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ABSTRACT: Use of the clinically vital β-lactam antibiotics is increasingly compromised by resistance, commonly mediated by β-
lactamases. While clinically used serine-β-lactamase (SBL) inhibitors have long been available, metallo-β-lactamase (MBL) inhibitors
are not yet approved for clinical use. We report the structure-guided development of pyrrole-2-carboxylic acid derivatives as potent
inhibitors of the clinically important di-Zn(II) ion containing B1 MBLs (NDM-1, VIM-1, VIM-2, IMP-1). Crystallographic studies
reveal the pyrrole-2-carboxylic acids inhibit B1 MBLs via active site Zn(II)-coordination of the inhibitor carboxylate and trapping of
the di-Zn(II) ion bridging hydroxide, the latter of which reacts with the substrate β-lactam ring during hydrolysis. Appropriately
derivatized pyrrole-2-carboxylic acids enhance the activity of carbapenems against MBL producing Gram-negative clinical isolates.
The results support further development of metalloenzyme inhibitors that exploit binding to structural or catalytically important
water molecules, an approach which may help in achieving selectivity over other metalloenzymes compared to metal-chelation based
approaches.

1. INTRODUCTION
Antimicrobial resistance (AMR) is increasingly compromising
the efficacy of all antibiotics, including the clinically vital β-
lactams (Figure 1a),1 for which an important resistance
mechanism involves their β-lactamase catalyzed inactivation.2

There are two mechanistic classes of β-lactamases, i.e., the
nucleophilic serine-β-lactamases (SBLs, Ambler classes A, C,
D) and the metallo-β-lactamases (MBLs, Ambler class B). SBL
mediated resistance has been countered clinically by the
development of β-lactam antibiotics resistant to SBLs,
including the carbapenems, and by the development of focused
SBL inhibitors for use in combination with a β-lactam
antibiotic. The pioneer SBL inhibitor was clavulanic acid,
which is still widely used in combination with amoxicillin.
Other established SBL inhibitors include sulbactam and
tazobactam, which, like clavulanic acid, contain a β-lactam
ring. More recently, enmetazobactam (a tazobactam deriva-
tive) and non-β-lactam SBL inhibitors, i.e., avibactam and
other related diazabicycloctanes (DBOs) and vaborbactam
have been approved for clinical use.3−10

Gram-negative ESKAPE pathogens bearing MBLs pose an
increasing threat to global health. Both carbapenems and the β-
lactam containing SBL inhibitors are increasingly susceptible to
SBL and MBL variants, contributing to growing resistance
caused by β-lactamase−producing Gram-negative ESKAPE
pathogens, which are a major cause of mortality.11−13

Although bicyclic boronates show considerable promise as
dual SBL and MBL inhibitors, their inhibitory spectrum against
MBLs is non-optimal; taniborbactam has an IC50 of ≈2.5 μM
against IMP-1 (B1 subclass) and shows little or no inhibition
against B2 (CphA) and B3 (L1) MBLs.14−23 We and others
have thus been interested in developing focused MBL
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inhibitors (MBLI) aimed at protecting carbapenems which are
often regarded as last-resort antibiotics.24

MBLs contain either one (Ambler subclass B2) or two
Zn(II) ions (Ambler subclasses B1, B3) in their active site,
with B1 MBLs currently being the most clinically relevant
subclass, in particular the IMP (imipenemase), VIM (Verona
integron-encoded metallo-β-lactamase), and NDM (New
Delhi metallo-β-lactamase) B1 subfamilies.25,26 Inhibition of
MBLs is challenging in part due to the structural diversity of
active sites across different clinically relevant MBL variants and
the need to avoid off-target inhibition of human MBL fold
enzymes and other metalloenzymes with related active site
chemistry.27

Various classes of MBLI have been reported, including the
Zn(II) ion chelator aspergillomarasmine A28 and active site
binding compounds, including the thiazole-4-carboxylic acid
derivative ANT-2681,29 N-sulfamoylpyrrole-2-carboxylates,30

biphenyl tetrazole derivatives,31 dihydro benzo-indole deriva-
tives,32 sulfamoylfuran-3-carboxylic acids,33 and cyclic boro-
nates34 (Figure 1c). Biyclic boronate MBLI include tanibor-
bactam and xeruborbactam;35,36 the binding modes of
boronates is proposed to mimic that of the β-lactam substrate
and/or tetrahedral intermediates during catalysis,17 inhibition
modes relevant to both SBLs and MBLs.14 Most reported
bicyclic boronates, including those in clinical development,

however, only show limited activity against the different types
of B1 MBL variants.14,37−39

Most reported active site binding B1 MBLIs currently in
development bind to the di-Zn(II) unit in a manner involving
displacement of the catalytically important di-Zn(II) ion
bridging hydroxide (or water), which reacts with the substrate
β-lactam ring during catalysis.40−46 Exceptions to this mode of
inhibition are of interest, including with respect to selectivity
over human MBL fold enzymes.47 Recently, we reported
indole-2-carboxylate (InC) derivatives as broad-spectrum B1
MBLI, the binding mode of which was proposed to mimic
initial binding of β-lactam substrates to MBLs in a manner in
which the di-Zn(II) bridging hydroxide is retained (Figure
1d).15,48 The InCs restore carbapenem activity against multiple
multidrug-resistant Enterobacterales and have in vivo efficacy
in murine infection models.15

Building on the InC binding mode where the indole NH
interacts with the di-Zn(II) bridging hydroxide/water mole-
cule, we hypothesized that alternative heterocycles could adopt
a similar binding mode within the MBL active site while
maintaining selectivity over human MBL-fold enzymes. Here
we report on the identification and structure guided develop-
ment of pyrrole-2-carboxylic acids (PyC)49 derivatives as
potent inhibitors of clinically relevant B1 subfamily MBLs
(NDM, VIM, and IMP) that potentiate carbapenem efficacy

Figure 1. Metallo β-lactamase inhibitors. (a) The major classes of β-lactam antibiotics. (b) Structure of Meropenem, which was used as a partner
antibiotic in our studies with MBL inhibitors. (c) Structures of selected MBL inhibitors currently in clinical or preclinical development13 and of the
pyrrole-2-carboxylic acids (PyC), the subject of our work. (d) Outline mechanism of carbapenem hydrolysis by MBLs, and outline binding modes
of MBL inhibition by indole-2-carboxylates and PyCs.
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against multiple B1 MBL producing Gram-negative clinical
isolates.

2. RESULTS

2.1. Synthesis of Pyrrole-2-carboxylic Acid Derivatives

To investigate proof of concept for PyCs as MBLIs, the probe
PyC 1 was initially prepared via β-keto-enamine intermediate
21, which was synthesized from ethyl glycine and acetyl
acetophenone (Figure 2).50 Following base mediated con-
densation of the β-keto-enamine 21 to give the pyrrole core
(22), ester hydrolysis gave the 2,3,5-substituted PyC 1 in 8%
overall yield. We then tested PyC 1 for inhibition against a
panel of clinically relevant B1 MBLs (NDM-1, VIM-1, VIM-2,
and IMP-1) using a reported fluorogenic assay.51 While the
observed inhibition was modest (NDM-1 pIC50 4.9, Table 1,
PyC no. 1), this result supported the potential for PyCs as
MBLI and a small set of 2,3,5-substituted and 2,3,4,5-
substituted PyCs was thus subsequently prepared.
PyC 2 and 3 were prepared from commercial 3-bromo-1H-

pyrrole-2-carboxylate, over two steps and four steps,
respectively (see Supporting Information for details). Com-
pared to PyC 1, there was no significant improvement in the
observed inhibition of NDM-1, VIM-1, and IMP-1 by both
these compounds, however, PyC 3 showed a slight increase in
pIC50 against VIM-2 (Table 1, PyC no. 3). The 5-acetyl-4,3-
substituted PyC 4a was then conveniently prepared via
Barton−Zard reaction of trans-β-methyl-β-nitrostyrene and
ethyl 2-isocyanoacetate to form the pyrrole core (34, Figure 2)
in a single step in 88% yield.52 Acylation of the pyrrole ring at
the C5 position using Friedel−Crafts conditions53 followed by
ester hydrolysis gave PyC 4a. The intermediate 34 was N-
methylated to form 35, which similarly afforded PyC 4b over
two steps involving acylation and ester hydrolysis (Figure 2).
We envisaged that substituting the C5 position of the PyC

with an aromatic ring could enhance potency, as this
modification may more closely mimic the binding of InCs to
B1 MBLs, where structure activity relationship (SAR) studies
and crystallographic evidence imply that the presence of a C7-

group of the InC derivatives stabilizes binding of the di-Zn(II)
ion bridging hydroxide.15 Building on reported SAR at the C3
position of the InCs,15 we anticipated that a conserved active
site pocket could be targeted for enhanced potency with an
appropriately substituted aryl group at the C3 position of the
PyC derivatives. This pocket is formed by Ser205, Thr206,
Ser207, and Gly209 in the case of the B1 MBL VIM-1 (Figure
4). Gly209 is fully conserved among all the B1 MBLs tested in
this study (VIM-1, VIM-2, NDM-1, and IMP-1), Ser207 is
conserved among all but IMP-1, Thr206 is conserved in both
VIM enzymes, while Tyr and Lys residues are present at
residue-206 in IMP-1 and NDM-1, respectively. SAR and
crystallographic analysis of the InCs shows that C3
substituents bind to the peptide backbone in this pocket
enabling a conserved binding mode in the presence of
variations of residues 205, 206, and 207.15

To conveniently synthesize PyCs with aryl substituents at
C3, we prepared the 5-phenyl 3-iodo pyrroles 41a−c in two
steps by reacting α-substituted cinnamaldehydes 38a−b with
2-azidoacetate esters,49 followed by electrophilic iodination
using N-iodosuccinimide (NIS) for reaction at the pyrrole C3
position. The resulting iodinated-intermediates are suited for
late-stage cross-coupling to enable efficient diversification
(Figure 3). The 4-nitrile or 4-fluoro substituted pyrroles (43
& 44) were obtained via the reaction of 2-azidoacetate esters
with cinnamaldehyde 38c to afford a diene-azide intermediate,
which was subsequently treated with a Lewis acid (ZnI2) to
form the pyrrole (40d).54 The resulting pyrrole 40d was
subjected to electrophilic bromination, followed by palladium-
catalyzed nitrilation55 to furnish 43; electrophilic fluorination56

of 40d yielded 44. Electrophilic iodination of 43 and 44 with
NIS afforded the corresponding 3-iodo-pyrroles 45 and 46,
respectively. Suzuki−Miyaura cross coupling of these iodo-
derivatives (41a−c, 45−46) with commercially available or
readily prepared boronic acids or esters, followed by base
mediated ester hydrolysis of the C2 carboxylate ester afforded
the tetra-substituted pyrroles PyC 6−18 (Figure 3).
Preparation of PyCs 12 and 13 necessitated installation of
the C2-benzyl ester and subsequent Pd/C hydrogenation, due

Figure 2. Synthesis of 4,5-substituted 3-phenyl pyrrole-2-carboxylic acids 1, 4a−b. Reagents and conditions: (i) GlyOEt·HCl (20), triethylamine,
EtOH, rt, 48 h; (ii) NaOEt, EtOH, reflux, 2 h; (iii) 2.5 M NaOH, THF/EtOH, rt, 16 h; (iv) ethyl 2-isocyanoacetate (33), DBU, THF, iPrOH, 10
°C to rt, 4 h; (v) Ac2O, BF3·OEt2, CH2Cl2, 0−20 °C, 2 h; (vi) CH3I, K2CO3, DMF/1,4-dioxane (1:1), 90 °C, 7 h; (vii) KOH, THF/H2O, 50 °C,
24 h.
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Table 1. Inhibitory Activities of PyCs against VIM-1, NDM-1, VIM-2, and IMP-1 MBLs, with ChromLogD and Ligand-
Lipophilicity Efficiency (LLE) Valuesa
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to competing base-mediated hydrolysis of the C3 amide during
attempted deprotection of 12a producing PyC 10 (see
Supporting Information for details).
2.2. MBL Inhibition by PyCs

The PyCs were screened for inhibition against the B1 MBLs
NDM-1, VIM-1, VIM-2 and IMP-1 using an established
fluorogenic cephalosporin-based assay (Table 1).51 PyC 6−18
with aryl substituents both at C3 and at C5 exhibited enhanced
potency compared to PyC 1, for all the tested MBLs. In
contrast, replacement of the PyC C5 aryl group with small
alkyl or polar groups, such as methyl (PyC 1) or acetyl (PyC
4a) groups, led to reduced activity, consistent with the low
activities observed for PyC 2 which lacks both C4 and C5
substituents. Notably, PyC 4b, which has an N-methyl group
on its pyrrole nitrogen, showed a substantial loss of activity
against VIM-1 and IMP-1, highlighting the likely importance of
the pyrrole NH group in hydrogen bonding with the di-Zn(II)
bridging hydroxide in the active site. Interestingly, however,
moderate activity for PyC 4b (pIC50 5.6) was observed with
NDM-1. Changing the pyrrole C3 substituent from a phenyl-
to a nitrile-group, while maintaining a phenyl group at C5
(PyC 5) also diminished activity, suggesting that specific
electronic or steric features at C3 are critical for efficient
binding (Table 1, PyC no. 5). Among PyC 6−13, which share
a common C5 phenyl group and a C4 methyl group, but which
differ in their C3 substituents, PyC 8 and 6 (bearing C3 N,N-
dimethylsulfonamide- and dichloro-substituents, respectively)
exhibited the highest pIC50 values across the four MBLs tested,
with PyC 8 also showing the highest LLENDM‑1 values. This
result suggests favorable interactions between these C3 groups
and a subpocket within the MBL active sites. Altering the
pyrrole C4 position also influenced activity. For example,
replacing the C4Me substitution in PyC 6 with an ethyl group
in PyC 14, slightly reduced potency, while a similar change in

PyC 7 to PyC 15 had minimal effect (Table 1). This
observation suggests that interactions involving the methyl
sulfone group of the C3 aryl substituent in the latter pair help
compensate for the loss in potency that would otherwise be
expected.
We were interested in further investigating the influence of

small polar, electron-withdrawing groups, such as nitrile- and
fluoro- substituents, at C4 of the PyC derivatives, and therefore
synthesized PyC 17 and 18. PyC 17 showed an overall
reduced inhibitory activity across all the four MBLs compared
to their methyl or ethyl substituted counterparts (PyC 7 and
15, Table 1), suggesting that the polar nitrile group at C4
engages in unfavorable interactions that weaken the binding.
On the other hand, PyC 18, with a C4 fluoro substituent,
showed increased activity against NDM-1 and IMP-1, while
showing diminished activity toward VIM-1 and VIM-2 relative
to PyC 7.
To investigate selectivity over a structurally related human

metalloenzyme, five representative PyC inhibitors were
evaluated for inhibition of the human metallo-β-lactamase-
fold nuclease SNM1C.59 PyC 7, 12, 17, and 18 showed no
detectable inhibition under the assay conditions (IC50 > 100
μM), and the IC50 of PyC 13 was 22 μM against SNM1C.
These results show selectivity of at least 20-fold for inhibition
of the bacterial MBLs over a human MBL-fold nuclease.
ChromLogD values of the MBL inhibitors were measured at
pH 7.4 using a reverse-phase HPLC method,57,58 and their
lipophilic ligand efficiencies (LLEs) for NDM-1 were
calculated (Table 1). We measured ChromLogD experimen-
tally, as computational cLogD predictions can be unreliable for
ionizable compounds.60 The PyC 6−9, 11, 15, and 18
exhibited LLE value > 5.5, which suggest a favorable balance of
potency and lipophilicity.61,62 A high LLE indicates that a
compound may achieve its inhibitory effect (low MIC)

Table 1. continued

*ChromLogD7.4: ChromLogD at pH 7.4 was experimentally measured using reverse-phase HPLC calibrated with standards;57,58 Calculated
LLENDM‑1: (pIC50NDM-1 − ChromLogD7.4).

aFinal enzyme concentrations: NDM-1 (20 pM), VIM-1 (500 pM), VIM-2 (100 pM), and IMP-1
(20 pM). Final FC5 concentration: 5 μM. Inhibitor concentrations ranged from 50 pM to 100 μM. All pIC50 experiments were run at pH 7.2 and
are the mean of four replicates.

Figure 3. Synthesis of 3,4,5-substituted pyrrole-2-carboxylic acids. Reagents & conditions: (i) methyl 2-azido acetate (39a), NaOMe, MeOH, −20
to 0 °C, 4 h; (ii) ethyl 2-azido acetate (39b), NaOEt, EtOH, −20 to 0 °C, 4 h then rt, 1 h; (iii) NIS, DMF, rt, 3 h, (iv) ArB(OR’)2 (42a−h),
Pd(dppf)Cl2, Na2CO3 (or K2CO3), 1,4-dioxane, reflux, 4 h; For PyC 2, 6, 7, 8, 9, 14: (v) LiOH·H2O, THF, H2O, EtOH (or MeOH), rt, 48 h; For
PyC 5, 10, 11, 15, 16, 17, 18: (vi) 4 M KOH, THF, EtOH, rt, 12 h; For PyC 12, 13: (vii) (a) Ti(OEt)4, BnOH, 110 °C, 15 h, (b) TFA, CH2Cl2,
rt, 2−3 h, (c) Pd/C, H2, rt, 2−6 h; (viii) ZnI2 (5 mol %), CH2Cl2, rt, 15 h; For 43: (ix) NBS, CH2Cl2, −40 to 0 °C, 1 h, (x) K4[Fe(CN)6]· 3H2O,
KOAc, t-BuXPhos, t-BuXPhos-Pd-G3, 1,4-dioxane, H2O, 100 °C, 1 h; For 44: (xi) Selectfluor, MeCN, 150 °C, 10 min, MW.
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efficiently, without excessive lipophilicity.60 In further assess-
ment of the drug-like properties of the PyCs, we evaluated PyC
7 for cytotoxicity and PyC 7, 12 for stability in biological
media and to liver microsomes (see Supporting Information
Table S5). Pleasingly, PyC 7 was noncytotoxic against the
HepG2 cell line (IC50 > 150 μM) and both PyC 7 and 12
showed no degradation after 24 h at 37 °C in pH 7.4 buffer.
Furthermore, the t1/2 in both human and mouse plasma for
both PyC 7 and 12 was > 512 min and the t1/2 in human and
mouse liver microsomes was determined to be > 256 min.
2.3. Crystallographic Analysis with VIM-1 Reveals Binding
Modes of the PyCs to MBLs

High-resolution crystal structures of VIM-1 complexed with
PyC 6, 7, 8, 11, 14, and 15 were obtained to study the binding

modes (Figure 4). All the structures were obtained through
cocrystallization of VIM-1, using reported conditions15 and
were solved with one molecule in the asymmetric unit (P1211
space group), with resolutions of 1.05−1.15 Å.
Notably, all of the high resolution PyC-VIM-1 complex

structures obtained showed retention of the di-Zn(II) bridging
hydroxide (see SI Figure S6 for electron density maps and SI
Table S1 for refinement statistics). They also show direct
coordination to Zn2 by the PyC carboxylate (O−Zn(II)
distances 2.0−2.1 Å) and the presence of a hydrogen-bonding
interaction between the di-Zn(II) bridging hydroxide and the
pyrrole NH (N−O distance 2.8−2.9 Å), replicating the
binding mode seen with the InCs.15 The PyC carboxylate is
further apparently stabilized by a hydrogen bonding interaction

Figure 4. Binding of PyCs to the B1 subfamily MBL VIM-1 involves active site hydroxide trapping. [I] Active site views of the VIM-1 B1 MBL in
complex with PyC derivatives: PyC 6 (a) (PDB 9RFK); PyC 7 (b) (PDB 9RFM); PyC 14 (c) (PDB 9RFG); PyC 15 (d) (PDB 9RFJ); PyC 8 (e)
(PDB 9RFI); and PyC 11 (f) (PDB 9RFH). Hydrogen bonds and water “bridges” are depicted as dotted lines. For clarity, only the main-chain
atoms of residues interacting with the ligand are shown. Of the two refined conformational isomers for Asn210 and His201, only one conformation
is shown. PyC 7 and 15 are displayed in two overlapping conformations showing flipping of the C3 aromatic ring. [II] Superimposition of crystal
structure views of compound PyC 7 (pink) complexed with VIM-1 with (a) hydrolyzed Meropenem (marine blue) (PDB 5N5I) and, (b) indole
carboxylate InC 59 (slate blue) (PDB 8PGE).
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with the main chain NH of Asn210 (N−O distance 2.9−3.2 Å)
and a water-bridging interaction with the main chain oxygen of
Cys198. In all the PyC-bound structures obtained the refined
Zn2−O distance (where Zn2 is the cysteine-bound Zn(II) ion
and O is the bridging hydroxide) is substantially longer than
the Zn1−O distance, ranging from 2.0−2.1 Å (Zn2−O) and
1.9 Å (Zn1−O), respectively. These distances match those
observed in the InC bound structures (Zn2−O and Zn1−O
distances of 2.0 Å and 1.9 Å, respectively for PDB 8PGE).
Note that, ligand-free VIM-1 has a slightly extended Zn2−O
distance (2.2 Å, PDB 5N5G)63 compared to the inhibitor-
bound structures. A crystal structure of VIM-1 bound to
hydrolyzed Meropenem (PDB 5N5I) manifests an extended
Zn2−O distance compared to both the inhibitor bound and
unbound structures (2.3 Å).63 The refined Zn1−O distances
are consistent when comparing the PyC-bound structures and
those of VIM-1 bound to InC, hydrolyzed Meropenem or
unbound VIM-1 (ranging between 1.8−1.9 Å).
The C5 phenyl ring of the PyC in all six of the VIM-1 crystal

structures reported here is positioned to make π−stacking
interactions with Phe62 (see SI Figure S8a), with the C4
ethyl/methyl group positioned to make hydrophobic inter-
actions with Tyr67 and Phe62. A π−stacking interaction is
observed between the C3 aromatic ring of PyC and His240 in
all cases, except for PyC 11 which instead is positioned to form
a π−cation interaction with His201 (see SI Figure S8b). The
C3 aryl substituents of PyC 7 and 15 (Figure 4,[I]b,[I]d)
show hydrogen-bond and water-bridging interactions with
Thr206 and Ser207 in the hydrophilic pocket adjacent to the
metal binding site. Neither PyC 7 nor 15 is predicted to form
hydrogen bonds with Ser205, despite the hydrophilic sulfone
coming into relatively close proximity with the Ser205
hydroxyl group. Both PyC 7 and 15 form additional
(compared to PyCs 6, 8, 11, and 14) hydrogen-bond
interactions with Gly209 and make two water-bridging
interactions with Glu202. The N,N-dimethyl sulphonamide
group of PyC 8 is flipped, compared to PyC 7 and 15, to
interact with Tyr67 via water-bridging interactions, while
maintaining water-bridge interactions with Ser207 and Glu202
(Figure 4,[I]e). The carboxylic acid substituent of the C3 aryl
group in PyC 11 is also flipped relative to PyC 7 and 15, in a
manner enabling formation of a water-bridging interaction with
Tyr67 through its C3 group carboxylic oxygen atoms (Figure
4;[I]f).
PyC 6 and 14, both of which have a C3 dichloro-phenyl

group, are not positioned to make any additional protein−
ligand interactions other than the π−stacking interactions with
the C3 and C5 aromatic rings and the hydrogen bonding
interaction between the pyrrole nitrogen and the di-Zn(II)
bridging hydroxide. Although additional protein−ligand
interactions are apparently formed with PyC 7, 15, 8, and
11 in the VIM-1 active site compared to PyC 6 and 14, this
difference does not, however, result in large increases in
activity compared to PyC 6 (Table 1).
Superimposition of the VIM-1 structures with PyC 7 and

the InC 59 (the C7 epimer of InC 58)15 shows striking
similarities in the binding modes (Figure 4,[II]b). There are
no substantial shifts in the positions of the five membered
aromatic ring or the C3 PyC substituent. The methyl group at
C4 of PyC 7 superimposes directly with the indole C4 carbon
in the InC 59 structure, occupying the hydrophobic pocket.
The spirocyclic oxazolidinone of InC 58 and its epimer InC 59
enable extended hydrophobic interactions with residues in the

conserved hydrophobic pocket in MBLs, formed by the L3
loop in VIM-1,64 likely contributing to increased potency of
the highly optimized InC structure compared with the C5-
phenyl PyC analogues. InC 58 is also positioned to form π−
stacking interactions with Phe62, Tyr67, and Trp87, while the
PyC compounds maintain hydrophobic interactions with these
residues, and π−stacking with Phe62, the loss of interactions
with Tyr67 and Trp87 likely decreases binding affinity.
Substitution of the C4 methyl group of PyC 7 with a fluorine
(as in PyC 18) may results in loss of hydrophobic interactions,
leading to reduced activity, whereas the nitrile group of PyC
17 may make unfavorable interactions within the otherwise
hydrophobic C4 group binding pocket. Interestingly, rather
than mirroring the indole-phenyl ring binding mode, the C4
ethyl group of PyC 15 is directed perpendicular to the pyrrole
ring, in a position to stack with Tyr67. This interaction likely
increases hydrophobic interactions with Phe62, and apparently
causes Asn210 to adopt a single crystallographically observed
conformation, potentially reflecting the stability of this
complex, consistent with the increased activity of PyC 15
against VIM-1 compared to PyC 7 and 18 (pIC50 values: 8.1,
7.4, and 6.3 for PyC 15, 7, and 18, respectively).
Superimposition of a structure of VIM-1 in complex with

hydrolyzed Meropenem in its dihydropyrrole tautomeric form
with the PyC 7-bound VIM-1 structure shows closely related
binding modes (Figure 4,[I]b). The C1 side chain methyl
group on the hydrolyzed Meropenem occupies a similar
position to that of the C4 methyl of PyC 7, while the pyrrole
ring and carboxylic acid of the hydrolyzed Meropenem are
shifted away from the di-Zn(II) bridging hydroxide (the NH to
hydroxide oxygen distances for hydrolyzed Meropenem and
PyC 7 are 3.4 Å and 2.9 Å, respectively). This observation
suggests that the stabilization of the bridging hydroxide is
stronger with PyC 7 bound to the active site compared to the
hydrolyzed Meropenem product, perhaps reflecting the need
for the active site to release the latter during catalysis. Thus,
the binding mode of the PyCs may better imitate the enzyme−
substrate (ES) complex during MBL hydrolysis rather than the
hydrolyzed reaction product.
2.4. Minimum Inhibitory Concentration (MIC) Assays

