19 mmol).
Complete conversion was seen after 24 h by LC−MS. Purification by
flash column chromatography (hep/EtOAc) afforded 8af (0.035 g,
0.08 mmol, 42%) as a white solid. 1H NMR (600 MHz, DMSO-d6): δ
10.55 (s, 1H), 7.78 (dd, J = 5.2, 3.4 Hz, 2H), 7.66−7.59 (m, 2H),
7.55 (t, J = 7.6 Hz, 2H), 7.37 (t, J = 8.0 Hz, 1H), 7.31−7.22 (m, 2H),
7.21−7.12 (m, 1H), 5.13 (q, J = 7.4 Hz, 1H), 1.76 (tt, J = 8.4, 5.5 Hz,
1H), 0.79 (tdd, J = 8.8, 6.2, 4.4 Hz, 1H), 0.64−0.52 (m, 1H), 0.39
(td, J = 9.9, 5.7 Hz, 1H), 0.06 (td, J = 10.0, 5.7 Hz, 1H). 13C NMR
(151 MHz, DMSO-d6): δ 141.84, 139.98, 139.26, 138.50, 138.15,
133.05, 129.66, 129.32, 126.61, 119.98, 118.73, 116.85, 115.74, 63.49
(q, J = 31.8 Hz), 6.33, 6.28, 5.34. LC−MS (ESI) m/z: 436.2 [M −
1]−, tR = 3.04 min, purity >95% (UV).

1-(1-(3-Bromophenyl)-5-cyclopropyl-1H-pyrazol-4-yl)-2,2,2-tri-
fluoroethanol (67). 66 (0.080 g, 0.22 mmol) was dissolved in THF
(1 mL + 0.4 mL EtOH) at 0 °C, then NaBH4 was added (0.030 g, 0.8
mmol). The mixture was stirred at 0 °C under nitrogen 4 h, quenched
with NaHCO3, and extracted with EtOAc. The organic layer was
collected, dried over Na2SO4, filtered, and concentrated in vacuo to
afford 67 as a colorless oil (0.070 g, 0.19 mmol, 88%). Compound
was used without any further purification. LC−MS (ESI) m/z: 361.1
and 363.1 [M + 1]+, tR = 2.48 min, purity >95% (UV).

1-(1-(3-Bromophenyl)-5-cyclopropyl-1H-pyrazol-4-yl)-2,2,2-tri-
fluoroethanone (66). 65 (0.65 g, 1.86 mmol) was dissolved in dry
THF at 0 °C with cesium fluoride (0.25 g, 1.7 mmol), and then TMS-
CF3 (0.80 g, 5.6 mmol) was added dropwise under nitrogen. The
mixture was stirred at RT 18 h and 10 mL of HCl 2 M was added and
stirred for 30 min at RT. The mixture was extracted with EtOAc, the
organic layer was collected, dried over Na2SO4, filtered, and
concentrated in vacuo to afford 66 as a yellow oil (0.49 g, 1.36
mmol, 73%). LC−MS (ESI) m/z: 359.0 and 361.0 [M + 1]+, tR =
3.97 min, purity >95% (UV).

1-(3-Bromophenyl)-5-cyclopropyl-N-methoxy-N-methyl-1H-pyr-
azole-4-carboxamide (65). General procedure G2 was followed
starting from 63-I1 (0.70 g, 2.28 mmol). Complete conversion was
seen after 16 h. Purification by flash column chromatography (DCM/
MeOH) afforded 65 as an orange oil (0.76 g, 2.14 mmol, 94%). LC−
MS (ESI) m/z: 350.1 and 352.1 [M + 1]+, tR = 3.13 min, purity >95%
(UV).

N-(3-(5-Cyclopropyl-4-(1,1,1,3,3,3-hexafluoro-2-hydroxypropan-
2-yl)-1H-pyrazol-1-yl)phenyl)benzenesulfonamide (8ag). 69 (0.080
g, 0.18 mmol) was dissolved in dry THF (1.2 mL) at 0 °C with
cesium fluoride (0.060 g, 0.39 mmol), then TMS-CF3 (0.17 g, 1.2
mmol) was added dropwise under nitrogen. The mixture was stirred
at RT for 24 h and 10 mL of HCl 2 M was added and stirred 1 h at
RT. The mixture was extracted with EtOAc, the organic layer was
collected, dried over Na2SO4, filtered, and concentrated in vacuo.
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Purification by preparative HPLC afforded 8ag as a white solid (0.038
g, 0.074 mmol, 41%). 1H NMR (600 MHz, DMSO-d6): δ 10.60 (s,
1H), 8.29 (s, 1H), 7.79 (d, J = 7.8 Hz, 2H), 7.67−7.59 (m, 2H), 7.55
(t, J = 7.5 Hz, 2H), 7.38 (t, J = 8.2 Hz, 1H), 7.20 (d, J = 13.0 Hz, 3H),
1.97−1.75 (m, 1H), 0.51 (d, J = 8.1 Hz, 2H), 0.19 (d, J = 5.2 Hz,
2H). 13C NMR (151 MHz, DMSO-d6): δ 143.72, 140.28, 139.21,
138.33, 138.09, 133.11, 129.73, 129.34, 126.66, 123.04 (d, J = 289.4
Hz), 121.13, 119.40, 116.83, 111.42, 75.45 (p, J = 29.9 Hz), 8.48,
6.94. LC−MS (ESI) m/z: 504.2 [M − 1]−, tR = 3.40 min, purity
>95% (UV).
N-(3-(5-Cyclopropyl-4-(2,2,2-trifluoroacetyl)-1H-pyrazol-1-yl)-

phenyl)benzenesulfonamide (69). General procedure B1 was
followed starting from aryl bromide 68 (0.20 g, 0.47 mmol).
Complete conversion was seen after 4 h by LC−MS. Purification by
preparative HPLC afforded 69 (0.080 g, 0.18 mmol, 39%) as a white
solid. LC−MS (ESI) m/z: 434.2 [M − 1]−, tR = 3.57 min, purity
>95% (UV).
2-(1-(3-Bromophenyl)-5-cyclopropyl-1H-pyrazol-4-yl)-

1,1,1,3,3,3-hexafluoropropan-2-ol (68). 66 (0.49 g, 1.36 mmol) was
dissolved in dry THF (1.2 mL) at 0 °C with cesium fluoride (0.29 g,
1.9 mmol), then TMS-CF3 (0.75 g, 5.3 mmol) was added dropwise
under nitrogen. The mixture was stirred at RT for 24 h and 10 mL of
HCl 2 M was added and stirred for 1 h at RT. The mixture was
extracted with EtOAc, the organic layer was collected, dried over
Na2SO4, filtered, and concentrated in vacuo. Purification by flash
column chromatography (hep/EtOAc) afforded 68 as a white solid
(0.35 g, 0.82 mmol, 60%). 1H NMR (600 MHz, DMSO-d6): δ 8.34
(s, 1H), 7.78 (t, J = 2.0 Hz, 1H), 7.68 (ddd, J = 8.1, 2.0, 0.9 Hz, 2H),
7.59 (ddd, J = 8.1, 2.1, 1.0 Hz, 1H), 7.49 (t, J = 8.0 Hz, 1H), 2.10 (tt,
J = 8.5, 5.6 Hz, 1H), 0.82−0.73 (m, 2H), 0.43−0.31 (m, 2H). LC−
MS (ESI) m/z: 429.1 and 431.1 [M + 1]+, tR = 3.77 min, purity >95%
(UV).
Compound 8ah (Scheme S6) . 5-Cyclopropyl-1- (3-

(phenylsulfonamidomethyl)phenyl)-1H-pyrazole-4-carboxylic Acid
(8ah). General procedure C was followed starting from ester 72
(0.032 g, 0.08 mmol). Complete conversion was seen after 44 h by
LC−MS. Purification by preparative HPLC afforded 8ah as a white
solid (0.025 g, 0.06 mmol, 79%). 1H NMR (600 MHz, DMSO-d6): δ
12.32 (s, 1H), 8.28 (t, J = 6.4 Hz, 1H), 7.93 (s, 1H), 7.85−7.77 (m,
2H), 7.65−7.59 (m, 1H), 7.56 (tt, J = 6.6, 1.6 Hz, 2H), 7.48−7.41
(m, 3H), 7.34 (dt, J = 7.3, 1.6 Hz, 1H), 4.10 (d, J = 6.3 Hz, 2H), 2.01
(tt, J = 8.6, 5.5 Hz, 1H), 0.87−0.78 (m, 2H), 0.55−0.48 (m, 2H). 13C
NMR (151 MHz, DMSO-d6): δ 163.83, 146.96, 141.98, 140.76,
139.16, 139.06, 132.39, 129.20, 128.77, 127.25, 126.41, 124.29,
124.00, 114.05, 45.54, 8.22, 7.06. LC−MS (ESI) m/z: 398.1 [M +
1]+, tR = 2.77 min, purity >95% (UV).
Ethyl 5-Cyclopropyl-1-(3-(phenylsulfonamidomethyl)phenyl)-

1H-pyrazole-4-carboxylate (72). General procedure D was followed
starting from 71 (0.050 g, 0.23 mmol). Purification by flash column
chromatography (hep/EtOAc) afforded (72) as a colorless oil (0.031
g, 0.09 mmol, 38%). LC−MS (ESI) m/z: 426.2 [M + 1]+, tR = 3.47
min, purity >95% (UV).
Ethyl 1-(3-(Aminomethyl)phenyl)-5-cyclopropyl-1H-pyrazole-4-

carboxylate (71). Nitrile 70 (0.15 g, 0.53 mmol) was dissolved in
80 mL EtOH, and was reduced using a H-Cube (parameters: 70 bar,
90 °C, 1 mL/min), concentrated in vacuo, and purified by two flash
column chromatography (1st hep/EtOAc, 2nd DCM/MeOH) to
afford 71 as a yellowish oil (0.050 g, 0.17 mmol, 33%). LC−MS (ESI)
m/z: 286.2 [M + 1]+, tR = 1.99 min, purity >90% (UV).
Ethyl 1-(3-Cyanophenyl)-5-cyclopropyl-1H-pyrazole-4-carboxy-

late (70). General procedure A was followed starting from ethyl 3-
cyclopropyl-3-oxopropanoate 9 (0.59 mL, 4.0 mmol). Purification by
flash column chromatography (hep/EtOAc) afforded 70 as a colorless
oil (0.42 g, 1.5 mmol, 37%). LC−MS (ESI) m/z: 282.1 [M + 1]+, tR =
3.36 min, purity >95% (UV).
Compound 8ai (Scheme S7) . 5-Cyc lopropy l -1- (3-

(phenylsulfonamido)phenyl)-1H-1,2,3-triazole-4-carboxylic Acid
(8ai). General procedure C was followed starting from ester 76
(0.063 g, 0.15 mmol). Complete conversion was seen after 16 h by
LC−MS. Purification by preparative HPLC afforded 8ai as a white
solid (0.047 g, 0.12 mmol, 82%). 1H NMR (600 MHz, DMSO-d6): δ

10.72 (s, 1H), 7.83−7.78 (m, 2H), 7.65−7.60 (m, 1H), 7.56 (dd, J =
8.4, 7.0 Hz, 2H), 7.48 (t, J = 7.9 Hz, 1H), 7.35−7.28 (m, 3H), 1.89
(ddd, J = 8.6, 5.5, 3.1 Hz, 1H), 0.75−0.69 (m, 2H), 0.54−0.46 (m,
2H). 13C NMR (151 MHz, DMSO-d6): δ 162.08, 142.61, 139.06,
138.63, 137.30, 136.29, 133.20, 130.31, 129.40, 126.72, 121.17,
120.91, 116.51, 7.47, 5.01. LC−MS (ESI) m/z: 383.2 [M − 1]−, tR =
2.62 min, purity >95% (UV).

