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ABSTRACT: Establishing robust structure−activity relationships (SARs) is key
to successful drug discovery campaigns, yet it often remains elusive due to
screening and hit validation artifacts (false positives and false negatives), which
frequently result in unproductive downstream expenditures of time and resources.
To address this issue, we developed an integrative biophysics-driven strategy that
expedites hit-to-lead discovery, mitigates false positives/negatives and common hit
validation errors, and provides a robust approach to obtaining accurate binding
and affinity measurements. The advantage of this method is that it vastly improves
the clarity and reproducibility for affinity-driven SAR by monitoring and
eliminating confounding factors. We demonstrate the ease at which high-quality
micromolar binders can be generated from the initial millimolar fragment
screening hits against an “undruggable” protein target, HRas.

1. INTRODUCTION
Most early-stage drug discovery efforts begin with one or more
compound screening campaigns. These may include high-
throughput biochemical screens (HTS), virtual/computational
screens, or biophysics-based screens such as X-ray crystallog-
raphy, surface plasmon resonance (SPR), nuclear magnetic
resonance (NMR), differential scanning fluorimetry (DSF),
and so forth. The objective of HTS and virtual screening
efforts is to identify relatively strong binders to a given disease-
relevant target (protein or nucleic acid). In contrast, many
biophysics-based screening approaches tend to identify
relatively weak binding ligands, such as fragments, that are
subsequently elaborated and optimized across repeated rounds
of analoging to improve potency. The challenge, no matter
what type of screening strategy is taken, is that most of these
approaches are susceptible to high numbers of false positives,
which can confound not only initial hit identification but also
follow-up validation studies by misleading interpretations of
structure−activity relationships. The result is that significant
resources can often be invested on nonproductive hit
optimization pathways. In addition, most follow-up studies
for initial hits involve orthogonal evaluation of the hit potency
or affinity, often followed by efforts to obtain a structure of the
ligand bound to the target in order to support or mount
rational design efforts at the very early stages of a program.
Applying these criteria onto initial screening hits can be a
significant problem given the aforementioned false positives
along with the fact that many of the initial hits from most
biophysical screening campaigns are weak binders, have poor
solution behavior, or are identified under solution conditions

different from those needed for biophysical follow-up
characterization studies.

An alternative approach, which aims to circumvent the
previously mentioned challenges, is to establish early on a
biophysics-based SAR cycle that closely monitors and tightly
controls factors that contribute to false positives, negatives, and
common issues that arise in screening and hit validation assays.
This is achieved by a comprehensive monitoring of the ligand
solution behavior, aqueous solubility, structure, and stability,
while simultaneously evaluating the target stability and
conformation in the presence of the ligand. This platform
aims to provide a rapid and robust framework from which
systematic improvements in the potency of the binders are
evaluated via simple, sensitive, one-dimensional nuclear
magnetic resonance (NMR) experiments. We demonstrate
our NMR for SAR biophysics strategy with an “undruggable”
protein target, HRas, and show the ease with which high-
quality μM binders can be developed from an initial ∼7−10
mM fragment screening hit.

Harvey-Ras (HRas) belongs to the Ras family of small
GTPases that activate the RAS−RAF−MEK−ERK pathway.
HRas functions as a molecular switch in signaling pathways
involved in cell growth, proliferation, and differentiation.1,2 As
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an oncogene, HRas mutations predominate in bladder cancer
and neck squamous cell carcinoma, with substitutions on
residues G12, G13, and Q61 being the most common.3 Ras
family proteins are notoriously difficult to drug, with one of the
challenges being few and shallow binding pockets to target.4

Currently, no drugs that directly inhibit HRas have been
approved. The lead-optimizable protein−protein interaction
(PPI) inhibitors we developed are shown to inhibit a key
interaction between Ras and a physiologically relevant binding
partner, SOS (Son-of-Sevenless). We demonstrate this
mechanism via a functional assay which monitors the
disruption of SOS-mediated nucleotide exchange.

Our strategy is unlike the previously described SAR by NMR
approaches,5 in that our method: (i) is built upon a core set of
one-dimensional NMR experiments which afford a vastly
higher throughput, (ii) focuses on monitoring the ligand
solution behavior, structure, and solubility�key to the quality
control process�and facilitates robust interpretations of SAR,
(iii) captures a much larger set of information that describes
both the ligand and target and how they interact (all using the
same sample), (iv) is not limited by the target size given that it
does not rely exclusively on multidimensional NMR methods,
nor does it require labeled proteins, and finally (v) requires far
less material�one can perform robust experiments at volumes
of only 200 μL and at target protein concentrations of 10−15
μM.

From ∼200 compounds, our approach has delivered
inhibitors that serve as suitable entry points for subsequent
lead optimization (LO). Overall, the NMR for SAR strategy is
an efficient means to fast-track early-stage drug discovery
efforts for a wide variety of protein targets and has been vetted
within the context of contract research organization (CRO)
services provided to >70 pharma/biotech clients.

2. RESULTS AND DISCUSSION
2.1. 19F Fragment Screen. The fluorine nucleus is

extremely sensitive to chemical environment, making it ideal
as a probe for ligand-binding interactions,6,7 especially for
difficult-to-drug targets such as Ras family GTPases. The NMX
Classic Fluorine (19F) library8,9 of 461 compounds was
screened as cocktails of 11−15 compounds per pool against
GDP-HRasG12V (hereafter “HRas”). The initial screen yielded a
low hit rate, which was expected given the shallowness of the
available surface pockets for this target, and the magnitudes of

the binding effects were thus very subtle, even for the best
screening hit. The screen was therefore repeated at a higher
protein concentration of 50 μM (instead of the initial 15 μM),
highlighting one of the advantages of fragment screening by
19F NMR, namely, that there is no interference from the signal
arising from the protein in 19F NMR. In contrast, this high
protein concentration would have affected the reliability of
screening by 1H NMR due to the protein resonance overlap
with the ligand. The fragment screens were performed in a
matter of ∼5 h each and led to the identification of 14 hits by
19F differential line width (DLW) (Figure 1). All 14 hits were
submitted for subsequent testing as singletons, and two of
those hits exhibited binding scores (magnitude of changes in
line broadening (DLW) between compounds in the absence
and presence of protein) that justified a more thorough follow-
up.