The activity of selected PyCs to potentiate the activity of
Meropenem (Figure 1b) was evaluated by determining
minimum inhibitory concentration (MIC) values (Table 2)
using an isogenic panel of Escherichia coli strains overexpressing
the NDM-1, VIM-1, and VIM-2 MBLs (see SI Table S4 for
details of the strains). To provide a clear genetic background
for the assessment of β-lactamase inhibitory activity, we
constructed an in-frame deletion of the native chromosomal β-
lactamase ampC in E. coli K12 MG1655. The strain MG1655
ΔampC was transformed with the recombinant plasmids pK18-
NDM-1, pK18-VIM-1, pK18-VIM-2 and pK18-KPC-2, as well
as with the empty vector pK18 as a control, to obtain strains
IP93, IP90, IP41, IP42 and IP38, respectively. Activity against
the SBL KPC-2 was tested to investigate selectivity of the PyCs
for MBLs over SBLs.
The inhibitors PyC 4a−b, 6−18, were tested at a fixed

concentration of 4 mg/L, with Meropenem being serially
diluted from 32 to 0.03 mg/L. All the evaluated inhibitors, with
the exception of PyC 4b, clearly potentiated the activity of
Meropenem against the NDM-1-producing strain, as evi-
denced by significant reductions (≥8-fold) in MICs (Table 2).
As anticipated, no activity was observed against the KPC-2
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producing strain, consistent with the PyC specificity for MBLs
over SBLs based on the active site binding of PyCs to
metalloenzymes. Among the tested PyCs, PyC 9 and 18
demonstrated the highest potentiation against the NDM-1
producing strain, reducing the MIC of Meropenem by at least
32-fold compared to Meropenem alone. PyC 6, 7, 8, 12, 14,
15, and 17 were also strong potentiators, decreasing MIC of
Meropenem by 16-fold in the same NDM-1 isogenic strain.
PyC 9, 13, and 14 exhibited a 16-fold and 32-fold MIC
reduction against VIM-1 and VIM-2 producing strains,
respectively. Notably, PyC 6 was the most potent of the
tested PyCs against VIM-2, achieving a 64-fold decrease in
Meropenem MIC, while also showing a 16-fold MIC reduction
against VIM-1 and NDM-1 strain. Other inhibitors with a
potent combined effect with Meropenem against VIM-1
included PyC 7, 15, and 16, each producing a 16-fold MIC
reduction.
Based on the most potent MIC reductions of Meropenem

observed in this controlled system, we selected compounds
PyC 6, 7, 9, 10, 12, 13, 14, 15, and 18 for further evaluation
against MBL-producing clinical isolates of different species,
including carbapenem-resistant Enterobacterales (CRE), car-
bapenem-resistant Pseudomonas aeruginosa (CRPA), and
carbapenem-resistant Acinetobacter baumannii (CRAB) (see
SI Table S4 for details of the strains).65 InC 58, a broad-
spectrum indole-2-carboxylate MBL inhibitor,15,66 was used as
comparison with the PyC-Meropenem combinations against
the clinical panel. Meropenem was tested against the MBL-
producing clinical isolates using a dilution range from 128 to
0.125 mg/L and the MBL inhibitors were evaluated at fixed
concentrations of 8 and 16 mg/L (Table 3 and SI Table 2),
compared to 4 mg/L with the model strains. Concentrations of
8 and 16 mg/L were chosen for the PyC inhibitors due to their
reduced activity versus MBLs compared with InC 58;
increasing the MBL inhibitor concentration to 16 mg/L did
not lead to a substantial improvement in MIC values (Table
3), with at most a 2-fold reduction observed compared to 8
mg/L (see SI Table S2).
Overall, the tested PyCs showed limited activity against P.

aeruginosa and A. baumannii, an observation which may be due
to restricted cellular permeability and insufficient intracellular
accumulation in these species affecting both the antibiotic and
partner MBLI. In contrast, all inhibitors produced notable
MIC reductions against clinical isolates of E. coli, Klebsiella
pneumoniae, and Citrobacter sedlakii. The PyCs lowered the
Meropenem MIC below the EUCAST clinical breakpoint for
Enterobacterales strains (resistance defined as >8 mg/L
according to EUCAST Clinical Breakpoint Tables v. 15.0),
with an exception being the E. coli strain E11N. Compounds
12 and 18 showed the highest potency against NDM-
producers and were overall the best of the PyC series.
Meropenem MICs with the highly optimized InC 58 were
typically 4-fold lower than with PyC 18, an observation which
likely reflects differences in enzyme potency and compound
accumulation.

3. DISCUSSION AND CONCLUSIONS
The combined biochemical, crystallographic, and micro-
biological results described here reveal PyCs as a new class
of B1 subclass MBL inhibitors, with high potency against
isolated enzymes and selectivity over a structurally related
human-MBL fold nuclease.67,68 Many inhibitors of nonheme
metalloenzymes bind in a manner involving active site metal-T
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ion chelation, often in a bidentate manner.69 Metal-
coordination is apparently often important in obtaining
sufficiently potent metalloenzyme inhibition, however can
raise concerns regarding selectivity over other metalloenzymes,
including in the case of MBL inhibitors, inhibition of MBL-fold
enzymes which have important roles in human biology.27 We
have shown the potential for active site binding MBL inhibitors
that do not coordinate to the Zn(II) ions;47 presently,
however, such compounds do not manifest the sufficient
breadth of MBL activity to justify further development. We
have thus pursued the PyC/InC series15,49 which, as shown
here, bind via a largely conserved mode, with coordination to a
single Zn(II) ion (Zn2) in a monodentate manner via their
carboxylate and in a manner which does not displace the di-
Zn(II) ion bridging hydroxide (Figure 4). The bridging
hydroxide is apparently held in place by a hydrogen bond with
the pyrrole/indole NH in a manner stabilized by substitution
of the adjacent PyC C5 carbon, as supported SAR studies in
both the InC15,48 and, as reported here, the PyC series.
Although differing in detail, the di-Zn(II) ion binding mode of
the PyC/InC B1 MBL inhibitors is somewhat reminiscent of
that observed for C2 carboxamide indole inhibitors of the di-
Mn(II) ion dependent methionine aminopeptidase-2 (MetAP-
2), where the C2 carboxamide oxygen coordinates to only one
of the two active site Mn(II) ions.70 There is scope for
developing further classes of inhibitors of metal ion containing
enzymes, which bind via interactions with metal ion
coordinating waters/hydroxides or which coordinate in a
monodentate manner, interaction modes that may help to
achieve selective inhibition.
The PyC compounds engage conserved active site residues

similar to that of previously reported indole carboxylate
inhibitors15 (Figure 4). The crystallographic observations not
only confirm the binding mode which does not involve
displacement of the di-Zn(II) bridging hydroxide, but also
provide a structural rationale for the observed SAR. In
particular, the C3 substituents on the pyrrole ring were
shown to make a significant contribution to activity, likely by
increasing the pIC50 through hydrogen-bond and water-
bridging interactions with polar residues conserved in B1
subfamily MBLs (Figure 4). This is reflected in the pIC50 range
of 7.4−8.4 for PyC 7−10 and 15 against VIM-2 (Table 1).
An overall correlation was observed between the in vitro

potency of the PyCs against isolated MBLs and their activity in
live bacterial cells against the isogenic strains expressing NDM-
1, VIM-1, and VIM-2 (Tables 1 and 2). In cell-based assays
using the isogenic panel, many of the inhibitors (PyC 7, 8, 12,
14, 15, 17), tested at 4 mg/L, restored Meropenem efficacy,
resulted in an average 16-fold reduction in MIC values.
Notably, PyC 9 and 18 achieved at least 32-fold reductions in
Meropenem MICs. These results demonstrate that the PyCs
can permeate the bacterial outer membrane and reach their
intracellular target.
In studies with clinical isolates, higher inhibitor concen-

trations (8−16 mg/L) were required to achieve significant
MIC reductions, with PyC 12 and 18 showing up to a 64-fold
decrease in Meropenem MICs across most NDM-producing
strains (Table 3). Despite good pIC50 values against isolated
MBLs, the combinations of Meropenem with PyCs exhibited
limited or no activity against clinical isolates of P. aeruginosa
and A. baumannii, where the InCs demonstrate moderate
potentiation (Table 3). This discrepancy between potency in
biochemical assays and whole-cell activity highlights the well-T
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documented71−75 challenges of translating enzyme inhibition
into microbiological efficacy, particularly in pathogens with
complex resistance mechanisms, including reduced perme-
ability, and active efflux systems. The clinical strains used in
this study include Gram-negative pathogens from the ESKAPE
group, which are associated with high mortality rates and pose
significant challenges in antimicrobial therapy.13 The inhibition
of these strains by PyC 12 and 18, in combination with
Meropenem, as well as their promising in vitro ADMET
properties, opens up scope for the future development of the
PyCs as clinically useful MBL inhibitors.

4. EXPERIMENTAL SECTION

4.1. General Methods, Reagents, and Materials
All reagents were from commercial sources (Sigma-Aldrich, Inc.;
Fluorochem Ltd.; Tokyo Chemical Industries) and were used as
received. Anhydrous solvents (Sigma-Aldrich, Inc.) were kept under a
nitrogen atmosphere. Chromatographic purifications were performed
using a Biotage Isolera One or Biotage Selekt purification machines
(wavelengths monitored: 254 and 280 nm) equipped with prepacked
silica gel or C18 Biotage Sfar̈ Duo cartridges for flash column
chromatography (FCC). HPLC grade solvents (Sigma-Aldrich Inc.)
were used for purifications, reaction work-ups, and extractions.
Microwave reactions were carried out using Biotage Initiator+
Microwave Synthesizer. Thin layer chromatography (TLC) employed
Merck silica gel 60 F254 TLC plates that were visualized using UV
light. A Waters UPLC-MS machine equipped with QDa and PDA
detectors was used for monitoring reactions. A ScanVac Basic Freeze-
Dryer was used for lyophilization of the solvent fractions from reverse-
phase column chromatography. High-resolution mass spectrometry
(HRMS) was performed using electrospray ionization (ESI) in the
positive or negative ionization modes employing a Waters RDa
benchtop TOF machine linked to an Acquity LC system in the direct
infusion (loop injection) mode or a Thermo Exactive High-
Resolution Orbitrap FTMS instrument. HRMS data are presented
as mass-to-charge (m/z) ratios. HRMS (APCI+): High-Resolution
Mass Spectrometry (HRMS) coupled with Atmospheric Pressure
Chemical Ionization (APCI). Nuclear magnetic resonance (NMR)
spectroscopy was performed using Bruker AVIII 700, AVIII 600,
NEO 600, AVIIIHD 500, NEO 400 Nanobay, and AVIIIHD 400
Nanobay machines. Chemical shifts for 1H NMR are reported in parts
per million (ppm) downfield from tetramethylsilane and are
referenced to residual proton in the NMR solvent (CDCl3: δ =
7.26 ppm; DMSO-d6: δ = 2.50 ppm; MeOH-d4: 3.31 ppm). For 13C
NMR, chemical shifts are reported in parts per million (ppm) in the
scale relative to the NMR solvent (CDCl3: δ = 77.2 ppm; DMSO-d6:
δ = 39.5 ppm; MeOH-d4: 49.0 ppm). NMR data are reported as
follows: chemical shift, multiplicity (s: singlet, d: doublet, t: triplet, q:
quartet, m: multiplet, br: broad signal, dd: doublet of doublets, tt:
triplet of triplets, qd: quartet of doublets), coupling constant (J, Hz;
accurate to 0.5 Hz), and integration. Multiplicities are reported as
observed where appropriate, and ‘’ denotes an apparent splitting
pattern. 19F NMR spectra were acquired without 1H decoupling and
chemical shifts are reported in parts per million (ppm). 2D NMR
experiments (COSY, HSQC, and HMBC) were used to elucidate
structures when appropriate. NMR spectra are shown at the end of
the Supporting Information. All final compounds were >95% pure;
and the HPLC chromatograms are shown at the end of the
Supporting Information. Melting points of crystalline compounds
were determined using a Stuart SMP40 Automatic melting point
apparatus.
4.2. General Procedure A for Electrophilic Iodination
To a solution of the requisite 4,5-substituted pyrrole-2-carboxylate
ester derivative (1.0 equiv) in dry DMF (3.0 mL/mmol) under an
inert atmosphere was added N-iodosuccinimide (3.0 equiv) at room
temperature. The reaction mixture was stirred at room temperature
for 3 h, diluted with EtOAc, then washed with brine. The organic

layer was dried over Na2SO4, filtered, and concentrated in vacuo. The
residue was purified by silica gel FCC to afford the desired iodo-
compound.

4.3. General Procedure B for Suzuki−Miyaura Cross
Coupling
In a 5 mL microwave vial, the requisite 3-iodo-1H-pyrrole-2-
carboxylate ester derivative (1.0 equiv) and aryl boronic acid or
pinacol ester (1.5 equiv), Pd(dppf)Cl2 (0.1 equiv) were placed under
vacuum; the vial was then backfilled with N2. N2-purged 1,4-dioxane
(8.0 mL/mmol) and 2 M aq Na2CO3 (2.0 mL/mmol, N2-purged with
sonication) were then added to the vial. The sealed vial was heated at
90 °C in an oil bath for 4 h with stirring. After cooling to room
temperature, the reaction mixture was filtered through a pad of Celite,
eluting with EtOAc. The organic layer was then washed with 1 N aq.
HCl (20 mL/mmol) and brine (×2), dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by silica gel FCC to
give the desired compound.

4.4. General Procedure C for Suzuki−Miyaura Cross
Coupling
In a 5 mL microwave vial, the requisite 3-iodo-1H-pyrrole-2-
carboxylate ester derivative (1.0 equiv) and aryl boronic acid or
pinacol ester (1.5 equiv), Pd(dppf)Cl2 (0.1 equiv), and K2CO3 (4.0
equiv) were placed under a vacuum; the vial was then backfilled with
N2. N2-purged 1,4-dioxane (6.0 mL/mmol) and water (1.5 mL/
mmol, N2-purged with sonication) were then added to the vial. The
sealed vial was heated at 90 °C in an oil bath for 4 h with stirring.
After cooling to room temperature, the reaction mixture was filtered
through a pad of Celite, eluting with EtOAc. The organic layer was
then washed with 1 N aq HCl (20 mL/mmol) and brine (twice),
dried over Na2SO4, filtered, and concentrated in vacuo. The residue
was purified by silica gel FCC to give the desired compound.

4.5. General Procedure D for Ester Hydrolysis
A mixture of the requisite carboxylate ester (1.0 equiv), LiOH·H2O
(5.0 equiv), THF (8.5 mL/mmol), EtOH (1.4 mL/mmol), and water
(2.8 mL/mmol) was stirred at room temperature for 48 h. Upon
completion of the reaction, the mixture was acidified to pH 2 with 2
N HCl and twice extracted with EtOAc. The combined organic
extracts were dried over Na2SO4, filtered, concentrated in vacuo. The
crude mixture was purified either by crystallization or reverse phase
(C18 column) FCC (acetonitrile in H2O with 0.1% v/v formic acid,
0−100%), then lyophilized to give the purified product.

4.6. General Procedure E for Ester Hydrolysis
To a solution of the requisite carboxylate ester (1.0 equiv) in EtOH
(7 mL/mmol) and THF (minimum volume to dissolve the ester), was
added 4 M KOH (13 mL/mmol). The resultant mixture was stirred at
room temperature for 12 h. Upon completion of reaction, the mixture
was acidified to pH 2 with 4 N HCl and twice extracted with EtOAc.
The combined organic extracts were dried over Na2SO4, filtered, and
concentrated in vacuo. The crude mixture was purified by reverse
phase (C18 column) FCC (acetonitrile in H2O with 0.1% v/v formic
acid, 0−100%), and then lyophilized to give the purified product.

4.7. Synthesis of
5-Methyl-3-phenyl-1H-pyrrole-2-carboxylic Acid (PyC 1)
4.7.1. Ethyl (4-Oxo-4-phenylbut-2-en-2-yl)glycinate (21). To

a solution of 1-phenyl-1,3-butanedione (19) (1.0 g, 6.16 mmol, 1.0
equiv) in EtOH (9.2 mL) were added glycine ethyl ester
hydrochloride (20) (1.29 g, 9.24 mmol, 1.5 equiv) and triethylamine
(1.3 mL, 9.24 mmol, 1.5 equiv); the reaction mixture was stirred at
room temperature for 48 h. The reaction mixture was concentrated in
vacuo and the crude residue was diluted with water (15 mL). The
formed precipitate was isolated by suction filtration, washed with
water, then dried under vacuum to afford the desired β-keto-enamine
21 in 82% yield (1.25 g, 5.05 mmol), as an off-white amorphous solid.

1H NMR (400 MHz, CDCl3) δ 11.49 (br t, J = 6.2 Hz, 1H), 7.88−
7.85 (m, 2H), 7.42−7.36 (m, 3H), 5.76 (s, 1H), 4.23 (q, J = 7.1 Hz,
2H), 4.07 (d, J = 6.1 Hz, 2H), 2.03 (s, 3H), 1.29 (t, J = 7.1 Hz, 3H).
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13C NMR (101 MHz, CDCl3) δ 188.7, 169.1, 164.0, 140.2, 130.8,
128.2, 127.1, 93.4, 61.8, 45.0, 19.5, 14.3. HRMS (TOF, ESI+) m/z:
[M + H]+ calcd. for C14H18NO3, 248.1281; found, 248.1282.
4.7.2. Ethyl 5-Methyl-3-phenyl-1H-pyrrole-2-carboxylate

(22). To a solution of 21% w/w NaOEt in EtOH (3.8 mL, 10.12
mmol, 1.0 equiv) at room temperature, was added the β-keto-enamine
21 (2.5 g, 10.12 mmol, 1.0 equiv); the reaction mixture was heated to
reflux for 2 h. After cooling to rt, the reaction mixture was slowly
poured into water (50 mL). The aqueous phase was extracted with
EtOAc (3 × 50 mL), and the combined organic extracts were dried
over Na2SO4, filtered, and concentrated in vacuo. The crude residue
was purified by silica gel FCC (EtOAc in cyclohexane, 0−30%) to
afford the desired compound 22 in 22% yield (510 mg, 2.22 mmol) as
a white amorphous solid.

1H NMR (400 MHz, CDCl3) δ 9.15 (br s, 1H), 7.57−7.54 (m,
2H), 7.38−7.34 (m, 2H), 7.31− 7.27 (m, 1H), 6.07 (‘dd’, J = 3.0, 0.8
Hz, 1H), 4.25 (q, J = 7.1 Hz, 2H), 2.34 (s, 3H), 1.25 (t, J = 7.1 Hz,
3H). 13C NMR (101 MHz, CDCl3) δ 161.3, 135.5, 133.0, 132.7,
129.6, 127.7, 126.9, 116.7, 111.2, 60.2, 14.4, 13.2. HRMS (TOF,
ESI+) m/z: [M + Na]+ calcd. for C14H15NO2Na, 252.0995; found,
252.0996.
4.7.3. 5-Methyl-3-phenyl-1H-pyrrole-2-carboxylic Acid (PyC

1). To a solution of the ethyl ester 22 (150 mg, 0.66 mmol, 1.0 equiv)
in THF (4.4 mL) and EtOH (2.2 mL) was added 2.5 M NaOH (2.1
mL, 5.24 mmol, 8.0 equiv) at room temperature. The reaction
mixture was stirred at room temperature for 16 h, then acidified with
2 M HCl and extracted with EtOAc (2 × 30 mL). The organic
fractions were combined, dried over Na2SO4, filtered, then
concentrated in vacuo. The residue was suspended in CH2Cl2 and
the resulting precipitate was collected under suction filtration. The
precipitate was washed with CH2Cl2 to afford the desired compound
PyC 1 in 44% yield (58 mg, 0.29 mmol), as a white crystalline solid.

M.p.: 145−146 °C. 1H NMR (500 MHz, DMSO-d6) δ 11.43 (br s,
1H), 7.50−7.48 (m, 2H), 7.32−7.28 (m, 2H), 7.23−7.20 (m, 1H),
5.98 (d, J = 2.6 Hz, 1H), 2.21 (s, 3H); 13C NMR (126 MHz, DMSO-
d6) δ 161.9, 135.9, 132.5, 131.4, 129.2, 127.5, 126.2, 116.2, 110.2,
12.5. HRMS (TOF, ESI−) m/z: [M − H]− calcd. for C12H10NO2,
200.0717; found, 200.0717.

4.8. Synthesis of 3-Phenyl-1H-pyrrole-2-carboxylic Acid
(PyC 2)

4.8.1. Methyl 3-Phenyl-1H-pyrrole-2-carboxylate (25). Meth-
yl 3-bromo-1H-pyrrole-2-carboxylate (23) (100 mg, 0.49 mmol, 1.0
equiv), phenyl boronic acid (24) (90 mg, 0.74 mmol, 1.5 equiv),
potassium carbonate (271 mg, 1.96 mmol, 4.0 equiv) and Pd(dppf)-
Cl2·CH2Cl2 (40 mg, 0.05 mmol, 0.1 equiv) were mixed in a vial under
an inert atmosphere. To this mixture were added 1,4-dioxane (2.0 mL,
N2-purged) and water (0.5 mL, N2-purged with sonication). The
sealed microwave vial containing the reaction mixture was heated at
100 °C in an oil bath for 12 h with stirring. After cooling to room
temperature, the reaction mixture was filtered through a pad of Celite
eluting with EtOAc. The organic layer was then washed with brine
(20 mL × 2), dried over Na2SO4, filtered, and concentrated in vacuo.
The residue was purified by silica gel FCC to afford the desired
compound 25 in 84% yield (83 mg, 0.41 mmol) as a white crystalline
solid. The spectral data are in accord with those reported in the
literature.76

4.8.2. 3-Phenyl-1H-pyrrole-2-carboxylic Acid (PyC 2). Gen-
eral Procedure D for ester hydrolysis was followed using methyl
pyrrole ester 25 (150 mg, 0.75 mmol, 1.0 equiv) to afford the desired
pyrrole carboxylic acid PyC 2 in 43% yield (60 mg, 0.32 mmol) as a
white crystalline solid.

M.p.: 166−167 °C (melted and charred). 1H NMR (600 MHz,
DMSO-d6) δ 12.26 (s, 1H), 11.67 (s, 1H), 7.58−7.46 (m, 2H), 7.35−
7.28 (m, 2H), 7.26−7.19 (m, 1H), 6.96 (t, J = 2.8 Hz, 1H), 6.25 (t, J
= 2.5 Hz, 1H). 13C NMR (151 MHz, DMSO-d6) δ 162.0, 135.7,
130.6, 129.2, 127.5, 126.2, 122.3, 118.0, 111.4.77 HRMS (TOF, ESI+)
m/z: [M + Na]+ calcd. for C11H9NO2Na, 210.0526; found, 210.0531.

4.9. Synthesis of
5-Acetyl-3-(2-hydroxypyridin-4-yl)-1H-pyrrole-2-carboxyl-
ic Acid (PyC 3)
4.9.1. 1-(tert-Butyl) 2-Methyl 3-(2-(benzyloxy)pyridin-4-yl)-

1H-pyrrole-1,2-dicarboxylate (27). To solution of methyl 3-
bromo-1H-pyrrole-2-carboxylate (23) (200 mg, 0.98 mmol, 1.0
equiv) and DMAP (6 mg, 0.050 mmol, 0.05 equiv) in anhyd
CH2Cl2 (5.0 mL) was added triethylamine (205 μL, 1.47 mmol, 1.5
equiv) and Boc2O (300 mg, 1.37 mmol, 1.4 equiv). The clear yellow
solution was stirred at rt for 18 h. The solution was diluted with
EtOAc and washed with 1 M aq HCl (×2) and brine. The organic
layer was dried over MgSO4, filtered and evaporated to dryness under
reduced pressure. To the remaining yellow oil was added 2-
(benzyloxy)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine
(26) (366 mg, 1.18 mmol, 1.2 equiv), Pd(dppf)Cl2·CH2Cl2 (80 mg,
0.098 mmol, 0.1 equiv) and Na2CO3 (312 mg, 1.18 mmol, 1.2 equiv)
and the vial was purged with argon. 1,4-Dioxane and water (4:1, 5.0
mL) were added to the solids and argon was bubbled through the
suspension for 10 min. The vial was placed in a preheated oil bath at
85 °C and stirred for 3 h. After cooling to rt, to the brown suspension
were added aq saturated NH4Cl and EtOAc. Layers were separated
and the organic layer was washed with water (×2) and brine, dried
over MgSO4, filtered and evaporated under reduced pressure. The
brown residue was purified by silica gel FCC (EtOAc in cyclohexane,
0−40%) to afford the desired compound 27 in 84% yield (338 mg,
0.83 mmol) as a yellow oil.