Ethyl 5-Cyclopropyl-1-(3-(phenylsulfonamido)phenyl)-1H-1,2,3-
triazole-4-carboxylate (76). General procedure B1 was followed
starting from aryl bromide 75 (0.84 g, 2.5 mmol). Complete
conversion was seen after 18 h by LC−MS. Purification by flash
column chromatography (hep/EtOAc) afforded 76 as a white solid
(0.31 g, 0.76 mmol, 30%). 1H NMR (600 MHz, DMSO-d6): δ 10.72
(s, 1H), 7.83−7.77 (m, 2H), 7.65−7.60 (m, 1H), 7.59−7.53 (m, 2H),
7.49 (td, J = 7.8, 1.0 Hz, 1H), 7.35−7.28 (m, 3H), 4.33 (q, J = 7.1 Hz,
2H), 4.03 (q, J = 7.1 Hz, 0H, EtOAc), 1.90 (tt, J = 8.6, 5.5 Hz, 1H),
1.33 (t, J = 7.1 Hz, 3H), 1.17 (t, J = 7.1 Hz, 1H, EtOAc), 0.78−0.70
(m, 2H), 0.51−0.45 (m, 2H).

Ethyl 1-(3-Bromophenyl)-5-cyclopropyl-1H-1,2,3-triazole-4-car-
boxylate (75). To a solution of 74 (0.79 g, 4.0 mmol), ethyl 3-
cyclopropyl-3-oxopropanoate 9 (0.48 mL, 3.3 mmol) and diethyl-
amine (0.2 mL, 1.8 mmol) were dissolved in DMSO (5 mL). Upon
the completion of addition, the mixture was heated to 80 °C for 3 h,
and then poured into ice water. The solution was extracted with
dichloromethane and the organic phase was separated, washed with
brine, dried (Na2SO4), filtered, concentrated in vacuo, and purified by
flash column chromatography (hep/EtOAc) afforded 75 as a white
solid (0.93 g, 2.8 mmol, 69%). 1H NMR (600 MHz, DMSO-d6): δ
7.98 (t, J = 2.0 Hz, 1H), 7.84 (ddd, J = 8.1, 2.1, 1.0 Hz, 1H), 7.73
(ddd, J = 8.0, 2.1, 1.0 Hz, 1H), 7.60 (t, J = 8.0 Hz, 1H), 4.35 (q, J =
7.1 Hz, 2H), 2.11 (tt, J = 8.6, 5.5 Hz, 1H), 1.34 (t, J = 7.1 Hz, 3H),
0.94−0.85 (m, 2H), 0.63−0.55 (m, 2H). 13C NMR (151 MHz,
DMSO-d6): δ 160.54, 143.10, 136.92, 136.80, 132.90, 131.25, 128.40,
124.91, 121.71, 60.48, 14.16, 7.53, 4.80.

1-Aazido-3-bromobenzene (74). 3-Bromoaniline 73 (1.9 mL,
17.44 mmol) was suspended in water (50 mL), concentrated aq HCl
was added (10% v/v) (5 mL), and the solution was cooled at 0 °C. A
solution of NaNO2 (1.44 g, 20.9 mmol, in 21 mL H2O) was added
dropwise at 0 °C and the mixture was further stirred for 20 min at RT.
A solution of NaN3 (1.70 g, 26.2 mmol, in 21 mL H2O) was added
dropwise at 0 °C and the obtained suspension was stirred for 3 h at
RT. The solution was extracted with Et2O; the organic phase was
washed with brine (saturated solution), dried over MgSO4, filtered,
and concentrated in vacuo to afford 74 (3.29 g, 1.7 mmol, 87%). 1H
NMR (400 MHz, CDCl3): δ 7.25 (dd, 1H, J = 2.1, 8.1 Hz), 7.19 (t,
1H, J = 8.1 Hz), 7.16 (t, 1H, J = 2.1 Hz), 6.94 ppm (dd, 1H, J = 2.1,
8.1 Hz).

Synthesis of Compounds 77a−d (Schemes S8 and S9). 2-(N-(3-
(5-Cyclopropyl-4-(1H-tetrazol-5-yl)-1H-pyrazol-1-yl)phenyl)-
2,3,5,6-tetramethylphenylsulfonamido)-acetamide (77b). General
procedure G2 was followed starting from 77a (0.050 g, 0.10 mmol).
Complete conversion was seen after 22 h by LC−MS. Purification by
preparative HPLC afforded 77b as a white solid (0.020 g, 0.038
mmol, 38%). 1H NMR (600 MHz, DMSO-d6): δ 8.10 (s, 1H), 7.63
(t, J = 2.1 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.48 (t, J = 8.0 Hz, 1H),
7.35 (s, 1H), 7.32 (d, J = 8.0 Hz, 1H), 7.26 (s, 1H), 7.10 (s, 1H), 4.36
(s, 2H), 2.32 (s, 7H), 2.19 (s, 7H), 2.07 (td, J = 8.4, 4.3 Hz, 1H), 0.79
(h, J = 5.0 Hz, 2H), 0.19 (t, J = 5.6 Hz, 2H). 13C NMR (151 MHz,
DMSO-d6): δ 168.63, 143.45, 139.92, 139.37 (d, J = 11.7 Hz), 136.42,
136.08, 135.93, 135.71, 129.36, 127.84, 124.82, 123.88, 51.84, 20.50,
17.55, 7.88, 6.40. LC−MS (ESI) m/z: 521.2 [M + 1]+, tR = 2.89 min,
purity >95% (UV).

2-(N-(3-(5-Cyclopropyl-4-(1H-tetrazol-5-yl)-1H-pyrazol-1-yl)-
phenyl)-2,3,5,6-tetramethylphenylsulfonamido)acetic Acid (77a).
General procedure C was followed starting from ester 77a-I1 (0.26 g,
0.47 mmol). Complete conversion was seen after 8 h by LC−MS.
Purification by preparative HPLC afforded 77a as a white solid (0.035
g, 0.17 mmol, 37%). 1H NMR (600 MHz, DMSO-d6): δ 8.10 (s, 1H),
7.63 (t, J = 1.9 Hz, 1H), 7.60−7.55 (m, 1H), 7.50 (t, J = 8.0 Hz, 1H),
7.35 (dd, J = 8.1, 1.0 Hz, 1H), 7.26 (s, 1H), 4.56 (s, 2H), 2.32 (s,
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7H), 2.19 (s, 6H), 2.07 (ddd, J = 13.9, 8.4, 5.5 Hz, 1H), 0.80−0.72
(m, 2H), 0.22−0.13 (m, 2H). 13C NMR (151 MHz, DMSO-d6): δ
169.81, 143.43, 139.77, 139.41 (d, J = 4.1 Hz), 136.44, 136.13,
135.89, 135.74, 129.49, 127.85, 124.64, 123.99, 51.00, 20.47, 17.48,
7.84, 6.35. LC−MS (ESI) m/z: 522.2 [M + 1]+, tR = 3.03 min, purity
>95% (UV).
Ethyl-2-(N-(3-(5-cyclopropyl-4-(1H-tetrazol-5-yl)-1H-pyrazol-1-

yl)phenyl)-2,3,5,6-tetramethylphenylsulfonamido)-acetate (77a-
I1). 80 (0.45 g, 0.89 mmol) and TBAF (0.140 g, 0.50 mmol) were
placed in a dry bottom flask under nitrogen, then TMS-azide (0.21 g,
1.82 mmol) was added. The neat mixture was stirred at 100 °C for 24
h, diluted with HCl (2 M), and washed with EtOAc. The organic
layer was collected, dried over Na2SO4, filtered, and concentrated in
vacuo. The crude compound is purified by flash column
chromatography (DCM/MeOH) to afford 77a-I1 (0.26 g, 0.47
mmol, 53%) as a yellowish solid. 1H NMR (600 MHz, chloroform-d):
δ 8.20 (s, 1H), 8.06 (s, 1H), 7.73 (d, J = 2.1 Hz, 1H), 7.56−7.52 (m,
1H), 7.41 (t, J = 8.0 Hz, 1H), 7.30−7.27 (m, 1H), 7.14 (s, 1H), 4.53
(s, 2H), 4.11 (q, J = 7.1 Hz, 2H), 2.39 (s, 6H), 2.22 (d, J = 3.5 Hz,
7H), 1.20 (t, J = 7.1 Hz, 3H), 1.04−0.95 (m, 2H), 0.35 (dt, J = 6.5,
3.3 Hz, 2H). 13C NMR (151 MHz, chloroform-d): δ 168.79, 149.48,
143.86, 140.41, 140.00, 139.85, 136.91, 136.80, 136.24, 136.16,
129.90, 129.39, 126.31, 124.76, 107.54, 61.79, 52.08, 21.18, 18.06,
14.18, 8.56, 6.70. LC−MS (ESI) m/z: 550.3 [M + 1]+, tR = 3.53 min,
purity >95% (UV).
Ethyl-2-(N-(3-(4-cyano-5-cyclopropyl-1H-pyrazol-1-yl)phenyl)-