Note that screening by 19F NMR was crucial to the success
of this program, as no binding was observed by ligand-detected
1H NMR experiments for the initial hits (Figure S1). This
phenomenon can be attributed to the relative sensitivity of the
fluorine nucleus, which is far more susceptible to subtle
differences in the chemical environment and relaxation effects
than proton. It should be noted, however, that the NMR for
SAR strategy is equally feasible using 1H ligand-detected NMR
experiments when the sensitivity of the assay permits; the use
of fluorine was necessitated here due to the shallowness of the
HRas binding pocket which resulted in very weak initial
fragment hits under the conditions used.

2.2. Early Analoging. The best binding fragment was used
as a template for subsequent analoging efforts. The first round
of analogs was procured from commercially available sources,
and one of the two identified binders (series 1 discussed here)
was prioritized for further elaboration to explore SAR. Figure 2
summarizes some of the results obtained using our strategy.
Binding scores for both 19F DLW and 19F T2-CPMG ligand-
detected NMR methods were extracted and used to monitor
the improvements in binding affinity and guide the
interpretations of SAR. Ranking of compounds by the
magnitude of ligand-detected changes in this way is valid as
the scores are directly related to the fraction of bound ligand,
provided the fast-exchange condition is satisfied.10−13 The
ligand concentrations are directly measured by 1H NMR
acquired on the same samples using the ERETIC method14

Figure 1. Identification of initial hits from a19F NMR fragment screen against GDP-HRasG12V. 1D 19F spectra of a pool of fragments in the absence
(blue) and presence (red) of protein. The spectrum of each fragment present in the pool is shown. A zoom is presented on the right for the series 1
hit.
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(which provides an electronic concentration reference), in
order to control the variations between nominal and true
ligand concentrations in aqueous solution. Concentrations
were measured for both the free ligand samples and the
samples containing ligand and protein, where appropriate.
Compound aggregation is also monitored on each sample
within this workflow using a previously reported 1H T2-CPMG
assay.15,16

2.3. Solution Behavior. Accurate affinity measurements
are often confounded by, and are highly susceptible to,

differences between the nominal and true solution concen-
trations of the ligand. The importance of this cannot be
overstated as the majority of dose−response assays performed
in laboratories employ nominal ligand concentrations which
often do not accurately reflect the realities of the compound
solution behavior or the true stock solution concentra-
tions.15−17 By precisely measuring the true aqueous ligand
concentrations throughout a titration (Figure S2), we can
significantly reduce the experimental error and correct dose−
response curves such that they accurately reflect the affinity of

Figure 2. Systematic improvements in relative binding affinity. Top: table reporting the measured concentration, aggregation status, and binding
scores extracted for each ligand. Protein concentration was 50 μM for early analoging and subsequently reduced to 15 μM for later NMR binding
assays. Note that the ligand:protein ratio is key to the accurate interpretations of rank order. The measured concentration was taken into
consideration throughout each round of analoging. Aggregator status was established using a previously reported NMR assay.14 The T2-CPMG
score is above the limit of quantitation for NMX-10002 (exceeding the maximum binding score) at the concentrations tested. Bottom: 1D 19F
NMR data obtained for a series of analogs showing sequential improvement of the relative binding affinity, with free ligand spectra (blue) and
ligand with protein (red).
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the ligand for the target of interest. Failure to correct dose−
response curves according to true aqueous concentrations can
lead to large errors in common biophysical affinity measure-
ments and often mislead the interpretations of relative affinities
and SAR.

2.4. Orthogonal Biophysical Methods for KD. To
validate our strategy, KD values were also orthogonally
obtained for select compounds using NMR, microscale
thermophoresis (MST), and SPR, demonstrating excellent
agreement with the relative rank order established by the
ligand-detected NMR data (Figures 3A and S7).

2.5. 1H Ligand- and Protein-Detected NMR. Using the
same NMR samples as for the 19F ligand-detected NMR
experiments, we also recorded both 1H 1D ligand- and 1H 1D
protein-detected NMR spectra to (i) accurately quantify ligand
concentration in solution and (ii) monitor changes in the
protein conformation in the presence of ligand, respectively.
Compounds that induced larger magnitude changes in the
protein spectrum were prioritized. Likewise, by tracking the
systematic differences in the protein “fingerprint”, we were able

to obtain dose−response curves upon ligand titration (Figure
S4).

The 1D protein-detected NMR experiments have the added
advantage of providing exquisite insights into protein stability,
as protein precipitation, aggregation, or loss (significant
sources of false positives or negatives in binding assays) can
be easily monitored and controlled for each sample. The
protein requirements are no different from that of our standard
ligand-detected NMR experiments (∼15 μM) and take 11 min
to complete with the usual one-dimensional proton NMR
techniques, using unlabeled protein.

2.6. 2D NMR for Monitoring Binding Sites. Note that
while the NMR for the SAR workflow can be successfully
employed to drive the improvements in potency in the absence
of structural information, we opted to employ 2D NMR to
confirm the binding site for the most promising compounds
from each round of analoging. This was not a requirement but
did offer orthogonal validation for the hits and ensured that the
binding site was preserved throughout the SAR optimizations.
Backbone amide chemical shift assignments were available for
HRasG12V and were readily transferred to the 2D 1H,15N

Figure 3. NMR for SAR strategy (A) rank ordering by ligand-detected NMR correlates with the affinity constants determined by NMR. Maximum
solubility is also assessed by NMR on the compounds selected for follow-up in order to guide subsequent experiments. (B−G) Examples of 19F
ligand-detected methods used to rank the compounds in (A). (B, D, F) 19F DLW and (C,E,G) 19F T2-CPMG spectra for series 1 hit, 10018 and
10095, respectively. DLW: differential line width; CPMG: Carr−Purcell−Meiboom−Gill. Protein concentration used was 15 μM. DLW scores
approaching 17 and T2-CPMG scores approaching 40 are near the limit at which subtle differences in relative affinity can be discerned, under the
conditions tested. This can be ameliorated by changing the ligand:protein ratio to make the assay more or less sensitive, for the resolution of weaker
or stronger binders, respectively. Conditions were optimized for evaluating binding across a wide range of relative affinities.
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HSQC.18 Chemical shift perturbations (CSPs) were then used
to map the binding site of the compounds (Figure 4A) which
was found to be in agreement with a conserved Ras-GTPase
pocket, previously reported for KRas.19−22

Following each round of optimization, the solution proper-
ties of the best scoring analogs were further evaluated across a
range of concentrations to ensure that they would be amenable
for titration studies by 1D and 2D NMR, as well as other
orthogonal biophysical experiments. Based on the results of
these experiments, the maximum concentration used for the
compound in any of the subsequent assays was set to maintain
good compound behavior in solution; that is, concentrations
were used at which there was no evidence of aggregation by
T2-CPMG (example application in Figure S3) and where
linear relationships between nominal and observed concen-
trations were maintained (Figure S2).