1H NMR (400 MHz, CDCl3) δ 8.15 (dd, J = 5.4, 0.8 Hz, 1H),
7.50−7.43 (m, 2H), 7.42−7.35 (m, 2H), 7.35−7.31 (m, 1H), 7.29 (d,
J = 3.3 Hz, 1H), 6.97 (dd, J = 5.4, 1.5 Hz, 1H), 6.91−6.86 (m, 1H),
6.36 (d, J = 3.3 Hz, 1H), 5.40 (s, 2H), 3.85 (s, 3H), 1.59 (s, 9H). 13C
NMR (101 MHz, CDCl3) δ 164.2, 163.4, 148.0, 147.0, 144.2, 137.5,
128.6, 128.1, 127.9, 127.9, 123.2, 122.3, 116.4, 111.2, 109.8, 85.6,
67.8, 52.8, 27.9. HRMS (ESI+) m/z [M + H]+ calculated for
C23H25N2O5, 409.1763; found, 409.1761.
4.9.2. 1-(tert-Butyl) 2-Methyl 3-(2-(benzyloxy)pyridin-4-yl)-

5-bromo-1H-pyrrole-1,2-dicarboxylate (29). To a solution of N-
Boc-pyrrole 27 (60 mg, 0.15 mmol, 1.0 equiv) in anhyd THF (1.0
mL) at −78 °C, was added freshly prepared solution of LiTMP in
THF (0.33 M, 0.57 mL, 1.3 equiv). The dark brown solution was
stirred at −78 °C for 30 min; a solution of 1,2-dibromotetrachloro-
ethane (28) (96 mg, 0.29 mmol, 2.0 equiv) in anhyd THF (0.5 mL)
was then added dropwise. Color of the solution changed from brown
to orange and it was stirred at −78 °C for 1 h. After warming up to
−20 °C, the reaction was quenched with AcOH (100 μL) and
warmed to rt. To the solution were added EtOAc and H2O; the layers
were separated and the organic layer was washed with water (×1) and
brine, dried over MgSO4 and evaporated under reduced pressure. The
resulting residue was purified by silica gel FCC (EtOAc in
cyclohexane, 0−40%) to afford the desired compound 29 in 61%
yield (44 mg, 0.09 mmol) as a colorless oil.

1H NMR (400 MHz, CDCl3) δ 8.16 (dd, J = 5.3, 0.7 Hz, 1H),
7.51−7.44 (m, 2H), 7.41−7.35 (m, 2H), 7.35−7.28 (m, 1H), 6.95
(dd, J = 5.3, 1.5 Hz, 1H), 6.89−6.85 (m, 1H), 6.35 (s, 1H), 5.40 (s,
2H), 3.75 (s, 3H), 1.64 (s, 9H). 13C NMR (101 MHz, CDCl3) δ
163.9, 160.6, 147.8, 146.5, 144.1, 137.5, 130.3, 128.6, 128.1, 128.0,
122.3, 117.7, 115.2, 111.2, 106.3, 87.0, 67.8, 52.2, 27.7. HRMS (ESI+)
m/z [M + H]+ calculated for C23H24

79BrN2O5, 487.0869; found,
487.0876.
4.9.3. Methyl 5-Acetyl-3-(2-hydroxypyridin-4-yl)-1H-pyr-

role-2-carboxylate (31). To a solution of bromo-pyrrole 29 (42
mg, 0.086 mmol, 1.0 equiv) and Pd(PPh3)Cl2 (6.0 mg, 0.009 mmol,
0.1 equiv) in anhydrous 1,4-dioxane (1.0 mL) was added 1-
ethoxyvinyltributyltin (30) (38 μL, 0.11 mmol, 1.3 equiv) under
argon atmosphere. The vial was placed in a preheated oil bath and the
clear yellow solution was stirred at 100 °C for 2 h. The vial was then
removed from the bath; to the resultant brown solution were added
water (1 mL) and 36% aq. HCl (36 μL, 0.43 mmol, 5.0 equiv); the
vial was then placed back in oil bath at 100 °C and the mixture was
stirred for 2 h. The yellow solution was cooled to rt and evaporated to
dryness under reduced pressure. The residue was purified by reverse
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phase (C18 column) FCC (acetonitrile in H2O, 5−80%), then
lyophilized to afford the desired compound 31 in 80% yield (18 mg,
0.07 mmol) as a white amorphous solid.

1H NMR (400 MHz, DMSO-d6) δ 12.54 (s, 1H), 11.62 (br s, 1H),
7.36 (dd, J = 6.8, 0.7 Hz, 1H), 7.22 (d, J = 2.6 Hz, 1H), 6.48 (dd, J =
1.8, 0.7 Hz, 1H), 6.35 (dd, J = 6.8, 1.8 Hz, 1H), 3.76 (s, 3H), 2.47 (s,
3H). 13C NMR (101 MHz, DMSO-d6) δ 188.5, 162.3, 160.4, 146.7,
134.2, 133.6, 127.6, 123.2, 118.2, 117.2, 107.2, 51.8, 26.5. HRMS
(ESI+) m/z [M + H]+ calculated for C13H13N2O4, 261.0875; found,
261.0879.
4.9.4. 5-Acetyl-3-(2-hydroxypyridin-4-yl)-1H-pyrrole-2-car-

boxylic Acid (PyC 3). To a suspension of methyl ester 31 (18
mg, 0.07 mmol, 1.0 equiv) in a mixture of 1,4-dioxane and water (1:1,
1.0 mL) was added anhydrous LiOH (17 mg, 0.35 mmol, 10 equiv);
the resultant turbid solution was stirred at rt for 24 h. The reaction
mixture was then diluted with water, acidified with 1 M aq HCl to pH
3 and evaporated to dryness. The resulting white residue was
dissolved in DMSO and subjected to purification by reverse phase
(C18 column) FCC (acetonitrile in H2O, 5−80%), and then
lyophilized to afford the desired carboxylic acid PyC 3 in 47% yield
(8 mg, 0.03 mmol) as a white amorphous solid.

1H NMR (400 MHz, DMSO-d6) δ 7.35 (dd, J = 6.8, 0.7 Hz, 1H),
7.17 (d, J = 2.6 Hz, 1H), 6.49 (dd, J = 1.8, 0.7 Hz, 1H), 6.36 (dd, J =
6.8, 1.8 Hz, 1H), 2.46 (s, 3H) (the exchangeable hydrogens are not
observed in the δ 0−11 ppm region). 13C NMR (101 MHz, DMSO-
d6) δ 188.4, 162.3, 161.5, 147.0, 134.1, 133.2, 127.1, 124.4, 118.3,
117.1, 107.3, 26.5. HRMS (ESI+) m/z [M + H]+ calculated for
C12H11N2O4, 247.0719; found, 247.0727.

4.10. Synthesis of
5-Acetyl-4-methyl-3-phenyl-1H-pyrrole-2-carboxylic Acid
(PyC 4a)
4.10.1. Ethyl 4-Methyl-3-phenyl-1H-pyrrole-2-carboxylate

(34). To a stirred solution of ethyl 2-isocyanoacetate (33) (0.74
mL, 6.74 mmol, 1.1 equiv) and trans-β-methyl-β-nitrostyrene (32)
(1.0 g, 6.13 mmol, 1.0 equiv) in THF (7.4 mL) and iPrOH (2.5 mL)
was added DBU (1.8 mL, 12.26 mmol, 2.0 equiv) dropwise, while
maintaining the reaction temperature between 10−20 °C using a
mixture of ice in water. The reaction mixture was then left to stir at
room temperature for 4 h. The resultant mixture was concentrated in
vacuo and the crude was treated with water and extracted with Et2O
(3 × 50 mL). The combined organic extracts were dried over Na2SO4,
filtered and concentrated in vacuo. The crude residue was purified by
silica gel FCC (EtOAc in cyclohexane, 0−20%) to afford the desired
compound 34 in 88% yield (1.2 g, 5.39 mmol) as a white amorphous
solid.

1H NMR (400 MHz, CDCl3) δ 9.11 (br s, 1H), 7.41−7.29 (m,
5H), 6.79−6.78 (m, 1H), 4.17 (q, J = 7.1 Hz, 2H), 2.01 (d, J = 0.9
Hz, 3H), 1.14 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ
161.4, 134.9, 131.2, 130.4, 127.6, 126.8, 120.5, 120.5, 119.0, 60.1,
14.2, 10.7. HRMS (APCI+) m/z: [M + H]+ calcd. for C14H15NO2,
229.1097; found, 229.1092.
4.10.2. Ethyl 5-Acetyl-4-methyl-3-phenyl-1H-pyrrole-2-car-

boxylate (36). To a solution of acetic anhydride (0.17 mL, 1.74
mmol, 2.0 equiv) in CH2Cl2 (5.0 mL) at 0 °C, boron trifluoride
etherate (BF3·OEt2) (0.16 mL, 1.31 mmol, 1.5 equiv) was added
dropwise and stirred at 0 °C for 10 min. To the resultant mixture,
pyrrole 34 (200 mg, 0.87 mmol, 1.0 equiv) was added portionwise;
the mixture stirred at 0 °C for 30 min, then at room temperature for 2
h. The reaction mixture was poured into water and extracted with
CH2Cl2 (3 × 30 mL). The organic fractions were washed with
saturated NaHCO3, dried over Na2SO4, filtered and concentrated in
vacuo. The residue obtained was purified by silica gel FCC (EtOAc in
cyclohexane, 0−20%) to afford the desired compound 36 in 92% yield
(217 mg, 0.80 mmol) as an orange amorphous solid.

1H NMR (400 MHz, CDCl3) δ 9.81 (br s, 1H), 7.42−7.32 (m,
3H), 7.27−7.25 (m, 2H), 4.18 (q, J = 7.1 Hz, 2H), 2.54 (s, 3H), 2.24
(s, 3H), 1.14 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ
188.9, 160.5, 133.6, 132.4, 130.9, 130.6, 127.8, 127.4, 125.4, 122.3,

60.9, 28.9, 14.1, 12.1. HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C16H18NO3, 272.1281; found, 272.1279.
4.10.3. 5-Acetyl-4-methyl-3-phenyl-1H-pyrrole-2-carboxylic

acid (PyC 4a). To a stirred solution of the ethyl ester 36 (200 mg,
0.74 mmol, 1.0 equiv) in THF/H2O (1:2, 7 mL) was added KOH
(160 mg, 2.95 mmol, 4.0 equiv); the resultant mixture was heated at
50 °C for 24 h. Upon completion of the reaction, the mixture was
cooled to room temperature, then acidified to pH 1 with 2 N HCl and
the resultant mixture was extracted with EtOAc (3 × 15 mL); the
combined organic extracts were dried over Na2SO4, filtered, and
concentrated in vacuo. The crude residue was purified by silica gel
FCC (MeOH in CH2Cl2, 0−8%) to afford the desired compound
PyC 4a in 50% yield (89 mg, 0.37 mmol) as an off-white crystalline
solid.

M.p.: 186−189 °C (melted and charred). 1H NMR (600 MHz,
DMSO-d6) δ 12.69 (br s, 1H), 11.86 (br s, 1H), 7.36 (t, J = 7.4 Hz,
2H), 7.30 (t, J = 7.2 Hz, 1H), 7.23 (d, J = 7.3 Hz, 2H), 2.53 (s, 3H),
2.09 (s, 3H); 13C NMR (151 MHz, DMSO-d6) δ 189.9, 161.7, 134.1,
130.8, 130.4, 130.4 127.6, 126.7, 125.3, 122.5, 28.5, 11.4. HRMS
(TOF, ESI+) m/z: [M + H]+ calcd. for C14H14NO3, 244.0968; found,
244.0969.

4.11. Synthesis of
5-Acetyl-1,4-dimethyl-3-phenyl-1H-pyrrole-2-carboxylic
Acid (PyC 4b)
4.11.1. Ethyl 1,4-Dimethyl-3-phenyl-1H-pyrrole-2-carboxy-

late (35). To a stirred suspension of the pyrrole 34 (250 mg, 1.09
mmol, 1.0 equiv) and K2CO3 (300 mg, 2.18 mmol, 2.0 equiv) in
DMF/1,4-dioxane (1:1, 4 mL) was added CH3I (0.48 mL, 7.64
mmol, 7.0 equiv); the resultant mixture was heated at 90 °C for 7 h.
The reaction mixture was cooled to room temperature, treated with
water and extracted with EtOAc (3 × 30 mL). The combined organic
extracts were dried over Na2SO4, filtered and concentrated in vacuo.
The obtained residue was purified by silica gel FCC (EtOAc in
cyclohexane, 0−10%) to afford the desired compound 35 in 85% yield
(225 mg, 0.93 mmol), as a colorless oil.

1H NMR (400 MHz, CDCl3) δ 7.40−7.35 (m, 2H), 7.33−7.26 (m,
3H), 6.65 (s, 1H), 4.06 (q, J = 7.1 Hz, 2H), 3.93 (s, 3H), 1.94 (d, J =
0.8 Hz, 3H), 0.97 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ
161.9, 136.5, 133.0, 130.3, 127.4, 127.3, 126.4, 119.6, 117.9, 59.5,
37.2, 13.8, 10.3; HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C15H18NO2 244.1332; found, 244.1334.
4.11.2. Ethyl 5-Acetyl-1,4-dimethyl-3-phenyl-1H-pyrrole-2-

carboxylate (37). To a solution of acetic anhydride (0.16 mL, 1.65
mmol, 2.0 equiv) in CH2Cl2 (5.0 mL) at 0 °C was added BF3·OEt2
(0.15 mL, 1.23 mmol, 1.5 equiv) dropwise; the resultant mixture was
stirred at 0 °C for 10 min. Pyrrole 35 (200 mg, 0.82 mmol, 1.0 equiv)
was then added portionwise, and the reaction was stirred at 0 °C for
30 min and at room temperature for 2 h. The reaction was quenched
with water and extracted with CH2Cl2 (3 × 30 mL). The combined
organic extracts were washed with saturated NaHCO3, dried over
Na2SO4, filtered, and concentrated in vacuo. The residue obtained was
purified by silica gel FCC (EtOAc in cyclohexane, 0−20%) to afford
the desired compound 37 in 96% yield (226 mg, 0.79 mmol), as a
white crystalline solid.

M.p.: 87−89 °C. 1H NMR (400 MHz, CDCl3) δ 7.38−7.29 (m,
3H), 7.17−7.14 (m, 2H), 4.08 (s, 3H), 4.01 (q, J = 7.1 Hz, 2H), 2.54
(s, 3H), 2.15 (s, 3H), 0.86 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz,
CDCl3) δ 191.5, 161.8, 135.3, 133.3, 131.6, 130.3, 127.8, 127.0, 126.2,
125.3, 60.6, 35.7, 31.7, 13.5, 13.1. HRMS (APCI+) m/z: [M + H]+
calcd. for C17H20NO3, 286.1438; found, 286.1438.
4.11.3. 5-Acetyl-1,4-dimethyl-3-phenyl-1H-pyrrole-2-car-

boxylic Acid (PyC 4b). To a stirred solution of ethyl ester 37
(200 mg, 0.70 mmol, 1.0 equiv) in THF/H2O (1:2, 9.0 mL) was
added KOH (160 mg, 2.8 mmol, 4.0 equiv); the resultant mixture was
heated at 50 °C for 24 h. Upon completion of the reaction, the
mixture was cooled to room temperature and acidified to pH 1 with 2
N HCl. The resulting mixture was extracted with EtOAc (3 × 30 mL),
and the combined organic layers were dried over Na2SO4, filtered, and
concentrated in vacuo. The crude residue was purified by silica gel
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FCC (MeOH in CH2Cl2, 0−10%) to afford the desired compound
PyC 4b in 79% yield (143 mg, 0.55 mmol) as a yellow crystalline
solid.

M.p.: 152−153 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.82 (br s,
1H), 7.40−7.35 (m, 2H), 7.33−7.28 (m, 1H), 7.18−7.15 (m, 2H),
3.93 (s, 3H), 2.50 (s, 3H, obscured by DMSO signal; confirmed by
HSQC), 2.08 (s, 3H); 13C NMR (126 MHz, DMSO-d6) δ 191.0,
162.6, 134.7, 132.5, 130.1, 129.6, 127.8, 126.7, 126.6, 124.4, 35.3,
31.3, 12.4. HRMS (TOF, ESI−) m/z: [M − H]− calcd. for
C15H14NO3, 256.0979; found, 256.0978.

4.12. Synthesis of
3-(3,5-Dichlorophenyl)-4-methyl-5-phenyl-1H-pyrrole-2--
carboxylic Acid (PyC 6)
4.12.1. Methyl 4-Methyl-5-phenyl-1H-pyrrole-2-carboxylate

(40a). α-Methyl-trans-cinnamaldehyde (38a) (0.50 mL, 3.6 mmol,
1.0 equiv) was added dropwise to a solution of NaOMe (0.5 N in
MeOH, 10.8 mL, 5.4 mmol, 1.5 equiv) at −20 °C. Methyl 2-
azidoacetate (39a) (1.4 mL, 14.3 mmol, 4.0 equiv) was then added
dropwise at −20 °C over several minutes; the reaction mixture was
warmed to 0 °C and stirred for 4 h at 0 °C. The reaction mixture was
concentrated in vacuo, then H2O (200 mL) followed by Et2O (200
mL) were added. The organic phase was separated and the aqueous
phase was extracted with Et2O (2 × 200 mL). The combined organic
layers were washed with brine, dried over MgSO4, filtered, and
concentrated in vacuo. The crude mixture was purified by silica gel
FCC (CH2Cl2 in cyclohexane with 1% v/v NEt3, 0−20%). The
product, obtained as a mixture with the starting material, was
combined, concentrated in vacuo, and resubjected to column
purification (CH2Cl2/cyclohexane, 0−25%) to afford the desired
compound 40a in 37% yield (287 mg, 1.33 mmol) as a white
crystalline solid.

M.p.: 114−116 °C. 1H NMR (400 MHz, CDCl3) δ 9.57 (br s, 1H),
7.53−7.51 (m, 2H), 7.45−7.41 (m, 2H), 7.35−7.30 (m, 1H), 6.82 (d,
J = 2.6 Hz, 1H), 3.81 (s, 3H), 2.26 (s, 3H); 13C NMR (101 MHz,
CDCl3) δ 162.0, 134.1, 132.4, 128.8, 127.5, 127.2, 121.2, 118.4, 118.3,
51.6, 12.6. HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for C13H14NO2,
216.1019; found, 216.1019.
4.12.2. Methyl 3-Iodo-4-methyl-5-phenyl-1H-pyrrole-2-car-

boxylate (41a). Following General Procedure A, pyrrole 40a (720
mg, 3.33 mmol, 1.0 equiv) was subjected to iodination. Purification by
silica gel FCC (EtOAc in cyclohexane, 0−10%) afforded the desired
compound 41a in 69% yield (774 mg, 2.27 mmol) as a white
crystalline solid.

M.p.: 147−149 °C. 1H NMR (400 MHz, CDCl3) δ 9.22 (br s, 1H),
7.48−7.43 (m, 4H), 7.39−7.35 (m, 1H), 3.90 (s, 3H), 2.21 (s, 3H);
13C NMR (101 MHz, CDCl3) δ 160.8, 133.8, 131.8, 129.0, 128.3,
127.6, 123.0, 122.2, 77.6, 51.7, 14.4. HRMS (TOF, ESI−) m/z: [M −
H]− calcd. for C13H11INO2, 339.9840; found, 339.9840.
4.12.3. Methyl 3-(3,5-Dichlorophenyl)-4-methyl-5-phenyl-

1H-pyrrole-2-carboxylate (6a). A mixture of iodo-pyrrole 41a (750
mg, 2.19 mmol, 1.0 equiv), 3,5-dichlorophenylboronic acid (42a)
(500 mg, 2.62 mmol, 1.2 equiv), and 2 M aqueous Na2CO3 (4.4 mL)
in 1,4-dioxane (20.0 mL) was purged with argon, and Pd(dppf)Cl2
(69 mg, 0.09 mmol, 0.04 equiv) was added. After addition of the
catalyst, the reaction mixture was again purged with argon, then
heated at 80 °C for 4 h. Upon completion of the reaction, the mixture
was cooled to room temperature and filtered through a pad of
Decalite, eluting with EtOAc and water. The filtrate was partitioned
between 1 M HCl and EtOAc, and the organic layer was dried over
Na2SO4, filtered, and concentrated in vacuo. The crude residue was
purified by silica gel FCC (EtOAc in cyclohexane, 0−15%) to obtain
the desired compound 6a in 94% yield (742 mg, 2.06 mmol) as a
white crystalline solid.

M.p.: 164−166 °C. 1H NMR (600 MHz, DMSO-d6) δ 12.02 (s,
1H), 7.60−7.53 (m, 3H), 7.50−7.43 (m, 2H), 7.39−7.33 (m, 3H),
3.65 (s, 3H), 1.99 (s, 3H); 13C NMR (151 MHz, DMSO-d6) δ 160.4,
138.7, 133.6, 133.1, 131.5, 128.9, 128.9, 128.4, 128.2, 127.5, 126.2,
118.0, 116.6, 50.9, 10.6. HRMS (TOF, ESI+) m/z: [M + Na]+ calcd.
for C19H15NO2

35Cl2Na, 382.03721; found, 382.03717.

4.12.4. 3-(3,5-Dichlorophenyl)-4-methyl-5-phenyl-1H-pyr-
role-2-carboxylic Acid (PyC 6). To a solution of methyl ester 6a
(200 mg, 0.56 mmol, 1.0 equiv) in THF (2.4 mL), MeOH (1.0 mL),
and H2O (1.0 mL) was added LiOH·H2O (117 mg, 2.78 mmol, 5.0
equiv); the reaction mixture was stirred at room temperature for 48 h.
Upon completion of the reaction, the mixture was acidified to pH 2
with 2 M HCl and extracted with EtOAc (2 × 30 mL). The combined
organic extracts were dried over Na2SO4, filtered, and concentrated in
vacuo. The residue was purified by silica gel FCC (MeOH in CH2Cl2,
0−5%) to obtain the desired compound PyC 6 in 87% yield (174 mg,
0.48 mmol) as a light pink crystalline solid.

M.p.: 167−169 °C. 1H NMR (600 MHz, DMSO-d6) δ 12.28 (s,
1H), 11.84 (s, 1H), 7.58−7.56 (m, 2H), 7.53 (t, J = 1.9 Hz, 1H),
7.46−7.44 (m, 2H), 7.36−7.33 (m, 3H), 1.99 (s, 3H); 13C NMR
(151 MHz, DMSO-d6) δ 161.6, 139.1, 133.0, 132.9, 131.7, 129.1,
128.3, 128.2, 128.1, 127.2, 126.0, 119.3, 116.4, 10.7. HRMS (TOF,
ESI−) m/z: [M − H]− calcd. for C18H12NO2

35Cl2, 344.0251; found,
344.0246.

4.13.
2-(3-Fluoro-4-((methylsulfonyl)methyl)-
phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (42b)
A round-bottom flask conta ining 4-bromo-2-fluoro-1-
((methylsulfonyl)methyl)benzene15 (50 mg, 0.19 mmol, 1.0 equiv),
bis(pinacolato)diboron (95 mg, 0.37 mmol, 2.0 equiv), Pd(PPh3)2Cl2
(8 mg, 0.01 mmol, 0.06 equiv), and KOAc (73 mg, 0.75 mmol, 4.0
equiv) was purged with N2. Anhydrous 1,4-dioxane (7.0 mL, N2-
purged) was then added and the reaction mixture was heated at 90 °C
for 12 h. After cooling to room temperature, the reaction mixture was
filtered through Celite, eluting with EtOAc. The filtrate was washed
with brine and the organic layer was separated; the aqueous phase was
extracted with EtOAc (2 × 30 mL). The combined organic extracts
were dried over Na2SO4, filtered, and concentrated in vacuo. The
crude residue was purified by silica gel FCC (EtOAc in cyclohexane,
10−50%) to afford the product S1 in 86% yield (51 mg, 0.161 mmol)
as a white crystalline solid.

M.p.: 123−125 °C. 1H NMR (600 MHz, DMSO-d6) δ 7.54−7.50
(m, 2H), 7.41 (“d”, J = 9.9 Hz, 1H), 4.58 (s, 2H), 3.00 (s, 3H), 1.29
(s, 12H); 13C NMR (151 MHz, DMSO-d6) δ 160.6 (d, JC−F = 249.6
Hz), 133.0 (d, JC−F = 2.4 Hz), 130.3 (d, JC−F = 3.3 Hz), 120.4 (d, JC−F
= 19.8 Hz), 119.5 (d, JC−F = 15.2 Hz), 84.1, 53.2, 40.0, 24.6 (ArCB
was not observed).78 19F NMR (565 MHz, DMSO-d6) δ −116.67
(dd, JF−H = 9.5, 6.4 Hz). HRMS (TOF, ESI+) m/z: [M + H]+ calcd.
for C14H21BFO4S, 315.1232; found, 315.1227.