2,3,5,6-tetramethylphenylsulfonamido)acetate (80). General pro-
cedure E was followed starting from 79 (0.35 g, 0.83 mmol) and ethyl
bromoacetate (0.42 g, 2.51 mmol). Complete conversion was seen
after 20 h. Purification by flash column chromatography (hep/
EtOAc) afforded 80 as a colorless oil (0.40 g, 0.79 mmol, 95%). LC−
MS (ESI) m/z: 630.3 [M + 1]+, tR = 4.44 min, purity >95% (UV). 1H
NMR (600 MHz, DMSO-d6): δ 8.17 (d, J = 1.4 Hz, 1H), 7.62−7.50
(m, 3H), 7.42 (dt, J = 7.8, 1.7 Hz, 1H), 7.26 (s, 1H), 4.63 (s, 2H),
4.15 (t, J = 7.1 Hz, 2H), 2.29 (s, 7H), 2.18 (s, 7H), 1.82 (tt, J = 8.3,
5.3 Hz, 1H), 1.21 (t, J = 7.1 Hz, 3H), 0.89 (dt, J = 8.5, 3.2 Hz, 2H),
0.82 (dt, J = 5.6, 3.1 Hz, 2H). 13C NMR (151 MHz, DMSO-d6): δ
168.38 (d, J = 3.3 Hz), 167.17, 149.90, 142.74, 139.81, 138.50,
136.18, 136.13, 135.97, 135.80, 129.89, 128.86, 125.04, 124.52,
113.69, 90.76, 61.63, 51.12, 20.44, 17.44, 13.85, 7.17, 6.78. LC−MS
(ESI) m/z: 507.2 [M + 1]+, tR = 3.99 min, purity >95% (UV).
N-(3-(4-Cyano-5-cyclopropyl-1H-pyrazol-1-yl)phenyl)-2,3,5,6-

tetramethylbenzenesulfonamide (79). General procedure B1 was
followed starting from aryl bromide 78 (0.84 g, 2.5 mmol). Complete
conversion was seen after 24 h by LC−MS. Purification by flash
column chromatography (hep/EtOAc) afforded 79 as a white solid
(0.75 g, 2.1 mmol, 84%). 1H NMR (600 MHz, DMSO-d6): δ 10.61
(s, 1H), 8.14 (s, 1H), 7.39 (t, J = 8.1 Hz, 1H), 7.26−7.20 (m, 2H),
7.14 (t, J = 2.2 Hz, 1H), 7.04 (dd, J = 8.3, 2.1 Hz, 1H), 2.48 (s, 6H),
2.19 (s, 6H), 1.81 (tt, J = 8.5, 5.3 Hz, 1H), 0.90−0.86 (m, 2H), 0.81−
0.77 (m, 2H). 13C NMR (151 MHz, DMSO-d6): δ 149.72, 142.63,
138.67 (d, J = 5.3 Hz), 137.64, 135.78, 135.61, 134.64, 130.00,
119.43, 118.31, 114.63, 113.74, 90.74, 59.72, 20.37, 17.48, 7.17, 6.86.
LC−MS (ESI) m/z: 419.2 [M − 1]−, tR = 3.71 min, purity >95%
(UV).
1-(3-Bromophenyl)-5-cyclopropyl-1H-pyrazole-4-carbonitrile

(78). 78-I1 (0.80 g, 2.61 mmol) was dissolved in DMF (6 mL) at 0
°C then thionyl chloride (0.78 g, 6.52 mmol) was added dropwise.
The mixture was stirred at 0 °C for 30 min and quenched with
NaHCO. The mixture was extracted with EtOAc, the organic layer
was collected, dried over Na2SO4, filtered, and concentrated in vacuo
to give 78 (0.70 g, 2.4 mmol, 93%) as a yellow oil. Compound was
used without any further purification. 1H NMR (600 MHz,
chloroform-d): δ 7.83 (s, 1H), 7.75 (d, J = 2.1 Hz, 1H), 7.60 (dd,
J = 8.0, 1.9 Hz, 1H), 7.51 (dd, J = 8.0, 2.1 Hz, 1H), 7.39 (t, J = 8.0 Hz,
1H), 1.89 (tt, J = 8.6, 5.3 Hz, 1H), 1.20−1.07 (m, 5H). 13C NMR
(151 MHz, chloroform-d): δ 150.21, 142.97, 139.70, 132.16, 130.63,
128.53, 123.87, 122.88, 113.62, 91.43, 8.42, 7.89. LC−MS (ESI) m/z:
288.0 and 290.0 [M + 1]+, tR = 3.56 min, purity >80% (UV).

1-(3-Bromophenyl)-5-cyclopropyl-1H-pyrazole-4-carboxamide
(78-I1). General procedure G2 was followed starting from 63-I1 (1.00
g, 3.26 mmol). Complete conversion was seen after 22 h. After the
extraction procedure, the pale yellow solid 78-I1 (0.85 g, 2.8 mmol,
85%) was used without further purification. LC−MS (ESI) m/z:
306.0 and 308.0 [M + 1]+, tR = 1.96 min, purity >95% (UV).

1 - ( 3 - ( N - ( 2 - A m i n o - 2 - o x o e t h y l ) - 2 , 3 , 5 , 6 -
tetramethylphenylsulfonamido)phenyl)-5-cyclopropyl-1H-pyra-
zole-4-carboxylic Acid (77c). To 77c-I1 (0.250 g, 0.57 mmol) in
degassed DMF (2 mL) were added TBDMSCl and imidazole at 0 °C.
The reaction was stirred at RT for 20 h. The reaction mixture was
diluted with EtOAc and washed with water and brine, dried with
Na2SO4, filtered, and concentrated in vacuo. Hereafter, general
procedure E was applied with 2-bromoacetamide (0.22 g, 1.59 mmol).
The reaction was stirred for 3 h at 0 °C. Purification by flash column
chromatography (DCM/MeOH) afforded 77c as a yellow solid
(0.050 g, 0.10 mmol, 18%). 1H NMR (600 MHz, DMSO-d6): δ 12.12
(s, 2H), 7.92 (d, J = 2.6 Hz, 1H), 7.54−7.43 (m, 3H), 7.33 (d, J = 7.6
Hz, 2H), 7.25 (s, 1H), 7.09 (s, 1H), 4.35 (d, J = 2.0 Hz, 2H), 2.31 (s,
6H), 2.18 (s, 7H), 1.94−1.84 (m, 5H), 0.80−0.63 (m, 2H), 0.49−
0.31 (m, 2H). 13C NMR (151 MHz, DMSO-d6): δ 171.96, 168.59,
163.71, 147.04, 142.03, 139.83, 139.45, 136.39, 136.05, 135.90,
135.70, 129.23, 128.00, 125.14, 124.34, 114.24, 50.36 (d, J = 424.1
Hz), 21.03, 20.49, 17.53, 8.03, 6.79. LC−MS (ESI) m/z: 497.2 [M +
1]+, tR = 2.89 min, purity >95% (UV).

5-Cyclopropyl-1-(3-(2,3,5,6-tetramethylphenylsulfonamido)-
phenyl)-1H-pyrazole-4-carboxylic Acid (77c-I1). General procedure
B1 was followed starting from aryl bromide 63-I1 (0.65 g, 2.12
mmol). Complete conversion was seen after 24 h by LC−MS.
Purification by flash column chromatography (hep/EtOAc) afforded
77c-I1 as a white solid (0.250 g, 0.57 mmol, 27%). LC−MS (ESI):
440.2 [M + 1]+, tR = 3.17 min, purity >95% (UV).

1-(3-((N-(2-Amino-2-oxoethyl)-2,3,5,6-tetramethylphenyl)-
sulfonamido)phenyl)-5-(trans-2-phenylcyclopropyl)-1H-pyrazole-
4-carboxylic Acid (77d). General procedure E was followed starting
from 77d-I1 (0.14 g, 0.23 mmol) and 2-bromoacetamide (0.095 g,
0.69 mmol). Purification by preparative HPLC afforded 77h as a
white solid (0.020 g, 0.04 mmol, 16%). LC−MS (ESI) m/z: 630.3 [M
+ 1]+, tR = 4.44 min, purity >95% (UV). 1H NMR (600 MHz,
DMSO-d6): δ 12.38 (s, 1H), 7.97 (s, 1H), 7.59 (q, J = 1.6 Hz, 1H),
7.41 (dt, J = 6.3, 2.3 Hz, 1H), 7.34 (s, 1H), 7.29−7.23 (m, 2H), 7.22
(s, 1H), 7.20−7.15 (m, 2H), 7.14−7.09 (m, 2H), 6.90−6.85 (m, 2H),
4.31 (d, J = 1.0 Hz, 2H), 2.32 (s, 6H), 2.30−2.26 (m, 1H), 2.16 (s,
6H), 1.98 (dt, J = 8.9, 5.6 Hz, 1H), 1.20 (dt, J = 9.0, 5.6 Hz, 1H), 0.95
(ddd, J = 8.8, 6.2, 5.2 Hz, 1H). 13C NMR (151 MHz, DMSO-d6): δ
169.17, 164.20, 146.39, 142.57, 141.52, 140.66, 139.86, 136.87,
136.63, 136.40, 136.21, 129.75, 128.41, 128.01, 126.29, 126.15,
125.41, 124.70, 114.85, 52.22, 26.19, 21.00, 18.62, 18.04, 17.45. LC−
MS (ESI) m/z: 573.3 [M + 1]+, tR = 3.33 min, purity >95% (UV).

tert-Butyldimethylsilyl 5-(trans-2-Phenylcyclopropyl)-1-(3-
((2,3,5,6-tetramethylphenyl)sulfonamido)phenyl)-1H-pyrazole-4-
carboxylate (77d-I1). To 77m (0.12 g, 0.23 mmol) in degassed DMF
(1−2 mL) were added TBDMSCl (0.069 g, 0.46 mmol) and
imidazole (0.047 g, 0.69 mmol) at 0 °C. The reaction was stirred at 0
°C for 2 h. The reaction mixture was diluted with EtOAc and washed
with water and brine, dried with Na2SO4, filtered, and concentrated in
vacuo to afford 77d-I1 (0.15 g), which was used without further
purification and characterization.

5-(trans-2-Phenylcyclopropyl)-1-(3-((2,3,5,6-tetramethylphenyl)-
sulfonamido)phenyl)-1H-pyrazole-4-carboxylic Acid (77m). Gen-
eral procedure C was followed starting from ester 81 (0.20 g, 0.38
mmol). Complete conversion was seen after 92 h. Purification by
preparative HPLC afforded 77m as a white powder (0.12 g, 61%). 1H
NMR (600 MHz, DMSO): δ 12.38 (s, 1H), 10.55 (s, 1H), 7.95 (s,
1H), 7.14 (s, 1H), 7.11 (d, J = 18.6 Hz, 2H), 7.07 (dt, J = 8.0, 1.4 Hz,
1H), 6.96 (ddd, J = 8.1, 2.2, 1.2 Hz, 1H), 6.73−6.68 (m, 2H), 2.14 (s,
7H), 1.80 (dt, J = 8.9, 5.6 Hz, 1H), 1.19 (dt, J = 9.0, 5.6 Hz, 1H), 0.97
(dt, J = 8.8, 5.6 Hz, 1H). LC−MS (ESI) m/z: 516.4 [M + 1]+, purity
>95% (UV).