To prioritize compounds that would be tested by
subsequent 2D NMR dose−response titrations (and for
orthogonal biophysical validation), 1H,15N HSQC experiments
were performed with a fixed compound concentration to
achieve equivalent ligand-to-protein ratios (Figure 4B) across
the analog series. Compounds that exhibited the largest
chemical shift perturbations (CSPs) in these comparative
experiments were then prioritized for KD determination by
NMR.

2.7. KD by 1D and 2D NMR Analysis. KD measurements
were obtained via both (i) 1D NMR by monitoring the

changes in 1H upfield methyl protein resonances (Figure S4)
and (ii) 2D NMR (where appropriate) (Figure S5).

The lower protein concentration requirements for 1H 1D
protein-observed experiments reduce the concentration of
ligands needed to achieve the sufficient saturation of the
protein and can therefore be used to measure KD across a wide
range of affinities (μM−mM). The use of lower protein
concentrations also permits KD evaluation for more poorly
soluble compounds. For low μM to pM binders, 1H 1D
protein-detected NMR can also be used as a way of validating
productive binding to the target simply by monitoring the
changes in the protein spectrum “fingerprint” relative to the
apo protein (Figure 5). These experiments have the added
advantage of not requiring isotopically labeled proteins and can
therefore be done using proteins expressed from mammalian
cells, yeast, bacteria, or any other expression system. These 1H
1D protein-detected experiments were performed in parallel to
the 1D NMR ligand-observed binding assays (on the same
samples).

2.8. Biochemical/Functional Assay. Systematic improve-
ments in binding affinity were thus established and ultimately
led to the development of low μM binders toward a key
binding site that is important for a physiologically relevant
binding event between SOS and HRas. Ligands were tested
according to a previously established functional assay that
monitors SOS-mediated release of fluorescently labeled
(BODIPY) nucleotide.20,23 We demonstrate that our binders
can act as functional PPIs by impeding SOS-mediated

Figure 4. Assessment of binding site and affinity ranking by 2D NMR. (A) 2D 15N,1H HSQC spectra reveal the binding site of the initial screening
hit as the protein is tested against the increasing concentrations of the ligand. Three backbone residues showing the largest CSPs, indicated by
arrows, are highlighted in blue on the protein surface (PDB: 3OIW). Measured ligand concentrations: 0, 760, 1470, 2620, and 3690 μM. The
nucleotide-binding pocket, which can be observed at the top of the protein structure, is occluded and inaccessible to small-molecule ligands due to
the presence of either GDP or GTP under physiological conditions. (B) Magnified regions of 2D 15N,1H HSQC spectra for analogs with the best
binding scores from each round of analoging. Compounds were tested at the same ligand-to-protein ratios (5:1 depicted here) to evaluate both the
ligand-binding sites and to prioritize based on the magnitude of target engagement.
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nucleotide exchange (Figure 6A). Compounds that were most
active in the nucleotide exchange assay were tested in cell
proliferation assays. Figure 6B illustrates that NMX-10095
exhibits differential inhibition of cell proliferation between T24
and 5637 bladder cancer cell lines and healthy bladder
epithelial cells (BdECs). These results suggest that this early
lead compound possesses some selectivity against cancerous
cells over their healthy counterparts.

2.9. Distinctive Features of NMR for SAR Strategy.
Our approach to compound screening and hit validation
satisfies a number of key criteria that are often overlooked by
more traditional strategies: (i) by evaluating early SAR
(mM−μM range), we can establish clear systematic changes
in binding affinity and build confidence in productive ligand−

target engagement; (ii) by monitoring the solution behavior
and structure of the ligand at all stages of follow-up, we ensure
that the binding event is not a false positive (i.e., aggregation-
induced or degraded compound); (iii) the accuracy and
reproducibility of affinity measurements are significantly
improved by correcting nominal concentrations for true
aqueous solubilities; (iv) by building up from fragment-sized
scaffolds, this approach affords a direct forward-driven
approach to improving the potency. This is in contrast to
HTS hits which are often potent (whether productive binders
or simply nonspecific) but are usually non-optimized (poor
ligand efficiency) and may need to be deconstructed into the
minimal binding scaffold, (v) the target is monitored under
truly “label-free” conditions (unlike many other biophysical

Figure 5. Identification of a low-micromolar binder. (A) 1H protein-detected NMR changes for a relatively potent low μM binder to HRas. Apo
protein spectrum in blue, protein + ligand spectrum in red, and free ligand spectrum in green. (B) 15N,1H HSQC spectrum of apo HRas (blue) and
protein with inhibitor at equimolar stoichiometry (red) demonstrating significant conformational perturbation. Inlays show ligand-detected 19F 1D
spectra of free ligand (blue) vs ligand + protein (red), where significant broadening of the ligand signal is consistent with the intermediate chemical
exchange. Leftmost inlay corresponds to a ligand:protein ratio of ∼7:1, whereas the rightmost inlay corresponds to a ligand:protein ratio of 1:1. At a
lower stoichiometry of ligand:protein, the broadening of the ligand resonance is greater.
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methods that require tethering of the target or ligand or
fluorophore labeling, which can alter the behavior of the
protein target relative to its nonimmobilized/nontagged
state),24 (vi) the techniques employed here provide direct,
atomic-level insights into conformational changes in the target
protein upon ligand binding and can be simultaneously used to
monitor target stability, even for unlabeled proteins at low
concentrations, and (vii) the approach is high-throughput
(comparable to other biophysical methods), requiring only a
reference sample and a test sample per compound while
providing a far greater wealth of information on both the
compound and target than that is offered by orthogonal
techniques�all within <1 h of experiment time per hit/analog.