4.14. Synthesis of
3-(3-Fluoro-4-((methylsulfonyl)methyl)-
phenyl)-4-methyl-5-phenyl-1H-pyrrole-2-carboxylic Acid
(PyC 7)
4.14.1. Ethyl 4-Methyl-5-phenyl-1H-pyrrole-2-carboxylate

(40b). A solution of α-methyl-trans-cinnamaldehyde (38a) (1.43
mL, 10.1 mmol, 1.0 equiv) in anhyd EtOH (5.0 mL) was added
dropwise to a cooled solution (−20 °C, acetonitrile/dry ice bath) of
21% w/w NaOEt in EtOH (5.6 mL, 15.1 mmol, 1.5 equiv). 25% w/w
ethyl 2-azidoacetate (39b) in EtOH (24.0 mL, 40.2 mmol, 4.0 equiv)
was then added dropwise over 1 h in 5 min intervals to the mixture.
The reaction mixture was warmed to −10 °C and stirred at this
temperature for 4 h, then at room temperature for 1 h. The reaction
was quenched with water (100 mL) and diluted with EtOAc (125
mL). The organic layer was separated, and the aqueous layer was
extracted with EtOAc (2 × 125 mL). The combined organic extracts
were dried over Na2SO4, filtered, and concentrated in vacuo. The
resulting residue was purified by silica gel FCC (EtOAc in
cyclohexane, 0−10%) to give the desired compound 40b in 54%
yield (1.25 g, 5.45 mmol) as a bright yellow crystalline solid.

M.p.: 94−98 °C. 1H NMR (400 MHz, CDCl3) δ 10.09 (br s, 1H),
7.59−7.56 (m, 2H), 7.46−7.43 (m, 2H), 7.36−7.32 (m, 1H), 6.88 (d,
J = 2.6 Hz, 1H), 4.27 (q, J = 7.1 Hz, 2H), 2.30 (s, 3H), 1.34 (t, J = 7.1
Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 161.4, 133.6, 132.4, 129.0,
127.5, 127.1, 121.6, 118.4, 118.2, 60.4, 14.6, 12.6. HRMS (TOF,
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ESI+) m/z: [M + H]+ calcd. for C14H16NO2, 230.1176; found,
230.1175.
4.14.2. Ethyl 3-Iodo-4-methyl-5-phenyl-1H-pyrrole-2-car-

boxylate (41b). Following General Procedure A, compound 40b
(128 mg, 0.56 mmol, 1.0 equiv) was subjected to iodination.
Purification by silica gel FCC (EtOAc in cyclohexane, 0−10%)
afforded the desired compound 41b in 92% yield (182 mg, 0.51
mmol) as a beige crystalline solid.

M.p: 182−185 °C. 1H NMR (400 MHz, CDCl3) δ 9.50 (br s, 1H),
7.45−7.44 (m, 4H), 7.39−7.34 (m, 1H), 4.32 (q, J = 7.1 Hz, 2H),
2.21 (s, 3H), 1.39 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3)
δ 160.4, 133.7, 131.9, 129.0, 128.2, 127.6, 122.9, 122.3, 77.5, 60.9,
14.5, 14.4. HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C14H15INO2, 356.0142; found, 356.0139.
4.14.3. Ethyl 3-(3-Fluoro-4-((methylsulfonyl)methyl)-

phenyl)-4-methyl-5-phenyl-1H-pyrrole-2-carboxylate (7a).
General Procedure B for Suzuki−Miyaura cross coupling was
followed using iodo-pyrrole 41b (84 mg, 0.24 mmol, 1.0 equiv) and
pinacol-boronate ester 42b (89 mg, 0.28 mmol, 1.2 equiv).
Purification by silica gel FCC (EtOAc in cyclohexane, 0−40%)
afforded the desired compound 7a in 88% yield (86 mg, 0.21 mmol),
as a white crystalline solid.

M.p.: 189−191 °C. 1H NMR (700 MHz, DMSO-d6) δ 11.94 (s,
1H), 7.59−7.57 (m, 2H), 7.49−7.45 (m, 3H), 7.37−7.35 (m, 1H),
7.24 (dd, J = 10.9, 1.6 Hz, 1H), 7.20 (dd, J = 7.8, 1.7 Hz, 1H), 4.59 (s,
2H), 4.09 (q, J = 7.1 Hz, 2H), 3.03 (s, 3H), 2.01 (s, 3H), 1.08 (t, J =
7.1 Hz, 3H); 13C NMR (176 MHz, DMSO-d6) δ 160.3, 160.2 (d, JC−F
= 246.4 Hz), 138.0 (d, JC−F = 8.8 Hz), 133.5, 132.1 (d, JC−F = 3.6
Hz), 131.7, 129.9, 128.4, 128.3, 127.4, 126.6 (d, JC−F = 2.8 Hz), 118.3,
117.5 (d, JC−F = 21.8 Hz), 116.5, 114.1 (d, JC−F = 15.4 Hz), 59.5,
53.0, 40.0, 14.0, 10.9; 19F NMR (565 MHz, DMSO-d6) δ −117.42 to
− 117.54 (m). HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C22H23FNO4S, 416.1326; found, 416.1326.
4.14.4. 3-(3-Fluoro-4-((methylsulfonyl)methyl)phenyl)-4-

methyl-5-phenyl-1H-pyrrole-2-carboxylic Acid (PyC 7). Gen-
eral Procedure D for ester hydrolysis was followed using ethyl ester
7a (50 mg, 0.12 mmol, 1.0 equiv) to afford the desired carboxylic acid
PyC 7 in 48% yield (24 mg, 0.062 mmol) as a beige crystalline solid.

M.p.: 163−165 °C. 1H NMR (600 MHz, DMSO-d6) δ 12.13 (br s,
1H), 11.76 (br s, 1H), 7.58 (dd, J = 8.2, 1.4 Hz, 2H), 7.47−7.44 (m,
3H), 7.34 (tt, J = 7.2, 1.2 Hz, 1H), 7.23−7.19 (m, 2H), 4.57 (s, 2H),
3.04 (s, 3H), 2.00 (s, 3H); 13C NMR (151 MHz, DMSO-d6) δ 161.6,
160.1 (d, JC−F = 246.6 Hz), 138.2, 132.8, 132.0 (d, JC−F = 3.8 Hz),
131.8, 129.4, 128.3, 128.1, 127.1, 126.6, 117.4 (d, JC−F = 21.6 Hz),
116.3, 113.8 (d, JC−F = 15.6 Hz), 53.0, 40.1 (d, JC−F = 2.6 Hz), 10.9
(one quaternary carbon was not observed); 19F NMR (377 MHz,
DMSO-d6) δ −117.4 (dd, JF−H = 12.0, 8.4 Hz). HRMS (TOF, ESI+)
m/z: [M + H]+ calcd. for C20H19FNO4S, 388.1013; found, 388.1014.

4.15.
1-(4-Bromophenyl)-N,N-dimethylmethanesulfonamide
(42c′)
To a solution of (4-bromophenyl)methanesulfonyl chloride (42c″)
(1.00 g, 3.71 mmol, 1.0 equiv) in CH2Cl2 (20 mL) at 0 °C, were
added anhyd pyridine (0.59 mL, 7.42 mmol, 2.0 equiv) and
dimethylamine (2 M in THF, 2.23 mL, 4.45 mmol, 1.2 equiv). The
reaction mixture was allowed to warm at room temperature and
stirred for 16 h. After completion, the reaction was quenched by
addition of H2O (200 mL), extracted with CH2Cl2 (2 × 200 mL),
dried over Na2SO4, filtered and concentrated in vacuo. The combined
extracts were purified by silica gel FCC (EtOAc in cyclohexane, 0−
35%) to afford the desired compound 42c′ in 78% yield (800 mg,
2.88 mmol) as a yellow-white crystalline solid.

M.p.: 120−122 °C. 1H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 8.4
Hz, 2H), 7.20 (d, J = 8.4 Hz, 2H), 4.08 (s, 2H), 2.68 (s, 6H); 13C
NMR (101 MHz, CDCl3) δ 132.3, 132.0, 128.1, 123.0, 54.9, 37.8.
HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for C9H13

79BrNO2S,
277.9845; found, 277.9838.

4.16.
N,N-Dimethyl-1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborola-
n-2-yl)phenyl)methane Sulfonamide (42c)
A round-bottom flask containing aryl bromide 42c′ (500 mg, 1.8
mmol, 1.0 equiv), B2Pin2 (914 mg, 3.60 mmol, 2.0 equiv),
Pd(PPh3)2Cl2 (76 mg, 0.11 mmol, 0.06 equiv), and KOAc (706
mg, 7.20 mmol, 4.0 equiv) was placed under an inert atmosphere. N2-
purged anhyd 1,4-dioxane (60 mL) was added, and the reaction
mixture was heated at 90 °C for 12 h. After cooling to room
temperature, the reaction mixture was filtered through Celite, washing
with EtOAc several times. The filtrate was washed with brine, the
organic phase was separated, and the aqueous phase was extracted
with EtOAc (2 × 100 mL). The combined organic extracts were dried
over Na2SO4, filtered, and concentrated in vacuo. The crude residue
was purified by silica gel FCC (EtOAc in cyclohexane, 0−50%) to
afford the desired product 42c in 85% yield (495 mg, 1.52 mmol) as a
white crystalline solid.

M.p.: 124−126 °C. 1H NMR (600 MHz, CDCl3) δ 7.81 (d, J = 8.0
Hz, 2H), 7.40 (d, J = 8.0 Hz, 2H), 4.25 (s, 2H), 2.70 (s, 6H), 1.35 (s,
12H); 13C NMR (151 MHz, CDCl3) δ 135.3, 132.1, 130.1, 84.2, 56.4,
38.0, 25.0 (ArCB was not observed).78 HRMS (TOF, ESI+) m/z: [M
+ H]+ calcd. for C15H25BNO4S, 326.1592; found, 326.1584.

4.17. Synthesis of
3-(4-((N,N-Dimethylsulfamoyl)methyl)-
phenyl)-4-methyl-5-phenyl-1H-pyrrole-2-carboxylic Acid
(PyC 8)
4.17.1. Ethyl 3-(4-((N,N-Dimethylsulfamoyl)methyl)phenyl)-

4-methyl-5-phenyl-1H-pyrrole-2-carboxylate (8a). General
Procedure C for Suzuki−Miyaura cross coupling was followed
using iodo pyrrole 41b (300 mg, 0.85 mmol, 1.0 equiv) and pinacol
ester 42c (412 mg, 1.27 mmol, 1.5 equiv). Purification by silica gel
FCC (EtOAc in cyclohexane, 0−45%) afforded the desired
compound 8a in 67% yield (241 mg, 0.57 mmol) as a white
crystalline solid.

M.p.: 175−178 °C. 1H NMR (500 MHz, DMSO-d6) δ 11.80 (br s,
1H), 7.60−7.58 (m, 2H), 7.47−7.42 (m, 4H), 7.37−7.31 (m, 3H),
4.45 (s, 2H), 4.06 (q, J = 7.1 Hz, 2H), 2.73 (s, 6H), 1.97 (s, 3H), 1.08
(t, J = 7.1 Hz, 3H); 13C NMR (126 MHz, DMSO-d6) δ 160.4, 135.0,
133.4, 131.8, 131.2, 130.3, 129.9, 128.3, 128.1, 127.6, 127.3, 118.2,
116.4, 59.2, 53.2, 37.4, 14.0, 10.8. HRMS (TOF, ESI+) m/z: [M +
H]+ calcd. for C23H27N2O4S, 427.1686; found, 427.1686.
4.17.2. 3-(4-((N,N-Dimethylsulfamoyl)methyl)phenyl)-4-

methyl-5-phenyl-1H-pyrrole-2-carboxylic Acid (PyC 8). Gen-
eral Procedure D for ester hydrolysis was followed using ethyl ester
8a (150 mg, 0.35 mmol, 1.0 equiv) to afford the desired carboxylic
acid PyC 8 in 44% yield (62 mg, 0.16 mmol) as a white crystalline
solid.

M.p.: 148−150 °C. 1H NMR (600 MHz, DMSO-d6) δ 12.05 (br s,
1H), 11.61 (br s, 1H), 7.58 (“dt”, J = 8.2, 1.6 Hz, 2H), 7.45−7.43 (m,
2H), 7.40 (‘d’, J = 8.2 Hz, 2H), 7.34−7.31 (m, 3H), 4.43 (s, 2H), 2.72
(s, 6H), 1.97 (s, 3H); 13C NMR (151 MHz, DMSO-d6) δ 162.0,
135.3, 132.4, 132.4, 132.0, 130.4, 129.9, 128.3, 127.9, 127.3, 127.0,
116.2, 53.2, 37.4, 11.0 (one ArC quaternary was not observed).
HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for C21H23N2O4S,
399.1373; found, 399.1372.

4.18. Synthesis of
3-(4-Hydroxyphenyl)-4-methyl-5-phenyl-1H-pyrrole-2-car-
boxylic Acid (PyC 9)
4.18.1. Ethyl 3-(4-Hydroxyphenyl)-4-methyl-5-phenyl-1H-

pyrrole-2-carboxylate (9a). General Procedure C for Suzuki−
Miyaura cross coupling was followed using iodo-pyrrole 41b (300 mg,
0.85 mmol, 1.0 equiv) and 4-hydroxyphenylboronic acid (42d) (175
mg, 1.27 mmol, 1.5 equiv). Purification by silica gel FCC (EtOAc in
cyclohexane, 0−30%) afforded the desired compound 9a in 66% yield
(180 mg, 0.56 mmol) as a white crystalline solid.

M.p.: 190−192 °C. 1H NMR (500 MHz, DMSO-d6) δ 11.62 (s,
1H), 9.32 (s, 1H), 7.58 (“dd”, J = 8.4, 1.3 Hz, 2H), 7.46−7.43 (m,
2H), 7.35−7.32 (m, 1H), 7.10 (d, J = 8.5 Hz, 2H), 6.76 (d, J = 8.5
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Hz, 2H), 4.07 (q, J = 7.1 Hz, 2H), 1.97 (s, 3H), 1.10 (t, J = 7.1 Hz,
3H); 13C NMR (126 MHz, DMSO-d6) δ 160.5, 156.0, 133.1, 132.0,
132.0, 131.4, 128.3, 128.1, 127.1, 125.3, 118.0, 116.5, 114.2, 59.0,
14.1, 11.0. HRMS (TOF, ESI+) m/z: [M + Na]+ calcd. for
C20H19NO3Na, 344.1257; found, 344.1250.
4.18.2. 3-(4-Hydroxyphenyl)-4-methyl-5-phenyl-1H-pyr-

role-2-carboxylic Acid (PyC 9). General Procedure D for ester
hydrolysis was followed using ethyl ester 9a (80 mg, 0.25 mmol, 1.0
equiv) to afford the desired carboxylic acid PyC 9 in 45% yield (33
mg, 0.11 mmol) as a white crystalline solid.

M.p.: 164−168 °C. 1H NMR (600 MHz, DMSO-d6) δ 11.85 (br s,
1H), 11.48 (br s, 1H), 9.29 (s, 1H), 7.58−7.57 (m, 2H), 7.44−7.42
(m, 2H), 7.33−7.30 (m, 1H), 7.09 (d, J = 8.5 Hz, 2H), 6.75 (d, J =
8.5 Hz, 2H), 1.96 (s, 3H); 13C NMR (151 MHz, DMSO-d6) δ 162.0,
155.9, 132.5, 132.1, 131.6, 131.4, 128.3, 127.9, 126.9, 125.6, 118.6,
116.4, 114.2, 11.1. HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C18H16NO3, 294.1125; found, 294.1117.

4.19. Synthesis of
3-(4-(Carboxymethyl)-
phenyl)-4-methyl-5-phenyl-1H-pyrrole-2-carboxylic Acid
(PyC 11)
4.19.1. 2-(4-(2-(Ethoxycarbonyl)-4-methyl-5-phenyl-1H-pyr-

rol-3-yl)phenyl)acetic Acid (11a). General Procedure C for
Suzuki−Miyaura cross coupling was followed using iodo-pyrrole
41b (300 mg, 0.85 mmol, 1.0 equiv) and 4-(carboxymethyl)phenyl
boronic acid pinacol ester (42e) (332 mg, 1.27 mmol, 1.5 equiv).
Purification by silica gel FCC (EtOAc in cyclohexane, 0−50%)
afforded the desired compound 11a in 72% yield (221 mg, 0.61
mmol) as a white crystalline solid.

M.p.: 198−200 °C. 1H NMR (500 MHz, DMSO-d6) δ 12.33 (br s,
1H), 11.74 (br s, 1H), 7.59−7.57 (m, 2H), 7.48−7.44 (m, 2H),
7.37−7.33 (m, 1H), 7.28−7.24 (m, 4H), 4.07 (q, J = 7.1 Hz, 2H),
3.60 (s, 2H), 1.99 (s, 3H), 1.09 (t, J = 7.1 Hz, 3H); 13C NMR (126
MHz, DMSO-d6) δ 172.8, 160.4, 133.2, 133.2, 133.1, 131.9, 131.5,
130.2, 128.4, 128.3, 128.1, 127.2, 118.1, 116.4, 59.2, 40.6, 14.0, 10.9.
HRMS (TOF, ESI+) m/z: [M + Na]+ calcd. for C22H21NO4Na,
386.1363; found, 386.1361.
4.19.2. 3-(4-(Carboxymethyl)phenyl)-4-methyl-5-phenyl-

1H-pyrrole-2-carboxylic Acid (PyC 11). General Procedure E
for ester hydrolysis was followed using ethyl ester 11a (134 mg, 0.37
mmol, 1.0 equiv) to afford the carboxylic acid PyC 11 in 60% yield
(74 mg, 0.22 mmol) as a white crystalline solid.

M.p.: 137−139 °C. 1H NMR (600 MHz, DMSO-d6) δ 12.16 (br s,
1H), 11.61 (br s, 1H), 7.59−7.57 (m, 2H), 7.45−7.42 (m, 2H),
7.34−7.31 (m, 1H), 7.25 (‘s’, 4H), 3.59 (s, 2H), 1.97 (s, 3H); 13C
NMR (151 MHz, DMSO-d6) δ 172.7, 161.9, 133.5, 132.9, 132.6,
132.0, 131.1, 130.3, 128.4, 128.3, 128.0, 127.0, 118.8, 116.4, 40.5,
11.0. HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for C20H18NO4,
336.1230; found, 336.1223.
4.19.3. tert-Butyl 4-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxabor-

olan-2-yl)benzoyl)piperazine-1-carboxylate (42f). To a solution
of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoic acid79

(42f′) (1.00 g, 4.03 mmol, 1.0 equiv) in CH2Cl2 (10.0 mL) was
added diisopropylethylamine (2 M in NMP, 8.06 mL, 16.10 mmol,
4.0 equiv), followed by HBTU (1.83 g, 4.84 mmol, 1.2 equiv); the
reaction mixture was stirred for 5 min at room temperature. The
reaction mixture was cooled to 0 °C, and N-Boc-piperazine (826 mg,
4.43 mmol, 1.1 equiv) was then added portionwise to the reaction
mixture, after which the mixture was stirred overnight at room
temperature. After completion of reaction (as monitored by UPLC)
saturated aq NaHCO3 and CH2Cl2 were added. The organic layer was
separated, and the aqueous phase was extracted with CH2Cl2 (×2).
The combined organic extracts were dried over Na2SO4, filtered, and
concentrated in vacuo. The crude residue (orange gummy) was
purified by silica gel FCC (EtOAc in cyclohexane, 0−20%) to afford
the desired compound 42f in 43% yield (714 mg, 1.71 mmol) as a
white crystalline solid.

M.p.: 159−161 °C. 1H NMR (600 MHz, CDCl3) δ 7.85 (d, J = 7.9
Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 3.74 (‘br s’, 2H), 3.51 (‘br s’, 2H),

3.35 (‘br s’, 4H), 1.46 (s, 9H), 1.35 (s, 12H); 13C NMR (151 MHz,
CDCl3) δ 170.7, 154.7, 138.1, 135.1, 126.3, 84.2, 80.5, 47.6 (br), 42.1
(br), 28.5, 25.0 (ArCB was not observed).78 HRMS (TOF, ESI+) m/
z: [M + Na]+ calcd. for C22H33BN2O5Na, 439.2375; found, 439.2389.

4.20. Synthesis of
4-Methyl-5-phenyl-3-(4-(piperazine-1-carbonyl)-
phenyl)-1H-pyrrole-2-carboxylic Acid (PyC 12)
4.20.1. tert-Butyl 4-(4-(2-(Ethoxycarbonyl)-4-methyl-5-phe-

nyl-1H-pyrrol-3-yl)benzoyl)piperazine-1-carboxylate (12a).
General Procedure C for Suzuki−Miyaura cross coupling was
followed using iodo-pyrrole 41b (213 mg, 0.60 mmol, 1.0 equiv)
and pinacol-ester 42f (375 mg, 0.90 mmol, 1.5 equiv). Purification by
silica gel FCC (EtOAc in cyclohexane, 0−35%) afforded the desired
compound 12a in 77% yield (240 mg, 0.46 mmol) as a white
crystalline solid.

M.p.: 207−208 °C. 1H NMR (600 MHz, CDCl3) δ 9.18 (br s, 1H),
7.54−7.52 (m, 2H), 7.48−7.44 (m, 6H), 7.38−7.35 (m, 1H), 4.17 (q,
J = 7.1 Hz, 2H), 3.74 (“br s”, 2H), 3.49 (“br s”, 6H), 2.10 (s, 3H),
1.48 (s, 9H), 1.14 (t, J = 7.1 Hz, 3H). 13C NMR (151 MHz, CDCl3)
δ 171.0, 161.1, 154.7, 137.0, 133.8, 133.3, 132.2, 131.8, 130.8, 129.0,
127.9, 127.5, 126.6, 118.5, 117.8, 80.5, 60.3, 47.8 (br), 43.9 (br), 42.3
(br), 28.5, 14.3, 11.1. HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C30H36N3O5, 518.2649; found, 518.2671.
4.20.2. tert-Butyl 4-(4-(2-((Benzyloxy)carbonyl)-4-methyl-5-

phenyl-1H-pyrrol-3-yl)benzoyl)piperazine-1-carboxylate
(12b). To a round-bottom flask containing ethyl ester 12a (81 mg,
0.16 mmol, 1.0 equiv) under an inert atmosphere, was added anhyd
benzyl alcohol (7.0 mL) and titanium(IV) ethoxide (0.12 mL, 0.56
mmol, 3.6 equiv). The reaction mixture was heated for 20 h at 110 °C
until complete consumption of the starting material was observed (as
monitored by UPLC). After cooling, the reaction mixture was diluted
with EtOAc (15 mL), and washed with water (30 mL). The organic
layer was then dried over Na2SO4 and the volatiles were evaporated
under reduced pressure to afford crude mixture with residual benzyl
alcohol. The residue was purified by silica gel FCC (EtOAc in
cyclohexane, 0−35%) to afford the desired compound 12b in 59%
yield (54 mg, 0.093 mmol) as a white crystalline solid.

M.p.: 194−196 °C. 1H NMR (600 MHz, DMSO-d6) δ 11.97 (s,
1H), 7.60 (“dd”, J = 8.2, 1.1 Hz, 2H), 7.48−7.46 (m, 2H), 7.39−7.35
(m, 5H), 7.31−7.29 (m, 2H), 7.27−7.24 (m, 1H), 7.14 (“d”, J = 7.0
Hz, 2H), 5.15 (s, 2H), 3.59 (“br s”, 2H), 3.37 (“br s”, 6H) (partly
overlapped with H2O peak), 1.99 (s, 3H), 1.42 (s, 9H). 13C NMR
(151 MHz, DMSO-d6) δ 169.3, 160.2, 153.8, 136.6, 136.3, 133.8,
133.7, 131.7, 131.2, 130.3, 128.4, 128.2, 128.2, 127.5, 127.4, 127.3,
126.4, 117.9, 116.8, 79.2, 64.7, 28.0, 10.8 (Piperazine −CH2− did not
appear or too broad to detect). HRMS (TOF, ESI+) m/z: [M + H]+
calcd. for C35H38N3O5, 580.2806; found, 580.2797.
4.20.3. 4-Methyl-5-phenyl-3-(4-(piperazine-1-carbonyl)-

phenyl)-1H-pyrrole-2-carboxylic Acid (PyC 12). To a stirred
solution of compound 12b (21 mg, 0.04 mmol, 1.0 equiv) in CH2Cl2
(0.3 mL) was added trifluoracetic acid (0.3 mL); the reaction mixture
was stirred at room temperature for 2 h. The reaction mixture was
concentrated under reduced pressure, diluted with EtOAc, and
washed once with saturated aqueous NaHCO3. The organic layer was
separated, dried over Na2SO4, and concentrated in vacuo. The
resulting residue was dissolved in MeOH (2.0 mL), and NH3 (7 M in
MeOH, 0.1 mL) was added, followed by 10% Pd/C (4 mg, 0.004
mmol, 0.1 equiv) under stirring. The reaction vessel was purged with
N2 and placed under a H2 atmosphere. After 4 h, the reaction mixture
was filtered through Whatman filter paper and concentrated to form a
yellow solid. The solid was purified by reverse-phase (C18 column)
FCC (acetonitrile in H2O with 0.1% v/v formic acid, 0−100%), and
lyophilized to afford the desired carboxylic acid PyC 12 in 75% yield
over two steps (11 mg, 0.03 mmol) as a white crystalline solid
containing 0.5 equiv.alent formic acid.