Ethy l 5 - ( t rans -2-Pheny lcyc lopropy l ) -1 - (3 - ( (2 ,3 ,5 ,6 -
tetramethylphenyl)sulfonamido)phenyl)-1H-pyrazole-4-carboxy-
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late (81). General procedure B1 was followed starting from ethyl 1-
(3-bromophenyl)-5-(trans-2-phenylcyclopropyl)-1H-pyrazole-4-car-
boxylate 43 (0.70 g, 1.7 mmol). Complete conversion was seen after
20 h by LC−MS. Purification by flash column chromatography (hep/
EtOAc) afforded 81 as a white solid (0.89 g, 1.6 mmol, 96%).
UPLC−MS (ESI) m/z: 544.3 [M + 1]+, tR = 3.16 min, purity >90%
(UV).
Synthesis of Compounds 77e−r (Schemes S10 and S11). 1-(3-

((N-(Carboxymethyl)-3-methoxyphenyl)sulfonamido)phenyl)-5-cy-
clopropyl-1H-pyrazole-4-carboxylic Acid (77e). General procedure
C was followed starting from ester 77e-I1 (0.057 g, 0.097 mmol).
Complete conversion was seen after 43 h. Purification by preparative
HPLC afforded 77e as a white powder (0.033 g, 0.070 mmol, 72%).
1H NMR (600 MHz, DMSO-d6): δ 7.93 (s, 1H), 7.53−7.49 (m, 2H),
7.50−7.43 (m, 2H), 7.34−7.29 (m, 1H), 7.28−7.21 (m, 2H), 7.15
(dd, J = 2.6, 1.7 Hz, 1H), 4.54 (s, 2H), 3.76 (s, 3H), 2.02−1.68 (m,
1H), 0.89−0.63 (m, 2H), 0.53−0.31 (m, 2H). 13C NMR (151 MHz,
DMSO-d6): δ 169.87, 163.71, 159.39, 147.09, 142.09, 139.90, 139.46,
130.48, 129.47, 127.31, 124.51, 124.44, 119.39, 119.31, 114.33,
111.94, 55.58, 51.88, 8.07, 6.82. LC−MS (ESI) m/z: 472.2 [M + 1]+,
943.3 [2M + 1]+, tR = 2.80 min, purity >95% (UV).
2-Ethoxy-2-oxoethyl 5-Cyclopropyl-1-(3-((N-(2-ethoxy-2-oxoeth-

yl)-3-methoxyphenyl)sulfonamido)phenyl)-1H-pyrazole-4-carboxy-
late (77e-I1). General procedure E was followed starting from 8r-I1
(0.040 g, 0.097 mmol) and ethyl bromoacetate (0.087 mL, 0.78
mmol). Workup afforded 77e-I1 as a colorless oil (yield not
determined). LC−MS (ESI) m/z: 586.3 [M + 1]+, tR = 3.82 min,
purity >95% (UV).
1-(3-((N-(Carboxymethyl)-4-propylphenyl)sulfonamido)phenyl)-

5-cyclopropyl-1H-pyrazole-4-carboxylic Acid (77f). General proce-
dure C was followed starting from ester 77f-I1 (0.033 g, 0.055 mmol).
Complete conversion was seen after 26 h by LC−MS. Purification by
preparative HPLC afforded 77f as a white powder (0.022 g, 0.045
mmol, 81%). 1H NMR (600 MHz, DMSO-d6): δ 7.91 (s, 1H), 7.62−
7.56 (m, 2H), 7.52−7.47 (m, 2H), 7.39−7.33 (m, 3H), 7.31 (ddd, J =
5.3, 3.5, 2.1 Hz, 1H), 4.52 (s, 2H), 2.61 (dd, J = 8.3, 6.8 Hz, 2H), 1.90
(tt, J = 8.6, 5.5 Hz, 1H), 1.56 (dt, J = 14.5, 7.3 Hz, 2H), 0.84 (t, J =
7.3 Hz, 3H), 0.77−0.69 (m, 2H), 0.45−0.38 (m, 2H). 13C NMR (151
MHz, DMSO-d6): δ 169.85, 163.69, 148.17, 147.02, 142.05, 139.97,
139.43, 135.70, 129.42, 129.12, 127.36, 127.25, 124.37, 124.29,
114.31, 51.88, 36.84, 23.58, 13.41, 8.07, 6.80.
2-Ethoxy-2-oxoethyl 5-Cyclopropyl-1-(3-((N-(2-ethoxy-2-oxoeth-

yl)-4-propylphenyl)sulfonamido)phenyl)-1H-pyrazole-4-carboxy-
late (77f-I1). General procedure E was followed starting from 8u-I1
(0.040 g, 0.094 mmol) and ethyl bromoacetate (0.063 mL, 0.56
mmol). Workup afforded 77f-I1 as a colorless oil (0.033 g, 0.055
mmol, 59%). LC−MS (ESI) m/z: 598.3 [M + 1]+, tR = 3.93−4.34
min, purity >95% (UV).
1-(3-((4-Butyl-N-(carboxymethyl)phenyl)sulfonamido)phenyl)-5-

cyclopropyl-1H-pyrazole-4-carboxylic Acid (77g). General proce-
dure C was followed starting from ester 77g-I1 (0.034 mmol).
Complete conversion was seen after 22 h by LC−MS. Purification by
preparative HPLC afforded 77g as a white powder (0.005 g, 0.010
mmol, 29%). 1H NMR (600 MHz, DMSO-d6): δ 7.91 (s, 1H), 7.60−
7.56 (m, 2H), 7.51−7.47 (m, 2H), 7.38−7.34 (m, 3H), 7.34−7.30
(m, 1H), 4.51 (s, 2H), 2.67−2.59 (m, 2H), 1.90 (tt, J = 8.6, 5.5 Hz,
1H), 1.60−1.45 (m, 2H), 1.30−1.18 (m, 3H), 0.87 (t, J = 7.4 Hz,
3H), 0.78−0.70 (m, 2H), 0.46−0.35 (m, 2H). 13C NMR (151 MHz,
DMSO-d6): δ 169.86, 163.69, 148.42, 147.02, 142.05, 139.97, 139.43,
135.64, 129.42, 129.06, 127.39, 127.27, 124.34, 124.30, 114.31, 51.88,
42.11, 34.53, 32.60, 21.62, 13.70, 8.08, 6.80. UPLC−MS (ESI) m/z:
498.1 [M + 1]+, purity >95% (UV).
2-Ethoxy-2-oxoethyl 1-(3-((4-butyl-N-(2-ethoxy-2-oxoethyl)-

phenyl)sulfonamido)phenyl)-5-cyclopropyl-1H-pyrazole-4-carbox-
ylate (77g-I1). General procedure E was followed starting from 8v
(0.015 g, 0.034 mmol) and ethyl bromoacetate (0.023 mL, 0.21
mmol). Workup afforded 77g-I1 as a colorless oil (0.016 g, 77%). The
intermediate was used without characterization.
1-(3-((N-(Carboxymethyl)-2,4,6-trimethylphenyl)sulfonamido)-

phenyl)-5-cyclopropyl-1H-pyrazole-4-carboxylic Acid (77h). Gen-
eral procedure C was followed starting from ester 77h-I1 (0.094

mmol). Complete conversion was seen after 22 h by LC−MS.
Purification by preparative HPLC afforded 77h as a white powder
(0.014 g, 0.029 mmol, 31%). 1H NMR (600 MHz, DMSO-d6): δ
12.63 (s, 3H), 7.92 (s, 1H), 7.53−7.43 (m, 3H), 7.33 (dt, J = 7.7, 1.8
Hz, 1H), 7.01 (s, 2H), 4.55 (s, 2H), 2.39 (s, 6H), 2.23 (s, 3H), 1.89
(tt, J = 8.6, 5.5 Hz, 1H), 0.76−0.67 (m, 2H), 0.45−0.32 (m, 2H).
13C NMR (151 MHz, DMSO-d6): δ 169.90, 163.69, 147.04, 142.81,
142.06, 139.67, 139.63, 139.54, 132.54, 131.79, 129.37, 128.00,
125.10, 124.55, 114.27, 51.25, 22.38, 20.38, 8.02, 6.75. UPLC−MS
(ESI) m/z: 484.1 [M + 1]+, purity >95% (UV).

2-Ethoxy-2-oxoethyl 5-Cyclopropyl-1-(3-((N-(2-ethoxy-2-oxoeth-
yl)-2,4,6-trimethylphenyl)sulfonamido)phenyl)-1H-pyrazole-4-car-
boxylate (77h-I1). General procedure E was followed starting from
8x (0.040 g, 0.094 mmol) and ethyl bromoacetate (0.065 mL, 0.56
mmol). Workup afforded 77h-I1 as a yellowish oil (0.062 g, 110%).
The intermediate was used without characterization.

1-(3-((N-(Carboxymethyl)-2,3,5,6-tetramethylphenyl)-
sulfonamido)phenyl)-5-cyclopropyl-1H-pyrazole-4-carboxylic Acid
(77i). General procedure C was followed starting from ester 77i-I1
(0.37 g, 0.67 mmol). Complete conversion was seen after 16 h by
LC−MS. Purification by preparative HPLC afforded 77i as a white
solid (0.30 g, 0.12 mmol, 18%). 1H NMR (600 MHz, DMSO-d6): δ
12.64 (s, 1H), 7.92 (d, J = 1.7 Hz, 1H), 7.56−7.43 (m, 3H), 7.36 (dd,
J = 7.5, 1.5 Hz, 1H), 7.25 (s, 1H), 4.55 (s, 2H), 2.31 (s, 6H), 2.18 (s,
6H), 1.96−1.82 (m, 1H), 0.80−0.61 (m, 2H), 0.39 (d, J = 5.3 Hz,
2H). 13C NMR (151 MHz, DMSO-d6): δ 169.81, 163.72, 147.04,
142.07, 139.71, 139.54, 136.44, 136.13, 135.90, 135.75, 129.39,
128.03, 125.06, 124.47, 114.32, 50.98, 20.48, 17.48, 8.02, 6.77. LC−
MS (ESI) m/z: 498.2 [M + 1]+, tR = 3.05 min, purity >95% (UV).