3. CONCLUSIONS
Using the NMR for SAR strategy, we have been successful in
guiding medicinal chemistry efforts to improve the binding
affinity from an initial ∼7−10 mM fragment screening hit to
potent μM binders showing PPI inhibition between HRas and
SOS as well as selective inhibition of cancerous cell
proliferation. The compounds bind to an allosteric site in
HRas and disrupt SOS-mediated nucleotide release, which is
critical for the cycling of Ras between its inactive and active
conformations. Key to our approach are precise control and
monitoring of the compound solution behavior, aqueous
solubility, and target conformational changes; accurate relative
affinity measurements; and robust high-throughput 1D NMR
assays. Nearly all measurements are done on single matched
pair samples of free ligand and ligand with protein, affording
clear insights into true binding events and structure−activity
relationships. We demonstrate that the relative binding
affinities obtained by ligand-detected NMR binding assays
agree exquisitely well with the affinity rank order obtained
using orthogonal biophysical measurements and, in combina-
tion with 1D protein-detected NMR, provide much greater
insight and control than traditional strategies for ranking by
affinity or potency. This strategy has been developed
specifically to address many of the challenges encountered in
early-stage drug discovery and screening, for both academic
and industrial clients alike. We believe this approach can
significantly expedite hit-to-lead discovery and help mitigate

attrition and waste expenditures for a wide range of drug
discovery programs.

4. EXPERIMENTAL SECTION
4.1. Fragment Library. Fragment screening was performed using

a library containing 461 fragments that had been designed within the
Rule of Three constraints25 and filtered to remove undesirable
members, including common pan-assay interference compound
(PAINS) substructures.26 All fragments have been curated by 1H
and 19F NMR for structure verification, purity, solubility in phosphate
buffer, and lack of apparent aggregation under these conditions.
Fragments were pooled based on chemical compatibility and sufficient
separation of 19F NMR signals, resulting in 31 different pools to
increase the screening throughput. The library was provided by NMX
Research and Solutions Inc. (https://www.nmxresearch.com/).
Further information about this library is available through Key
Organics (https://www.keyorganics.net/bionet-products/fragment-
libraries/) as the BIONET Fluorine Fragment Library.

4.2. NMR. NMR experiments were performed with the following
hardware: a 600 MHz Bruker Avance III NMR spectrometer
equipped with a QCI HFCN helium cryoprobe, SampleJet, and
ATMA autotune system. All samples were prepared in 3 mm Bruker
SampleJet tubes to volumes of 180−200 μL with assay buffer (25 mM
sodium phosphate, pH 7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM
TCEP-d16, 10% D2O). DMSO-d6 content was kept constant at 3.6%.

19F screening was performed using the standard 19F 1D NMR pulse
sequence zgfhigqn.2 (1D sequence for F-19 observed with inverse-
gated H-1 decoupling). Protein concentration was 50 μM, and
fragment pools were added such that each ligand (∼10−15 per pool)
was ∼240 μM in solution.

19F 1D Ligand-detected NMR was performed using the zgfhigqn.2
sequence. Protein concentration was 50 μM for the initial round of
analoging but was subsequently reduced to 15 μM when the
magnitude of ligand-binding effects (line broadening) exceeded that
observed for compound 10002.

The 19F T2-CPMG sequence was a modified version of a 1D
CPMG pulse sequence with broad-band excitation and refocusing
shaped pulses.

The 19F excitation and refocusing pulses were generated using the
gradient ascent pulse engineering (GRAPE) framework for designing
NMR shaped pulses.27 Specifically, we followed the methodology that
is outlined in the work of Coote et al.28 for generating 19F T2-CPMG
pulses tailored to specific sets of NMR resonance frequencies.

We optimized the two pulses to achieve high-fidelity excitation and
refocusing for the populated spectral locations (NMR peak positions)
present in our 19F fragment library. An ensemble of resonance

Figure 6. Evaluation of the effect of compounds on biochemical and cellular activities. (A) SOScat-catalyzed nucleotide release assay showing the
potency of compounds. Experiments were performed in duplicate with 500 nM SOScat and 1 μM HRasG12V‑BODIPY‑GDP, and plots show the release
rates normalized to that of the DMSO control. (B) Antiproliferative activity of NMX-10095 against T24 (bladder carcinoma), 5637 (bladder
carcinoma), and BdEC (healthy, primary bladder epithelial) cell lines. Inhibition curves are normalized to the DMSO control. Error bars: SEM.
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frequencies was selected based on our in-house library character-
ization data. Each pulse was optimized for the desired point-to-point
rotation (for excitation) or universal rotation (for refocusing) over the
selected ensemble of resonance frequencies. These pulses are not
intended to function correctly for other resonance frequencies that are
not populated in our fragment library.

Pulse durations are 300 μs (excitation) and 600 μs (refocusing),
with an average RF amplitude of 8.5 kHz and peak amplitude of 22.7
kHz. The peak amplitude is equivalent to an 11 μs hard pulse
excitation and within hardware specifications.

1H 1D Protein-detected NMR was performed using the zgesgp
pulse sequence.29 Since these experiments were performed on the
same sample used for the ligand-detected experiment for each
compound, the protein concentration matched those (typically 15
μM, but 50 μM for early analogs).

2D 1H,15N NMR experiments were performed using the fHSQC
sequence.30

Software: Topspin 3.5pl7 was used to control the spectrometer for
data acquisition and processing. Figures were prepared with one or
more of the following software: MestreNova, CCPNMR Analysis,
Bruker Topspin, Pymol, Microsoft Excel, and NMX’s in-house
software packages. NMX’s custom software were employed in
automated and semisupervised analysis of both fluorine screening
and 1H/19F ligand-binding data.

4.3. DLW Score. Each 19F peak is fit by least-squares to a series of
common NMR multiplet peak shapes corresponding to different
coupling topologies (singlet Lorentzian, doublet, triplet, quartet,
doublet-of-doublets, and triplet-of-doublets). The other peak shapes
are superpositions of singlets that are shifted left and right according
to the couplings. The highest quality (lowest-squares error) fit is
chosen, and the others are discarded. The fit yields measurements of
NMR parameters such as resonance frequency, line width, peak
amplitude, and J-splitting(s). The 19F differential line width (DLW)
score has units of Hz and is defined as the difference of fit line width,
in the presence versus absence of the protein. Normalization of scores
can be done with respect to a known binder (control compound) but
is not obligatory when comparing scores obtained within the same
preparation (using identical sample conditions).

w wDLW Score obs free=

The score is directly related to the fraction of bound ligands via the
following relationship:13

x
w w

w wb
obs free

bound free
=

where xb is the fraction of bound ligand, wobs is the line width of the
ligand in the presence of protein, wfree is the line width of the free
ligand, and wbound is the line width of the ligand when bound to the
target protein.