M.p.: 177−180 °C. 1H NMR (600 MHz, DMSO-d6, 373 K) δ
7.61−7.60 (m, 2H), 7.45−7.43 (m, 2H), 7.39−7.35 (m, 4H), 7.34−
7.31(m, 1H), 3.48−3.46 (m, 4H), 2.77−2.75 (m, 4H), 2.02 (s, 3H).
13C NMR (151 MHz, DMSO-d6, 373 K) δ 168.9, 161.2, 136.4, 133.6,
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131.8, 131.6, 129.8, 129.6, 127.7, 127.3, 126.4, 125.4, 119.5, 115.7,
45.3, 45.3, 10.2. HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C23H24N3O3, 390.1812; found, 390.1825.

4.21.
3-(4-Carboxyphenyl)-4-methyl-5-phenyl-1H-pyrrole-2-car-
boxylic Acid (PyC 10)
To a stirred solution of ethyl ester 12a (100 mg, 0.19 mmol, 1.0
equiv) in dichloromethane (1.4 mL) was added trifluoroacetic acid
(1.4 mL); the reaction mixture was stirred at room temperature for 2
h. The reaction mixture was concentrated under reduced pressure,
diluted with ethyl acetate and washed once with saturated aqueous
NaHCO3 solution. The organic layer was dried over Na2SO4 and
concentrated under reduced pressure. With the residue, General
Procedure E for ester hydrolysis was followed (stirring for 24 h at 25
°C) to afford the desired carboxylic acid PyC 10 in 65% yield over
two steps (40 mg, 0.124 mmol) as a white crystalline solid.

M.p.: >210 °C. 1H NMR (600 MHz, DMSO-d6) δ 11.75 (s, 1H),
7.94−7.92 (m, 2H), 7.60−7.58 (m, 2H), 7.46−7.42 (m, 4H), 7.35−
7.32 (m, 1H), 1.98 (s, 3H); 13C NMR (151 MHz, DMSO-d6) δ
167.4, 161.8, 140.1, 132.9, 131.8, 130.6, 130.3, 128.8, 128.4, 128.3,
128.0, 127.1, 119.1, 116.3, 10.9. HRMS (TOF, ESI+) m/z: [M + H]+
calcd. for C19H16NO4, 322.1074; found, 322.1066.

4.22. Synthesis of
3-(4-((2-Aminoethyl)carbamoyl)-
phenyl)-4-methyl-5-phenyl-1H-pyrrole-2-carboxylic Acid
(PyC 13)
4.22.1. tert-Butyl (2-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxabor-

olan-2-yl)benzamido)ethyl)carbamate (42g). To a solution of 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoic acid79 (42f′)
(395 mg, 1.59 mmol, 1.0 equiv) in CH2Cl2 (3.0 mL) was added
diisopropylethylamine (2 M in NMP, 3.18 mL, 6.37 mmol, 4.0 equiv),
followed by HBTU (0.725 g,, 1.91 mmol, 1.2 equiv); the reaction
mixture was stirred for 5 min at room temperature. The reaction
mixture was cooled to 0 °C, and N-Boc-ethylenediamine (0.3 mL,
1.75 mmol, 1.1 equiv) was added portionwise, the mixture was then
warmed to room temperature and stirred overnight. After completion
of the reaction (as monitored by UPLC) saturated aqueous NaHCO3
and CH2Cl2 were added to the reaction mixture. The organic phase
was separated and the aqueous phase was extracted with CH2Cl2
(×2). The combined organic extracts were dried over Na2SO4,
filtered, then concentrated in vacuo. The resultant orange gum was
purified by silica gel FCC (EtOAc in cyclohexane, 0−40%) to afford
the desired compound 42g in 61% yield (377 mg, 1.59 mmol) as a
white crystalline solid.

M.p.: 143−145 °C. 1H NMR (600 MHz, CDCl3) δ 7.83 (d, J = 8.1
Hz, 2H), 7.79 (d, J = 8.1 Hz, 2H), 7.36 (br s, 1H), 5.16 (br s, 1H),
3.54−3.52 (m, 2H), 3.39−3.37 (m, 2H), 1.41 (s, 9H), 1.34 (s, 12H);
13C NMR (151 MHz, CDCl3) δ 167.9, 157.6, 136.5, 135.0, 126.3,
84.2, 80.1, 42.2, 40.1, 28.5, 25.0 (ArCB was not observed).78 HRMS
(TOF, ESI+) m/z: [M + Na]+ calcd. for C20H31BN2O5Na, 413.2218;
found, 413.2235.
4.22.2. Ethyl 3-(4-((2-((tert-Butoxycarbonyl)amino)ethyl)-

carbamoyl)phenyl)-4-methyl-5-phenyl-1H-pyrrole-2-carboxy-
late (13a). General Procedure C for Suzuki−Miyaura cross coupling
was followed using iodo-pyrrole 41b (215 mg, 0.61 mmol, 1.0 equiv)
and pinacol-ester 42g (354 mg, 0.91 mmol, 1.5 equiv). Purification by
silica gel FCC (EtOAc in cyclohexane, 0−55%), followed by
crystallization from chloroform gave the desired product 13a in
75% yield (222 mg, 0.45 mmol) as a white crystalline solid.

M.p.: 166−168 °C. 1H NMR (600 MHz, DMSO-d6) δ 11.86 (br s,
1H), 8.45 (br t, J = 5.5 Hz, 1H), 7.85 (d, J = 8.2 Hz, 2H), 7.59−7.58
(m, 2H), 7.48−7.45 (m, 2H), 7.40−7.34 (m, 3H), 6.92 (br t, J = 5.7
Hz, 1H), 4.08 (q, J = 7.1 Hz, 2H), 3.33−3.30 (“br m”, 2H)
(overlapped with H2O peak), 3.13 (“br q”, J = 6.2 Hz, 2H), 1.98 (s,
3H), 1.38 (s, 9H), 1.08 (t, J = 7.1 Hz, 3H); 13C NMR (151 MHz,
DMSO-d6) δ 166.8, 160.8, 156.2, 138.5, 133.9, 133.0, 132.2, 131.3,
130.7, 128.8, 128.7, 127.8, 126.8, 118.7, 116.9, 78.1, 59.7, 28.7, 14.5,
11.3 (methylene −CH2− peaks were obscured by DMSO signal).

HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for C28H34N3O5,
492.2493; found, 492.2506.
4.22.3. Benzyl 3-(4-((2-((tert-Butoxycarbonyl)amino)ethyl)-

carbamoyl)phenyl)-4-methyl-5-phenyl-1H-pyrrole-2-carboxy-
late (13b). To a round-bottom flask containing ethyl ester 13a (193
mg, 0.39 mmol, 1.0 equiv) under inert atmosphere, was added
anhydrous benzyl alcohol (17.5 mL) and titanium(IV) ethoxide (0.30
mL, 1.4 mmol, 3.6 equiv). The reaction mixture was heated for 20 h at
110 °C until the complete consumption of the starting material was
observed (as monitored by UPLC). After cooling, the reaction
mixture was diluted with EtOAc (30 mL), and washed once with
water (50 mL). The organic layer was then dried over Na2SO4, and
the volatiles were evaporated under reduced pressure to afford crude
mixture with residual benzyl alcohol. The residue was purified by
silica gel FCC (EtOAc in cyclohexane, 0−40%) to afford the desired
compound 13b in 56% yield (122 mg, 0.22 mmol) as a white
crystalline solid.

M.p.: 192−194 °C (charred). 1H NMR (600 MHz, DMSO-d6) δ
11.97 (br s, 1H), 8.45 (br t, J = 5.5 Hz, 1H), 7.83 (d, J = 8.2 Hz, 2H),
7.60−7.58 (m, 2H), 7.48−7.45 (m, 2H), 7.39−7.34 (m, 3H), 7.26−
7.23 (m, 3H), 7.09−7.07 (m, 2H), 6.92 (br t, J = 5.6 Hz, 1H), 5.13 (s,
2H), 3.35−3.32 (m, 2H, overlapped with H2O peak), 3.14 (‘br q’, J =
6.3 Hz, 2H), 1.97 (s, 3H), 1.38 (s, 9H); 13C NMR (151 MHz,
DMSO-d6) δ 166.7, 160.6, 156.2, 138.7, 136.7, 134.3, 133.1, 132.2,
131.8, 130.6, 128.8, 128.7, 128.6, 128.0, 127.9, 127.7, 127.0, 118.4,
117.2, 78.2, 65.3, 28.7, 11.2 (methylene −CH2− peaks obscured by
DMSO signal). HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C33H36N3O5, 554.2649; found, 554.2662.
4.22.4. 3-(4-((2-Aminoethyl)carbamoyl)phenyl)-4-methyl-5-

phenyl-1H-pyrrole-2-carboxylic Acid (PyC 13). To a stirred
solution of compound 13b (50 mg, 0.09 mmol, 1.0 equiv) in CH2Cl2
(0.7 mL) was added trifluoroacetic acid (0.7 mL); the reaction
mixture was stirred at room temperature for 3 h. The reaction mixture
was concentrated under reduced pressure, diluted with EtOAc and
washed once with saturated aqueous NaHCO3 solution. The organic
layer was separated, dried over Na2SO4, and concentrated in vacuo.
The residue was dissolved in MeOH (5.1 mL), and NH3 (7 M in
MeOH, 0.3 mL) was added, followed by addition of 10% Pd/C (10
mg, 0.01 mmol, 0.1 equiv) under stirring. The reaction vessel was
purged with N2 and placed under a H2 atmosphere. After 4 h, the
reaction mixture was filtered through Whatman filter paper and
concentrated to form a yellow solid. The solid was purified by reverse-
phase (C18 column) FCC (acetonitrile in H2O with 0.1% v/v formic
acid, 0−100%) and lyophilized to afford the desired carboxylic acid
PyC 13 in 52% yield over two steps (17 mg, 0.05 mmol) as white
crystalline solid containing 0.5 equiv.alent formic acid.

M.p.: 155−157 °C. 1H NMR (600 MHz, DMSO-d6) δ 11.05 (br s,
1H), 7.93 (d, J = 8.3 Hz, 2H), 7.56 (d, J = 7.2 Hz, 2H), 7.47 (d, J =
8.3 Hz, 2H), 7.41 (t, J = 7.8 Hz, 2H), 7.27 (t, J = 7.4 Hz, 1H), 3.50
(“br q”, J = 5.5 Hz, 2H), 2.96 (“br q”, J = 5.2 Hz, 2H), 2.00 (s, 3H);
13C NMR (151 MHz, DMSO-d6) δ 166.5, 160.3, 139.4, 132.7, 131.3,
130.5, 128.3, 127.6, 126.3, 126.2, 115.3, 38.6, 38.6, 11.3. HRMS
(TOF, ESI+) m/z: [M + H]+ calcd. for C21H22N3O3, 364.1656; found,
364.1661.

4.23. Synthesis of
3-(3,5-Dichlorophenyl)-4-ethyl-5-phenyl-1H-pyrrole-2-car-
boxylic Acid (PyC 14)
4.23.1. Ethyl 4-Ethyl-5-phenyl-1H-pyrrole-2-carboxylate

(40c). A solution of (E)-2-benzylidenebutanal (38b) (1.4 mL, 9.36
mmol, 1.0 equiv) in EtOH (5.0 mL) was added dropwise to a cooled
solution (−20 °C, acetonitrile/dry ice bath) of 21% w/w NaOEt in
EtOH (5.2 mL, 14 mmol, 1.5 equiv). 25% w/w ethyl 2-azidoacetate
(39b) in EtOH (22.0 mL, 37.4 mmol, 4.0 equiv) was then added
dropwise over 1 h in 5 min intervals to the mixture. The reaction
mixture was warmed to −10 °C and stirred at this temperature for 4
h, then at room temperature for 1 h. The reaction was quenched with
water (50 mL) and diluted with EtOAc (125 mL). The organic layer
was separated, and the aqueous layer was extracted with EtOAc (2 ×
125 mL). The combined organic extracts were dried over Na2SO4,
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filtered, and concentrated in vacuo. The resulting residue was purified
by silica gel FCC (EtOAc in cyclohexane, 0−20%) to afford the
desired product 40c in 27% yield (680 mg, 2.51 mmol) as a yellow-
white amorphous solid.

1H NMR (400 MHz, CDCl3) δ 9.31 (br s, 1H), 7.49−7.40 (m,
4H), 7.35−7.31 (m, 1H), 6.90 (d, J = 2.7 Hz, 1H), 4.29 (q, J = 7.1
Hz, 2H), 2.65 (q, J = 7.5 Hz, 2H), 1.35 (t, J = 7.1 Hz, 3H), 1.24 (t, J =
7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 161.5, 133.4, 132.5,
128.9, 127.6, 127.5, 125.4, 121.9, 116.1, 60.4, 19.7, 15.3, 14.6. HRMS
(TOF, ESI+) m/z: [M + H]+ calcd. for C15H18NO2, 244.1332; found,
244.1325.
4.23.2. Ethyl 4-Ethyl-3-iodo-5-phenyl-1H-pyrrole-2-carbox-

ylate (41c). Following General Procedure A, pyrrole 40c (435 mg,
1.79 mmol, 1.0 equiv) was subjected to iodination. Purification by
silica gel FCC (EtOAc in cyclohexane, 0−20%) afforded the desired
product 41c in 89% yield (587 mg, 1.59 mmol) as a beige crystalline
solid.

M.p.: 105−107 °C. 1H NMR (400 MHz, CDCl3) δ 9.42 (br s, 1H),
7.46−7.43 (m, 4H), 7.41−7.35 (m, 1H), 4.33 (q, J = 7.1 Hz, 2H),
2.60 (q, J = 7.5 Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H), 1.18 (t, J = 7.5 Hz,
3H); 13C NMR (101 MHz, CDCl3) δ 160.4, 133.6, 131.9, 129.0,
128.8, 128.3, 127.6, 122.4, 75.9, 60.8, 21.1, 15.3, 14.5. HRMS (TOF,
ESI+) m/z: [M + H]+ calcd. for C15H17INO2, 370.0299; found,
370.0293.
4.23.3. Ethyl 3-(3,5-Dichlorophenyl)-4-ethyl-5-phenyl-1H-

pyrrole-2-carboxylate (14a). General Procedure C for Suzuki−
Miyaura cross coupling was followed using iodo-pyrrole 41c (300 mg,
0.81 mmol, 1.0 equiv) and 3,5-dichlorophenylboronic acid (42a)
(233 mg, 1.22 mmol, 1.5 equiv). Purification by silica gel FCC
(EtOAc in cyclohexane, 0−6%) afforded the desired compound 14a
in 83% yield (289 mg, 0.68 mmol) as a white crystalline solid.

M.p.: 134−136 °C. 1H NMR (500 MHz, DMSO-d6) δ 11.98 (br s,
1H), 7.57−7.53 (m, 3H), 7.46 (“t”, J = 7.6 Hz, 2H), 7.39−7.35 (m,
3H), 4.07 (q, J = 7.1 Hz, 2H), 2.44 (q, J = 7.5 Hz, 2H), 1.06 (t, J = 7.1
Hz, 3H), 0.81 (t, J = 7.5 Hz, 3H); 13C NMR (126 MHz, DMSO-d6) δ
160.1, 139.3, 133.3, 133.1, 131.7, 128.9, 128.5, 128.3, 128.1, 127.6,
126.2, 123.1, 118.7, 59.4, 17.0, 15.5, 13.9. HRMS (TOF, ESI+) m/z:
[M + H]+ calcd. for C21H20

35Cl2NO2, 388.0866; found, 388.0859.
4.23.4. 3-(3,5-Dichlorophenyl)-4-ethyl-5-phenyl-1H-pyrrole-

2-carboxylic Acid (PyC 14). General Procedure D for ester
hydrolysis was followed using the ethyl ester 14a (189 mg, 0.49 mmol,
1.0 equiv) to afford the desired carboxylic acid PyC 14 in 42% yield
(74 mg, 0.21 mmol) as a white crystalline solid.

M.p.: 156−158 °C. 1H NMR (600 MHz, DMSO-d6) δ 12.19 (br s,
1H), 11.81 (br s, 1H), 7.55−7.53 (m, 3H), 7.46−7.44 (m, 2H),
7.37−7.34 (m, 3H), 2.42 (q, J = 7.5 Hz, 2H), 0.81 (t, J = 7.5 Hz, 3H);
13C NMR (151 MHz, DMSO-d6) δ 161.5, 139.6, 133.0, 132.6, 131.8,
128.8, 128.4, 128.1, 127.8, 127.4, 126.1, 123.0, 119.4, 17.0, 15.5.
HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for C19H16

35Cl2NO2,
360.0553; found, 360.0544.

4.24. Synthesis of
4-Ethyl-3-(3-fluoro-4-((methylsulfonyl)methyl)-
phenyl)-5-phenyl-1H-pyrrole-2-carboxylic Acid (PyC 15)
4.24.1. Ethyl 4-Ethyl-3-(3-fluoro-4-((methylsulfonyl)-

methyl)phenyl)-5-phenyl-1H-pyrrole-2-carboxylate (15a).
General Procedure C for Suzuki−Miyaura cross coupling was
followed using iodo-pyrrole 41c (300 mg, 0.81 mmol, 1.0 equiv)
and pinacol-ester 42b (383 mg, 1.22 mmol, 1.5 equiv). Purification by
silica gel FCC (EtOAc in cyclohexane, 0−25%) afforded the desired
compound 15a in 76% yield (256 mg, 0.62 mmol) as a beige
crystalline solid.

M.p.: 162−164 °C. 1H NMR (500 MHz, DMSO-d6) δ 11.89 (br s,
1H), 7.56−7.54 (m, 2H), 7.49−7.45 (m, 3H), 7.39−7.35 (m, 1H),
7.22−7.17 (m, 2H), 4.58 (s, 2H), 4.05 (q, J = 7.1 Hz, 2H), 3.02 (s,
3H), 2.45 (q, J = 7.4 Hz, 2H), 1.04 (t, J = 7.1 Hz, 3H), 0.81 (t, J = 7.4
Hz, 3H); 13C NMR (126 MHz, DMSO-d6) δ 161.2 (d, JC−F = 247.0
Hz), 160.2, 138.6 (d, JC−F = 8.7 Hz), 133.2, 132.1 (d, JC−F = 3.9 Hz),
131.9, 129.4, 128.4, 128.3, 127.6, 126.3 (d, JC−F = 3.0 Hz), 123.1,
118.5, 117.2 (d, JC−F = 21.7 Hz), 114.2 (d, JC−F = 15.4 Hz), 59.3,

53.0, 39.9, 17.1, 15.5, 13.9; 19F NMR (377 MHz, CDCl3) δ −112.64
(dd, JF−H = 10.5, 8.2 Hz). HRMS (TOF, ESI+) m/z: [M + H]+ calcd.
for C23H25FNO4S, 430.1483; found, 430.1480.
4.24.2. 4-Ethyl-3-(3-fluoro-4-((methylsulfonyl)methyl)-

phenyl)-5-phenyl-1H-pyrrole-2-carboxylic Acid (PyC 15). Gen-
eral Procedure E for ester hydrolysis was followed using ethyl ester
15a (286 mg, 0.67 mmol, 1.0 equiv) to afford the desired carboxylic
acid PyC 15 in 41% yield (110 mg, 0.27 mmol) as a white crystalline
solid.

M.p.: 185−187 °C. 1H NMR (600 MHz, DMSO-d6) δ 12.08 (br s,
1H), 11.73 (br s, 1H), 7.55−7.54 (m, 2H), 7.47−7.44 (m, 3H),
7.37−7.34 (m, 1H), 7.21−7.17 (m, 2H), 4.57 (s, 2H), 3.03 (s, 3H),
2.44 (q, J = 7.4 Hz, 2H), 0.80 (t, J = 7.4 Hz, 3H); 13C NMR (151
MHz, DMSO-d6) δ 161.6, 160.1 (d, JC−F = 246.9 Hz), 138.7 (d, JC−F
= 8.2 Hz), 132.6, 132.1, 132.0, 129.0, 128.4, 128.1, 127.3, 126.4,
123.1, 119.1, 117.2 (d, JC−F = 21.5 Hz), 113.9 (d, JC−F = 15.2 Hz),
53.0, 40.1, 17.1, 15.5; 19F NMR (565 MHz, DMSO-d6) δ −117.35 to
−117.43 (m). HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C21H21FNO4S, 402.1170, found, 402.1176.
4.25. Synthesis of
4-Ethyl-3-(4-fluorophenyl)-5-phenyl-1H-pyrrole-2-carbox-
ylic Acid (PyC 16)
4.25.1. Ethyl 4-Ethyl-3-(4-fluorophenyl)-5-phenyl-1H-pyr-

role-2-carboxylate (16a). General Procedure C for Suzuki−
Miyaura cross coupling was followed using iodo-pyrrole 41c (300
mg, 0.81 mmol, 1.0 equiv) and (4-fluorophenyl)boronic acid (42h)
(171 mg, 1.22 mmol, 1.5 equiv). Purification by silica gel FCC
(EtOAc in cyclohexane, 0−7%) afforded the desired compound 16a
in 81% yield (212 mg, 0.66 mmol) as a white crystalline solid.

M.p.: 118−120 °C. 1H NMR (400 MHz, DMSO-d6) δ 11.79 (s,
1H), 7.57−7.54 (m, 2H), 7.47−7.43 (m, 2H), 7.38−7.29 (m, 3H),
7.21−7.16 (m, 2H), 4.03 (q, J = 7.1 Hz, 2H), 2.42 (q, J = 7.4 Hz,
2H), 1.03 (t, J = 7.1 Hz, 3H), 0.80 (t, J = 7.4 Hz, 3H); 13C NMR
(101 MHz, DMSO-d6) δ 162.4 (d, JC−F = 243.4 Hz), 160.4, 133.0,
132.0, 131.9 (d, JC−F = 8.1 Hz), 131.8 (d, JC−F = 3.0 Hz), 130.2,
128.4, 128.2, 127.4, 123.3, 118.5, 114.2 (d, JC−F = 21.2 Hz), 59.1,
17.1, 15.5, 13.9; 19F NMR (376 MHz, DMSO-d6) δ −116.48 (tt, JF−H
= 9.1, 5.7 Hz). HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C21H21FNO2, 338.1551; found, 338.1552.
4.25.2. 4-Ethyl-3-(4-fluorophenyl)-5-phenyl-1H-pyrrole-2-

carboxylic Acid (PyC 16). General Procedure E for ester hydrolysis
was followed using ethyl ester 16a (195 mg, 0.58 mmol, 1.0 equiv) to
afford the desired carboxylic acid PyC 16 in 37% yield (67 mg, 0.22
mmol) as a white crystalline solid.

M.p.: 135−139 °C. 1H NMR (600 MHz, DMSO-d6) δ 11.98 (br s,
1H), 11.62 (s, 1H), 7.56−7.54 (m, 2H), 7.45−7.43 (m, 2H), 7.36−
7.30 (m, 3H), 7.19−7.16 (m, 2H), 2.41 (q, J = 7.4 Hz, 2H), 0.79 (t, J
= 7.5 Hz, 3H); 13C NMR (151 MHz, DMSO-d6) δ 161.8, 161.1 (d,
JC−F = 241.6 Hz), 132.4, 132.1, 132.0 (d, JC−F = 3.0 Hz), 131.9 (d,
JC−F = 7.6 Hz), 129.8, 128.4, 128.0, 127.2, 123.2, 119.1, 114.2 (d, JC−F
= 19.6 Hz), 17.1, 15.5; 19F NMR (565 MHz, DMSO-d6) δ −116.67
to −116.72 (m). HRMS (TOF, ESI+) m/z: [M + Na]+ calcd. for
C19H16FNO2Na, 332.1057; found, 332.1048.
4.26. Synthesis of
4-Cyano-3-(3-fluoro-4-((methylsulfonyl)methyl)-
phenyl)-5-phenyl-1H-pyrrole-2-carboxylic Acid (PyC 17)
4.26.1. Ethyl 2-Azido-5-phenylpenta-2,4-dienoate (39c).

trans-Cinnamaldehyde (38c) (0.45 mL, 3.6 mmol, 1.0 equiv) was
added dropwise to a solution of NaOEt (367 mg, 5.40 mmol, 1.5
equiv) in dry EtOH (7.0 mL) at −20 °C, followed by dropwise
addition over several minutes of a solution of ethyl 2-azidoacetate
(39b) (1.7 mL, 14.4 mmol, 4.0 equiv) dissolved in anhyd EtOH (4.0
mL). The reaction mixture was stirred at −20 °C for 1 h, warmed to
−10 °C for 3 h, and then stirred at room temperature for 1 h. The
reaction mixture was then concentrated in vacuo, diluted with EtOAc
(50 mL) and treated with ice-cold water (50 mL). The organic layer
was separated and the aqueous layer was extracted with EtOAc (2 ×
50 mL). The organic fractions were combined, dried over Na2SO4,
filtered, then concentrated in vacuo with the water bath maintained at
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∼30 °C in a fume cupboard. The resulting residue was purified by
silica gel FCC (EtOAc in cyclohexane, 0−20%) to afford the desired
compound 39c in 35% yield (240 mg, 0.97 mmol) as a yellow oil
which solidified on freezing.