Ethyl 5-Cyclopropyl-1-(3-((N-(2-ethoxy-2-oxoethyl)-2,3,5,6-
tetramethylphenyl)sulfonamido)phenyl)-1H-pyrazole-4-carboxy-
late (77i-I1). General procedure E was followed starting from 8y-I1
(0.450 g, 0.96 mmol) and ethyl bromoacetate (0.49 g, 2.9 mmol).
Purification by flash column chromatography (hep/EtOAc) afforded
77i-I1 as a colorless oil (0.37 g, 2.0 mmol, 70%). 1H NMR (600
MHz, DMSO-d6): δ 7.97 (d, J = 2.2 Hz, 1H), 7.54−7.46 (m, 3H),
7.42−7.32 (m, 1H), 7.26 (s, 1H), 4.63 (d, J = 2.3 Hz, 3H), 4.24 (qd, J
= 7.1, 2.2 Hz, 2H), 4.05 (qd, J = 7.2, 2.1 Hz, 3H), 2.31 (d, J = 2.4 Hz,
6H), 2.18 (d, J = 2.2 Hz, 6H), 1.94 (ttd, J = 8.4, 5.6, 2.2 Hz, 1H), 1.29
(td, J = 7.1, 2.2 Hz, 3H), 1.12 (td, J = 7.1, 2.2 Hz, 3H), 0.75−0.68 (m,
2H), 0.34 (dd, J = 5.6, 2.4 Hz, 2H). LC−MS (ESI) m/z: 554.3 [M +
1]+, tR = 4.11 min, purity >95% (UV).

1-(3-(N-(Carboxymethyl)phenylsulfonamido)phenyl)-5-(trans-2-
phenylcyclopropyl)-1H-pyrazole-4-carboxylic Acid (77n). General
procedure C was followed starting from ester 77n-I1 (0.033 mmol).
Complete conversion was seen after 22 h. Purification by preparative
HPLC afforded 77n as a white powder (0.0024 g, 14%). 1H NMR
(600 MHz, DMSO-d6): δ 7.97 (s, 1H), 7.68 (dq, J = 8.2, 1.5 Hz, 2H),
7.67−7.63 (m, 1H), 7.57−7.53 (m, 2H), 7.45 (dt, J = 6.3, 1.9 Hz,
2H), 7.34−7.31 (m, 1H), 7.26−7.23 (m, 1H), 7.17 (dd, J = 8.1, 6.7
Hz, 2H), 7.14−7.10 (m, 1H), 6.89−6.86 (m, 2H), 4.41 (s, 2H), 2.31
(ddd, J = 9.0, 6.2, 5.0 Hz, 1H), 2.02 (dt, J = 8.9, 5.5 Hz, 1H), 1.23 (dt,
J = 9.0, 5.5 Hz, 1H), 1.01 (ddd, J = 8.8, 6.3, 5.2 Hz, 1H). 13C NMR
(151 MHz, DMSO-d6): δ 169.86, 163.69, 145.97, 142.12, 141.07,
140.10, 139.46, 138.38, 133.37, 129.50, 129.31, 127.95, 127.27,
127.17, 125.72, 124.76, 124.59, 114.38, 51.93, 42.11, 25.76, 18.10,
17.08. LC−MS (ESI) m/z: 518.2 [M + 1]+, purity >95% (UV).

2-Ethoxy-2-oxoethyl 1- (3- (N-(2-Ethoxy-2-oxoethyl ) -
phenylsulfonamido)phenyl)-5-((1R,2R)-2-phenylcyclopropyl)-1H-
pyrazole-4-carboxylate (77n-I1). General procedure E was followed
starting from 8o (0.015 g, 0.033 mmol) and ethyl bromoacetate
(0.044 mL, 0.40 mmol). Workup afforded 77n-I1 as a colorless oil
(yield not determined). The intermediate was used without
characterization.

1-(3-((3-Methoxyphenyl)sulfonamido)phenyl)-5-(trans-2-phenyl-
cyclopropyl)-1H-pyrazole-4-carboxylic Acid (77j). General proce-
dure C was followed starting from ester 82 (0.11 g, 0.22 mmol).
Complete conversion was seen after 76 h. Purification by preparative
HPLC afforded 77j as a white powder (0.067 g, 62%). 1H NMR (600
MHz, DMSO): δ 12.38 (s, 1H), 7.96 (s, 1H), 7.45 (t, J = 8.0 Hz, 1H),
7.36 (dt, J = 7.8, 1.3 Hz, 1H), 7.33−7.28 (m, 2H), 7.22−7.08 (m,
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7H), 6.79−6.74 (m, 2H), 3.73 (s, 3H), 2.23 (ddd, J = 9.1, 6.2, 4.9 Hz,
1H), 1.92 (dt, J = 8.8, 5.6 Hz, 1H), 1.19 (dt, J = 9.0, 5.5 Hz, 1H), 0.98
(dt, J = 8.7, 5.5 Hz, 1H). 13C NMR (151 MHz, DMSO): δ 163.70,
159.39, 145.82, 142.08, 140.94, 140.33, 139.69, 138.42, 130.57,
129.75, 127.87, 125.69, 125.66, 121.04, 119.43, 118.90, 118.75,
116.65, 114.39, 111.69, 55.54, 25.63, 18.22, 16.94. LC−MS (ESI) m/
z: 490.2 [M + 1]+, purity >95% (UV).
Ethyl 1-(3-((3-Methoxyphenyl)sulfonamido)phenyl)-5-(trans-2-

phenylcyclopropyl)-1H-pyrazole-4-carboxylate (82). General proce-
dure B1 was followed starting from 43 (1.00 g, 2.4 mmol). Complete
conversion was seen after 23 h by LC−MS. Purification by flash
column chromatography (hep/EtOAc) afforded 82 as a white solid
(0.51 g, 42%). LC−MS (ESI) m/z: 518.4 [M + 1]+, tR = 3.89 min,
purity >90% (UV).
1-(3-((N-(Carboxymethyl)-3-methoxyphenyl)sulfonamido)-

phenyl)-5-(trans-2-phenylcyclopropyl)-1H-pyrazole-4-carboxylic
Acid (77o). General procedure C was followed starting from ester
77o-I1 (0.19 g, 0.31 mmol). Complete conversion was seen after 96
h. Purification by preparative HPLC afforded 77o as a white powder
(0.12 g, 71%). 1H NMR (600 MHz, DMSO): δ 7.97 (s, 1H), 7.49−
7.43 (m, 3H), 7.34 (t, J = 7.9 Hz, 1H), 7.30−7.26 (m, 1H), 7.25−
7.20 (m, 2H), 7.18−7.14 (m, 4H), 6.90−6.85 (m, 2H), 4.42 (d, J =
1.4 Hz, 2H), 3.74 (s, 3H), 2.32 (dt, J = 9.1, 5.7 Hz, 1H), 2.01 (dt, J =
8.9, 5.6 Hz, 1H), 1.23 (dt, J = 9.0, 5.6 Hz, 1H), 1.00 (dt, J = 8.8, 5.6
Hz, 1H). 13C NMR (151 MHz, DMSO): δ 169.92, 163.72, 159.41,
145.99, 142.14, 140.16, 139.52, 139.47, 130.48, 129.52, 127.96,
127.28, 125.71 (d, J = 2.8 Hz), 124.67, 124.59, 119.45, 119.34,
114.41, 111.98, 55.56, 25.76, 18.14, 17.06. LC−MS (ESI) m/z: 548.2
[M + 1]+, purity >95% (UV).
Ethyl 1-(3-((N-(2-Ethoxy-2-oxoethyl)-3-methoxyphenyl)-

sulfonamido)phenyl)-5-(trans-2-phenylcyclopropyl)-1H-pyrazole-
4-carboxylate (77o-I1). General procedure E was followed starting
from 82 (0.40 g, 0.77 mmol) and ethyl bromoacetate (0.26 mL, 2.3
mmol). Workup afforded 77o-I1 as a colorless oil (0.37 g, 80%). LC−
MS (ESI) m/z: 604.3 [M + 1]+, purity >95% (UV).
5-(trans-2-Phenylcyclopropyl)-1-(3-((4-propylphenyl)-

sulfonamido)phenyl)-1H-pyrazole-4-carboxylic Acid (77k). General
procedure C was followed starting from ester 83 (0.22 g, 0.41 mmol).
Complete conversion was seen after 48 h. Purification by preparative
HPLC afforded 77k as a white powder (0.14 g, 48%). 1H NMR (600
MHz, DMSO): δ 12.37 (s, 1H), 10.50 (s, 1H), 7.95 (s, 1H), 7.72−
7.67 (m, 2H), 7.36−7.31 (m, 2H), 7.27 (d, J = 2.2 Hz, 1H), 7.21−
7.08 (m, 6H), 6.78−6.73 (m, 2H), 2.53−2.51 (m, 2H), 2.23 (ddd, J =
9.0, 6.2, 5.0 Hz, 1H), 1.90 (dt, J = 8.9, 5.6 Hz, 1H), 1.47 (h, J = 7.4
Hz, 2H), 1.14 (dt, J = 9.0, 5.5 Hz, 1H), 0.93 (ddd, J = 8.8, 6.2, 5.2 Hz,
1H), 0.77 (t, J = 7.3 Hz, 3H). 13C NMR (151 MHz, DMSO): δ
163.72, 147.91, 145.81, 140.93, 139.69, 138.58, 136.55, 129.73,
129.18, 127.88, 126.75, 125.71, 125.66, 120.90, 119.30, 116.49,
114.39, 36.82, 25.64, 23.45, 18.13, 16.91, 13.45. LC−MS (ESI) m/z:
502.3 [M + 1]+, purity >95% (UV).
Ethyl 5-(trans-2-Phenylcyclopropyl)-1-(3-((4-propylphenyl)-

sulfonamido)phenyl)-1H-pyrazole-4-carboxylate (83). General pro-
cedure B1 was followed starting from 43 (1.00 g, 2.4 mmol).
Complete conversion was seen after 23 h by LC−MS. Purification by
flash column chromatography (hep/EtOAc) afforded 83 as a white
solid (0.64 g, 50%). LC−MS (ESI) m/z: 530.4 [M + 1]+, tR = 4.09
min, purity >90% (UV).
1-(3-((N-(Carboxymethyl)-4-propylphenyl)sulfonamido)phenyl)-

5-(trans-2-phenylcyclopropyl)-1H-pyrazole-4-carboxylic Acid
(77p). General procedure C was followed starting from ester 77p-
I1 (0.17 g, 0.28 mmol). Complete conversion was seen after 100 h.
Purification by preparative HPLC afforded 77p as a white powder
(0.095 g, 61%). 1H NMR (600 MHz, DMSO): δ 12.49 (s, 2H), 7.95
(s, 1H), 7.60−7.56 (m, 2H), 7.47−7.42 (m, 1H), 7.37 (t, J = 2.1 Hz,
1H), 7.36−7.30 (m, 3H), 7.29−7.25 (m, 1H), 7.17 (dd, J = 8.2, 6.7
Hz, 2H), 7.15−7.09 (m, 1H), 6.90−6.86 (m, 2H), 4.39 (s, 2H), 2.57
(t, J = 7.6 Hz, 3H), 2.30 (dt, J = 9.0, 5.6 Hz, 1H), 2.01 (dt, J = 9.0, 5.6
Hz, 1H), 1.53 (h, J = 7.4 Hz, 2H), 1.22 (dt, J = 9.0, 5.6 Hz, 1H), 0.99
(dt, J = 8.9, 5.6 Hz, 1H), 0.82 (t, J = 7.3 Hz, 3H). 13C NMR (151
MHz, DMSO): δ 169.92, 163.71, 148.21, 145.94, 142.11, 141.08,
140.24, 139.44, 135.73, 129.49, 129.16, 127.97, 127.30 (d, J = 3.6

Hz), 125.73, 124.54, 124.48, 114.38, 51.88, 36.84, 25.76, 23.55, 18.10,
17.08, 13.42. LC−MS (ESI) m/z: 560.2 [M + 1]+, purity >95% (UV).