Likewise, the fraction of the ligand bound can be related to the
measured T2 relaxation rate (and thus the T2-CPMG score), given
that the line width (w) at half-height (fwhm) is inversely proportional
to T2 via:

w
T

1

2
=

×

where w is the line width at half-height (“full width at half-
maximum”).

The fraction of the bound ligand is equal to the ratio of bound
versus total ligand, and this can be described in terms of protein−
ligand complex by
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where [Lb] is the concentration of bound ligand, [Lt] is the total
concentration of ligand, and [PL] is the concentration of the protein−
ligand complex.

Assuming the fast exchange condition whereby ligands exhibit fast
off-rates (koff), a reasonable assumption for most μM to mM binders,

and where ligand concentrations are in significant excess relative to
protein (such that Lf ≅ Lt), we can then invoke a simplified 1:1
binding model to relate the amount of protein−ligand complex (PL)
to KD:
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Thus, we can relate the fraction of bound ligand to KD by the
relation:
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In cases where the amount of free ligand does not closely
approximate the total ligand (Lf ≠ Lt), a more complete solution is
required:
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Solving for [PL] gives

K K
PL

(L P ) ( P L ) 4(P L )

2
t D t t t D

2
t t[ ] =

+ +

In the same way, Xb can be related to KD via [PL] and is therefore a
direct measure of relative affinity.13

The equation that correlates chemical shift changes to KD is written
as follows (for the 1:1 binding model):

For target-detected NMR:31
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4.4. T2-CPMG Score. The CPMG score has units of seconds and
is obtained by taking the difference between the observed R2
relaxation rate for the ligand in the presence of the protein and R2
of the free ligand. As with the DLW score, normalization can be done
with a known binder (control).

T R RCPMG Score2 2obs 2free=

The score is determined using two samples, one with a free ligand
and one with a ligand in the presence of the target. For each sample, a
series of NMR spectra are acquired with eight different relaxation
delays (1, 25, 50, 100, 200, 300, 500, and 800 ms). NMR regions of
interest (ROIs) containing peaks, multiplets, or clusters of peaks are
extracted. Within each ROI, the signal from the first spectrum is
projected onto each of the other seven spectra, to create a series of
scalar projection weights (Mk for k = 1−8). These are fit by least-
squares to the theoretical relaxation equation, i.e., a standard
exponential decay curve:

M A R texp( )k 2= ×

where t is the CPMG relaxation delay for each of the eight spectra,
and R2 and A are free parameters that are determined by the fitting
routine.

This is calculated separately for each ROI, and then, it is averaged
to generate an overall score for each ligand.

4.5. 2D 1H,15N HSQC Analysis. 1H,15N Fast HSQC experi-
ments30 were recorded at a protein concentration of 50 or 100 μM.
Dissociation constants were obtained by monitoring the changes in
chemical shifts as a function of ligand concentration. The weighted
average changes in chemical shifts (d) were calculated according to
the following equation:31,32

d
1
2

( )NH
2 2= [ + · ]

where δ is the change in chemical shift in ppm for 1H and 15N, and
the correction factor (α) was set at 0.15.
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4.6. Biochemical Assay. Nucleotide release rates were measured
using 1 μM BODIPY GDP-loaded HRasG1V in 25 mM Tris, pH 7.4,
50 mM NaCl, 1 mM DTT, and 10 mM MgCl2. The nucleotide
release reaction was then initiated by the addition of either DMSO
(control) or compounds in DMSO (across a range of concentrations),
SOScat, and unlabeled GTP to the final concentrations of 500 nM
and 20 μM, respectively. The DMSO content was kept constant at 3%
in all conditions.

Changes in fluorescence were measured by a fluorescence
spectrometer (Tecan Infinite M1000 Pro) in a black 384-well plate
(Greiner). Fluorescence excitation was carried out at λ = 485 nm, and
emission was measured at λ = 510 nm every 30 s for 30 min at 28 °C.
Release rates were determined by fitting the decrease in fluorescence
over time to a single exponential decay. The derived rates were
normalized to the DMSO-treated sample and plotted against
compound concentration as mean ± SEM. The IC50 value for each
compound was calculated by fitting the normalized rates to a four-
parameter dose response curve.

4.7. Cloning, Expression, and Purification of Proteins. The
codon-optimized sequences for HRasG12V (aa 1−166) and human
SOS1 (SOScat, aa 564−1049) were prepared and cloned into the pET-
28a(+) plasmid at GenScript (https://www.genscript.com). Proteins
were expressed using E. coli BL21 (DE3) cells in Terrific Broth (TB)
medium and induced with 0.5 mM IPTG at 25 °C overnight. Cells
were harvested by centrifugation (5000g for 20 min at 4 °C), and cell
pellets were extracted by sonication in 50 mM Tris, pH 8, 500 mM
NaCl, and 5 mM Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP). Cell lysates were centrifuged at 20,000g for 30 min at 4
°C, and the supernatant was diluted in TCEP-free lysis buffer to
reduce the TCEP concentration to 1 mM. The diluted solution was
loaded onto a HisTrap HP column (GE Healthcare). The column was
washed (50 mM Tris, pH 8, 500 mM NaCl, 1 mM TCEP), and the
bound proteins were eluted using a linear gradient of elution buffer
(50 mM Tris, pH 8, 500 mM NaCl, 1 mM TCEP, 300 mM
imidazole). For HRas NMR studies, HRas N-terminal His-tag was
cleaved by incubation with tobacco etch virus protease (TEV)
overnight at 4 °C in SnakeSkin Dialysis Tubing (Thermo Scientific)
to remove excess imidazole. TEV was removed using a nickel column,
and the proteins were further purified on a size-exclusion (SEC)
Superdex 75 column (GE Healthcare) in buffers containing 25 mM
sodium phosphate, pH 7.4, 150 mM NaCl, 5 mM MgCl2, and 1 mM
TCEP and 25 mM Tris, pH 7.4, 50 mM NaCl, and 1 mM
dithiothreitol (DTT) for HRas and SOS, respectively. Fractions
containing the respective proteins were pooled, concentrated using
Amicon centrifugal filters (Millipore), flash-frozen in liquid nitrogen,
and stored at −80 °C. The purity of HRas and SOS was greater than
95% by SDS-PAGE.