1H NMR (500 MHz, CDCl3) δ 7.50−7.48 (m, 2H), 7.36 (dd, J =
8.3, 6.5 Hz, 2H), 7.32−7.29 (m, 1H), 7.18 (dd, J = 15.7, 11.3 Hz,
1H), 6.81 (d, J = 15.7 Hz, 1H), 6.76 (dd, J = 11.3, 0.9 Hz, 1H), 4.34
(q, J = 7.1 Hz, 2H), 1.39 (t, J = 7.2 Hz, 3H); 13C NMR (126 MHz,
CDCl3) δ 163.1, 138.9, 136.4, 128.9, 128.8, 127.3, 126.8, 125.7, 122.2,
62.0, 14.2. HRMS (TOF, ESI+) m/z: [M + Na]+ calcd. for
C13H13N3O2Na, 266.0900; found, 266.0892.
4.26.2. Ethyl 5-Phenyl-1H-pyrrole-2-carboxylate (40d). To a

round-bottom flask containing compound 39c (655 mg, 2.86 mmol,
1.0 equiv) in anhyd CH2Cl2 (3.0 mL) under an inert atmosphere, was
added ZnI2 (45 mg, 0.14 mmol, 0.05 equiv); the reaction mixture was
stirred at room temperature for 15 h. The reaction mixture was
concentrated in vacuo and the crude mixture was purified using silica
gel FCC (EtOAc in cyclohexane, 0−20%) to afford the desired
product 40d in 53% yield (325 mg, 1.51 mmol) as a yellow-white
crystalline solid.

M.p.: 114−116 °C. 1H NMR (600 MHz, CDCl3) δ 9.46 (br s, 1H),
7.59−7.57 (m, 2H), 7.41 (dd, J = 8.2, 7.4 Hz, 2H), 7.32−7.29 (m,
1H), 6.97 (dd, J = 3.9, 2.4 Hz, 1H), 6.54 (dd, J = 3.9, 2.4 Hz, 1H),
4.35 (q, J = 7.1 Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H); 13C NMR (151
MHz, CDCl3) δ 161.4, 136.9, 131.5, 129.1, 127.9, 124.9, 123.5, 116.8,
108.1, 60.6, 14.6. HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C13H14NO2, 216.1019; found, 216.1017.
4.26.3. Ethyl 4-Bromo-5-phenyl-1H-pyrrole-2-carboxylate

(43′). To a solution of pyrrole 40d (150 mg, 0.70 mmol, 1.0
equiv) in CH2Cl2 (20 mL) at −40 °C, was added N-
bromosuccinimide (99 mg, 0.56 mmol, 0.8 equiv) portionwise
under stirring; the resulting mixture was stirred for 3 h at −40 °C,
then 1 h at room temperature. The reaction mixture was washed with
brine (2 × 20 mL), organic layer was dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by silica gel FCC
(CH2Cl2 in cyclohexane, 0−20%) to give the monobrominated
product 43′ in 38% yield (78 mg, 0.27 mmol) as a beige amorphous
solid.

1H NMR (600 MHz, CDCl3) δ 9.79 (br s, 1H), 7.72−7.70 (m,
2H), 7.46−7.43 (m, 2H), 7.40−7.35 (m, 1H), 6.99 (d, J = 2.7 Hz,
1H), 4.26 (q, J = 7.1 Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H); 13C NMR
(151 MHz, CDCl3) δ 160.9, 134.1, 130.5, 128. 8, 128.5, 127.6, 122.6,
119.1, 96.3, 61.0, 14.5. HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C13H13

79BrNO2, 294.0124; found, 294.0119.
4.26.4. Ethyl 4-Cyano-5-phenyl-1H-pyrrole-2-carboxylate

(43). A 2 mL microwave vial containing bromo-pyrrole 43′ (100
mg, 0.34 mmol, 1.0 equiv), K4Fe(CN)6·3H2O (72 mg, 0.17 mmol, 0.5
equiv), tBuXPhos (2 mg, 0.005 mmol, 0.014 equiv), and tBuXPhos-
Pd-G3 (4 mg, 0.005 mmol, 0.014 equiv) was subjected to vacuum
then filled with N2 three times. Anhydrous 1,4-dioxane (0.5 mL, N2-
purged) and 0.05 M aqueous KOAc (0.5 mL, N2-purged with
sonication) were then added to the vial. The reaction mixture was
heated at 100 °C for 1.5 h, cooled to room temperature, diluted with
EtOAc, and washed with brine. The aqueous layer turned Prussian
blue in color. The organic phase was separated and the aqueous phase
was twice extracted with EtOAc. The combined organic extracts were
washed with brine, dried over Na2SO4, filtered, and concentrated in
vacuo. The crude residue was purified by silica gel FCC (EtOAc in
cyclohexane, 0−20%) to afford the desired product 43 in 72% yield
(59 mg, 0.25 mmol) as a white amorphous solid.

1H NMR (600 MHz, CDCl3) δ 9.91 (br s, 1H), 7.79−7.78 (m,
2H), 7.52−7.49 (m, 2H), 7.47−7.45 (m, 1H), 7.19 (d, J = 2.6 Hz,
1H), 4.33 (q, J = 7.2 Hz, 2H), 1.36 (t, J = 7.1 Hz, 3H); 13C NMR
(151 MHz, CDCl3) δ 160.5, 142.2, 130.1, 129.5, 128.8, 126.7, 123.8,
119.7, 116.2, 92.5, 61.6, 14.4. HRMS (TOF, ESI−) m/z: [M − H]−

calcd. for C14H11N2O2, 239.0826; found, 239.0827.
4.26.5. Ethyl 4-Cyano-3-iodo-5-phenyl-1H-pyrrole-2-car-

boxylate (45). Following General Procedure A, cyano-pyrrole 43
(38 mg, 0.16 mmol, 1.0 equiv) was subjected to iodination. After
workup, the crude residue afforded the desired compound 45 in

quantitative yield and was used directly in the subsequent Suzuki−
Miyaura coupling reaction without further purification.

1H NMR (700 MHz, DMSO-d6) δ 7.79−7.76 (m, 2H), 7.56−7.53
(m, 2H), 7.52−7.49 (m, 1H), 4.33 (q, J = 7.1 Hz, 2H), 1.34 (t, J = 7.1
Hz, 3H); 13C NMR (176 MHz, DMSO-d6) δ 158.9, 143.9, 130.0,
128.9, 128.1, 127.7, 125.0, 116.7, 100.4, 77.5, 60.9, 14.2. HRMS
(TOF, ESI+) m/z: [M + H]+ calcd. for C14H12IN2O2, 366.9938;
found, 366.9933.
4.26.6. Ethyl 4-Cyano-3-(3-fluoro-4-((methylsulfonyl)-

methyl)phenyl)-5-phenyl-1H-pyrrole-2-carboxylate (17a).
General Procedure B for Suzuki−Miyaura cross coupling was
followed using 4-cyano-3-iodo-pyrrole (45) (50 mg, 0.14 mmol, 1.0
equiv) and pinacol ester 42b (64 mg, 0.20 mmol, 1.5 equiv).
Purification by silica gel FCC (EtOAc in cyclohexane, 0−40%)
afforded the desired product 17a in 74% yield (43 mg, 0.10 mmol), as
a white amorphous solid.

1H NMR (600 MHz, DMSO-d6) δ 13.14 (s, 1H), 7.86−7.84 (m,
2H), 7.58−7.51 (m, 4H), 7.46 (dd, J = 10.7, 1.7 Hz, 1H), 7.39 (dd, J
= 7.9, 1.7 Hz, 1H), 4.62 (s, 2H), 4.18 (q, J = 7.1 Hz, 2H), 3.05 (s,
3H), 1.13 (t, J = 7.1 Hz, 3H); 13C NMR (151 MHz, DMSO-d6) δ
161.8 (d, JC−F = 247.6 Hz), 159.4, 141.9, 134.4 (d, JC−F = 8.9 Hz),
132.5 (d, JC−F = 3.7 Hz), 132.1 (d, JC−F = 2.0 Hz), 129.8, 128.9,
128.4, 127.7, 126.0 (d, JC−F = 3.1 Hz), 120.4, 117.2 (d, JC−F = 23.0
Hz), 116.0, 115.8 (d, JC−F = 15.3 Hz), 92.7, 60.5, 53.0, 40.1, 13.7; 19F
NMR (565 MHz, DMSO-d6) δ −116.60 to −116.64 (m). HRMS
(TOF, ESI+) m/z: [M + H]+ calcd. for C22H20FN2O4S, 427.1122;
found, 427.1129.
4.26.7. 4-Cyano-3-(3-fluoro-4-((methylsulfonyl)methyl)-

phenyl)-5-phenyl-1H-pyrrole-2-carboxylic Acid (PyC 17). To
a solution of ethyl ester 17a (18 mg, 0.04 mmol, 1.0 equiv) in EtOH
(0.5 mL) was added 4 M aqueous KOH (1 mL) at room temperature;
the resultant mixture was stirred at 40 °C for 12 h. Upon completion
of the reaction, the mixture was cooled to room temperature and
acidified to pH 2 with 4 N HCl and the aqueous layer was extracted
with EtOAc (×2). The combined organic extracts were dried over
Na2SO4, filtered, and concentrated in vacuo. The resulting residue was
purified by reverse phase (C18 column) FCC (acetonitrile in H2O
with 0.1% v/v formic acid, 0−100%) followed by lyophilization to
afford the desired product PyC 17 in 42% yield (7 mg, 0.0176 mmol)
as a yellow-white crystalline solid.

M.p.: 178−180 °C; 1H NMR (600 MHz, MeOH-d4) δ 7.85−7.83
(m, 2H), 7.59−7.48 (m, 4H), 7.44−7.40 (m, 2H), 4.55 (s, 2H), 2.98
(s, 3H); 13C NMR (151 MHz, MeOH-d4) δ 162.8, 162.0 (d, JC−F =
247.6 Hz), 143.4, 136.8 (d, JC−F = 8.8 Hz), 133.8, 133.5 (d, JC−F = 3.4
Hz), 130.8, 130.3, 130.1, 128.5, 127.5 (d, JC−F = 3.2 Hz), 122.6, 118.6
(d, JC−F = 23.3 Hz), 117.1, 117.1 (d, JC−F = 15.2 Hz), 94.0, 54.6 (d,
JC−F = 2.2 Hz), 40.1 (d, JC−F = 1.6 Hz); 19F NMR (565 MHz, MeOH-
d4) δ −118.74 to −118.77 (m). HRMS (TOF, ESI+) m/z: [M + H]+
calcd. for C20H16FN2O4S, 399.0809; found, 399.0801.

4.27. Synthesis of
4-Fluoro-3-(3-fluoro-4-((methylsulfonyl)methyl)-
phenyl)-5-phenyl-1H-pyrrole-2-carboxylic Acid (PyC 18)
4.27.1. Ethyl 4-Fluoro-5-phenyl-1H-pyrrole-2-carboxylate

(44). To a 5 mL microwave vial containing pyrrole 40d (70 mg,
0.33 mmol, 1.0 equiv) in acetonitrile (2.0 mL) was added Selectfluor
(160 mg, 0.46 mmol, 1.4 equiv). The reaction mixture was heated
under microwave irradiation at 100 °C for 5 min. After completion,
the reaction mixture was cooled to room temperature, quenched with
water, and extracted with CH2Cl2. The organic layer was separated,
and the aqueous layer was extracted with CH2Cl2 (×2). The
combined organic fractions were dried over Na2SO4, filtered, and
concentrated in vacuo. Purification of the crude residue by silica gel
FCC (EtOAc in cyclohexane, 0−8%) afforded a mixture of product
44 with the starting material 40d. Further purification by reverse-
phase (C18 column) FCC (acetonitrile in H2O with 0.1% v/v formic
acid, 0−100%), followed by lyophilization, afforded the desired
product 44 in 32% yield (24 mg, 0.103 mmol) as a white amorphous
solid.
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1H NMR (400 MHz, CDCl3) δ 9.27 (br s, 1H), 7.65−7.63 (m,
2H), 7.43 (td, J = 7.5, 1.2 Hz, 2H), 7.33−7.29 (m, 1H), 6.69 (d, J =
2.9 Hz, 1H), 4.33 (qd, J = 7.2, 0.8 Hz, 2H), 1.36 (td, J = 7.1, 0.8 Hz,
3H); 13C NMR (101 MHz, CDCl3) δ 161.3, 149.0 (d, JC−F = 246.7
Hz), 129.2 (d, JC−F = 4.2 Hz), 129.1, 127.8, 125.2 (d, JC−F = 4.7 Hz),
120.6 (d, JC−F = 19.4 Hz), 118.2 (d, JC−F = 7.0 Hz), 103.5 (d, JC−F =
16.0 Hz), 61.0, 14.5; 19F NMR (376 MHz, CDCl3) δ −158.82 (d, J =
2.1 Hz). HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for C13H13FNO2,
234.0925; found, 234.0925.
4.27.2. Ethyl 4-Fluoro-3-iodo-5-phenyl-1H-pyrrole-2-car-

boxylate (46). Following General Procedure A, fluoro-pyrrole 44
(12 mg, 0.05 mmol, 1.0 equiv) was subjected to iodination.
Purification of the crude residue by silica gel FCC (EtOAc in
cyclohexane, 0−8%) afforded the desired compound 46 in 85% yield
(38 mg, 0.11 mmol) as a white amorphous solid.

1H NMR (600 MHz, CDCl3) δ 9.36 (br s, 1H), 7.61 (d, J = 7.6 Hz,
2H), 7.46−7.44 (m, 2H), 7.34 (t, J = 7.4 Hz, 1H), 4.39 (q, J = 7.1 Hz,
2H), 1.42 (t, J = 7.1 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 160.3,
150.6 (d, JC−F = 245.6 Hz), 129.3, 128.4, 128.3 (d, JC−F = 4.4 Hz),
125.3 (d, JC−F = 4.3 Hz), 120.4 (d, JC−F = 19.9 Hz), 118.9 (d, JC−F =
3.6 Hz), 61.4, 58.9 (d, JC−F = 21.0 Hz), 14.5; 19F NMR (565 MHz,
CDCl3) δ −152.16 (s,). HRMS (TOF, ESI+) m/z: [M + H]+ calcd.
for C13H12FINO2, 359.9891; found, 359.9886.
4.27.3. Ethyl 4-Fluoro-3-(3-fluoro-4-((methylsulfonyl)-

methyl)phenyl)-5-phenyl-1H-pyrrole-2-carboxylate (18a).
General Procedure B for Suzuki−Miyaura cross coupling was
followed using 4-fluoro-3-iodo-pyrrole (46) (16 mg, 0.05 mmol, 1.0
equiv) and pinacol ester 42b (17 mg, 0.05 mmol, 1.2 equiv).
Purification by silica gel FCC (EtOAc in cyclohexane, 0−40%)
afforded the desired product 18a in 96% yield (18 mg, 0.04 mmol) as
a white amorphous solid.

1H NMR (700 MHz, DMSO-d6) δ 12.27 (br s, 1H), 7.83−7.81 (m,
2H), 7.52− 7.47 (m, 3H), 7.43−7.41 (m, 1H), 7.37−7.34 (m, 2H),
4.60 (s, 2H), 4.19 (q, J = 7.1 Hz, 2H), 3.04 (s, 3H), 1.15 (t, J = 7.1
Hz, 3H); 13C NMR (176 MHz, DMSO-d6) δ 160.3 (d, JC−F = 246.4
Hz), 160.1 (d, JC−F = 2.6 Hz), 145.9 (d, JC−F = 246.5 Hz), 133.3 (d,
JC−F = 7.4 Hz), 132.4 (d, JC−F = 3.5 Hz), 128.9, 128.5 (d, JC−F = 4.1
Hz), 127.8, 126.4, 126.1 (d, JC−F = 4.3 Hz), 119.9 (d, JC−F = 17.6 Hz),
117.4 (d, JC−F = 22.7 Hz), 116.2 (d, JC−F = 10.0 Hz), 115.0 (d, JC−F =
7.1 Hz), 115.0 (d, JC−F = 3.9 Hz), 60.2, 53.0, 40.1, 13.9. 19F NMR
(376 MHz, DMSO-d6) δ −116.96 (dd, J = 10.9, 8.0 Hz), −159.35 to
−167.01 (m, 1F). HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C21H20F2NO4S, 420.1076; found, 420.1069.
4.27.4. 4-Fluoro-3-(3-fluoro-4-((methylsulfonyl)methyl)-

phenyl)-5-phenyl-1H-pyrrole-2-carboxylic Acid (PyC 18). Gen-
eral Procedure E for ester hydrolysis was followed using ethyl ester
18a (18 mg, 0.04 mmol, 1.0 equiv) to afford the desired carboxylic
acid PyC 18 in 48% yield (8 mg, 0.0204 mmol) as a white crystalline
solid.

M.p.: 171−173 °C. 1H NMR (600 MHz, MeOH-d4) δ 7.76−7.75
(m, 2H), 7.52 (t, J = 7.8 Hz, 1H), 7.47−7.40 (m, 4H), 7.35−7.32 (m,
1H), 4.53 (s, 2H), 2.97 (s, 3H); 13C NMR (151 MHz, MeOH-d4) δ
163.5, 162.1 (d, JC−F = 246.5 Hz), 147.8 (d, JC−F = 246.3 Hz), 135.9
(d, JC−F = 8.8 Hz), 133.3 (d, JC−F = 3.4 Hz), 130.4 (d, JC−F = 4.1 Hz),
129.9, 128.8, 127.8 (d, JC−F = 2.4 Hz), 127.0 (d, JC−F = 4.4 Hz), 121.3
(d, JC−F = 18.4 Hz), 118.6 (d, JC−F = 23.1 Hz), 118.2 (d, JC−F = 11.1
Hz), 116.6, 116.1 (d, JC−F = 15.2 Hz), 54.6 (d, JC−F = 2.4 Hz), 40.0;
19F NMR (565 MHz, MeOH-d4) δ −119.28 to −119.31 (m),
−166.02 (s). HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C19H16F2NO4S, 392.0763; found, 392.0764.

4.28. Synthesis of
3-Cyano-5-phenyl-1H-pyrrole-2-carboxylic Acid (PyC 5)
4.28.1. Ethyl 3-Cyano-5-phenyl-1H-pyrrole-2-carboxylate

(5a). To a round-bottom flask containing pyrrole 40d (168 mg,
0.78 mmol, 1.0 equiv) in anhyd DMF (0.64 mL) and acetonitrile (8
mL) at 0 °C, was added chlorosulfonyl isocyanate (80 μL, 0.92 mmol,
1.2 equiv); the reaction mixture was stirred at room temperature for
15 h. The reaction mixture was quenched with saturated aqueous
Na2CO3 and extracted with EtOAc. The organic layer was separated

and the aqueous layer was extracted with EtOAc (×2). The combined
organic extracts were dried over Na2SO4, filtered, and concentrated in
vacuo. The crude residue was purified by silica gel FCC (EtOAc in
cyclohexane, 0−15%) to afford the desired compound 5a in 37% yield
(69 mg, 0.29 mmol) as a white crystalline solid.

M.p.: 150−152 °C. 1H NMR (500 MHz, CDCl3) δ 9.67 (br s, 1H),
7.78−7.76 (m, 2H), 7.53−7.45 (m, 3H), 7.19 (d, J = 2.6 Hz, 1H),
4.35 (q, J = 7.1 Hz, 2H), 1.38 (t, J = 7.2 Hz, 3H); 13C NMR (126
MHz, CDCl3) δ 160.4, 142.0, 130.1, 129.6, 128.7, 126.5, 123.8, 119.6,
116.2, 92.5, 61.5, 14.5. HRMS (TOF, ESI+) m/z: [M + H]+ calcd. for
C14H13N2O2, 241.0972; found, 241.0968.
4.28.2. 3-Cyano-5-phenyl-1H-pyrrole-2-carboxylic Acid

(PyC 5). General Procedure E for ester hydrolysis was followed
using ethyl ester 5a (56 mg, 0.23 mmol, 1.0 equiv) to afford the
desired carboxylic acid PyC 5 in 55% yield (27 mg, 0.13 mmol) as a
white crystalline solid.

M.p.: >208 °C. 1H NMR (600 MHz, MeOH-d4) δ 7.80−7.79 (m,
2H), 7.52−7.49 (m, 2H), 7.47−7.44 (m, 1H), 7.15 (s, 1H); 13C
NMR (151 MHz, MeOH-d4) δ 163.8, 143.4, 130.7, 130.5, 130.1,
129.0, 128.1, 119.8, 117.8, 92.0. HRMS (TOF, ESI+) m/z: [M + Na]+
calcd. for C12H8N2O2Na, 235.0478; found, 235.0475.

4.29. Biochemical Assays
Assays were performed using a previously reported fluorogenic
method using the synthetic substrate FC5.1 Inhibitor concentrations
ranged from 50 pM to 100 μM, with metallo-β-lactamases (MBLs)
preincubated with inhibitor for 10 min prior to substrate addition.
The final enzyme concentrations were: NDM-1 (20 pM), VIM-1 (500
pM), VIM-2 (100 pM), and IMP-1 (20 pM). Final concentration of
FC5 was 5 μM. Reactions were carried out in 50 mM HEPES buffer
(pH 7.2) containing 1 μM ZnSO4, 1 μg mL−1 BSA, and 0.01% (v/v)
Triton X-100. All assays were run with four replicates.

4.30. Crystallography
Recombinant VIM-1 protein (>90% pure by SDS-PAGE and MS
analysis) was produced and purified as reported.15 VIM-1 was
cocrystallized with each inhibitor by the sitting drop vapor diffusion
method. 18.3 mg/mL VIM-1 was incubated with 7 mM inhibitor for
20 min before mixing 1.5 μL of protein-inhibitor solution with 3 μL of
well solution. The well solution contained 0.1 M tris, pH 8.5, and
between 2.5 and 2.7 M ammonium phosphate. After growth over 1−3
days, the crystals were cryoprotected with 20% (v/v) glycerol and
flash cooled in liquid nitrogen. Data were collected at 100 K at the
Diamond Light Source IO3 beamline. Data were integrated using xia2
with DIALS and scaled using Aimless.80,81 All structures were solved
in the P1211 space group with one molecule in the asymmetric unit.
Crystal structures were solved by molecular replacement using Phaser
using a previously reported structure (PDB 5NI5).82 Model
refinement was done using Refmac in CCP4i2 (v. 9.0.003), PHENIX
Refine (v. 1.20.1−4487), and Coot (v. 0.9.8.1). Inhibitor restraints
were calculated using eLBOW in PHENIX.83−87 Ligand-protein
interactions were analyzed using Maestro and Protein−Ligand
Interaction Profiler (PLIP).88