Ethyl 1-(3-((N-(2-Ethoxy-2-oxoethyl)-4-propylphenyl)-
sulfonamido)phenyl)-5-(trans-2-phenylcyclopropyl)-1H-pyrazole-
4-carboxylate (77p-I1). General procedure E was followed starting
from 83 (0.40 g, 0.76 mmol) and ethyl bromoacetate (0.25 mL, 2.3
mmol). Workup afforded 77p-I1 as a colorless oil (0.34 g, 73%). LC−
MS (ESI) m/z: 616.3 [M + 1]+, purity >95% (UV).

5-(trans-2-Phenylcyclopropyl)-1-(3-((2,4,6-trimethylphenyl)-
sulfonamido)phenyl)-1H-pyrazole-4-carboxylic Acid (77l). General
procedure C was followed starting from ester 84 (0.18 g, 0.34 mmol).
Complete conversion was seen after 52 h. Purification by preparative
HPLC afforded 77l as a white powder (0.12 g, 68%). 1H NMR (600
MHz, DMSO): δ 12.39 (s, 1H), 10.49 (s, 1H), 7.95 (s, 1H), 7.18−
7.08 (m, 6H), 7.02 (ddd, J = 8.0, 2.2, 1.2 Hz, 1H), 6.99 (s, 2H),
6.76−6.71 (m, 2H), 2.57 (s, 7H), 2.19 (ddd, J = 9.0, 6.2, 4.9 Hz, 1H),
2.14 (s, 3H), 1.86 (dt, J = 8.9, 5.6 Hz, 1H), 1.18 (dt, J = 9.0, 5.6 Hz,
1H), 0.98 (ddd, J = 8.8, 6.2, 5.2 Hz, 1H). 13C NMR (151 MHz,
DMSO): δ 163.71, 145.79, 142.36, 142.08, 140.87, 139.71, 138.74,
138.49, 133.39, 131.86, 129.73, 127.86, 125.69 (d, J = 2.0 Hz),
120.29, 118.05, 115.40, 114.31, 25.59, 22.40, 20.31, 18.14, 16.86.
LC−MS (ESI) m/z: 502.4 [M + 1]+, purity >95% (UV).

E thy l 5 - ( t r an s - 2 - Pheny l c y c l op ropy l ) - 1 - ( 3 - ( ( 2 , 4 , 6 -
trimethylphenyl)sulfonamido)phenyl)-1H-pyrazole-4-carboxylate
(84). General procedure B1 was followed starting from 43 (1.00 g, 2.4
mmol). Complete conversion was seen after 22 h by LC−MS.
Purification by flash column chromatography (hep/EtOAc) afforded
84 as a white solid (0.58 g, 46%). LC−MS (ESI) m/z: 530.3 [M +
1]+, purity >90% (UV).

1-(3-((N-(Carboxymethyl)-2,4,6-trimethylphenyl)sulfonamido)-
phenyl)-5-(trans-2-phenylcyclopropyl)-1H-pyrazole-4-carboxylic
Acid (77q). General procedure C was followed starting from ester
77q-I1 (0.19 g, 0.31 mmol). Complete conversion was seen after 144
h. Purification by preparative HPLC afforded 77q as a white powder
(0.064 g, 37%). 1H NMR (600 MHz, DMSO): δ 12.43 (s, 2H), 7.97
(s, 1H), 7.57 (d, J = 2.1 Hz, 1H), 7.42 (pd, J = 4.3, 2.0 Hz, 1H),
7.31−7.25 (m, 2H), 7.17 (dd, J = 8.2, 6.7 Hz, 2H), 7.15−7.09 (m,
1H), 6.98 (s, 2H), 6.86 (dd, J = 7.1, 1.8 Hz, 2H), 4.47 (d, J = 5.9 Hz,
2H), 2.55−2.51 (m, 3H), 2.40 (s, 6H), 2.31 (ddd, J = 10.3, 9.0, 4.9
Hz, 1H), 2.18 (s, 3H), 1.98 (dt, J = 8.9, 5.5 Hz, 1H), 1.17 (dt, J = 9.0,
5.5 Hz, 1H), 0.95 (dt, J = 8.9, 5.6 Hz, 1H). 13C NMR (151 MHz,
DMSO): δ 169.95, 163.72, 145.93, 142.87, 142.14, 141.05, 139.99,
139.65, 139.50, 132.53, 131.87, 129.44, 127.96, 127.64, 125.71,
124.87, 124.51, 114.40, 51.22, 25.71, 22.42, 20.37, 18.10, 17.06. LC−
MS (ESI) m/z: 560.3 [M + 1]+, purity >95% (UV).

Ethyl 1-(3-((N-(2-Ethoxy-2-oxoethyl)-2,4,6-trimethylphenyl)-
sulfonamido)phenyl)-5-(trans-2-phenylcyclopropyl)-1H-pyrazole-
4-carboxylate (77q-I1). General procedure E was followed starting
from 84 (0.40 g, 0.76 mmol) and ethyl bromoacetate (0.25 mL, 2.3
mmol). Workup afforded 77q-I1 as a colorless oil (0.39 g, 82%). LC−
MS (ESI) m/z: 616.4 [M + 1]+, purity >95% (UV).

5-(trans-2-Phenylcyclopropyl)-1-(3-((2,3,5,6-tetramethylphenyl)-
sulfonamido)phenyl)-1H-pyrazole-4-carboxylic Acid (77m). Gen-
eral procedure C was followed starting from ester 85 (0.10 g, 0.19
mmol). Complete conversion was seen after 92 h. Purification by
preparative HPLC afforded 77m as a white powder (0.060 g, 61%).
1H NMR (600 MHz, DMSO): δ 12.38 (s, 1H), 10.55 (s, 1H), 7.95 (s,
1H), 7.14 (s, 1H), 7.11 (d, J = 18.6 Hz, 2H), 7.07 (dt, J = 8.0, 1.4 Hz,
1H), 6.96 (ddd, J = 8.1, 2.2, 1.2 Hz, 1H), 6.73−6.68 (m, 2H), 2.14 (s,
7H), 1.80 (dt, J = 8.9, 5.6 Hz, 1H), 1.19 (dt, J = 9.0, 5.6 Hz, 1H), 0.97
(dt, J = 8.8, 5.6 Hz, 1H). 13C NMR (151 MHz, DMSO): δ 163.71,
145.78, 142.03, 140.83, 139.65, 138.62, 137.45, 135.74, 135.71,
134.71, 129.65, 127.83, 125.75, 125.67, 119.92, 117.68, 114.99,
114.28, 25.50, 20.42, 18.11, 17.47, 16.77. LC−MS (ESI) m/z: 516.4
[M + 1]+, purity >95% (UV).

Ethy l 5 - ( t rans -2-Pheny lcyc lopropy l ) -1 - (3 - ( (2 ,3 ,5 ,6 -
tetramethylphenyl)sulfonamido)phenyl)-1H-pyrazole-4-carboxy-
late (85). General procedure B1 was followed starting from 43 (0.50
g, 1.2 mmol). Complete conversion was seen after 25 h by LC−MS.
Purification by flash column chromatography (hep/EtOAc) afforded
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85 as a white solid (0.50 g, 53%). LC−MS (ESI) m/z: 544.3 [M +
1]+, tR = 3.16 min, purity >90% (UV).
1-(3-((N-(Carboxymethyl)-2,3,5,6-tetramethylphenyl)-

sulfonamido)phenyl)-5-(trans-2-phenylcyclopropyl)-1H-pyrazole-
4-carboxylic Acid (77r). General procedure C was followed starting
from ester 77r-I1 (0.18 g, 0.28 mmol). Complete conversion was seen
after 16 h. Purification by preparative HPLC afforded 77r as a white
powder (0.020 g, 16%). 1H NMR (600 MHz, DMSO-d6): δ 12.48 (s,
2H), 7.97 (s, 1H), 7.58 (t, J = 2.1 Hz, 1H), 7.41 (dt, J = 7.4, 1.8 Hz,
1H), 7.31−7.24 (m, 2H), 7.21 (s, 1H), 7.17 (dd, J = 8.1, 6.6 Hz, 2H),
7.14−7.08 (m, 1H), 6.89−6.80 (m, 2H), 4.43 (s, 2H), 2.31 (s, 6H),
2.15 (s, 6H), 1.96 (dt, J = 8.9, 5.6 Hz, 1H), 1.18 (dt, J = 9.0, 5.5 Hz,
1H), 0.95 (dt, J = 8.8, 5.6 Hz, 1H). 13C NMR (151 MHz, DMSO-d6):
δ 170.00, 163.75, 145.88, 142.11, 141.01, 140.12, 139.44, 136.51,
136.16, 135.87, 135.72, 129.36, 127.92, 127.56, 125.78, 125.69,
124.77, 124.26, 114.44, 51.14, 25.69, 20.49, 18.08, 17.48, 16.95. LC−
MS (ESI) m/z: 574.3 [M + 1]+, purity >95% (UV).
Ethyl 1-(3-((N-(2-Ethoxy-2-oxoethyl)-2,3,5,6-tetramethylphenyl)-

sulfonamido)phenyl)-5-(trans-2-phenylcyclopropyl)-1H-pyrazole-
4-carboxylate (77r-I1). General procedure E was followed starting
from 85 (0.16 g, 0.30 mmol) and ethyl bromoacetate (0.10 mL, 0.90
mmol). Workup afforded 77r-I1 as a white solid (0.18 g, 94%). LC−
MS (ESI) m/z: 630.3 [M + 1]+, purity >95% (UV).
Expression and Purification of the Human and Mouse

Keap1 Kelch Domains. The recombinant His-tagged human Kelch
domain (residue 321−609, UniProt Q14145) was cloned into a
pRSET A vector and expressed in Escherichia coli BL21 (DE3) pLysS
followed by purification by column chromatography, as previously
described.33