Uniformly 15N-labeled HRas was purified using the same steps, as
described above, but was expressed in M9 minimal media with
15NH4Cl as the sole nitrogen source.

For biophysical assessments, HRas was loaded with GDP before
the size-exclusion chromatography step by incubating the protein with
20 mM EDTA and 5 mM GDP at room temperature for 30 min. The
solution was then buffer-exchanged in EDTA- and nucleotide-free
buffer with 5 mM MgCl2 before being loaded into the SEC column.

For the nucleotide release assay, HRas was buffer-exchanged in
MgCl2-free buffer and incubated with 20 mM EDTA and 2 mM
BODIPY FL GDP (Invitrogen) for 1.5 h at room temperature. The
reaction was then supplemented with 10 mM MgCl2 and incubated
for another 30 min at room temperature. EDTA and the excess
nucleotides were removed by desalting the protein into 25 mM Tris,
pH 7.4, 50 mM NaCl, 1 mM DTT, and 10 mM MgCl2.

4.8. Cell Lines and Cell Culture. Bladder cancers (T24 and
5637) and primary bladder epithelial/normal cells (BdEC) were
obtained from the American Type Culture Collection (ATCC). T24
cells were cultured in McCoy’s medium, and 5637 cells were cultured
in RPMI-1640, supplemented with 10% FBS. BdEC cells were
cultured in healthy bladder epithelial basal medium supplemented
with a growth kit, as recommended by the manufacturer. Cells were

incubated in a humidified atmosphere of 5% CO2 at 37 °C to ensure
growth and viability.

4.9. Proliferation Assay. Antiproliferative effects were evaluated
by using an MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazo-
lium bromide) assay. When cells reached 80−90% confluency, they
were transferred and cultured overnight in 96-well plates, in a
humidified atmosphere of 5% CO2 at 37 °C. Cells were then starved
with media without FBS for 4 h. After starvation, the cells were
treated with various concentrations of each compound diluted in fresh
media without FBS for 72 h. DMSO was used as a vehicle control for
each cell type for normalization of the data. After incubation, 20 μL of
MTT solution (prepared at 5 mg/mL) was then added to each well
and incubated for 4 h in the dark at 37 °C. The formazan crystals
were then solubilized by removing the media and adding DMSO. Cell
viability was determined by measuring the absorbance at 570 nm and
subtracting the 650 nm background absorbance. Relative proliferation
for each cancer/normal cell line was plotted using GraphPad Prism.

4.10. Compound Preparation and Characterization. All
commercially available reagents and anhydrous solvents were used
without further purification. Purity assessments for final compounds
were determined by analytical HPLC: 4.6 × 50 mm Waters YMC Pro-
C18, 5 μm column, 120A. Mobile phases were as follows: A, H2O
with 0.2% formic acid; B, acetonitrile with 0.2% formic acid. Gradient:
10−90% B in 3 min with a 5 min run time. The flow rate was 1.5 mL/
min. Unless specified otherwise, all compounds were ≥95% pure.
Mass spectrometry samples were analyzed on a Micro Mass ZQ,
ZMD, Quattro LC, or Quattro II mass spectrometer operated in
single MS mode with electrospray ionization. Samples were
introduced into the mass spectrometer by using flow injection
(FIA) or chromatography. The mobile phase for all mass analyses
consisted of acetonitrile−water mixtures with either 0.2% formic acid
or ammonium formate. 1H NMR spectra were recorded using either a
Bruker Avance 400 (400 MHz) or a Bruker Avance II- 300 (300
MHz) instrument. Column chromatography was performed using
Teledyne ISCO RediSep Normal Phase (35−70 μm) or RediSep
Gold Normal Phase (25−40 μm) silica flash columns using a
Teledyne ISCO Combiflash Companion or Combiflash Rf
purification system. Preparative reverse-phase chromatography was
carried out using a Gilson 215 liquid handler coupled to a UV−vis
156 Gilson detector and an Agilent Zorbax SB-C18 column, 21.2 ×
100 mm. A linear gradient from 10 to 90% CH3CN in H2O over 10
min (0.1% trifluoroacetic acid) was used; the flow rate was 20 mL/
min.

High-resolution mass spectrometry data were collected on a
Thermo Scientfic QExactive mass spectrometer coupled to a Waters
Acquity UPLC system. Samples were analyzed from a 100 μM DMSO
solution with a 3 μL injection volume. The chromatographic column
was a Waters Acquity CSH C18, 2.1 × 50 mm, 1.7 μm particle size.
Gradient elution was employed using 0.1% formic acid in water as
mobile phase A and 0.1% formic acid in CH3CN as mobile phase B.
The gradient began at 10% B and increased to 60% B over 0.8 min
and to 100% B over the next 0.2 min, followed by a 0.5 min re-
equilibration under the initial conditions. The mass spectrometer was
run in full MS mode, positive polarity, with the resolution set to 35
000. A heated electrospray source was used with settings of 3.5 kV
and 400 °C.

All compounds shown in Figures 1 and FS-1255 and NMX-10001
to NMX-10011 were purchased from Key Organics Limited and
Enamine Limited.

4.11. Synthesis. Synthesis of indole amides such as NMX-10021
relied on readily accessible 2-(6-fluoro-1H-indol-3-yl) acetic acid 4.
This intermediate was prepared on a multigram scale by the two-step
cyanomethylation of 6-fluoro indole 1, followed by nitrile hydrolysis
to the corresponding pivotal acid intermediate 4, as outlined in
Scheme 1.

Compounds NMX- 10014, 10016, 10018, 10021, 10040, 10041,
10078, 10086, 10095, and 10097 were prepared via amide couplings
under standard conditions using indole acid 4 and the corresponding
amines (ex. aniline) in the presence of HATU in dichloromethane, as
shown for compound NMX-10021 (Scheme 1).
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Indole ketone NMX-10076 was prepared according to Scheme 2.
For the synthesis of NMX-10076, 3-acylation of 6-fluoro indole 1

with 2-chloroacetyl chloride afforded the chloromethyl ketone
intermediate 5, which upon N alkylation with piperidine furnished
the desired analog NMX-10076.