4.31. Microbiological Assays
4.31.1. Plasmid Construction. Gene cassettes encoding for the

carbapenemase genes blaKPC‑2, blaVIM‑2, blaNDM‑1, blaVIM‑1 and their
native promoter were PCR-amplified from the clinical isolates K3K,
B2H, K5N, and E4A66 respectively using the primer pairs listed in
Table S3. The clinical isolates were obtained from the Timothy Walsh
laboratory collection and the BARNARDS (Burden of Antibiotic
Resistance in Neonates from Developing Societies) group of the Ineos
Oxford Institute for Antimicrobial Research. To construct pK18-
KPC-2 and pK18-VIM-2, the PCR-amplified fragment was cloned
into the multiple-cloning site of the vector pK18, a pMB1-derived
high-copy number vector with the gene aph(3′)-II conferring
resistance to kanamycin,89 by restriction digest and the ligation mix
was transformed into E. coli NEB 10-β chemically competent cells.
The plasmids pK18-NDM-1 and pK18-VIM-1 were constructed using
the NEBuilder HiFi DNA Assembly technique and transformed into
E. coli NEB 5-α chemically competent cells. The transformants were
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selected at 37 °C on LB (Miller) agar (Sigma-Aldrich) plates
supplemented with kanamycin and ampicillin at 50 μg/mL. The
cloned DNA regions obtained by PCR were verified by sequencing.
4.31.2. Isogenic Panel Construction. The recombinant

plasmids pK18-KPC-2, pK18-VIM-2, pK18-NDM-1, and pK18-
VIM-1 were introduced into E. coli MG1655 cells with an inactivated
chromosomal AmpC β-lactamase by electroporation. The trans-
formants were selected on LB (Miller) agar (Sigma-Aldrich) plates
supplemented with kanamycin at 50 μg/mL. As a negative control, the
empty vector pK18 was also transformed into MG1655 ΔampC. An
in-frame deletion of ampC gene was constructed in a E. coli MG1655
background strain using a temperature-inducible λ-Red recombineer-
ing system on a pSIM5-Tet plasmid90 that is derived from the original
pSIM5.91 The kan-sacB-T0 cassette derived from the cat-sacB-T092

was amplified by PCR from the DA27219 strain with primers
including 40 bp flanking homology regions outside ampC using
Phusion Plus Green PCR Master Mix (Thermo Fisher Scientific Inc.).
Overnight culture of DA24100 (E. coli MG1655/pSIM5-Tet) was
diluted 100-fold in 50 mL LB with 10 mg/L tetracycline (250 mL E-
flask) and grown at 30 °C with shaking (180 rpm) until early
exponential phase (OD600 ∼ 0.3). The λ-Red system was induced by
15 min incubation in a 42 °C shaking water bath and the culture was
cooled on ice for 10 min. Cells were made electrocompetent by
washing 4 times (4 min at 4000g, 4 °C) in ice-cold sterile 10% v/v
aqueous glycerol and were then resuspended in 500−800 μL (final
volume). The electrocompetent cells (50 μL) were mixed with ∼500
ng of the purified kan-sacB-T0 cassette, transferred to an electro-
poration cuvette (2 mm gap, Bio-Rad) and electroporated in a
MicroPulser (Bio-Rad) at 2.5 kV. The cells were recovered in 1 mL
LB overnight at 30 °C with shaking. Transformants were selected on
LB agar with kanamycin (50 mg/L) at 30 °C and checked for sucrose
sensitivity on 5% sucrose plates (10 g/L tryptone, 5 g/L yeast extract,
15 g/L agar, 1 mM NaOH, 50 g/L sucrose) and the carriage of the
pSIM5 plasmid on LB agar with tetracycline (10 mg/L). Successful
transformants were used for another λ-Red recombineering step with
a linear ssDNA fragment containing 40 bp homologous regions
directly upstream and 40 bp downstream of ampC to delete the kan-
sacB cassette. Transformants were selected on 5% sucrose agar plates
and PCR-verified for the correct deletion. The pSIM5 plasmid was
cured from the final construct by growing on LB agar plate without
any antibiotics at 42 °C overnight. Oligonucleotides used for the
construction can be found in Table S3.
4.31.3. MIC Determination by Broth Microdilution. Mini-

mum inhibitory concentration (MIC) values were determined by
broth microdilution according to European Committee on Anti-
microbial Susceptibility Testing (EUCAST) guidelines. The MIC was
defined as the lowest concentration that inhibits visible growth of the
tested bacterial isolate as observed by the naked eye. Cation-adjusted
Mueller Hinton II broth (BD BBL) was used and Meropenem
trihydrate was purchased from United States Biological Life Sciences.
A Meropenem (MEM) aqueous stock solution was prepared and the
metallo-β-lactamase (MBL) inhibitors were dissolved in dimethyl
sulfoxide (DMSO). The inhibitors were tested against the E. coli
isogenic strains expressing NDM-1, VIM-1, VIM-2, and KPC-2 at a
fixed concentration of 4 mg/L in combination with Meropenem (32−
0.03 mg/L). The activity of the MBL inhibitors was also assessed
against 14 clinical isolates expressing different β-lactamases. The
inhibitors were tested against the clinical panel at 8 mg/L and 16 mg/
L in combination with Meropenem at a concentration varying from
128 to 0.125 mg/L. The clinical isolates were obtained from the
Timothy Walsh laboratory collection and the BARNARDS collection,
at the Ineos Oxford Institute for antimicrobial research.66 The
description of the whole genome sequencing (WGS) analysis of the
bacterial strains is reported (BioProject ID PRJNA984017).66 The
WGS of the isolates was submitted to ResFinder 4.7.2 for
classification of the carbapenemase genes present. A list of all the
strains used in MIC assays is given in Table S4. The E. coli strain
ATCC 25922 was used as a control. MIC data were obtained from at
least two independent experiments.
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Toms Kalniņs ̌ − Latvian Institute of Organic Synthesis, Riga
LV-1006, Latvia; orcid.org/0009-0001-2305-9270

Tharindi Panduwawala − Chemistry Research Laboratory,
Department of Chemistry, and the Ineos Oxford Institute for
Antimicrobial Research, University of Oxford, Oxford OX1
3TA, United Kingdom

Matthew J. Bowen − Chemistry Research Laboratory,
Department of Chemistry, and the Ineos Oxford Institute for
Antimicrobial Research, University of Oxford, Oxford OX1
3TA, United Kingdom

Matthew J. Beech − Chemistry Research Laboratory,
Department of Chemistry, and the Ineos Oxford Institute for
Antimicrobial Research, University of Oxford, Oxford OX1
3TA, United Kingdom; orcid.org/0000-0002-4416-4037

Jürgen Brem − Chemistry Research Laboratory, Department
of Chemistry, and the Ineos Oxford Institute for
Antimicrobial Research, University of Oxford, Oxford OX1
3TA, United Kingdom; Present Address: Enzymology and
Applied Biocatalysis Research Center, Faculty of
Chemistry and Chemical Engineering, Babes-Bolyai
University, Str. Arany Janos, nr. 11, Cluj-Napoca RO-
400028, Romania http://chem.ubbcluj.ro/BIO/
CENTRU/; orcid.org/0000-0002-0137-3226

Peter J. McHugh − Department of Oncology, MRC-
Weatherall Institute of Molecular Medicine, University of
Oxford, Oxford OX3 9DS, United Kingdom

Edgars Suna − Latvian Institute of Organic Synthesis, Riga
LV-1006, Latvia; orcid.org/0000-0002-3078-0576

Timothy R. Walsh − Sir William Dunn School of Pathology,
Department of Biology, and the Ineos Oxford Institute for
Antimicrobial Research, University of Oxford, Oxford OX1
3RE, United Kingdom

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jmedchem.5c03534

Author Contributions
#L.A.W. and E.C.C.M.M. contributed equally to this work.
Conceptualization: C.J.S., A.J.M.F., and M.S. Investigations
(chemical synthesis): M.S., T.P., and T.K.. Investigations
(biochemistry): K.C., G.K., and M.J.B. Investigations (crys-
tallography): L.A.W. Investigations (microbiology):
E.C.C.M.M., M.M.T., and G.Z.. Investigations (ChromLogD):

M.J.B. Writing−original draft: M.S. Writing−review and
editing: A.J.M.F., C.J.S., L.A.W., and E.C.C.M.M., J.B., K.C.,
M.M.T., and G.Z. Supervision: C.J.S. Funding Acquisition:
C.J.S.
Funding
This research was supported by the Ineos Oxford Institute for
Antimicrobial Research. This research was funded in part by
the Wellcome Trust (091857/7/10/7). For the purpose of
open access, the author has applied a CC BY public copyright
license to any Author Accepted Manuscript version arising
from this submission.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank the entire ENABLE team and advisors for
pioneering contributions to our work on MBL inhibitors,
including the indole carboxylates and pyrrole carboxy-
lates.15,48,49 We thank Prof. Dan I. Andersson (Uppsala
University, Sweden) for providing the DA24100 and
DA27219 strains, and Dr. Marek Gniadkowski for providing
the strains E10N and E5A. We thank Prof. Ana Cristina Gales
for sharing the IMP-1 clinical strains used in this study and the
team involved with the initial characterisation of these strains.
We thank Dr. Zhuoren Ling and Yanfang Zhang for initial
MIC experiments with selected PyC compounds.

■ ABBREVIATIONS USED
Anhyd, anhydrous; BnOH, benzyl alcohol; calcd., calculated;
EtOAc, ethyl acetate; EtOH, ethanol; IMP, imipenemase; InC,
indole-2-carboxylate; iPrOH, isopropanol; KOAc, potassium
acetate; MBL, metallo-β-lactamase; MBLI, metallo-β-lactamase
inhibitor; MeCN, acetonitrile; MEM, meropenem; MeOH,
methanol; MIC, minimum inhibitory concentration; m.p.,
melting point; μg, microgram; μM, micromolar; NaOEt,
sodium ethoxide; NDM, New Delhi metallo-β-lactamase;
pM, picomolar; PyC, pyrrole-2-carboxylic acid; SBL, serine-
β-lactamase; TLC, thin layer chromatography; VIM, Verona
integron-encoded metallo-β-lactamase

■ REFERENCES
(1) Murray, C. J. L.; Ikuta, K. S.; Sharara, F.; Swetschinski, L.;
Aguilar, G. R.; Gray, A.; et al. Global Burden of Bacterial
Antimicrobial Resistance in 2019: A Systematic Analysis. Lancet
2022, 399, 629−655.
(2) Tang, S. S.; Apisarnthanarak, A.; Hsu, L. Y. Mechanisms of β-
Lactam Antimicrobial Resistance and Epidemiology of Major
Community- and Healthcare-Associated Multidrug-Resistant Bacteria.
Adv. Drug Delivery Rev. 2014, 78, 3−13.
(3) Udayampalayam, P. S.; Gnanaprakasam, A.; Ganapathy, P.;
Gohain, M.; Hariharan, V.; Rajagopal, S.; Paul-Satyaseela, M.; Solanki,
S. S.; Devarajan, S. 2-Substituted Methyl Penam Derivatives. US
Patent, US7687488B2, 2010.
(4) Bhowmick, T.; Canton, R.; Pea, F.; Quevedo, J.; Henriksen, A.
S.; Timsit, J.-F.; Kaye, K. S. Cefepime−Enmetazobactam: First
Approved Cefepime−β-Lactamase Inhibitor Combination for Multi-
drug-Resistant Enterobacterales. Future Microbiol. 2025, 20, 277−286.
(5) Ehmann, D. E.; Jahic,́ H.; Ross, P. L.; Gu, R.; Hu, J.; Kern, G.;
Walkup, G. K.; Fisher, S. L. Avibactam Is a Covalent, Reversible,
Non−β-Lactam β-Lactamase Inhibitor. Proc. Natl. Acad. Sci. U.S.A.
2012, 109, 11663−11668.
(6) (i) Abboud, M. I.; Damblon, C.; Brem, J.; Smargiasso, N.;
Mercuri, P.; Gilbert, B.; Rydzik, A. M.; Claridge, T. D. W.; Schofield,
C. J.; Frer̀e, J.-M. Interaction of Avibactam with Class B Metallo-β-

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

https://doi.org/10.1021/acs.jmedchem.5c03534
J. Med. Chem. 2026, 69, 11961−11984

11981

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+M.+Trush"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karina+Calvopina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gurleen+Kaur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Greta+Zaborskyte%CC%87"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Toms+Kalnin%CC%A7s%CC%8C"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0001-2305-9270
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tharindi+Panduwawala"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+J.+Bowen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+J.+Beech"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4416-4037
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ju%CC%88rgen+Brem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0137-3226
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+J.+McHugh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edgars+Suna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3078-0576
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Timothy+R.+Walsh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.5c03534?ref=pdf
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/j.addr.2014.08.003
https://doi.org/10.1016/j.addr.2014.08.003
https://doi.org/10.1016/j.addr.2014.08.003
https://doi.org/10.1080/17460913.2025.2468112
https://doi.org/10.1080/17460913.2025.2468112
https://doi.org/10.1080/17460913.2025.2468112
https://doi.org/10.1073/pnas.1205073109
https://doi.org/10.1073/pnas.1205073109
https://doi.org/10.1128/AAC.00897-16
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c03534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Lactamases. Antimicrob. Agents Chemother. 2016, 60, 5655−5662.
(ii) Wang, D. Y.; Abboud, M. I.; Markoulides, M. S.; Brem, J.;
Schofield, C. J. The Road to Avibactam: The First Clinically Useful
Non-β-Lactam Working Somewhat Like a β-Lactam. Future Med.
Chem. 2016, 8, 1063−1084.
(7) Coleman, K. Diazabicyclooctanes (DBOs): A Potent New Class
of Non-β-Lactam β-Lactamase Inhibitors. Curr. Opin. Microbiol. 2011,
14, 550−555.
(8) Lomovskaya, O.; Sun, D.; Rubio-Aparicio, D.; Nelson, K.;
Tsivkovski, R.; Griffith, D. C.; Dudley, M. N. Vaborbactam: Spectrum
of β-Lactamase Inhibition and Impact of Resistance Mechanisms on
Activity in Enterobacteriaceae. Antimicrob. Agents Chemother. 2017, 61,
No. e01443−17.
(9) Fatima, N.; Khalid, S.; Rasool, N.; Imran, M.; Parveen, B.;
Kanwal, A.; Irimie, M.; Ciurea, C. I. Approachable Synthetic
Methodologies for Second-Generation β-Lactamase Inhibitors: A
Review. Pharmaceuticals 2024, 17, No. 1108.
(10) Vázquez-Ucha, J. C.; Arca-Suárez, J.; Bou, G.; Beceiro, A. New
Carbapenemase Inhibitors: Clearing the Way for the β-Lactams. Int. J.
Mol. Sci. 2020, 21, No. 9308.
(11) Falcone, M.; Giordano, C.; Leonildi, A.; Galfo, V.; Lepore, A.;
Suardi, L. R.; Riccardi, N.; Barnini, S.; Tiseo, G. Clinical Features and
Outcomes of Infections Caused by Metallo-β-Lactamase−Producing
Enterobacterales: A 3-Year Prospective Study from an Endemic Area.
Clin. Infect. Dis. 2024, 78, 1111−1119.
(12) Meini, M.-R.; Llarrull, L. I.; Vila, A. J. Evolution of Metallo-β-
lactamases: Trends Revealed by Natural Diversity and in vitro
Evolution. Antibiotics 2014, 3, 285−316.
(13) Miller, W. R.; Arias, C. A. ESKAPE Pathogens: Antimicrobial
Resistance, Epidemiology, Clinical Impact and Therapeutics. Nat. Rev.
Microbiol. 2024, 22, 598−616.
(14) Krajnc, A.; Brem, J.; Hinchliffe, P.; Calvopiña, K.;
Panduwawala, T. D.; Lang, P. A.; Kamps, J. J. A. G.; Tyrrell, J. M.;
Widlake, E.; Saward, B. G.; Walsh, T. R.; Spencer, J.; Schofield, C. J.
Bicyclic Boronate VNRX-5133 Inhibits Metallo- and Serine-β-
Lactamases. J. Med. Chem. 2019, 62, 8544−8556.
(15) (i) Brem, J.; Panduwawala, T.; Hansen, J. U.; et al. Imitation of

β-Lactam Binding Enables Broad-Spectrum Metallo-β-Lactamase
Inhibitors. Nat. Chem. 2022, 14, 15−24. (ii) Brem, J.; Rydzik, A.
M.; McDonough, M. A.; Schofield, C. J.; Morrison, A.; Hewitt, J.;
Pannifer, A.; Jones, P. Inhibitors of Metallo-β-Lactamases. US Patent,
US11439622B2, 2022.
(16) Lomovskaya, O.; Tsivkovski, R.; Totrov, M.; Dressel, D.;
Castanheira, M.; Dudley, M. New Boronate Drugs and Evolving
NDM-Mediated β-Lactam Resistance. Antimicrob. Agents Chemother.
2023, 67, No. e00579-23.
(17) Lang, P. A.; Parkova, A.; Leissing, T. M.; Calvopiña, K.; Cain,
R.; Krajnc, A.; Panduwawala, T. D.; Philippe, J.; Fishwick, C. W. G.;
Trapencieris, P.; Page, M. G. P.; Schofield, C. J.; Brem, J. Bicyclic
Boronates as Potent Inhibitors of AmpC, the Class C β-Lactamase
from Escherichia coli. Biomolecules 2020, 10, No. 899.
(18) Lomovskaya, O.; Nelson, K.; Rubio-Aparicio, D.; Tsivkovski,
R.; Sun, D.; Dudley, M. N. Impact of Intrinsic Resistance Mechanisms
on Potency of QPX7728, a New Ultrabroad-Spectrum β-Lactamase
Inhibitor of Serine and Metallo-β-Lactamases in Enterobacteriaceae,
Pseudomonas aeruginosa, and Acinetobacter baumannii. Antimicrob.
Agents Chemother. 2020, 64, No. e00552−20.
(19) Lomovskaya, O.; Tsivkovski, R.; Sun, D.; Reddy, R.; Totrov,
M.; Hecker, S.; Griffith, D.; Loutit, J.; Dudley, M. QPX7728, an Ultra-
Broad-Spectrum β-Lactamase Inhibitor for Intravenous and Oral
Therapy: Overview of Biochemical and Microbiological Character-
istics. Front. Microbiol. 2021, 12, No. 697180.
(20) Hecker, S. J.; Reddy, K. R.; Lomovskaya, O.; Griffith, D. C.;
Rubio-Aparicio, D.; Nelson, K.; Tsivkovski, R.; Sun, D.; Sabet, M.;
Tarazi, Z.; Parkinson, J.; Totrov, M.; Boyer, S. H.; Glinka, T. W.;
Pemberton, O. A.; Chen, Y.; Dudley, M. N. Discovery of Cyclic
Boronic Acid QPX7728, an Ultrabroad-Spectrum Inhibitor of Serine
and Metallo-β-Lactamases. J. Med. Chem. 2020, 63, 7491−7507.

(21) Tsivkovski, R.; Totrov, M.; Lomovskaya, O. Biochemical
Characterization of QPX7728, a New Ultrabroad-Spectrum β-
Lactamase Inhibitor of Serine and Metallo-β-Lactamases. Antimicrob.
Agents Chemother. 2020, 64, No. e00130-20.
(22) Hamrick, J. C.; Docquier, J. D.; Uehara, T.; Myers, C. L.; Six,
D. A.; Chatwin, C. L.; John, K. J.; Vernacchio, S. F.; Cusick, S. M.;
Trout, R. E. L.; Pozzi, C.; De Luca, F.; Benvenuti, M.; Mangani, S.;
Liu, B.; Jackson, R. W.; Moeck, G.; Xerri, L.; Burns, C. J.; Pevear, D.
C.; Daigle, D. M. VNRX-5133 (Taniborbactam), a Broad-Spectrum
Inhibitor of Serine- and Metallo-β-Lactamases, Restores Activity of
Cefepime in Enterobacterales and Pseudomonas aeruginosa. Anti-
microb. Agents Chemother. 2020, 64, No. e01963-19.
(23) Liu, B.; Trout, R. E. L.; Chu, G.-H.; McGarry, D.; Jackson, R.
W.; Hamrick, J. C.; Daigle, D. M.; Cusick, S. M.; Pozzi, C.; De Luca,
F.; Benvenuti, M.; Mangani, S.; Docquier, J.-D.; Weiss, W. J.; Pevear,
D. C.; Xerri, L.; Burns, C. J. Discovery of Taniborbactam (VNRX-
5133): A Broad-Spectrum Serine- and Metallo-β-Lactamase Inhibitor
for Carbapenem-Resistant Bacterial Infections. J. Med. Chem. 2020,
63, 2789−2801.
(24) Kang, S.-J.; Kim, D.-H.; Lee, B.-J. Metallo-β-lactamase
Inhibitors: A Continuing Challenge for Combating Antibiotic
Resistance. Biophys. Chem. 2024, 309, No. 107228.
(25) Grabein, B.; Arhin, F. F.; Daikos, G. L.; et al. Navigating the
Current Treatment Landscape of Metallo-β-Lactamase-Producing
Gram-Negative Infections: What Are the Limitations? Infect. Dis. Ther.
2024, 13, 2423−2447.
(26) Boyd, S. E.; Livermore, D. M.; Hooper, D. C.; Hope, W. W.
Metallo-β-Lactamases: Structure, Function, Epidemiology, Treatment
Options, and the Development Pipeline. Antimicrob. Agents Chemo-
ther. 2020, 64, No. e00397-20.
(27) Pettinati, I.; Brem, J.; Lee, S. Y.; McHugh, P. J.; Schofield, C. J.
The Chemical Biology of Human Metallo-β-Lactamase Fold Proteins.
Trends Biochem. Sci. 2016, 41, 338−355.
(28) (i) King, A. M.; Reid-Yu, S. A.; Wang, W.; King, D. T.; De
Pascale, G.; Strynadka, N. C.; Walsh, T. R.; Coombes, B. K.; Wright,
G. D. Aspergillomarasmine A Overcomes Metallo-β-Lactamase
Antibiotic Resistance. Nature 2014, 510, 503−506. (ii) Sychantha,
D.; Rotondo, C. M.; Tehrani, K. H. M. E.; Martin, N. I.; Wright, G. D.
Aspergillomarasmine A Inhibits Metallo-β-Lactamases by Selectively
Sequestering Zn2+. J. Biol. Chem. 2021, 297, No. 100918.
(29) Zalacain, M.; Lozano, C.; Llanos, A.; Sprynski, N.; Valmont, T.;
De Piano, C.; Davies, D.; Leiris, S.; Sable, C.; Ledoux, A.; Morrissey,
I.; Lemonnier, M.; Everett, M. Novel Specific Metallo-β-Lactamase
Inhibitor ANT2681 Restores Meropenem Activity to Clinically
Effective Levels against NDM-Positive Enterobacterales. Antimicrob.
Agents Chemother. 2021, 65, No. e00203−21.
(30) (i) Farley, A. J. M.; Ermolovich, Y.; Calvopiña, K.; Rabe, P.;
Panduwawala, T.; Brem, J.; Björkling, F.; Schofield, C. J. Structural
Basis of Metallo-β-Lactamase Inhibition by N-Sulfamoylpyrrole-2-
carboxylates. ACS Infect. Dis. 2021, 7, 1809−1817. (ii) Ooi, N.; Lee,
V. E.; Chalam-Judge, N.; Newman, R.; Wilkinson, A. J.; Cooper, I. R.;
Orr, D.; Lee, S.; Savage, V. J. Restoring Carbapenem Efficacy: A
Novel Carbapenem Companion Targeting Metallo-β-Lactamases in
Carbapenem-Resistant Enterobacterales. J. Antimicrob. Chemother.
2021, 76, 460−466.
(31) Mandal, M.; Xiao, L.; Pan, W.; et al. Rapid Evolution of a
Fragment-like Molecule to Pan-Metallo-β-Lactamase Inhibitors:
Initial Leads toward Clinical Candidates. J. Med. Chem. 2022, 65,
16234−16251.
(32) (i) Dhiman, P.; Das, S.; Pathania, V.; Rawat, S.; Nandanwar, H.
S.; Thakur, K. G.; Chaudhari, V. D. Discovery of Conformationally
Constrained Dihydro Benzo-Indole Derivatives as Metallo-β-Lacta-
mase Inhibitors to Tackle Multidrug-Resistant Bacterial Infections. J.
Med. Chem. 2025, 68, 7062−7081. (ii) De Falco, A.; Alfano, A. I.;
Cutarella, L.; Mori, M.; Brindisi, M. Harder than Metal: Challenging
Antimicrobial Resistance with Metallo-β-Lactamase Inhibitors. J. Med.
Chem. 2025, 68, 10556−10576.
(33) Wachino, J.-i.; Jin, W.; Kimura, K.; Kurosaki, H.; Sato, A.;
Arakawa, Y. Sulfamoyl Heteroarylcarboxylic Acids as Promising