The recombinant His-tagged mouse Kelch domain (residue 322−
624, UniProt Q9Z2X8; 97% identical to the human sequence) was
cloned into a pRSET A vector and expressed in E. coli BL21 (DE3)
pLysS. Keap1 was grown in a preculture of 50 mL LB media
supplemented with 1% glucose and 100 μg/mL ampicillin overnight
(ON) at 37 °C to an approximate OD600 of ∼1.0. The preculture was
transferred to 1 L LB medium supplemented with 1% glucose and 100
μg/mL ampicillin and grown at 37 °C/180 rpm to an approximate
OD600 of ∼0.5, before induction with isopropyl β-D-1-thiogalactopyr-
anoside (IPTG) (a final concentration of 0.5−1 mM) ON at 15 °C/
180 rpm. Cells were harvested by centrifugation at 4000g for 30 min.
The cells were resuspended in lysis buffer (50 mM Tris-HCl pH 7.5,
cOmplete Protease Inhibitor Cocktail (1 tablet/50 mL of buffer), 25
μg/mL DNase, 40 mM Mg2SO4, 150 mM NaCl, 5 mM imidazole, 5%
glycerol, 0.5% TritonX-100, 3 mM DTT, 1 mg/mL lysozyme) and
lysed using a cell disruptor at 26 kpsi in 4 °C. The cell lysate was spun
down at 35,000g for 1 h at 4 °C. The supernatant was filtered on a
0.45 μm filter and loaded onto a 5 mL HisTrap HP column (GE
Healthcare). The column was washed with 5 column volumes of
HisTrap binding buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10
mM imidazole, 3 mM DTT) followed by eluting the protein using a
gradient of HisTrap elution buffer (50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 1 M imidazole, 3 mM DTT). The protein was eluted between
10 and 15% elution buffer. The His-tag of mouse Keap1 Kelch
domain was cleaved by adding 500 μL of 1 mg/mL His-tagged human
rhinovirus-3C protease to approx. 50 mg of protein and incubated
overnight at 4 °C in HisTrap binding buffer. After 16 h, the cleaved
mouse Keap1 Kelch domain was purified using “reverse purification”
on the HisTrap HP column and concentrated to 5 mL. The cleaved
protein was loaded onto a Superdex 75 16/600 column (GE
Healthcare), equilibrated with SEC buffer (20 mM Tris-HCl pH 8.3,
20 mM DTT and 10 mM benzamidine) with a flow rate of 1 mL/min,
and was eluted at 65 mL. Protein was concentrated to 18 mg/mL for
crystallography analysis and stored at −80 °C.
The proteins were analyzed using sodium dodecyl sulfate

polyacrylamide gel electrophoresis for purity, and the concentrations
were measured by absorbance (Nanodrop) using molar extinction
coefficients calculated based on the amino acid sequence. The exact
molecular weights of purified human and mouse Keap1 Kelch were
confirmed by ESI−LC−MS.

Fluorescence Polarization Assay. Fragments and lead com-
pounds were tested for their ability to inhibit the interaction between
the human Keap1 Kelch domain and the peptide probesCy5-Nrf2
(Cy5-LDEETGEFL-NH2) and FAM-Nrf2 (5(6)-FAM-LDEET-
GEFL-NH2)as described previously.33 The 9mer Nrf2 peptide H-
Nrf2-OH (H-LDEETGEFL-OH) (Ki = 0.54 μM)33 and the short
7mer Nrf2 peptide (Ac-LDEETGE-OH) (Ki = 3.0 μM) were used as
controls. The assay was performed in a 1× HBSTET assay buffer (10
mM HEPES, 150 mM NaCl, 0.005% Tween 20, 3 mM EDTA, 1 mM
TCEP, pH = 7.4) using black flat-bottom 384-well plates (Corning
Life Sciences, NY) and a volume of 30 μL/well. Fragments were
initially tested in dose−response experiments (6-points, 0.25−8 mM
fragment concentration, and 8% DMSO) using a Cy5-Nrf2 as probe
(3 nM) and Keap1 Kelch at 14 nM. Assay plates were spun-down to
ascertain proper mixing and removal of potential air bubbles and
incubated for 10−15 min at room temperature before measuring the
FP levels on a Safire2 plate-reader (Tecan, Man̈nedorf, Switzerland).
Fragments demonstrating >5% inhibition and at the same time did
not change FLINT values by more than 30% of control wells were
characterized as primary hits. This hit-threshold corresponded to a
reduction of 5−10 mP out of an assay window of 80−90 mP. Hits
were tested in three FP dose−response counter assays: first, by
performing the assay with the FAM-Nrf2 probe; second, by replacing
Tween20 with 0.01% Triton-X in the assay buffer (using Cy5-Nrf2 as
probe); and third, by omitting the Keap1 Kelch domain (still using
Cy5-Nrf2 as probe). FP values were fitted to the equation Y = bottom
+ (top − bottom)/[1 + (10HillSlope*(logIC50−X))], where X is the
logarithmic value of the compound concentration. Hereby, the IC50
value was obtained, which together with the Kd value and probe and
Keap1 Kelch concentrations were used to calculate the theoretical
competitive inhibition constant, the Ki value.

86

Thermal Shift Assay. Melting curves of Keap1 with and without
the presence of compounds were determined by TSA using the Sypro
Orange dye (Life Technologies), a Stratagene Mx3005P RT-PCR
apparatus (Agilent Technologies, Waldbronn, Germany), and clear
nonskirted 96-well PCR-plates, as described previously.33 The 77 DC
fragments were mixed with the human Keap1 Kelch domain (final
concentration: 0.1 mg/mL; 3 μM) and Sypro Orange (final
concentration: 8×) with compounds tested at five concentrations
(0.5−8 mM) as twofold dilutions in the 1×HBSTET assay buffer
(0.5−8% DMSO) with a final sample volume of 25 μL/well. On each
plate, eight wells of DMSO blanks and eight wells of a positive control
(N,N′-(naphthalene-1,4-diyl)bis(4-methoxybenzenesulfonamide);24

20 μM in 4% DMSO; ΔTm-max = 4.2 °C33) were included for
reference. The plates were sealed and spun-down for 2 min at 500g,
and measured from 25 to 95 °C for 70 cycles with a 1 °C temperature
increase per minute and fluorescence intensities measured at each
cycle. The sigmoidal plot of the normalized fluorescence intensity
values versus temperature were fitted to the Boltzmann equation Y =
bottom + (top − bottom)/(1 + exp((Tm − X)/slope)), where X is
the temperature in °C, whereby the melting temperature (Tm), where
50% of protein is denatured, was determined. The difference in Tm
(ΔTm) of each compound concentration compared to DMSO blanks
was plotted as dose−response curves and fitted to the equation ΔTm
= ΔTm-max × X/(EC50 + X), with ΔTm-max being the maximal
obtained Tm and X the compound concentration.

Saturation-Transfer Difference NMR. Fragments were screened
at 1 mM by STD-NMR in 3% DMSO-d6. A concentrated solution of
the human Keap1 Kelch domain was prepared (290 μM, 10 v/v%
D2O), and based on 1H NMR, an irradiation frequency of 0.45 ppm
was chosen for the STD experiment.87 A standard PBS buffer (0.01 M
phosphate buffer, 0.0027 M KCl and 0.137 M NaCl, 1 mM TCEP,
pH 7.4) was used to prepare a stock solution of Keap1 Kelch (6 μM)
in PBS buffer (10 v/v% D2O, 2% DMSO-d6), which was used to
dilute each of the 100 mM DMSO-d6 stock solution of the fragments
to 1 mM and a final volume of 160 μL per sample. A fully automated
Gilson 215 liquid handling system was used to transfer the sample
solutions to the 3 mm NMR tubes. Standard 1D and STD NMR
spectra were acquired at 280 K with a Bruker 600 MHz NMR
spectrometer equipped with a cryoprobe. A Bruker SampleJet sample
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changer was used allowing sequential measurement of all samples
without user intervention. Primary hits were defined as fragments with
at least one signal in the 1H NMR spectrum demonstrating an STD%
> 1%. The STD% effects were measured as the ratio between the
intensities of the STD signal and the 1D signal (ISTD/I1D).
Surface Plasmon Resonance. SPR measurements were

performed at 25 °C using a Pioneer FE instrument (Molecular
Devices, ForteB́io), as described previously.33 The Keap1 Kelch
domain was covalently immobilized on biosensor chip surfaces by
amine coupling up to a level between 4100 and 4300 RU, using a 10
mM NaOAc pH 5 immobilization buffer. The 1×HBSTET buffer
supplemented with 4% DMSO was used as running buffer for the
experiments. Microcalibration was performed for all SPR experiments
to adjust for DMSO bulk effects (a low limit of 3.5% and a high limit
of 4.5%). The compounds were injected in concentration series
(twofold serial dilution) or in a gradient using the OneStep injection
over immobilized Keap1. The H-Nrf2-OH peptide (Kd = 4.2 μM)33

was used as control to evaluate assay activity. The data were analyzed
using Qdat Data Analysis Tool version 2.6.3.0 (Molecular Devices,
ForteB́io). The sensorgrams were corrected for buffer effects and
unspecific binding to the chip matrix by subtraction of blank and
reference surfaces (a blank flow cell channel activated by the injection
of EDC/NHS and inactivated by the injection of ethanolamine). The
dissociation constants (Kd) were estimated by plotting responses at
equilibrium (Req) against the injected concentration and curve-fitted
to a Langmuir (1:1) binding isotherm.
Crystallization, X-ray Data Collection, and Structure

Determination. Mouse Keap1 Kelch domain apo initial protein
crystal hits were obtained in 3−4 days using the Crystal Screen HT
(Hampton Research) under conditions including 0.5 M ammonium
sulfate, 0.1 M sodium citrate tribasic dihydrate pH 5.6 and 1.0 M
lithium sulfate monohydrate at 293 K. Best apo-crystals were grown
within 2 days by vapor-diffusion using the hanging drop method from
0.1 M sodium citrate pH 5.6, 0.5 M lithium sulfate, and 0.7−0.9 M
ammonium sulfate. For protein−ligand complexes, crystals were
soaked within 2−16 h with 1−25 mM ligand (10−25% DMSO) from
100 mM DMSO stocks, in a solution containing 100 mM Bis-Tris pH
7.0 and 25% PEG 4K, and harvested in liquid nitrogen for X-ray
diffraction. Data for mouse Keap1 Kelch domain in complex with 3l,
8, and 7 were collected from the ID29 beamline;88 and in complex
with 4c from the ID30a-3 beamline89 at the European Synchrotron
Radiation Facility (ESRF; Grenoble, France). X-ray diffraction data
for the mouse Keap1 Kelch domain in complex with 8h, 8u, 77g, 77n,
and 77e were collected from the P13 beamline; and in complex with
8y, 8ad, and 77i from the P14 beamline at DESY (Hamburg,
Germany).90 Data for compound 77o in complex with mouse Keap1
Kelch domain were collected from the BioMAX beamline (MAX IV,
Lund, Sweden).91 Diffraction images were integrated, scaled, and
merged using autoprocessed beamline tools,92−97 while in some cases
the data were reprocessed and scaled using XDS.98 The structures
were solved using PHASER99 with PDB ID 5FZN20 as the search
model for molecular replacement. Restraints for the fragments/
compounds were prepared using the AceDRG100 followed by Model
building and refinement using COOT101 and Phenix.refine.102 Figures
were prepared using PyMOL (The PyMOL Molecular Graphics
System, Version 2.0.6 Schrödinger, LLC).103