4.12. 1-(6-Fluoro-1H-indol-3-yl)-N,N-dimethylmethanamine
(2). A solution of 40% aq. dimethylamine (9.1 g, 80.7 mmol) was
cooled to 5 °C, and glacial acetic acid (6.1 mL) was added dropwise
while maintaining the temperature at ∼10 °C. After stirring for 20
min, 37% aqueous formaldehyde (6.1 mL, 80.7 mmol) was slowly
added to the above solution while keeping the temperature between 0
and 10 °C, followed by the addition of 6-fluoroindole 1 (10 g, 74.0
mmol). The reaction was exothermic and reached a final temperature
of ∼40 °C, and it was then cooled down to ∼20 °C. The reaction
solution was then slowly added to 160 mL of aqueous NaOH solution
(3 M). The suspension was stirred for about 30 min and then
collected by filtration. The cake was rinsed with water (50 mL × 2)
and dried to afford a yellow solid (12.1 g, >99%).

1H NMR (400 MHz, CDCl3) δ 8.22 (br s, 1H), 7.63−7.59 (m,
1H), 7.08−7.07 (m, 1H), 7.03−7.00 (m, 1H), 6.91−6.86 (m, 1H),
3.60 (s, 2H), 2.28 (s, 6H).

4.13. 2-(6-Fluoro-1H-indol-3-yl)acetonitrile (3). A solution of
1-(6-fluoro-1H-indol-3-yl)-N,N-dimethylmethanamine 2 (12 g, 62.4
mmol) and KCN (6.7 g, 102.9 mmol) in DMF (36 mL) and water
(19 mL) was heated to 105 °C for 10 h. The reaction mixture was
then cooled to 25 °C, and water (145 mL) and toluene (80 mL) were
added and stirred for 3 h. The organic and aqueous layers were
separated. The organic layer was washed with aqueous sodium
bicarbonate (80 mL) and brine (80 mL) and then dried over sodium
sulfate. After filtration, the filtrate was concentrated, and the residue
was purified by flash column chromatography on silica gel to get the
desired product as a yellow oil (5.7 g, 52.4% yield).

1H NMR (400 MHz, CDCl3) δ: 8.19 (s, 1H), 7.52−7.49 (m, 1H),
7.22−7.21 (m, 1H), 7.08 (dd, J = 9.4, 2.2 Hz, 1H), 6.98−6.93 (m,
1H), 3.82 (d, J = 1.1 Hz, 2H).

4.14. 2-(6-Fluoro-1H-indol-3-yl)acetic acid (4). A mixture of 2-
(6-fluoro-1H-indol-3-yl)acetonitrile 3 (2 g, 11.5 mmol), sodium
hydroxide (2.6 g, 65.0 mmol), methanol (15 mL), and water (45 mL)
was stirred at 100 °C for 3 h. The reaction mixture was then cooled to
0 °C and acidified with 6 N aqueous HCl to pH ∼ 1. The solid
formed was collected by filtration, which was then washed twice with

water and dried to give the title compound 4 as a yellow solid (1.7 g,
76.6% yield).

MS (ESI+) m/z 194 (M+H)+.
1H NMR (400 MHz, DMSO-d6) δ 12.18 (s, 1H), 10.97 (s, 1H),

7.50−7.46 (m, 1H), 7.23−7.22 (m, 1H), 7.12 (dd, J = 10.2, 2.3 Hz,
1H), 6.87−6.82 (m, 1H), 3.63 (s, 2H).

For general procedures for amide compounds, see Scheme 1.
4.15. 2-(6-Fluoro-1H-indol-3-yl)-N-phenylacetamide (NMX-

10021). A solution of 2-(6-fluoro-1H-indol-3-yl)acetic acid 4 (100
mg, 0.52 mmol), aniline (53.0 mg, 0.57 mmol), HATU (216.5 mg,
0.57 mmol), and Et3N (68.1 mg, 0.67 mmol) in DCM (8 mL) was
stirred at room temperature for 16 h. The mixture was diluted with
dichloromethane (30 mL), washed with HCl (15 mL, 1.0 N) and
brine (20 mL), and dried over sodium sulfate. After filtration, the
filtrate was concentrated, and the residue was purified by flash column
chromatography on silica gel to obtain the desired product NMX-
10021 as a colorless oil (80 mg, 57.6% yield).

MS (ESI+) m/z: 269 (M+H)+.
1H NMR (400 MHz, DMSO-d6) δ 10.98 (s, 1H), 10.09 (s, 1H),

7.76−7.48 (m, 3H), 7.38−7.20 (m, 3H), 7.12 (dd, J = 10.2, 2.3 Hz,
1H), 7.08−6.96 (m, 1H), 6.88−6.83 (m, 1H), 3.71 (s, 2H).

Using the above procedures, the following compounds were
prepared.

4.16. N-(3-Acetamidophenyl)-2-(6-fluoro-1H-indol-3-yl)-
acetamide (NMX-10014). MS (ESI+) m/z 326 (M + H)+.

1H NMR (400 MHz, DMSO-d6) δ 10.97 (s, 1H), 10.09 (s, 1H),
9.90 (s, 1H), 7.90 (s, 1H), 7.61−7.57 (m, 1H), 7.41−7.02 (m, 5H),
6.87−6.82 (m, 1H), 3.70 (s, 2H), 2.02 (s, 3H).

4.17. 2-(6-Fluoro-1H-indol-3-yl)-1-morpholino-ethanone
(NMX-10016). MS (ESI+) m/z = 263 (M + H)+.

1H NMR (400 MHz, CDCl3) δ 8.14 (s, 1H), 7.53 (dd, J = 8.7, 5.3
Hz, 1H), 7.06−7.02 (m, 2H), 6.92−6.87 (m, 1H), 3.82 (s, 2H), 3.65
(s, 4H), 3.49 (s, 4H).

4.18. 2-(6-Fluoro-1H-indol-3-yl)-N-(1-isopropyl-4-piperidyl)-
acetamide (NMX-10018). MS (ESI+) m/z: 318 (M + H)+.