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

https://doi.org/10.1021/acs.jmedchem.5c03534
J. Med. Chem. 2026, 69, 11961−11984

11982

https://doi.org/10.1128/AAC.00897-16
https://doi.org/10.4155/fmc-2016-0078
https://doi.org/10.4155/fmc-2016-0078
https://doi.org/10.1016/j.mib.2011.07.026
https://doi.org/10.1016/j.mib.2011.07.026
https://doi.org/10.1128/AAC.01443-17
https://doi.org/10.1128/AAC.01443-17
https://doi.org/10.1128/AAC.01443-17
https://doi.org/10.3390/ph17091108
https://doi.org/10.3390/ph17091108
https://doi.org/10.3390/ph17091108
https://doi.org/10.3390/ijms21239308
https://doi.org/10.3390/ijms21239308
https://doi.org/10.1093/cid/ciad725
https://doi.org/10.1093/cid/ciad725
https://doi.org/10.1093/cid/ciad725
https://doi.org/10.3390/antibiotics3030285
https://doi.org/10.3390/antibiotics3030285
https://doi.org/10.3390/antibiotics3030285
https://doi.org/10.1038/s41579-024-01054-w
https://doi.org/10.1038/s41579-024-01054-w
https://doi.org/10.1021/acs.jmedchem.9b00911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b00911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-021-00831-x
https://doi.org/10.1038/s41557-021-00831-x
https://doi.org/10.1038/s41557-021-00831-x
https://doi.org/10.1128/aac.00579-23
https://doi.org/10.1128/aac.00579-23
https://doi.org/10.3390/biom10060899
https://doi.org/10.3390/biom10060899
https://doi.org/10.3390/biom10060899
https://doi.org/10.1128/AAC.00552-20
https://doi.org/10.1128/AAC.00552-20
https://doi.org/10.1128/AAC.00552-20
https://doi.org/10.1128/AAC.00552-20
https://doi.org/10.3389/fmicb.2021.697180
https://doi.org/10.3389/fmicb.2021.697180
https://doi.org/10.3389/fmicb.2021.697180
https://doi.org/10.3389/fmicb.2021.697180
https://doi.org/10.1021/acs.jmedchem.9b01976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b01976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b01976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/aac.00130-20
https://doi.org/10.1128/aac.00130-20
https://doi.org/10.1128/aac.00130-20
https://doi.org/10.1128/AAC.01963-19
https://doi.org/10.1128/AAC.01963-19
https://doi.org/10.1128/AAC.01963-19
https://doi.org/10.1021/acs.jmedchem.9b01518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b01518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b01518?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bpc.2024.107228
https://doi.org/10.1016/j.bpc.2024.107228
https://doi.org/10.1016/j.bpc.2024.107228
https://doi.org/10.1007/s40121-024-01044-8
https://doi.org/10.1007/s40121-024-01044-8
https://doi.org/10.1007/s40121-024-01044-8
https://doi.org/10.1128/aac.00397-20
https://doi.org/10.1128/aac.00397-20
https://doi.org/10.1016/j.tibs.2015.12.007
https://doi.org/10.1038/nature13445
https://doi.org/10.1038/nature13445
https://doi.org/10.1016/j.jbc.2021.100918
https://doi.org/10.1016/j.jbc.2021.100918
https://doi.org/10.1128/AAC.00203-21
https://doi.org/10.1128/AAC.00203-21
https://doi.org/10.1128/AAC.00203-21
https://doi.org/10.1021/acsinfecdis.1c00104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.1c00104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.1c00104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/jac/dkaa455
https://doi.org/10.1093/jac/dkaa455
https://doi.org/10.1093/jac/dkaa455
https://doi.org/10.1021/acs.jmedchem.2c00766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.2c00766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.2c00766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.4c02207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.4c02207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.4c02207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.5c00553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.5c00553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/mbio.03144-19
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c03534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Metallo-β-Lactamase Inhibitors for Controlling Bacterial Carbapenem
Resistance. mBio 2020, 11, No. e03144-19.
(34) Cahill, S. T.; Cain, R.; Wang, D. Y.; Lohans, C. T.; Wareham,
D. W.; Oswin, H. P.; Mohammed, J.; Spencer, J.; Fishwick, C. W. G.;
McDonough, M. A.; Schofield, C. J.; Brem, J. Cyclic Boronates Inhibit
All Classes of β-Lactamases. Antimicrob. Agents Chemother. 2017, 61,
No. e02260-16.
(35) Lomovskaya, O.; Castanheira, M.; Lindley, J. Ceftibuten−
Xeruborbactam: In Vitro Potency against Enterobacterales in
Comparison with Other Oral β-Lactams and β-Lactamase Inhibitor
Combinations. Open Forum Infect. Dis. 2022, 9, No. ofac492.1322.
(36) Le Terrier, C.; Freire, S.; Viguier, C.; Findlay, J.; Nordmann, P.;
Poirel, L. Relative Inhibitory Activities of the Broad-Spectrum β-
Lactamase Inhibitor Xeruborbactam in Comparison with Tanibor-
bactam against Metallo-β-Lactamases Produced in Escherichia coli and
Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2024, 68,
No. e0157023.
(37) Katsarou, A.; Stathopoulos, P.; Tzvetanova, I. D.; Asimotou, C.-
M.; Falagas, M. E. β-Lactam/β-Lactamase Inhibitor Combination
Antibiotics under Development. Pathogens 2025, 14, No. 168.
(38) Lence, E.; González-Bello, C. Bicyclic Boronate β-Lactamase
Inhibitors: The Present Hope against Deadly Bacterial Pathogens.
Adv. Ther. 2021, 4, No. 2000246.
(39) Krajnc, A.; Lang, P. A.; Panduwawala, T. D.; Brem, J.;
Schofield, C. J. Will Morphing Boron-Based Inhibitors Beat the β-
Lactamases? Curr. Opin. Chem. Biol. 2019, 50, 101−110.
(40) Shi, C.; Chen, J.; Kang, X.; Shen, X.; Lao, X.; Zheng, H.
Approaches for the Discovery of Metallo-β-Lactamase Inhibitors: A
Review. Chem. Biol. Drug Des. 2019, 94, 1427−1440.
(41) Reddy, N.; Balieiro, A. M.; Silva, J. R. A.; Gouws, C. A.;
Mutshembele, A.; Arvidsson, P. I.; Kruger, H. G.; Govender, T.;
Naicker, T. Navigating the Complexities of Drug Development for
Metallo-β-Lactamase Inhibitors. RSC Med. Chem. 2025, 16, 3393−
3415.
(42) (i) Eddy, N.; Shungube, M.; Arvidsson, P. I.; Baijnath, S.;
Kruger, H. G.; Govender, T.; Naicker, T. A. 2018−2019 Patent
Review of Metallo-β-lactamase Inhibitors. Expert Opin. Ther. Pat.
2020, 30, 541−555. (ii) Denakpo, E.; Naas, T.; Iorga, B. I. An
Updated Patent Review of Metallo-β-Lactamase Inhibitors (2020−
2023). Expert Opin. Ther. Pat. 2023, 33, 523−538.
(43) Rotondo, C. M.; Wright, G. D. Inhibitors of Metallo-β-
Lactamases. Curr. Opin. Microbiol. 2017, 39, 96−105.
(44) Ortega-Balleza, J. L.; Vázquez-Jiménez, L. K.; Ortiz-Pérez, E.;
Avalos-Navarro, G.; Paz-González, A. D.; Lara-Ramírez, E. E.; Rivera,
G. Current Strategy for Targeting Metallo-β-Lactamase with Metal-
Ion-Binding Inhibitors. Molecules 2024, 29, No. 3944.
(45) Yang, Y.; Yan, Y.-H.; Schofield, C. J.; McNally, A.; Zong, Z.; Li,
G.-B. Metallo-β-Lactamase-Mediated Antimicrobial Resistance and
Progress in Inhibitor Discovery. Trends Microbiol. 2023, 31, 735−748.
(46) Iqbal, Z.; Sun, J.; Yang, H.; Ji, J.; He, L.; Zhai, L.; Ji, J.; Zhou,
P.; Tang, D.; Mu, Y.; et al. Recent Developments to Cope the
Antibacterial Resistance via β-Lactamase Inhibition. Molecules 2022,
27, No. 3832.
(47) Li, G.-B.; Abboud, M. I.; Brem, J.; Someya, H.; Lohans, C. T.;
Yang, S.-Y.; Spencer, J.; Wareham, D. W.; McDonough, M. A.;
Schofield, C. J. NMR-Filtered Virtual Screening Leads to Non-Metal
Chelating Metallo-β-Lactamase Inhibitors. Chem. Sci. 2017, 8, 928−
937.
(48) Baran, A.; Kuzmins, J.; Kuznecovs, J.; Farley, A. J. M.;
Panduwawala, T.; Parkova, A.; Donets, P. A.; Brem, J.; Suna, E.;
Schofield, C. J.; Shubin, K. Optimized Synthesis of Indole Carboxylate
Metallo-β-Lactamase Inhibitor EBL-3183. Org. Process Res. Dev. 2023,
27, 692−706.
(49) Panduwawala, T.; Brandt, P.; Wang, D.; Andaloussi, M.; Brem,
J.; Schofield, C. J. Inhibitors of Metallo-β-Lactamases. WO Patent,
WO2018/215799 A1, 2018.
(50) Hombrecher, H. K.; Horter, G. Synthesis of Pyrroles via Ethyl
N-(3-Oxo-1-alkenyl)glycinates. Synthesis 1990, 1990, 389−391.

(51) Van Berkel, S. S.; Brem, J.; Rydzik, A. M.; Salimraj, R.; Cain, R.;
Verma, A.; Owens, R. J.; Fishwick, C. W. G.; Spencer, J.; Schofield, C.
J. Assay Platform for Clinically Relevant Metallo-β-Lactamases. J. Med.
Chem. 2013, 56, 6945−6953.
(52) (i) Barton, D. H. R.; Zard, S. Z. A New Synthesis of Pyrroles
from Nitroalkenes. J. Chem. Soc., Chem. Commun. 1985, 1098−1100.
(ii) Barton, D. H. R.; Kervagoret, J.; Zard, S. Z. A Useful Synthesis of
Pyrroles from Nitroolefins. Tetrahedron 1990, 46, 7587−7598.
(53) Zheng, Y.; Li, J.; Wei, K. Boron Trifluoride Etherate Promoted
Regioselective 3-Acylation of Indoles with Anhydrides. Molecules
2022, 27, No. 8281.
(54) Dong, H.; Shen, M.; Redford, J. E.; Stokes, B. J.; Pumphrey, A.
L.; Driver, T. G. Transition Metal-Catalyzed Synthesis of Pyrroles
from Dienyl Azides. Org. Lett. 2007, 9, 5191−5194.
(55) Senecal, T. D.; Shu, W.; Buchwald, S. L. A General, Practical
Palladium-Catalyzed Cyanation of (Hetero)Aryl Chlorides and
Bromides. Angew. Chem., Int. Ed. 2013, 52, 10035−10039.
(56) Bluck, G. W.; Carter, N. B.; Smith, S. C.; Turnbull, M. D.
Microwave Fluorination: A Novel, Rapid Approach to Fluorination
with Selectfluor. J. Fluorine Chem. 2004, 125, 1873−1877.
(57) Young, R. J.; Green, D. V. S.; Luscombe, C. N.; Hill, A. P.
Getting Physical in Drug Discovery II: The Impact of Chromato-
graphic Hydrophobicity Measurements and Aromaticity. Drug
Discovery Today 2011, 16, 822−830.
(58) Valkó, K.; Bevan, C.; Reynolds, D. Chromatographic
Hydrophobicity Index by Fast-Gradient RP-HPLC: A High-
Throughput Alternative to log P/log D. Anal. Chem. 1997, 69,
2022−2029.
(59) Bielinski, M.; Henderson, L. R.; Yosaatmadja, Y.; Swift, L. P.;
Baddock, H. T.; Bowen, M. J.; Brem, J.; Jones, P. S.; McElroy, S. P.;
Morrison, A.; Speake, M.; van Boeckel, S.; van Doornmalen, E.; van
Groningen, J.; van den Hurk, H.; Gileadi, O.; Newman, J. A.;
McHugh, P. J.; Schofield, C. J. Cell-Active Small Molecule Inhibitors
Validate the SNM1A DNA Repair Nuclease as a Cancer Target.
Chem. Sci. 2024, 15, 8227−8241.
(60) Johnson, T. W.; Gallego, R. A.; Edwards, M. P.; et al. Lipophilic
Efficiency as an Important Metric in Drug Design. J. Med. Chem.
2018, 61, 6401−6420.
(61) Jabeen, I.; Pleban, K.; Rinner, U.; Chiba, P.; Ecker, G. F.
Structure−Activity Relationships, Ligand Efficiency, and Lipophilic
Efficiency Profiles of Benzophenone-Type Inhibitors of the Multidrug
Transporter P-Glycoprotein. J. Med. Chem. 2012, 55, 3261−3273.
(62) Schultes, S.; de Graaf, C.; Haaksma, E. E. J.; de Esch, I. J. P.;
Leurs, R.; Krämer, O. Ligand Efficiency as a Guide in Fragment Hit
Selection and Optimization. Drug Discovery Today Technol. 2010, 7,
e157−e162.
(63) Salimraj, R.; Hinchliffe, P.; Kosmopoulou, M.; Tyrrell, J. M.;
Brem, J.; van Berkel, S. S.; Verma, A.; Owens, R. J.; McDonough, M.
A.; Walsh, T. R.; Schofield, C. J.; Spencer, J. Crystal Structures of
VIM-1 Complexes Explain Active Site Heterogeneity in VIM-Class
Metallo-β-Lactamases. FEBS J. 2019, 286, 169−183.
(64) Bahr, G.; González, L. J.; Vila, A. J. Metallo-β-lactamases in the
Age of Multidrug Resistance: From Structure and Mechanism to
Evolution, Dissemination, and Inhibitor Design. Chem. Rev. 2021, 121
(13), 7957−8094.
(65) Wu, Y.; Chen, J.; Zhang, G.; et al. In-vitro Activities of Essential
Antimicrobial Agents Including Aztreonam/Avibactam, Eravacycline,
Colistin and Other Comparators against Carbapenem-Resistant
Bacteria with Different Carbapenemase Genes: A Multi-Centre
Study in China, 2021. Int. J. Antimicrob. Agents 2024, 64, No. 107341.
(66) Ling, Z.; Farley, A. J. M.; Lankapalli, A.; Zhang, Y.; Premchand-
Branker, S.; Cook, K.; Baran, A.; Gray-Hammerton, C.; Rubio, C. O.;
Suna, E.; Mathias, J.; Brem, J.; Sands, K.; Nieto-Rosado, M.; Trush,
M. M.; Rakhi, N. N.; Martins, W.; Zhou, Y.; Schofield, C. J.; Walsh, T.
The Triple Combination of Meropenem, Avibactam, and a Metallo-β-
Lactamase Inhibitor Optimizes Antibacterial Coverage Against
Different β-Lactamase Producers. Engineering 2024, 38, 124−132.
(67) Yosaatmadja, Y.; Baddock, H. T.; Newman, J. A.; Bielinski, M.;
Gavard, A. E.; Mukhopadhyay, S. M. M.; Dannerfjord, A. A.;

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

https://doi.org/10.1021/acs.jmedchem.5c03534
J. Med. Chem. 2026, 69, 11961−11984

11983

https://doi.org/10.1128/mbio.03144-19
https://doi.org/10.1128/mbio.03144-19
https://doi.org/10.1128/AAC.02260-16
https://doi.org/10.1128/AAC.02260-16
https://doi.org/10.1093/ofid/ofac492.1322
https://doi.org/10.1093/ofid/ofac492.1322
https://doi.org/10.1093/ofid/ofac492.1322
https://doi.org/10.1093/ofid/ofac492.1322
https://doi.org/10.1128/aac.01570-23
https://doi.org/10.1128/aac.01570-23
https://doi.org/10.1128/aac.01570-23
https://doi.org/10.1128/aac.01570-23
https://doi.org/10.3390/pathogens14020168
https://doi.org/10.3390/pathogens14020168
https://doi.org/10.1002/adtp.202000246
https://doi.org/10.1002/adtp.202000246
https://doi.org/10.1016/j.cbpa.2019.03.001
https://doi.org/10.1016/j.cbpa.2019.03.001
https://doi.org/10.1111/cbdd.13526
https://doi.org/10.1111/cbdd.13526
https://doi.org/10.1039/D5MD00035A
https://doi.org/10.1039/D5MD00035A
https://doi.org/10.1080/13543776.2020.1767070
https://doi.org/10.1080/13543776.2020.1767070
https://doi.org/10.1080/13543776.2023.2262763
https://doi.org/10.1080/13543776.2023.2262763
https://doi.org/10.1080/13543776.2023.2262763
https://doi.org/10.1016/j.mib.2017.10.026
https://doi.org/10.1016/j.mib.2017.10.026
https://doi.org/10.3390/molecules29163944
https://doi.org/10.3390/molecules29163944
https://doi.org/10.1016/j.tim.2023.01.013
https://doi.org/10.1016/j.tim.2023.01.013
https://doi.org/10.3390/molecules27123832
https://doi.org/10.3390/molecules27123832
https://doi.org/10.1039/C6SC04524C
https://doi.org/10.1039/C6SC04524C
https://doi.org/10.1021/acs.oprd.3c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.3c00002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-1990-26883
https://doi.org/10.1055/s-1990-26883
https://doi.org/10.1021/jm400769b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c39850001098
https://doi.org/10.1039/c39850001098
https://doi.org/10.1016/S0040-4020(01)89069-4
https://doi.org/10.1016/S0040-4020(01)89069-4
https://doi.org/10.3390/molecules27238281
https://doi.org/10.3390/molecules27238281
https://doi.org/10.1021/ol702262f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol702262f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201304188
https://doi.org/10.1002/anie.201304188
https://doi.org/10.1002/anie.201304188
https://doi.org/10.1016/j.jfluchem.2004.06.015
https://doi.org/10.1016/j.jfluchem.2004.06.015
https://doi.org/10.1016/j.drudis.2011.06.001
https://doi.org/10.1016/j.drudis.2011.06.001
https://doi.org/10.1021/ac961242d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac961242d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac961242d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4SC00367E
https://doi.org/10.1039/D4SC00367E
https://doi.org/10.1021/acs.jmedchem.8b00077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.8b00077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm201705f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm201705f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm201705f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ddtec.2010.11.003
https://doi.org/10.1016/j.ddtec.2010.11.003
https://doi.org/10.1111/febs.14695
https://doi.org/10.1111/febs.14695
https://doi.org/10.1111/febs.14695
https://doi.org/10.1021/acs.chemrev.1c00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijantimicag.2024.107341
https://doi.org/10.1016/j.ijantimicag.2024.107341
https://doi.org/10.1016/j.ijantimicag.2024.107341
https://doi.org/10.1016/j.ijantimicag.2024.107341
https://doi.org/10.1016/j.ijantimicag.2024.107341
https://doi.org/10.1016/j.eng.2024.02.010
https://doi.org/10.1016/j.eng.2024.02.010
https://doi.org/10.1016/j.eng.2024.02.010
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c03534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Schofield, C. J.; McHugh, P. J.; Gileadi, O. Structural and Mechanistic
Insights into the Artemis Endonuclease and Strategies for Its
Inhibition. Nucleic Acids Res. 2021, 49, 9310−9326.
(68) Karim, M. F.; Liu, S.; Laciak, A. R.; Volk, L.; Koszelak-
Rosenblum, M.; Lieber, M. R.; Wu, M.; Curtis, R.; Huang, N. N.;
Carr, G.; Zhu, G. Structural Analysis of the Catalytic Domain of
Artemis Endonuclease/SNM1C Reveals Distinct Structural Features.
J. Biol. Chem. 2020, 295, 12368−12377.
(69) Chen, A. Y.; Adamek, R. N.; Dick, B. L.; Credille, C. V.;
Morrison, C. N.; Cohen, S. M. Targeting Metalloenzymes for
Therapeutic Intervention. Chem. Rev. 2019, 119, 1323−1455.
Erratum: Chem. Rev. 2019, 119, 7719. https://doi.org/10.1021/
acs.chemrev.9b00322
(70) Hirst, D. J.; Brandt, M.; Bruton, G.; Christodoulou, E.; Cutler,
L.; Deeks, N.; Goodacre, J. D.; Jack, T.; Lindon, M.; Miah, A.; Page,
K.; Parr, N.; Shukla, L.; Sims, M.; Thomas, P.; Thorpe, J.; Holmes, D.
S. Structure-Based Optimisation of Orally Active & Reversible
MetAP-2 Inhibitors Maintaining a Tight ‘Molecular Budget’. Bioorg.
Med. Chem. Lett. 2020, 30, No. 127533.
(71) Landeta, C.; Mejia-Santana, A. Union Is Strength: Target-Based
and Whole-Cell High-Throughput Screens in Antibacterial Discovery.
J. Bacteriol. 2022, 204, No. e0047721.
(72) Moffat, J. G.; Vincent, F.; Lee, J. A.; Eder, J.; Prunotto, M.
Opportunities and Challenges in Phenotypic Drug Discovery: An
Industry Perspective. Nat. Rev. Drug Discovery 2017, 16, 531−543.
(73) Payne, D. J.; Gwynn, M. N.; Holmes, D. J.; Pompliano, D. L.
Drugs for Bad Bugs: Confronting the Challenges of Antibacterial
Discovery. Nat. Rev. Drug Discovery 2007, 6, 29−40.
(74) Singh, S. B.; Young, K.; Miesel, L. Screening Strategies for
Discovery of Antibacterial Natural Products. Expert Rev. Anti-Infect.
Ther. 2011, 9, 589−613.
(75) Zheng, W.; Thorne, N.; McKew, J. C. Phenotypic Screens as a
Renewed Approach for Drug Discovery. Drug Discovery Today 2013,
18, 1067−1073.
(76) Gao, M.; Yang, S.-L.; Xu, H.-J.; Li, J.; He, L.-N. Synthesis of
Pyrroles by Click Reaction: Silver-Catalyzed Cycloadditions of
Alkynes, Oximes, and Isocyanides. Angew. Chem., Int. Ed. 2013, 52,
6800−6804.
(77) Pham, T. T.; Guo, Z.; Li, B.; Lapkin, A. A.; Yan, N. Synthesis of
Pyrrole-2-Carboxylic Acid from Cellulose- and Chitin-Based Feed-
stocks Discovered by the Automated Route Search. ChemSusChem
2024, 17, No. e202300538.
(78) DeFrancesco, H.; Dudley, J.; Coca, A. Boron Chemistry: An
Overview. In Boron Reagents in Synthesis; Coca, A., Ed.; American
Chemical Society: Washington, DC, 2016; Vol. 1236, Chapter 1, pp
1−25 DOI: 10.1021/bk-2016-1236.ch001.
(79) de Filippis, A.; Morin, C.; Thimon, C. Synthesis of Some Para-
Functionalized Phenylboronic Acid Derivatives. Synth. Commun.
2002, 32, 2669−2676.
(80) Beilsten-Edmands, J.; Winter, G.; Gildea, R.; Parkhurst, J.;
Waterman, D.; Evans, G. Scaling Diffraction Data in the DIALS
Software Package: Algorithms and New Approaches for Multi-crystal
Scaling. Acta Crystallogr., Sect. D: Struct. Biol. 2020, 76, 385−399.
(81) Evans, P. R.; Murshudov, G. N. How Good Are My Data and
What Is the Resolution? Acta Crystallogr., Sect. D: Biol. Crystallogr.
2013, 69, 1204−1214.
(82) McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P. D.; et al.
Phaser Crystallographic Software. J. Appl. Crystallogr. 2007, 40, 658−
674.
(83) Murshudov, G. N.; Vagin, A. A.; Dodson, E. J. Refinement of
Macromolecular Structures by the Maximum-Likelihood Method.
Acta Crystallogr., Sect. D: Biol. Crystallogr. 1997, 53, 240−255.
(84) Potterton, L.; Agirre, J.; Ballard, C. C.; et al. CCP4i2: The New
Graphical User Interface to the CCP4 Program Suite. Acta
Crystallogr., Sect. D: Struct. Biol. 2018, 74, 68−84.
(85) 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.
(86) Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K. Features
and Development of Coot. Acta Crystallogr., Sect. D: Biol. Crystallogr.
2010, 66, 486−501.
(87) Moriarty, N. W.; Grosse-Kunstleve, R. W.; Adams, P. D.
electronic Ligand Builder and Optimization Workbench (eLBOW): a
Tool for Ligand Coordinate and Restraint Generation. Acta
Crystallogr., Sect. D: Biol. Crystallogr. 2009, 65, 1074−1080.
(88) (a) Maestro ref: Schrödinger Release 2025−2; Maestro,
Schrödinger, LLC, New York, NY, 2025. (b) Schake, P.; Bolz, S.
N.; Linnemann, K.; Schroeder, M. PLIP 2025: introducing protein-
protein interactions to the protein-ligand interaction profiler. Nucleic
Acids Res. 2025, 53, W463−W465.
(89) Pridmore, R. D. New and Versatile Cloning Vectors with
Kanamycin-Resistance Marker. Gene 1987, 56, 309−312.
(90) Koskiniemi, S.; Pranting, M.; Gullberg, E.; Nasvall, J.;
Andersson, D. I. Activation of Cryptic Aminoglycoside Resistance
in Salmonella enterica. Mol. Microbiol. 2011, 80, 1464−1478.
(91) Datta, S.; Costantino, N.; Court, D. L. A Set of Recombineering
Plasmids for Gram-Negative Bacteria. Gene 2006, 379, 109−115.
(92) Gullberg, E.; Albrecht, L. M.; Karlsson, C.; Sandegren, L.;
Andersson, D. I. Selection of a Multidrug Resistance Plasmid by
Sublethal Levels of Antibiotics and Heavy Metals. mBio 2014, 5,
No. e01918-14.

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

https://doi.org/10.1021/acs.jmedchem.5c03534
J. Med. Chem. 2026, 69, 11961−11984

11984

https://doi.org/10.1093/nar/gkab693
https://doi.org/10.1093/nar/gkab693
https://doi.org/10.1093/nar/gkab693
https://doi.org/10.1074/jbc.RA120.014136
https://doi.org/10.1074/jbc.RA120.014136
https://doi.org/10.1021/acs.chemrev.8b00201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmcl.2020.127533
https://doi.org/10.1016/j.bmcl.2020.127533
https://doi.org/10.1128/jb.00477-21
https://doi.org/10.1128/jb.00477-21
https://doi.org/10.1038/nrd.2017.111
https://doi.org/10.1038/nrd.2017.111
https://doi.org/10.1038/nrd2201
https://doi.org/10.1038/nrd2201
https://doi.org/10.1586/eri.11.81
https://doi.org/10.1586/eri.11.81
https://doi.org/10.1016/j.drudis.2013.07.001
https://doi.org/10.1016/j.drudis.2013.07.001
https://doi.org/10.1002/anie.201302604
https://doi.org/10.1002/anie.201302604
https://doi.org/10.1002/anie.201302604
https://doi.org/10.1002/cssc.202300538
https://doi.org/10.1002/cssc.202300538
https://doi.org/10.1002/cssc.202300538
https://doi.org/10.1021/bk-2016-1236.ch001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bk-2016-1236.ch001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bk-2016-1236.ch001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1081/SCC-120006031
https://doi.org/10.1081/SCC-120006031
https://doi.org/10.1107/S2059798320003198
https://doi.org/10.1107/S2059798320003198
https://doi.org/10.1107/S2059798320003198
https://doi.org/10.1107/S0907444913000061
https://doi.org/10.1107/S0907444913000061
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1107/S0907444996012255
https://doi.org/10.1107/S0907444996012255
https://doi.org/10.1107/S2059798317016035
https://doi.org/10.1107/S2059798317016035
https://doi.org/10.1107/S0907444912001308
https://doi.org/10.1107/S0907444912001308
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S0907444909029436
https://doi.org/10.1107/S0907444909029436
https://doi.org/10.1093/nar/gkaf361
https://doi.org/10.1093/nar/gkaf361
https://doi.org/10.1016/0378-1119(87)90149-1
https://doi.org/10.1016/0378-1119(87)90149-1
https://doi.org/10.1111/j.1365-2958.2011.07657.x
https://doi.org/10.1111/j.1365-2958.2011.07657.x
https://doi.org/10.1016/j.gene.2006.04.018
https://doi.org/10.1016/j.gene.2006.04.018
https://doi.org/10.1128/mBio.01918-14
https://doi.org/10.1128/mBio.01918-14
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.5c03534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