Molecular Docking. In silico experiments were performed using
Schrödinger’s Maestro software (version 11.7).104 Protein receptors
were prepared using the Protein Preparation Wizard with default
settings and with retainment of the five conserved waters at the
entrance to the central channel (vide infra), and ligands were
prepared using LigPrep with default settings. The Receptor Grid
Generation tool was used for docking grid generation with default
settings. Ligand docking and scoring were performed using Glide with
default settings. PyMOL (version 2.1.1) was applied for visualization
of docking poses.103 A docking study was first performed using a test
set of 18 X-ray crystal structures of the Keap1 Kelch domain in
complex with small-molecule ligands and a single apo protein
structure, obtained from the Protein Data Bank (PDB ID: 4L7B,
4L7C, 4L7D, 4N1B, 4IQK, 4XMB, 4ZY3, 5FNR, 5FNS, 5FNT,

5FNU, 4IN4, 5FZJ, 5FZN, 5FNQ, 5WIY, 5WHL, 5WHO, 1U6D).105

All the structures were validated according to general guidelines,
assessing their crystallographic parameters, that is, Rfree, Rwork,
coordinate error, root-mean-square deviation (rmsd) of bond length
and angle from ideal, local B factors, and electron density fits with the
model.106 First, superimposition of all of these structures revealed
large clusters of conserved water molecules inside the central cavity of
the Kelch domain, which formed a highly extensive network of H-
bonds with the protein backbone. Crucially, five water molecules near
the entrance to the channel appeared to constitute a barrier for the
protrusion of ligands; they were considered structural and were thus
retained in all subsequent modeling work. Second, the 18 X-ray crystal
structures of the Kelch domain in complex with small-molecule
ligands were employed for a self-docking study (where all the ligands
were extracted and docked back into their cognate protein structures)
in Glide using different precision modes (SP, SP with expanded
sampling, XP, and induced fit). This identified standard precision
(SP) as the optimal, giving the lowest mean rmsd (1.45 Å) and the
highest success rate (72% of dockings gave rmsd ≤2.0 Å). Finally, all
19 X-ray structures were used in a cross-docking study (where all the
ligands were docked into all other protein structures than their
cognate). This identified the protein from the X-ray structure with
PDB ID 5FNU as the optimal, giving the lowest mean rmsd (3.43 Å)
and the highest success rate (56% of dockings gave rmsd ≤2.0 Å). All
subsequent ligand dockings were thus performed using Glide with the
SP scoring function and with the protein structure from PDB ID
5FNU, prepared with retainment of the five conserved waters at the
central channel entrance (later, we observed the five waters in all of
our 13 deposited X-ray structures except for the lower 2−2.6 Å
resolution structures6ZEX, 6ZF2, and 6ZEZwhere two, three,
and all five waters were missing, respectively. No direct interactions
between the five waters and the compounds were seen).

Microsomal Stability Assay. Compounds were mixed with
mouse liver microsomes (pooled from male CD-1 mice; Sigma-
Aldrich) in a potassium phosphate buffer (100 mM, pH 7.4) to a final
concentration of 10 μM compound (1% DMSO) and 0.5 mg/mL
microsomal protein. A commercially available NADPH-regenerating
system (Promega) consisting of solution A (20× stock containing 26
mM NADP+, 66 mM glucose-6-phosphate, and 66 mM MgCl2) and
B (100× stock containing 40 U/mL glucose-6-phosphate dehydro-
genase and 5 mM sodium citrate) was used as a source of electrons
for the oxidative cytochrome P450 reactions. Solutions A and B were
mixed with the compound and heated to 37 °C for 5 min.
Microsomes were added and the mixture was incubated for 4 h at
37 °C, while aliquots (25 μL) were quenched with ice-cold MeCN
(12.5 μL) at different time points followed by vortexing and
centrifugation (5 min, 10.000 g). The supernatants were analyzed
by LC−MS using the selective ion mode (SIM) function to quantify
amount of compound relative to time zero and determine the half-life
(t1/2) by integrating compound peaks and fitting the resulting AUC
values and time points to a one-phase decay equation. A negative
control where NADPH and microsomes were omitted from the
sample was included for each compound to discriminate general
instability under the given assay conditions from microsomal
metabolism. All tested compounds were found to be stable in these
negative control samples. Imipramine and propranolol were used as
positive control compounds (t1/2 = 19 and 37 min, respectively),
thereby confirming the activity of the microsomes.

Human Blood Plasma Assay. Compounds were mixed with a
1:1 solution of potassium phosphate buffer (100 mM, pH 7.4) and
pooled human blood plasma (3H Biomedical) to a final compound
concentration of 20 μM (2% DMSO). Samples were incubated at 37
°C for 3 h, while aliquots (30 μL) were quenched at sequential time
points by the addition of ice-cold MeCN (90 μL), vortexing, and
centrifugation (15 min, 10.000 g). The supernatants were analyzed by
LC−MS (SIM) to quantify the amount of compound relative to time
zero as described for the microsomal stability assay. Compounds were
also tested without the presence of blood plasma to check for general
stability issues, and procaine and procainamide were included as
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positive and negative control compounds (t1/2 = 2 and ≫180 min,
respectively).
Parallel Artificial Membrane Permeability Assay. The

permeability of the compounds was tested using the Corning Gentest
Precoated PAMPA Plate System. Compounds were tested in
duplicate at 20 μM in potassium phosphate buffer (100 mM, pH
7.4) (2% DMSO). Compound solutions (300 μL/well) were added to
the receiver (donor) well and the corresponding buffer solution (200
μL/well) was added to the filter (acceptor) wells. The filter and
receiver plates were assembled and incubated at room temperature for
5 h, followed by the analysis of donor and acceptor wells by LC−MS
(SIM) to quantify the amount of compound in the two chambers.
Caffeine and antipyrine were included as positive (highly permeable)
controls, and sulfasalazine and norfloxacin as negative (low
permeable) controls. The effective permeability coefficient (Pe) was
calculated according to manufacturer instructions.
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Vaitkus, A.; Murshudov, G. N. AceDRG: a stereochemical description
generator for ligands. Acta Crystallogr., Sect. D: Struct. Biol. 2017, 73,
112−122.
(101) Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K. Features
and development of Coot. Acta Crystallogr., Sect. D: Biol. Crystallogr.
2010, 66, 486−501.
(102) Afonine, P. V.; Grosse-Kunstleve, R. W.; Echols, N.; Headd, J.
J.; Moriarty, N. W.; Mustyakimov, M.; Terwilliger, T. C.; Urzhumtsev,
A.; Zwart, P. H.; Adams, P. D. Towards automated crystallographic
structure refinement with phenix refine. Acta Crystallogr., Sect. D: Biol.
Crystallogr. 2012, 68, 352−367.
(103) Schrödinger, L. The PyMOL Molecular Graphics System,
version 2.1.1, 2018.
(104) Schrödinger, L. Maestro, version 11.7, 2019.
(105) Berman, H. M. The protein data bank. Nucleic Acids Res. 2000,
28, 235−242.
(106) Acharya, K. R.; Lloyd, M. D. The advantages and limitations
of protein crystal structures. Trends Pharmacol. Sci. 2005, 26, 10−14.

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

https://doi.org/10.1021/acs.jmedchem.0c02094
J. Med. Chem. 2021, 64, 4623−4661

4661

https://doi.org/10.1016/j.tetlet.2005.08.149
https://doi.org/10.1016/j.tetlet.2005.08.149
https://doi.org/10.1016/j.tetlet.2005.08.149
https://doi.org/10.1016/j.tetlet.2010.01.067
https://doi.org/10.1016/j.tetlet.2010.01.067
https://doi.org/10.1016/j.bmc.2008.05.049
https://doi.org/10.1016/j.bmc.2008.05.049
https://doi.org/10.1016/j.tet.2007.11.005
https://doi.org/10.1016/j.tet.2007.11.005
https://doi.org/10.1016/j.tet.2007.11.005
https://doi.org/10.1021/jm400102x
https://doi.org/10.1021/jm400102x
https://doi.org/10.1021/jm400102x
https://doi.org/10.1021/jm400102x
https://doi.org/10.1016/j.ab.2004.05.055
https://doi.org/10.1016/j.ab.2004.05.055
https://doi.org/10.1002/(sici)1521-3773(19990614)38:12<1784::aid-anie1784>3.0.co;2-q
https://doi.org/10.1002/(sici)1521-3773(19990614)38:12<1784::aid-anie1784>3.0.co;2-q
https://doi.org/10.1107/s0909049512009715
https://doi.org/10.1107/s0909049512009715
https://doi.org/10.1107/s0909049512009715
https://doi.org/10.1107/s1600577520004002
https://doi.org/10.1107/s1600577520004002
https://doi.org/10.1107/s1600577520004002
https://doi.org/10.1107/s1600577516016465
https://doi.org/10.1107/s1600577516016465
https://doi.org/10.1107/s1600577516016465
https://doi.org/10.1107/s1600577516016465
https://doi.org/10.1107/s0909049513011734
https://doi.org/10.1107/s0909049513011734
https://doi.org/10.1107/s0909049510020005
https://doi.org/10.1107/s0909049510020005
https://doi.org/10.1093/bioinformatics/btr535
https://doi.org/10.1093/bioinformatics/btr535
https://doi.org/10.1107/s0907444909054961
https://doi.org/10.1107/s0907444909054961
https://doi.org/10.1107/s0909049509036681
https://doi.org/10.1107/s0909049509036681
https://doi.org/10.1107/s2059798317017235
https://doi.org/10.1107/s2059798317017235
https://doi.org/10.1107/s0907444911007773
https://doi.org/10.1107/s0907444911007773
https://doi.org/10.1107/s0907444909047337
https://doi.org/10.1107/s0021889807021206
https://doi.org/10.1107/s2059798317000067
https://doi.org/10.1107/s2059798317000067
https://doi.org/10.1107/s0907444910007493
https://doi.org/10.1107/s0907444910007493
https://doi.org/10.1107/s0907444912001308
https://doi.org/10.1107/s0907444912001308
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1016/j.tips.2004.10.011
https://doi.org/10.1016/j.tips.2004.10.011
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.0c02094?rel=cite-as&ref=PDF&jav=VoR