1H NMR (400 MHz, CDCl3) δ: 8.70 (s, 1H), 7.45−7.42 (m, 1H),
7.15−6.99 (m, 2H), 6.92−6.87 (m, 1H), 5.54 (d, J = 7.9 Hz, 1H),
3.80−3.75 (m, 1H), 3.68 (s, 2H), 2.68−2.65 (m, 3H), 2.22−2.16 (m,
2H), 1.85−1.81 (m, 2H), 1.26−1.16 (m, 2H), 0.96 (d, J = 6.6 Hz,
6H).

4.19. 1-(4-Acetylpiperazin-1-yl)-2-(6-fluoro-1H-indol-3-yl)-
ethanone (NMX-10040). MS (ESI+) m/z 304 (M + H)+.

1H NMR (400 MHz, DMSO-d6) δ 10.97 (s, 1H), 7.54 (s, 1H),
7.29−7.06 (m, 2H), 6.95−6.74 (m, 1H), 3.79 (s, 2H), 3.65−3.43 (m,
8H), 1.98 (s, 3H).

4.20. N-[(3S)-1-[2-(6-Fluoro-1H-indol-3-yl)acetyl]pyrrolidin-
3-yl]acetamide (NMX-10041). MS (ESI+) m/z: 304 (M + H)+.

1H NMR (400 MHz, CDCl3) δ: 8.46−8.31 (m, 1H), 7.60−7.51
(m, 1H), 7.10−6.99 (m, 2H), 6.92−6.85 (m, 1H), 5.85−5.81 (m,
0.5H), 5.76−5.69 (m, 0.5H), 4.48−4.36 (m, 1H), 3.79−3.65 (m,
3H), 3.64−3.52 (m, 2H), 3.44−3.34 (m, 1H), 2.24−2.00 (m, 1H),
1.94−1.86 (m, 3H), 1.82−1.72 (m, 1H).

4.21. 2-(6-Fluoro-1H-indol-3-yl)-1-(4-hydroxy-1-piperidyl)-
ethanone (NMX-10086). MS (ESI+) m/z: 277 (M + H)+.

1H NMR (400 MHz, DMSO-d6) δ 10.95 (s, 1H), 7.58−7.49 (m,
1H), 7.22−7.16 (m, 1H), 7.15−7.05 (m, 1H), 6.89−6.75 (m, 1H),
4.66 (d, J = 4.1 Hz, 1H), 3.99−3.86 (m, 1H), 3.84−3.68 (m, 3H),
3.65−3.55 (m, 1H), 3.21−3.09 (m, 1H), 3.01−2.89 (m, 1H), 1.69−
1.49 (m, 2H), 1.23−1.02 (m, 2H).

4.22. N-(3-(2-(Dimethylamino)ethoxy)phenyl)-2-(6-fluoro-
1H-indol-3-yl)acetamide (NMX-10095). MS (ESI+) m/z: 356
(M + H)+.

1H NMR (400 MHz, DMSO-d6) δ 10.98 (s, 1H), 10.10−10.03 (m,
1H), 7.61−7.54 (m, 1H), 7.34−7.29 (m, 1H), 7.25 (d, J = 2.3 Hz,
1H), 7.20−7.07 (m, 3H), 6.89−6.81 (m, 1H), 6.63−6.57 (m, 1H),
3.98 (t, J = 5.8 Hz, 2H), 3.70 (s, 2H), 2.59 (t, J = 5.8 Hz, 2H), 2.19 (s,
6H).

N-[3-[[2-(Dimethylamino)acetyl]amino]phenyl]-2-(6-fluoro-
1H-indol-3-yl)acetamide (NMX-10097). MS (ESI+) m/z 369 (M
+ H)+.

Scheme 1. Synthesis of 2-(1H-Indol-3-yl)-N-methyl-
acetamide Series

Scheme 2. Synthesis of 1-(1H-Indol-3-yl)-2-
(amino)ethenone Series
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1H NMR (400 MHz, CD3OD) δ 10.97 (s, 1H), 10.10 (s, 1H), 9.66
(s, 1H), 8.00−7.93 (m, 1H), 7.63−7.54 (m, 1H), 7.36−7.31 (m, 1H),
7.28−7.23 (m, 2H), 7.21−7.15 (m, 1H), 7.12 (dd, J = 10.2, 2.3 Hz,
1H), 6.89−6.80 (m, 1H), 3.70 (s, 2H), 3.04 (s, 2H), 2.26 (s, 6H).

Procedures for indole ketone NMX-10076 are shown in Scheme 2.
4.24. 2-Chloro-1-(6-fluoro-1H-indol-3-yl)ethan-1-one (5). To

a stirred solution of 6-fluoro-1H-indole 1 (1 g, 7.4 mmol) and
pyridine (0.3 mL, 7.4 mmol) in toluene (12 mL) at 60 °C was added
2-chloroacetyl chloride (0.84 g, 7.4 mmol) dropwise. After the
addition was complete, the reaction mixture was stirred at 60 °C for 1
h. After the mixture was cooled to room temperature, H2O (18 mL)
and MeOH (4 mL) were added. The mixture was stirred at room
temperature for an additional 1 h. The precipitate was filtered through
a sintered glass funnel and washed with H2O to obtain compound 5 as
a brown solid (300 mg, 19% yield).

4.25. 1-(6-Fluoro-1H-indol-3-yl)-2-(1-piperidyl)ethanone
(NMX-10076). To a solution of 2-chloro-1-(6-fluoro-1H-indol-3-
yl)ethan-1-one 5 (200 mg, 0.94 mmol) and piperidine (120 mg, 1.42
mmol) in tetrahydrofuran (6 mL) was added DIPEA (0.3 mL, 1.9
mmol) dropwise, and the resulting mixture was stirred at room
temperature for 16 h. The solvent was removed under vacuum (<25
°C), and the residue was treated with ethyl acetate (10 mL) to
produce a precipitate. The precipitate was collected by filtration and
was further purified by flash column chromatography to obtain the
title product NMX-10076 as a white solid.

MS (ESI+) m/z: 261 (M + H)+.
1H NMR (400 MHz, CDCl3) δ: 8.70 (s, 1H), 8.43−8.40 (m, 1H),

8.39−8.33 (m, 1H), 7.13−7.01 (m, 2H), 3.57 (s, 2H), 2.55 (s, 4H),
1.66−1.60 (m, 4H), 1.50−1.43 (m, 2H).
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